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ABSTKACT 

An important broader environmental profile of swine waste management options is 
created using life-cycle techniques when compared to the focused criterion of ammonia 
emissions. In order to utilize the life-cycle approach, mass and energy balances were 
created for each of four swine waste management technologies. Also, these mass and 
energy balances were extended to include the entire supply chain of any electricity o r  
chemicals used or generated when managing swine waste. This database enables 
decision makers to examine hidden benefits or impacts of new technologies for swine 
waste management. 

The basis for comparing new technologies is in relation to the existing barn, lagoon, and 
land application (effluent and sludge) system. These systems were each analyzed b y  
mass and energy balances as well as by extensive literature compilations. Overall, a mass 
balance approach (when essential variables are measured) was accurate and considerably 
less expensive as a means to estimate ammonia volatilization. 

Three alternative or 'new' technologies were then analyzed. Of these, the covered lagoon 
with electrical energy.production had the lowest net environmental impact, was a net 
producer of energy, and may be one of the most economical. 
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SUMMARY AND CONCLUSIONS 

The comparison of swine waste management technologies can be done in a number of 
ways (e.g., economics, emissions of a single chemical such as ammonia, in terms of total 
environmental impact, etc.). The latter is referred to as the net environmental benefit or 
life-cycle approach. Use of a life-cycle concept attempts to understand the transfer or 
shifts in pollution that often occur in complex systems such as the swine production 
industry. 

The Water Resources Research Institute of the University of North Carolina has funded a 
parallel study to the large Attorney GeneralBmithfield Agreement research effort. The 
goal of the WRRI project is to determine for a small number of swine waste management 
alternatives, what life-cycle results would occur, and compare that to the results from 
decision making for ammonia emissions. Four swine waste management technologies 
were investigated: 

1. conventional lagoon and spray irrigation (with lagoon solids removal and land 
application when full), 

2. covered lagoon with spray imgation, utilization of methane production for 
electricity, and lagoon solids removal and land application when full, 

3. biological aerated filter process with land application of effluents and solids, and 

4. Harvestore collection and land application of raw waste. 

An engineering and science approach was used to assess the energy (usually electricity) 
and emissions from each of these technologies. Because a life-cycle approach was used, 
all related supply chain emissions and energy requirements were also added. Thus, when 
electricity is used, the emissions from electrical power generation are included. When 
swine waste NPK are land applied, emissions and energy requirements from industrial 
plants for NPK are correspondingly reduced, creating an environmental benefit. 

Analysis of these technology comparisons was done for a number of environmental 
parameters, but in this summary, two are highlighted. The first is the ammonia emissions 
to the air, and the second is the impact on global climate change potential (a combined 
effect of C02, methane, and nitrous oxides, using scientific rules for combining these 
emissions and expressing the effect as equivalent COz. These results are provided in 
Figures 1 and 2. 

... 
Xl l l  



Figure A 1  : Ammonia emissions fi-om life-cycle evaluation of swine waste management 
technologies 
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Figure A2: Global warming emissions (C02 equivalents) from life-cycle evaluation o f  swine waste 

management technologies 
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The life-cycle approach shows that changing swine waste management technologies 
results in two clear geographic transfers of pollution. First, using ammonia emissions as 
the criterion for technology choice (Figure 1 ), the Ekokan biofiltration is slightly better 
than the covered lagoon and significantly better than the current lagoon-land application 
system. However, when one looks at global warming emissions, the Ekokan system has 
a substantially higher impact than the new technologies of the covered lagoon or the 
direct land application. Thus, there is a geographic shift from ammonia emissions at the 
swine site, to larger emissions at the power generation facilities. 

The second shift is from one form of emissions to another. In this case, the shift is fi-om 
ammonia in air to the constituents comprising global warming potential. This is referred 
to as chemical or pollution shift. In the report, other environmental shifts are documented 
for these four swine waste management alternatives. 

Conclusions 

1. A life-cycle approach to swine waste management technologies selection provides 
the most comprehensive assessment of environmental impact. 

2. Mass balance approaches provide more independent measures and lowest cost 
technique for determining ammonia emissions from most swine waste 
management technologies. 

3. There are shifts in geographic impact and chemical emissions that occur when 
selections are made between swine waste management technologies. These shifts 
should be better understood when industry-wide decisions are made. 





RECOMMENDATIONS 

1. A mass-balance approach should be used to verify environmental measurements of 
swine waste management technology. This can identify measured data by comparison to 
conservative chemicals (such as chloride) and thus increase the public and scientific 
acceptance of such technology evaluation. 

2. Comparisons of swine waste management technologies should look at all significant 
environmental impacts to assure the solution for one chemical parameter (such as 
ammonia) does not shift emissions to other media, geographic locations, or chemical 
impacts. 

xvii 





INTRODUCTION 

Swine waste is generally thought of as a waste material. It is an unwanted byproduct of 
growing swine, and it is expensive to dispose. A current standard method of disposal (the 
anaerobic lagoon) consists of a holding pond where swine waste is periodically 
discharged. The waste separates into a liquid component and a solids component, which 
settles as sludge in the bottom of the lagoon. The liquid (more frequently) and the solids 
(infrequently) are periodically removed and distributed to the land as fertilizer. Farmers 
favor the anaerobic lagoon partly because it effectively removes unwanted nitrogen. 
Lower nitrogen content means that disposal is cheaper, because shorter transport 
distances are required to apply the waste in agronomic levels. However, direct nitrogen 
emissions from the lagoon in the form of ammonia and/or nitrate are environmental costs. 
Several other waste management technologies, such as a covered anaerobic lagoon and 
an aerobic lagoon, exist as alternatives to current procedures. In order to evaluate the 
env i roc~ ; : '~ ) '  ::-:Y. : it' .':r:c txhnologies, comprehensive calculations of the chemical 
ernisqir- ?nd enerev reouiremwts to run the lagoon and land distribution processes are 

Vher. c p : ~ ~ ?  r -  +-d. rv.;*-c waste is an effective fertilizer and can be used in place of 
commercial iertilizers. Therefore, it provides an emission savings related to the amount 
of fertilizer that would otherwise be required. Common chemically manufactured 
fertilizers are diammonium phosphate (DAP), ammonia, urea, and potassium chloride. 
The energy and emissions associated with the production of 1000 kg of each of these 
chemicals have been calculated. The calculations are performed on each input chemical 
to each process until the raw materials from the ground have been reached. These 
calculations are based on process designs and thermodynamic principles as described by 
Jimenez-Gonzalez et al. (2000). Each of the chemicals noted above is sold and applied as 
fertilizer. A commonly used mix of commercial fertilizer (NPK) is subdivided and 
treated as the basic fertilizer constituents of this mix. 

Most processing systems can be broken into housing (barn), treatment (lagoon), and land 
application steps. It is possible that the methods used in one step may change the 
performance of another step. For instance, barn flushing utilizes the effluent from the 
processing stage. A nitrogen conserving technology may lead to higher ammonia 
emissions in the barn due to the use of a more nitrogen rich effluent. However, the 
literature data is not sophisticated enough to quantify or even predict all of these effects. . 
Therefore, we consider each step independently. 

We assume that a known amount of waste with a given composition is produced per mass 
of live animal weight (LAW). At each step, we assume allocation fractions determine 
what percentage of the input to that step is assigned to a specific fate. For instance, in the 
lagoon, we assume from literature data that a certain percentage of the input nitrogen is 
volatilized as ammonia. This is different from assuming that a certain mass of ammonia 
is volatilized per unit live weight or per unit area in the lagoons. These other bases for 
quantifying the fate of waste constituents can be related to the percent base only for 
specific cases. 

The li fe-c ycle boundary, showing included processes and material and energy flows, is 
depicted in Figure. The nutrient content in the waste leaving the barn is determined from 



the literature. Ammonia volatilization from the barn, which is also determined from the 
literature, is used to calculate the excreted quantity of total Kjeldahl nitrogen (TKN). 
Energy consumption and generation in the treatment stage and chemical emissions are 
determined for the anaerobic lagoon and for each alternative treatment technology. The 
emissions from the treatment step are NH3, N2, N20, C 0 2 ,  and CH4 in the gas phase, and 
NH3, P, and K in the liquid phase. Energy is generated in the covered anaerobic lagoon 
(CAL) or ambient temperature digester, and energy is consumed in the biological aerated 
filter (BAF). Chemical emissions and raw material associated with energy use are 
included in the life-cycle inventory. Separate emission factors are calculated for three 
different land application methods. The liquids are applied by irrigation, and the solids 
are either applied to the surface, or injected below the surface. 

Figurel. Life-cycle boundary, chemical emissions, and energy use/generation 
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therefore, there is no effect on the comparison of treatment technologies. Volatile solids 
destruction does vary considerably between the treatment technologies. This is expected 
to have an impact on both odors and carbon emissions during land application. Although 
the effect was not quantified, it should be considered when comparing the life-cycle 
emissions from the direct application to those of other technologies. Seepage losses in 
the treatment step are used to determine nutrient conservation. There is some concern 
about nitrate leaching into the groundwater, and about nutrient transport into the 
ecosystem due to seepage. However, it is clear from soil studies that much of the seeped 
material is filtered by the soil immediately beneath the lagoons. Therefore, the seepage 
losses are not treated as environmental emissions in the impact assessment. The 
transportation from the processing stage to the land application site has a significant 
economic impact, the environmental impact is small, and these emissions were not 
included. 

The following section explains how the emission credits for chemical fertilizer 
replacement are determined. Each of the storage/processing systems considered in this 
study are used in conjunction with housing and land application steps. Therefore, these 
steps are considered in the next two sections. The models for each of the 
storage/processing systems are discussed and the emissions, which are determined from 
the literature, are presented in subsequent sections. Finally, the systems are compared 
using graphs of various environmental emissions and energy requirements. 



EMISSIONS SAVINGS FROM UTILIZING SWINE WASTE TO REPLACE 
COMMERCIAL FERTILIZERS 

The full benefit from agronomic use of swine waste must include the resource, energy, 
and emission credits from not manufacturing conventional fertilizers such as 
diammonium phosphate (DAP), ammonia, urea, and potassium chloride. The current 
volume of fertilizer production that is avoided due to application of swine waste is 
unknown. Each fann utilizes or disposes of the waste in a different manner. Some farms 
grow hay on an otherwise unused field, and some plans exist for filling in lagoons and 
growing trees to remove the accumulated nutrients from sludge in decommissioned 
lagoons. However, in a 'beneficial reuse' scenario, the waste is applied to land where 
fertilizer is otherwise needed to maintain crop growth. In this report, we consider the 
beneficial reuse scenario, and equate swine waste to fertilizer through efficacy of  crop 
growth. 

Fertilizer specification and performance are directly related to the amount of primary 
nutrients (nitrogen, phosphorous, and potassium) that are available to plants. Plant 
availability, nutrient ratios, and other factors contribute to the capacity to improve crop 
growth. Most plants utilize nitrogen and phosphorus in a ratio of 8: 1 (N:P) (Adeli et al. 
2002). Swine waste effluent typically has less nitrogen than 8: 1. Because it is applied in 
agronomic quantities of the limiting nutrient, N, phosphorus is applied in excess and 
accumulates in the soil (Worley and Das 2000; Adeli et al. 2002). Nitrogen in manure is 
also typically less available to plants than chemical fertilizers (Sharpley et al. 1994; Adeli 
and Varco 2001). However, in lagoons, a high percentage of organic N is broken down 
into ammonia, which is readily available (Evans et al. 1977). Swine waste processing 
technologies further complicate the issue by changing the nutrient ratio and chemical 
form. For instance, a covered lagoon can maintain the raw waste N:P ratio, and a direct 
application technology can limit the amount of N that is immediately available to crops. 

Swine lagoon effluent is often thought of as a waste rather than a resource. As such, it 
has been applied to land as a disposal method in conjunction to the application of 
commercial fertilizer. Gangbazo et al. (1995) showed that this practice, which was 
common in Canada, is environmentally unsound due to the resulting high loading rates. 
In order to call swine waste a replacement for fertilizer, it is necessary to have empirical 
comparisons of biological waste (municipal and animal) to chemically produced 
fertilizer. Many studies have shown that organic waste performs as well as or better than 
commercial fertilizer on an applied primary nutrient basis (Chang et al. 1982; Hemphill et 
al. 1982; Day et al. 1983; Kiemnec et al. 1990; Reed et al. 1991 ; Eghball and Power 
1999; Adeli and Varco 200 1 ; Adeli et al. 2002; Al-Kaisi and Waskom 2002). These 
studies typically compare biological waste to commercial fertilizer based on the 
agronomic rates of the limiting nutrient (N). Therefore, one could argue that as a 
replacement for commercial fertilizer, swine waste should only be credited for the 
fertilizer value of the limiting nutrient. From a beneficial reuse perspective, the goal is to 
derive the maximum benefit from recyclable nutrients. In that scenario, swine waste 
would be supplemented with commercial fertilizer. For instance, lagoon effluent that is 
low in N could be mixed with ammonia to produce a balanced fertilizer product. 
Therefore, emission savings are calculated based on the amounts of primary nutrients that 
are contained in the swine waste that is applied to the land. For economic reasons, both 



chemical fertilizer and swine waste are typically not being applied in optimal ratios of N, 
P, and K at all times; therefore, getting the optimal ratio of N:P in reused waste is not 
necessary for this replacement model to be a fair assessment. 

FERTILIZER SOURCES: NATIONAL AVERAGE 

The emission savings per unit of primary nutrients must be calculated based on the 
national average use of e a ~ h  of the fertilizer chemicals as a way to reflect broad (average) 
agricultural practices. Commercial fertilizer is classified into three types: N fertilizer 
(nitrogen), P fertilizer (phosphorous), and K fertilizer (potassium). Each of these 
fertilizer types represents the composite of 'source' chemicals, which produce these 
primary nutrients. These 'source' chemicals are the result of the U.S. agricultural 
chemicals sector and thus represent an average fertilizer profile. The amount of each 
chemical used per kilogram of a fertilizer type is based on this national average and is 
given in Table 1. The chemical fertilizer NPK is shown in the table, because NPK usage 
is often given in the literature. NPK is really just a composite of ammonia, DAP, and 
potassium chloride. 

Table 1. Composition of commercial fertilizer 
r 

Fert i 1 izer Type 
Source Chemical 
Chemical purity 
% of total farm usage of primary nutrient 
from each source 
N (% in each source) 
PzOS (% in each source) 

I P  (% in each source) 
J K ~ O  (% in each source) 
IK (% in each source) 

N fertilizer 
Ammonia Urea 

99.7 

K fertilizer 

-51 

-- 

For example, 53% of N in fertilization comes from ammonia. The percentage of primary nutrient is 
calculated based on the product purities listed in the table. For example, 82.3% of pure ammonia 
is nitrogen, but since the purity is only 99%, the resulting ammonia N percent is 81.5%. 

a U.S. production statistics in F A 0  data: N/P20s/K20 basis (Nielsson 1987). 
b(Nielsson 1987). 

5% impurities (The calculated total mass value is 62.9) 
According to the EEC Guidelines (Nielsson 1987), NPK fertilizers must contain at least 
3% N plus 5% PzOs plus 5% K 2 0  and at least 20% total nutrients (Ullmann 1985- 1996). 

For Nutrient ratio 1 : 1 : 1 
Typical examples are 15-15-15, 16-16-16, 17-17-17, 19-19-19 

For Nutrient ratios 1 :2:3 and 1 : 1.5:2 
Typical examples are 5- 10-1 5, 6-1 2- 18, 10-1 5-20 

For Nutrient ratio 1 : 1 : 1.5 -1 : 1 : 1.7 
Typical examples are 1 3 - 13-2 1, 14- 14-20, 12- 12- 17 

For Nutrient ratios 3 : 1 : 1 and 2: 1 : 1 
Typical examples are 24-8-8,20- 10- 1 0 

For Low-phosphate grades 
Typical examples are 1 5-5-20, 15-9- 1 5 



The 23% of nitrogen that comes from NPK is produced in urea and DAP plants. The 
fraction of nitrogen in NPK that comes from urea is calculated from Table 2 to be 
I 1 91(119 + 88.4) or 0.57. The fraction of nitrogen in NPK that comes from DAP is 
similarly calculated as 0.43. These fractions are used to allocate the 23% of nitrogen 
from NPK. Therefore, the total percentage of nitrogen that comes from urea (Table 1 and 
Table 2) is 24% + 23% x (0.57) or 37.1%. 

Table 2. The composition of NPK (Nielsson 1987). 

I Total mass of nitrogen in NPK 1 207 kg ?WOO0 kg NPK I 

EMISSION ALLOCATION 

Figure 1 shows the source chemicals required-to produce 1000 kglhr of nitrogen. The 
calculations are based on the data in Table 3. Because DAP also contains phosphorous, a 
fraction of the emissions, energy usage, and natural resource consumption in the DAP 
plant is attributed to the nitrogen in DAP. 

This type of emissions allocation is usually done when a process produces two separate 
products. Although a DAP plant produces only one chemical (DAP), we are treating the 
nitrogen and phosphorous contents as separate products. Figure 2 shows the inputs, 
products, and allocation for the DAP process. This diagram is given in a standard format 
for life-cycle analyses. A 'mass allocation' based on the mass of elemental phosphorous 
and nitrogen is used to determine what portion of the emissions, raw material 
consumption, and energy usage is being attributed to each primary nutrient. For instance, 
2 1042 10+232) or 0.475 is the allocation fraction for nitrogen. Therefore, 47.5% of the 
emissions produced in the DAP plant are attributed to the production of nitrogen. 



Figure I .  The inputs required to produce N-fertilizer 
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(kg chemica1/1000 kg K 2 0  I 0 1 0 

37.1 
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kg chemica1/1000 kg national 
fertilizer N 
kg chemica1/1000 kg P2O5 

0 
0 
0 

0 
0 
0 

650 

0 

798 

0 



Figure 2. 

98.9% pure 
( 1 . 1 %  water) 
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water) 

The manufacture of 1000 kglhr of DAP (98.9% pure) uses 257 kghr ammonia and 981 kglhr of phosphoric 
acid. Although this process produces only one product (DAP), it is treated as an allocated process that 
produces 2 10 kg Nlhr and 232  kg of Plhr (532 kg of PzOS /hr). The mass allocation is based on elemental 
P and N. The allocation fraction for nitrogen is 2 10/(2 10+232)=0.475. 

The avoided emissions per unit mass of nitrogen in animal waste are calculated from the 
following formula: 

r fraction of N that fraction of N that fraction of N that 1 
comes from ammonia comes from urea comes from DAP 

El,avoded - E/,ammonla - I  fraction of ammonia + fraction of urea + fraction of DAP ' A  1 
1 that is N that is N that is N 1 

where N is nitrogen, E,,~,,~,,,, is the emissions from producing 1000 kg of the chemical, 

and fA is the allocation fraction for the appropriate nutrient in the particular chemical. 
Using the values given in Table 3 , we have 

0.53 
0.37 1 + E,,,, 00990.4751 . 

0.207 
The values given in the above formula can be changed if a different fertilizer usage 
pattern is needed. Similar equations can be written for phosphorous and potassium. 
These can be written based on either the P205. and K 2 0  forms or based on P and K. In 
either case, the avoided emissions will be equivalent. The off-site emissions from energy 
production are specified in Appendix A. The total emission savings per 1000 kg of each 
primary nutrient are calculated based on the above equation and shown in Appendix B. 



NATURAL RESOURCE CONSUMPTION 

The natural resource consumption associated with industrial processes is often shown 
with supply chain maps or chemical source trees. Figure 3 shows the supply chain for N, 
P, and K fertilizers. The resources used are natural gas, water, air, sulfur (petroleum 
product), phosphate rock, sylvinite ore, and seawater. Figure 4 shows the source tree for 
nitrogen. The natural resource consumption for each chemical is shown in Table 4. In 
each case, nonreactive chemical inputs are excluded. Notably, in Table 4 and Figure 4, 
petroleum product and natural gas use for energy production are excluded. These are 
included in the full life-cycle inventory data presented later. Large quantities of water 
used for extraction of ore and cooling purposes are excluded from all of the calculations, 
as these are returned to the environment. 

Table 4. Natural resources used to create 1000 kg of N, P2O5, and K20 in fertilizer 

Natural resource consumption for nitrogen content in 1 
fertilizer, kg 

I I I 

Air 
Natural gas 
Water 
Petroleum product (sulhr) 
Phos~hate rock 

N 
2,107 

Brine (sea water) 
Sylvanite rock 

358 
9 84 
107 

3 60 
828 

4,180 

p205 
3,116 

52 
897 
467 

1,563 

K2O , 





Figure 4. The raw material source tree for nitrogen fertilizer shows resource use per 1000 kg of nitrogen produced. The shaded boxes represent natural resources 
that are extracted from nature. 
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AMMONIA AIR EMISSION FROM THE BARV 

The quantity of ammonia air emissions from the barn is thought to be a function of the 
nitrogen content in the feed, efficiency of the animal in utilizing nitrogen, animal species 
and condition, housing type and waste management system, and environmental 
conditions in the building (Arogo et al. 2001). Because of the large number of pertinent 
parameters, we might expect a wide variety of emissions being reported. In this study, 
we compare data from both secondary sources (reported values without detailed 
information) and primary sources, which contain detailed experimental results. The 
primary sources were examined in much greater detail to understand the applicability of 
the experiments, and how these should compare to other experiments. 

In order to compare the emissions data, a common unit is needed. This emission unit is 
the percent loss of the input waste. In this case, the input waste is the raw waste from the 
pig. Emissions have often been reported using bases of emissions per pig, per pig place, 
and per kg of live weight. In order to convert these emission measurements into an 
emission factor (percent loss of N excreted from the animal), we assume that the 
emissions are linearly related to live weight and that the waste mass and composition 
produced per unit of live weight is constant. The details of these calculations are shown 
in Appendix C. 

The bases of emissions per pig or per pig place have been used, because emissions are 
fundamentally related to the area of the emitting surface. Between 25% and 75% of the 
emissions in a pit system originate from the pit (Aarnink and Wagemans 1997), while the 
remainder comes from the fouled portion of the floor. The pit area is most closely related 
to pig places and the fouled area of the floor is a function of the pig weight, number of 
pigs, and pig activity. Because emissions are a function of each parameter, no basis has 
become standard. However, live weight and number of pigs are both related to barn size 
through design principles, especially within a given country or region. Therefore, the 
selection of units is not critical when averaging results over many studies. 

On any given farm, we can expect that the emissions would vary based on the type of 
feed used, the types of pigs being raised, the type of waste management system 
employed, and the cleaning schedule for the barn. However, the averages from the 
literature will give a good indication of the total emissions for a wider group of farms in a 
given area. Therefore, this information provides guidance in determining public policy or 
good management guidelines. 

Experimental techniques for determining ammonia emissions from the barn typically 
require measuring gas flow rates out of the building concurrent with ammonia 
concentration levels near the ventilation fans. Ideal 1 y, the background ammonia 
concentration around the building should be measured and subtracted from the interior 
concentration (the flow rates out of and into the barn will be equal). In some studies, the 
ammonia concentration is measured outside the barns and compared to the concentration 

' at other points on a farm. While this technique may indicate the location and intensity o f  
ammonia sources, it is not a flux measurement and is not included in this review. 



Experimental time frames range from days to several months. The shorter period 
, measurements obviously require extrapolation to obtain a yearly emission and an 

emission factor (percent loss). This requires one to assume that the time period of the 
sampling spanned an entire day and accurately represented yearly average conditions. 
When these conditions were not met, the data were adjusted. 

Ammonia emissions vary over the course of a day due to temperature fluctuations and 
changes in pig activity. Several experiments have quantified increased emissions during 
the day and/or after feedings (Burton and Beauchamp 1986; Aamink et al. 1995; Aamink 
et al. 1996; Aamink and Wagemans 1997; Demmers et al. 1999; Harper et al. 2004b). 
Seasonal fluctuations are also expected. Emission measurements are typically higher in 
the summer months. This is probably due to a combination of higher vapor pressure and 
greater fan use for cooling requirements. Many researchers have noted that 
measurements made during the summer months are often higher than other seasons or 
represent a maximum estimate of emissions. 

Several papers have presented emissions by season or by month. Another subset of 
papers has included graphs of diurnal emission patterns. Data on both seasonal and 
diurnal patterns are summarized in Appendix C, and correction factors are calculated for 
seasonal emissions and for daytime or nighttime emissions. 

.4 comparison of the literature data is shown in Table 5. Seasonal data and time of day 
are tabulated as well as the date of original publication and region (Europe or the United 
States). The calculated emission as a percentage of excreted TKN is shown as well as the 
emission corrected for season and time of day. 

There has been some discussion about differences in emissions from the barn in different 
countries. Koerkamp et al. (1998) reported a large variance between barn emissions 
measured in England, The Netherlands, Denmark, and Germany, which were not 
explained by temperature differences. In a recent report on ammonia emission factors, 
Battye et al. (2003) use European data, while recognizing significant criticism from the 
agricultural community. We did not find any significant difference between the U S .  and 
European data in this study. The mean emissions for Europe were very near to the mean 
value of the U.S. data (1 6.9% and 1 'LO%, respectively). The mean and 95% confidence 
interval for all of the data are 16.9% and 14.8% to 18.9%, respectively. A linear fit of 
emissions versus year of publication shows no significant trend. We use an emission 
factor of 17% of excreted TKN in the life-cycle calculations. 



Table 5. Emission factors for nitrogen loss in the barn and storage facility 
I T . 1 . 1 .  . . ... . .I 1 

Hartun and Philli s (1 994) 1 
1 

No dateshimes 
1 No dates 

van der Eerden et al. (1 98 1 ) 

Kowalewsky (198 1) 
Burton and Beauchamp 
( 1 986) 

17.4 

Whole year 16.2 
I No dates1 
1 times 21.0 Gustafsson (1 987) 

Grassland Research institute 

17.4 

Kruse et a]. (1989) 

1 Aarnink et a]. (1995) 

1 

Oldenburn ( 1989) 

198 1 

times 1 15.4 

E 

times 21.1 Hoeksma et a]. (1 993) 
I Groenestein (I 993) and 
I Montsma and Groenestein 
(1 992) Aarnink et al. (1 995) times 

No dates/ 
times 

I Whole year 
Groenestein and van Faassen 1 11 996) Winter 1 12.1 1 19.5 1 1996 1 E I 

1 

Most of year 1 9.6 1 9.6 1 1996 ( E Aarnink, et a]. (1996) 
Summer and 
winter ( 14.9 
Winter and 

Aarnink, et al. (1997) 
Aarnink and Wagemans 
( 1997) early summer 1 1 1.5 
Arogo et al. (200 1) 
Demmers et al. ( 1999) 

Hendriks et a]. (1998) 

I ~i et al. (2000a) 

No datedtimes 
Summer & fall 

Harris et al. (2001) 

23.6 
32.0 

Heber et al. (200 1 ) 

Summer 
No dates/ 
times 
No dates/ 

Arogo et al. (2001) 

1 Pahl et al. (2002) 

E 
E 

23.6 - 

23.2 

31.2 

3.8 

times 118.5 / 18.5 12002 I E  1 

1998 - 

1998 

22.6 

3.8 

Harris and Thompson (1 998) 

2001 

2001 

L I 

US 

US 

2002 
2004 
1987 

Day time 
Whole year 
Whole year 

US 
US 
E 

21.2 
12.4 
14.5 

18.5 
12.4 
14.5 



Studies prior to the early 1990s generally have lower estimates of percent nitrogen lost 
than more recent studies. 

Table continued 

* E=Europe, US=United States 
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NITROGEN LOSSES IN LAND APPLICATION 

Nitrogen, phosphorus, potassium. and carbon are all emitted during and after land 
application of swine waste. Nitrogen is emitted into the air in the form of ammonia 
(NH3), nitrous oxide (N20), and nitrogen oxides (NO,). Nitrogen, phosphorus, and 
potassium move into the soil. Previous life-cycle assessments have ignored the effects of 
leaching from farmland. This is due to both a lack of knowledge about the assessment 
and migration of these chemical emissions and a lack of actual emission data. Leaching 
emissions are not included in this life-cycle report. Carbon is emitted to the air in the 
form of carbon monoxide, carbon dioxide, and methane. All of these carbon-based 
chemicals have global warming potential. However, relative to nitrogen, there are little 
data on these emissions. Furthermore, there is a large background flux of carbon into and 
out of the soil due to natural processes. Therefore, carbon emissions are also ignored in 
this study. 

Here, we focus on nitrogen emissions to the air. Specifically, we tabulate values for NH3 
and NzO emissions during and after the application of swine waste. These chemicals are 
also emitted naturally without any fertilizer or waste application. Therefore, experiments 
typically include measurements on a control plot. The values shown in this study have 
the emissions from the control subtracted when these are given. 

Ammonia and N20  are also emitted when commercial fertilizers are applied. Although 
we chose not to subtract these emissions (as avoided emissions), these may be 
comparable to those from animal waste. In fact, Mosier et al. (1 996; 1998) assume that 
application of synthetic or manure N contribute equally to N 2 0  emissions. 
Bouwman (1 996) estimates that 1.25% of applied N is emitted as N 2 0  over > 100 days. 
Bouwman et al. (2002a) showed that emissions of N 2 0  depend on application rate, 
fertilizer type (chemical form of N), and crop type. They studied 846 emission 
measurements in the literature and found that the chemical form of the fertilizer could 
affect emissions by a factor of 3, but that application method did not have a significant 
effect. Using a model based on these 846 emission measurements, Bouwrnan et 
al. (2002~)  calculated that world average emissions for animal manure were 0.8% and 
world average emissions for commercial fertilizer were 0.9%. Bouwman et al. (2002~)  
and Mosier et al. (1998) showed that the N20 emission factor increases as the application 
rate increases. Therefore, if a farmer were to apply effluent in addition to commercial 
fertilizer, the emissions would likely be greater than those used in this life-cycle study. 
Ammonia emissions from synthetic fertilizer are also significant. Bouwman et 
al. (2002b) studied data from 1,900 NH3 volatilization measurements in the literature. 
They estimate that in industrialized countries, 7% and 2 1% of the N from application of 
synthetic fertilizer and animal manure, respectively, is volatilized as NH3. Globally the 
volatilization rates are 14% and 23% for fertilizer and manure. The NH3 emissions in 
industrial countries are lower because of the use of different chemicals and application 
methods as well as a different average climate. 

Lagoon effluent is typically sprayed onto land. This process has a high ammonia loss, 
due to the large gas liquid interface created. In contrast, slurries or solids are typically 
either spread from a tank vehicle onto the land surface or injected under the surface. 



During the application process, the spreading methods have lower aerosolization and 
ammonia volatilization than irrigation, due to a relatively short throw from the applicator 
to the ground. Surface spreading methods include band spreading (applying in narrow 
bands to reduce volatilization area) and broadcasting (distributing over the entire 
surface). Injection or subsurface methods require either directly injecting the manure into 
the soil or incorporating it soon after spreading onto the surface (harrowing). The 
injection methods lead to the lowest ammonia volatilization rate. 

Ammonia and nitrous oxide emission rates defined as a percent loss (of applied TKN and 
applied total ammonia nitrogen, TAN) are estimated for effluent irrigation, for surface 
spreading, and for injection of sludge. In the life-cycle inventories, we assume that all of 
the lagoon liquid is irrigated, and that the sludge is either surface applied or injected. 

Losses of NH3-N during and after irrigation that are reported in the literature have ranged 
from 10% to 99% when animal waste is surface applied (Vanderholm 1975). Several 
authors have suggested that about 50% of the TKN that is irrigated is available for plants 
(Westerman et al. 1995; Al-Kaisi and Waskom 2002). Numerous factors such as manure 
pH, soil pH, soil and atmospheric temperature (seasonal), soil type, crop type, application 
method, and wind speed are thought to determine the amount of nitrogen loss. 

Hoff et al. (1 98 1) suggest that acidity (pH) of the soil and manure as well as application 
method are the primary indicators of ammonia volatilization. Acidity decreases 
volatilization by lowering the NH3 to N H ~ '  ratio. The importance of pH indicates that 
TAN may be important as well. We explore the effect of both application method and 
TAN application rate on ammonia volatilization. Application methods are categorized as 
irrigation, surface spreading, and injection. We also test the effect of application rate on 
emissions when measured as a percent loss. The spreading and injection experiments (in 
the literature) on emissions have been performed using raw waste. Lagoon sludge has a 
much lower ratio of TAN:TKN ( f') than manure and presumably lower volatilization 
rates. We extrapolate the data to determine the emissions at an average f' value for 
lagoon sludge. 

Measurements of nitrogen loss are made from mass balances, micrometeorological 
methods, or chamber methods. The mass-balance method is simply a comparison of the 
volume and concentration (TKN and TAN) of the liquid being sprayed to liquid that is 
captured at the surface. The other methods can measure emissions after the material is 
applied. Chamber methods are similar to those used on lagoon surfaces, utilizing a 
closed chamber directly above the soil surface. The micrometeorological technique is 
often referred to as a micrometeorological mass balance. It requires measuring wind 
speed and concentration at several heights and locations above the surface and integrating 
the flux. Bless et al. (1 99 1) estimate an error of -1 5% for the micrometeorological 
technique. Postapplication fluxes of NzO are measured directly, and emissions during 
irrigation are assumed to be negligible. 



NITROGEN LOSSES FROM LAGOON EFFLUENT APPLICATION 

Lagoon effluent is typically spray applied (irrigated) with a sprinkler system or 'big gun.' 
Several researchers have measured the ammonia volatilization during irrigation. The 
concentration and flow rate leaving the irrigator is measured and compared to the 
concentration and flux of ammonia that reaches the surface, as measured with collection 
devices. Typically 10%-20% is lost during irrigation. Table 6 shows results for each 
research paper. 

Table 6. Nitrogen loss during irrigation of lagoon emuent 
- -- 

Humenik and Overcash 
(1 976) 
Safley et al. (1 992) 

Sharpe and Harper (1 997) 
(during irrigation) 
Sharpe and Harper (1 997) 
(during irrigation) 
Sharpe and Harper(l997) 
(post irrigation up to 24 
hours) 
Sharpe and Harper( 1997) 
(post irrigation) 
Whalen et al. (2000) 

f' (of 

0.708 
balance 

0.764 Mass 

NH3-N loss 

Average * 
Median 
Standard deviation 

% of applied 
TKN 
17.0 

20.7 

1 1.6 

1 0.8 

45.6 

24.2 

0.896 Chamber 

% of applied 
TAN 
24.0 

27.1 

0.892 13.0 

12 

58 

27.2 

16.4 
17.0 
4.58 

- - 

* Does not include losses after irrigation. 
Each entry represents an average of the experiments presented in each publication. 

balance 

21.4 
24.0 

7.4 1 

The effect of soil pH is not relevant in determining the ammonia losses during irrigation, 
and the pH of the effluent was not given for each experiment. However, the ratio o f  TAN 
to TKN or /' value was given and is shown to be significant. A regression plot is shown 

in Figure 5. We assume that the relationship is linear over the full range of 0 5 f c  5 1 . 
All of the volatilization is assumed to be from ammonia; therefore, the intercept is forced 
through zero. An analysis performed with StatView shows a slope of 18.7% losslunit f' 

and a standard error (66% confidence interval) of 2.5% losslunit f'. Although the R~ 
value for fit that is forced through zero is 0.88, it is clear that other factors affect the 
measured loss. Over the f' range of the experiments, percent losses vary from 13% to 
19%. Using an average f' value of 0.85 (Bicudo et al. 1999) for lagoon effluent, the 
regression yields a 15.9% loss of TKN. 



Figure 5. Nitrogen loss versus j"' (TAN:TKN ratio) during irrigation 

Ammonia loss during irrigation 
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, The linear fit, which is forced through zero, has a slope of  18.7 and a standard error of 2.5. 

After the effluent reaches the ground and penetrates the soil, some ammonia and NzO 
continue to evaporate. In extreme conditions, large post application losses have been 
observed. Sharpe and Harper (1997) measure 13% loss of TAN during application 
(irrigation) and 69% loss within 24 hr of application. The same authors report significant 
but smaller postapplication emissions in a later paper. Ammonia emissions were 12% 
during irrigation and 27% postapplication (Sharpe and Harper 2002). These are the only 
two studies on post irrigation effluent emissions; therefore, we cannot base our emissions 
from so few empirical data alone. Thus, we assume that the subsequent emissions are 
equal to that from the surface application of sludge after adjusting for the higher TAN 
values, for which there is a larger database. In normal conditions, the effluent quickly 
infiltrates the surface, and becomes less vulnerable to volatilization. Because it is not 
injected and has a higher ammonia content (per unit TKN) than raw waste, the effluent 
post irrigation emissions will be higher than those measured for injection of raw waste. 

During irrigation, we use the correlation given in Figure 5. Assuming an f' value of 
0.85 gives a loss of 15.9% of applied TKN. For a postirrigation emission, we use the 
correlation shown in Figure 10. Assuming an f' value of 0.85 for lagoon effluent gives 
a postapplication emission of 15.6%. Using these values, the total loss to ammonia 
volatilization is 29.0% (1 .O-0.841 *O.844)* 100. This overall emission is based on the 



assumption that postirrigation emissions are similar to surface application emissions from 
raw waste (corrected for ammonia content). The value is significantly smaller than 
Sharpe and Harper (1997) but close to Sharpe and Harper (2002). 

The industrial fertilizer emission replacement credits are based on the N, P, and K 
available to crops. Therefore, in the context of this report, higher N losses during land 
application would increase both indirect (more N fertilizer manufacturing) and direct 
emissions. If the NH3 emissions estimate for land application were revised upward, the 
incentive for conserving N in the storage/processing step would be reduced. As a result, 
the environmental improvements yielded from utilizing an alternative to the anaerobic 
lagoon would be diminished. 

NITROGEN LOSSES FROM SURFACE APPLICATION 

Several methods are available for application of slurries or solids. These can be categorized as surface 
spreading or injection methods. Ammonia and N 2 0  loss values From the literature are given in Table 7 (for 
surface application) and in * Assumed f = 0.8 

Table 8 (for injection). Each of these references has a set of data, which is presented in 
full in Appendix D. 



Table 8. Ammonia and N 2 0  losses fiom injection methods. 

Table 7. Ammonia and N 2 0  losses from surface spreading techniques 

Hoff et al. (1 981) 
Ferm et al. (1 999) 
Bless et al. ( 1  99 1)  
Weslien et al. (1 998) 

A~~l ica t ion  method 

Injection 

* Assumed f = 0.8 

, 
Reference 

Hoff et al. (1 98 1) 
Ferm et al. (1 999) 
Ferm et al. (1 999) 
Pain et al. ( 1  989) 
Bless et al. (1 99 1) 

Weslien et al. (1  998) 

b 

% of applied TKN lost 

Injection 
Surface spread & harrow 
Various subsurface 
Median 

Application method 

Broadcast 
Broadcast 
Band spreading 
Surface spreading 
Conventional surface spreader 
(sprayer w/ 5 nozzles) 
Band spreading 
Median 
Mean 
Standard deviation 

% of applied TAN 
lost 

AS N20-N 

0.504 

% of applied TAN lost % of applied TKN lost 
AS N20-N AS NH3-N AS N20-N AS NH3-N 

3.26 1.61 

AS N20-N 

0.3 
0.6 

0.632 
0.600 
0.51 1 
0.183 

AS NH3-N 
11.9 

10.5 
39* 

13.6 
12.8 
18.8 
13.6 

AS NH3-N 
19.4 
15.5 
14.3 
15.7 
49 

17.9 
16.8 
22.0 
13.4 

It is currently unclear whether emissions should be approximated as a percentage of 
applied TKN or applied TAN. Both bases have been used in the literature, and neither 
correlations adequately describe the variation in emission data from application of animal 
manure. Bowwman and Van der Hoek (1 997) showed that the chemical form of N is 
important. 

We plot NH3 emissions from surface spreading and injection versus both TKN and TAN. 
The importance of ammonia concentration is then tested using a plot of emissions (as a 
percent of TKN) versus f' . The intercept of each regression is forced through zero. 
Doing so inherently assumes that emissions are zero when the tested parameter (TKN, 
TAN, fe) is zero. This is necessarily true for plots versus TKN. However, the 

assumption is not as clear for plots versus NH3 and f' , because organic nitrogen can be 
converted to ammonia in the soil. The R* values reported apply to the constrained fit (no 
intercept), and are generally higher then the values for an unconstrained fit. 

5.34 
5.78 

Mean 
Standard deviation 

Figure 6 and Figure 7 show emissions versus TAN with linear regressions, which have 
the intercept forced through zero. The regressions give emissions of 0.164 kg NH3/kg 
NH3 applied for surface spreading methods and 0.029 kg NH3/kg NH3 applied for 
injection methods. These emission coefficients have standard errors of 0.022 and 0.01 or 

6.02 
6.00 



13% and 34%, respectively. The R~ values (0.70 and 0.43) confirm that other variables 
are significant. 

Of the emissions data included here, less information on TKN applied (as compared to 
TAN applied) was available. The emissions are plotted versus TKN application rate 
along with linear regressions in Figure 8 and Figure 9. Nine data points for surface 
spreading give a loss rate of 0.12 kg NH3-Nikg TKN applied, when the linear regression 
is forced through zero. The standard error in the slope is 0.019 (16%), and the R* value 
was 0.83. For injection methods, eight data points yield a loss rate of 0.012 kg NH3-N/kg 
TKN applied. The standard error of the slope was 0.004 (33%), and the R~ value was 
0.57. 

Figure 6. Ammonia emissions for surface application methods versus applied total ammoniacal nitrogen 
(TAN) 
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Figure 7. Ammonia emissions for injection methods versus applied TAN 
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Figure 8. Ammonia emission versus applied TKN for surface spread waste 
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Figure 9. Ammonia emission versus applied TKN for injected waste 
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In order to test the assumption that volatilization is proportional to TAN, we test the 
significance of /' . In Figure 10 and Figure 1 1 we plot emissions as a percentage of  TKN 

versus f' . The data do not show a clear dependence on P if we perform a linear fit and 

do not restrict the emissions at f' = 0 .  The unrestricted linear fit (not shown) for 
broadcasting (surface spreading) is strongly influenced by one data point (30% loss) from 
Pain et al. (1989) and has a large intercept and negative slope. The fit for injection has a 
reasonable intercept (-0.5) and slope (3.9), but the standard error in the slope is 3.7. We 
assume that any conversion from organic N to TAN on the soil surface is negligible. 
This forces the fit through zero and yields lower standard errors. Figure 10 and Figure 1 1 
show the data with linear regressions that were forced through zero. For surface 
spreading, the fit has a slope of 18.4% loss of TKNhnit f' and a standard error of 4.8 
(26%). For subsurface methods, the fit has a slope of  3.2% losslunit f' with a standard 
error of 0.7 (20%). 



Figure 10. A linear regression, which is forced through zero is fit to ammonia emissions from surface 
spreading. 
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Figure I I .  Ammonia emissions from injection application are shown with a linear regression that is forced 
through zero. 
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The linear regressions in Figure 10 and Figure 1 1 are used to predict the ammonia 
volatilization losses at average f' values. The f' values for raw waste and surface 
spreading studies are shown in Table 9. The f' values of raw waste from the barn are 
very near to the f' values used in surface application studies in the literature. The 

median value of f' for the composite data is 0.64. The f values for sludge from 
anaerobic lagoons are shown in Table 10. Because most of the TAN leaves the lagoon in 
the effluent phase, the average fe of sludge value is considerably lower (0.26) than that 
of raw waste. Therefore, the emissions from sludge application should be significantly 
lower than emissions from raw waste application. 

Table 9. TAN:TKN ratio from raw waste and surface spreading studies 

. - - - . -. - .  I/ 

(f' of-raw waste, Barker ] j' from surface spreading I 
(2002) 

0.582 
0.479 

studies 
Reference 
Pain et al. (1989) 
Pain et al. (1 989) 

f' value 
0.692 
0.704 



1 

Table continued 

10.347 lweslien et al. (1998) 10.556 1 

0.930 
0.828 
0.847 
0.872 

10.69 1 1 Weslien et al. (1 998) 10.556 1 

0.658 
0.442 
0.830 
0.696 
0.612 

0.410 
0.490 
0.740 
0.426 
0.480 

Pain et al. (1989) 
Pain et al. (1989) 
Weslien et al. (1 998) 
Weslien et al. (1 998) 
Hoffetal.(1981) 
Hoff et al. (1981) 
Hoff et al. (1981) 
Hoffetak(1981) 
HoffetaL(1981) 

0.619 
0.534 
0.535 
0.484 

- 
0.676 

Table 10. The f" value for lagoon sludge. Data from Bicudo et al. (1 999) is from 15 separate lagoons in 

0.629 
0.628 
0.1 94 

North Carolina. 

Weslien et al. (1998) 
Weslien et al. (1998) 
Weslien et al. (1998) 

0.696 
0.830 
0.830 

Median 
Mean 
Standard deviation 

0.638 
0.642 
0.122 

Bicudo et al. (1999) 
Bicudo et al. (1999) 

I Bicudo et al. (1999) I 2400 1 600 1 0.250 1 

Bicudo et al. (1999) 
Bicudo et al. (1999) 

TKN [mg/l] 

2800 
3300 
3200 
3400 

Bicudo et al. (1999) 
Bicudo et al. (1999) 

~ i c u d o  et al. (1 999) 
I I I 

4200 1 1000 1 0.238 1 

NH3-N 

500 
600 

Bicudo et al. (1999) 
Bicudo et al. (1 999) 

> 

f" 
0.179 
0.182 

500 
500 

1200 
6200 

0.156 
0.147 

4200 
4500 

Bicudo et al. (1999) 
Bicudo et al. (1999) 
Bicudo et al. (1999) 
Bicudo et al. (1999) 
Bicudo et al. (1 999) 
Humenik and Overcash (1 976) , 

Humenik and Overcash(1976) 
Humeni k and Overcash( 1 976) 
Humenik and Overcash (1 976) 

500 
700 

Hurnenik and Overcash (1 976) 

0.417 
0.113 

1000 
1 100 

3 200 
3300 
5 800 
5700 
4200 
3300 
3570 
3600 
3500, 

0.238 
0.244 

3900 
Mean 
Standard deviation 
Median 

800 
1100 
1500 
1500 
1000 
990 

1060 
1230 
1620, 
950 1 0.244 

0.258 
0.0860 

0.247 

0.250 
0.333 
0.259 
0.263 
0.238 
0.300 
0.297 
0.342 
0.463 



It is unclear whether emissions should be based on an average value from each literature 
source, a regression of emissions versus TKN, or a regression of data versus TAN. 
Therefore, emissions calculated for each of these methods are tabulated in Table 1 1.  
The literature averages weight each surveyed paper evenly. The values based on 
regression weights each experiment presented in the papers evenly and uses the 
dependence on f c  to predict the loss for sludge. 

Table 11. Summary of ammonia volatilization losses during land application 

I NH3-N loss [% of TKN] I 

Irrigation of lagoon 
effluent 
Postirrigation losses 
of lagoon effluent 
Surface application 
of raw waste 
Surface application 
of lagoon sludge 
Injection of raw 
waste 
Injection of lagoon 
sludge 
*The loss rate for irrigation refers to losses before contact with the land surface. 

* *  Post irrigation losses are estimated using the surface application correlation. The total loss rate from 

Median of 
literature 

1 1.6* 

12.8 

12.8 

2.4 

2.4 

irrigation and subsequent volatilization is 29%. 

NITROUS OXIDE EMISSIONS DURJNG LAND APPLICATION 

Loss based on 
regression (vs. 
f) 

15.6** 

The physical mechanisms of nitrous oxide emissions are more complicated than those of 
ammonia emissions. Nitrous oxide is formed through both nitrification and 
denitrification. Both of these processes are sensitive to the environment, which can 
contribute to a high variability in emissions. Specifically, the oxygen concentration and 
rainfall can greatly impact N20 emissions. Due to the more complicated chemistry 
involved, it is quite possible that N20 emissions are not directly proportional to the 
amount of TKN or TAN applied, but are strongly influenced by other processes. 

In addition to direct emissions, which can be measured, ammonia emissions and leaching 
can contribute to nitrous oxide emissions elsewhere (Mosier et al. 1996; Mosier et al. 
1998). Weslien et al. (1998) estimate that the secondary emissions due to nitrate leaching 
are comparable to the direct emissions. In this report, we consider only direct 
atmospheric emissions. We tabulate the reported emissions (as percentages of applied 
TKN) in the literature. Several studies considered land application and several 
considered irrigation. Although the irrigation studies have higher emission values, there 

Loss based on 
regression (vs. 
TAN applied) 

15.9* 

10.5 

4.2 

1.8 

0.076 

Loss based on 
regression (vs. 
TKN applied) 

12.0 

1.2 

f 

0.8 

0.85 

0.64 

0.26 

0.64 

0.26 



are not enough data to justify using separate emission factors; therefore, we consider 
these together. 

. In Table 12, N 2 0  losses are tabulated with equal weight for each researcher. With the 
exception of Sharpe and Harper (1 997), the losses range from 0.4% to 1.5% of the 
applied TKN. The mean is not included in the table, because it is largely influenced by 
the data from one study (Sharpe and Harper 1997). The median value (1.4%) is used in 
the life-cycle study. This value is comparable to other studies on N 2 0  emissions after 
applying chemical fertilizer and/or animal manure (Cates and Keeney 1987; Eichner 
1990; Bouwman 1996; Bouwman et al. 2002~).  

Table 12. Summary of N20  emissions during land application 

Whalen et al. (2000) 
Weslien et al. (1 998) 
Rochette et al. (2000) 
Ferm et a]. (1999) 

N20-N loss 
[% of TKN applied] 

Sharpe and Harper (1 997) 
Sharpe and Harper (2002) 
Median 
We calculate the value for 

N20-N loss 
[% of NH3-N applied] 

Author Application 

loss as a percentage of applied TKN for Ferrn et al. (1999) by assuming that 

Irrigation 
Surface and i~jection methods 

Surface 
Irrigation 
Irrigation 

fe=0.8. The mean is strongly affected by the value given by Sharpe and Harper (1997), and not enough 
data are available to determine, based on the standard deviation, if this is an outlier. 

0.36 
13.00 

LAND APPLICATION EMISSIONS USED IN THE LIFE-CYCLE CALCULATIONS 

1.400 
0.400 
1.450 
0.288 

10,400 
1 SO0 
1.430 

Table 13 contains the land application emissions that were used in the life-cycle 
inventory calculations. Carbon volatilization, N2 volatilization due to nitrification 
denitrification cycles, and leaching of the primary nutrients are neglected. 

Table 13. Land application losses used in the life-cycle inventory 

% of applied TKN lost to NH3-N 
volatilization 

Irrigation 
Surface spreading of solids 
Injection of solids 

% of applied TKN lost to N20-N 
volatilization 

29 
12 
2.4 

1.4 
1.4 
1.4 





ANAEROBIC LAGOON 

When swine waste enters the anaerobic lagoon, a portion of it becomes dissolved or 
suspended in the supernatant or liquid phase, and another ponion settles to the bottom, 
which is often designated the sludge phase. This process is quick; however, there is a 
time-dependent redistribution of material from one phase to the other over the life span of 
the lagoon. A portion of the organic carbon material in the sludge is stabilized as 
anaerobic biomass, and the rest is broken down to form biogas (C02  and CH4). Several 
of the organic nitrogen-containing compounds are stabilized, while the rest are broken 
down into ammonia. For the life-cycle inventory, we are concerned with the quantity of 
nitrogen, potassium, and phosphorus left in the sludge and supernatant phases when these 
are removed and land applied. We are also interested in the mass flux of ammonia and 
biogas from the lagoon. Ammonia contributes to acidification and eutrophication, and 
the biogas contributes to global warming potential. 

The general model for nutrient tracking and emissions is shown in Figure 12. A small 
percentage of potassium and phosphorus is lost to seepage, and the rest is split between 
the effluent and sludge. This seepage is only a calculation based on water loss and 
concentration of chemical species and not a verification of significant movement be1 
the bottom soil layer. Nitrogen is lost primarily through seepage, evaporation of 
ammonia, and possibly evaporation of dinitrogen (Harper et al. 2000; Harper et al. 
2004a). Volatile solids are not conserved, and the carbon content is not tracked. 
However, carbon dioxide and methane emissions are related to volatile solids remov 
To estimate C 0 2  and CH4 emissions, we use an average gas production per unit live 
weight from the literature. 

Figure 12. Mass transfer model o f  anaerobic lagoon 

NH,-N 
evaporated 
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P in waste P in sludge (50%) 
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K in effluent (87%) rC--7 
K ~n waste K in sludge (5%) 

VS converted to CO, 
(0 83 g CO, 1 kg LW) 

VS converted to CH, 
( 1 . 3 g C H , / k g L W )  



We use a mass-balance model, which assumes that the lagoon is in a steady-state mode of 
operation, to determine the percent of nitrogen that is lost. All of the unaccounted 
nitrogen (in seepage, effluent irrigation, and sludge settling) is assumed to be volatilized 
ammonia. The model is explained in detail later along with a discussion of the 
assumptions. Nitrogen volatilization rates from the lagoon process of 40% to 60% of the 
nitrogen input to the lagoon are measured with this method. 

In these mass-balance studies, we need to know the input flow rate and the amount of 
nitrogen that is produced per animal per year or per unit of live weight per year. Many 
studies have been done to determine the waste and concentrations of various components 
produced per animal or per unit of live weight. There may be significant variations in 
waste/LAW produced by different hogs. Furthermore, these studies have used different 
measurement methods, and have measured the waste after different barn storage 
techniques and times. Consequently, there is a significant variability (30%-40%) in these 
measurements. However, the standard error and the 95% confidence interval of the mean 
are 5% and lo%, respectively. 

Several researchers have directly measured the ammonia emissions from anaerobic 
lagoons. These measurements serve as important comparisons to the mass-balance 
approach. The mass-balance method can determine the N loss to evaporation if the 
lagoon inputs are measured. However, Harper et al. (2000; 2004a) measured significant 
amounts of N2 in bubbles emitted from the sludge. Therefore, the mass balance may 
overestimate NH3 emission (Arogo et al. 2003). Various biochemical reactions may 
decompose ammonia in the lagoon into N2, N20, and NOx (Jones et al. 2000). Currently, 
it is unclear what portion of nitrogen is volatilized as ammonia and what portion is 
converted into N2. Direct measurement of NH3, Nz, and N 2 0  emissions will help resolve 
this issue. In order to obtain a percent loss, we need to estimate the amount of waste 
entering the lagoon. Therefore, good data on the hog population and weight are essential, 
and measurements on a variety of farms will provide a better estimate of the average 
percent ammonia flux. 

Both the mass balance and the direct measurement approach are reviewed here. The 
results of several researchers are tabulated and compared. 

AVERAGE SWINE WASTE DATA 

Swine waste data from the literature over the past 30 years were averaged (Barker 2002). 
The total waste column is an estimate of the mass of the raw waste. However, the mass 
of each nutrient was typically measured when the waste left the barns rather than when it 
was excreted from the hogs. Therefore, measurements of nitrogen loss in the barn do  not 
affect estimates of N entering the processing stage. Our estimate of nitrogen produced by 
the hog can be calculated from these waste characteristics and the barn emission estimate. 
The data regarding TKN, P, and K are summarized in Table 14. When the total TKN in 
swine waste is calculated for each reference and averaged, the mean is 
460 g TKN/d/1000 kg LAW (live animal weight). The median and standard deviation 



are 449 and 155 g TKN/d/1000 kg LAW, respectively. The standard deviation is 34%, 
the standard error of the mean is 5%, and the 95% confidence interval is 10%. The raw 
waste from the hogs is then calculated (based on average literature losses of 17% loss of 

449 
TKN in the barn) to be - = 541 g TKN / 1000 kg LAW 1 d .  

0.83 

1 Standard 1 1 1 1 

Table 14. Summary of data on swine waste nitrogen content from Barker (2002) 

CALCULATION OF THE SETTLING COEFFICIENT 

The settling coefficients, (aTKN, ctp, & aK), are defined as the fraction of input material 
(TKN, P, & K) that remains in the sludge until it is manually removed. It can be 
calculated based on measured sludge accumulation and either measured inputs to the 

P in waste Total waste 

lagoon or calculated waste inputs based on the number of animals. When this is done, the 
calculated quantity represents the long time partition coefficient to the sludge, which is 
suitable for life-cycle studies. The nitrogen settling coefficient directly affects the mass 
balance calculation of ammonia emissions, and is consequently the most important of the 
three. We use potassium, a conserved quantity, to check the mass balance technique, and 
the settling coefficient of K has an impact on this test. From the life-cycle perspective in 
this report, most of the phosphorus is eventually applied to the ground. Therefore, this 
settling parameter does not have any substantial environmental impact. 

[kg total manure1 1000kg [g TKN11000 kg [g IU 1000 kg [g PI 1 OOOkg 
LAWIdayJ 1 LA Wlday] lL A Widay] 1 LAWldayl 

TKN in waste fiom ' K  in waste I 

barn 

We estimate the settling coefficients using data from Bicudo et al. (1999), Overcash et 
al. (1 978), Humenik and Overcash (1976), and Cheng (2004). Bicudo et al. studied 15 
farm-scale lagoons in North Carolina. They measured sludge accumulation and nutrient 
concentration in the top of the sludge in each lagoon. Sludge accumulation rates were 
reported as 0.003 m3/kg LAW/year. One author (Westerman 2002) expressed concern 
about the concentration measurements in the sludge, because measurements were made 
only in the top layer. It is not clear that each of the nutrients have equal concentrations 
throughout the sludge. 

Humenik and Overcash (1 976) give the nitrogen concentration profile in the sludge for a 
small research lagoon. In that lagoon, the nitrogen concentration is constant over the 



depth of the sludge. This supports the use of the Bicudo et al. data for calculating the 
settling coefficient for nitrogen. 

The plot in Figure 13 is generated from the data in Bicudo et al. (1999), and is similar to 
Figure 7 in that paper. A linear fit shows a good correlation R~ = 0.96. Statview 
software was used to do the regression and estimate the 95% confidence interval. The 
slope was calculated to be 12.4 and the 95% lower and upper bounds were 10.9 and 13.9 
g TKN in sludgelkg LAWiyear. We use the median value for nitrogen mass leaving the 
barn and assume that the reported live weight is an average over the whole year. The 

g TKN d.kgLAW yr 
settling coefficient is then calculated as 12.4 , which is 

kg LAW .yr 0.449 g TKN 365 d 
0.08 or 8%. The settling coefficient was also calculated using data from Humenik and 
Overcash (1976). The TKN accumulation was 30 g TKN in sludgelkg LAW/year. This 
can be expressed as a settling coefficient of 18%. We use the average value of these 
measurements (1 3%) and a range of 8 to 18% for the mass balance calculations. 

Figure 13. Nitrogen accumulation per unit live weight 

0 2 4 6 8 10 12 14 16 18 20 
# years 

Y = 0 + 12.421 X; RA2 = .956 

In order to test the change in the settling partition coefficient with time (non-linearity of 
the plot), we calculated a value of aTKN for each lagoon, and &tted it as a function of 
lagoon age (Figure 14). A general increase in the percent entering the sludge is observed. 
However, the correlation is poor ( ~ ~ = 0 . 2 4 ) ,  and the 95% confidence interval gives 
minimum and maximum values of -0.0001 to 0.004 change in O!TKN per year. Therefore, 
while this trend may exist for these lagoons, we cannot be sure based on these data and 
the correction would not be large. 



Figure 14. The settling coefficient for nitrogen 
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Y = .044 + .002 X; RA2 = .24 

For P and K, we do not have any independent evidence to show that concentration 
profiles are constant in the sludge. Therefore, we do not use data from Bicudo et 
al. (1 999). Overcash et al. (1 978) measured K concentrations and sludge accumulation 
directly. They calculated a sludge accumulation of 0.004 m3/kg LAWIyr. The measured 
potassium sludge concentration was 590 mg/l, and measured influent potassium rate was 
13 1 g K/day/1000 kg LAW. This gives a settling coefficient of 5% for potassium. The 
phosphorus settling coefficient is calculated from data provided by Cheng (2004), in 
which the input and effluent concentrations were measured for a covered anaerobic 
lagoon. The mass flow into the lagoon was given, and the mass flow out of the lagoon 
was calculated as the input flow minus the volumetric sludge buildup per LAW, which 
was given by Bicudo et al. The phosphorus settling coefficient was thus estimated to be 
50%. 

SEEPAGE RATES FROM THE LAGOON 

The infiltration (seepage) was reported by Glanville et al. (2001) and Ham and 
DeSutter (1 999). Glanville et al. measured seepage rates at 40 sites in Iowa that were 
built between 1987 and 1994. The liquid level typically dropped between 0.8 and 
1.6 mmlday on low evaporation days. They estimated evaporation rates to be between 
0.2 and 0.4 mmlday. Therefore, seepage rates were typically between 0.4 and 
1.4 mmlday. Ham and DeSutter measured seepage rates from 3 compacted soil-lined 
lagoons in Iowa. Seepage rates of 1.1, I .  1, and 0.8 mmlday were measured. We estimate 
the seepage to be 0.9k0.5 mrnlday or 1 3 inches per year. 

NITROGEN LOSS IN THE LAGOON 

Ammonia emissions in the lagoon are fundamentally related to the supernatant ammonia 
concentration, lagoon temperature, surface area, and mass transport effects (wind, 
difhsivity, convective flux, etc.). Various physical and statistical models have been 
proposed to better understand these effects. These models are necessary in order to 
estimate the emissions from one region based on values observed in another area or to 



extrapolate data from a particular season over the entire year. Considering the effect of 
temperature, the partial pressure of ammonia typically doubles over a temperature range 
of 10°C. This would likely lead to evaporation rates that vary greatly between winter and 
summer months in North Carolina. Aneja et al. (2000) measured emissions of 1,706, 
4,017, 844, and 305 pg ~ l r n ~ r n i n  in the spring, summer, fall, and winter months. On the 
other hand, if diffusion in the liquid phase were the limiting process, the evaporation rate 
would be proportional to the diffusion coefficient D,vH3,H2,1 . Liquid-phase diffusion 

coefficients are typically proportional to absolute temperature, leading to a flux variation 
of only about 10% over seasonal temperature variations. 

We report emissions on the basis of percent loss of N entering the lagoon. Although 
emissions are fundamentally more closely related to lagoon area and concentration, 
commercial lagoons have very similar TKN concentrations in the effluent. This is likely 
due to similar lagoon designs and management practices. Furthermore, the TKN 
concentrations are significantly lower than input concentrations. Because emissions 
correlate with TKN concentration, we believe that deviations from typical management 
techniques are mitigated by a buffering effect. That is, if a change decreased emissions, 
the concentration would rise, and the driving force for emissions subsequently would 
increase. 

ESTIMATES OF NITROGEN LOSS BASED ON A MASS BALANCE 

We develop a mass balance equation to model a single-stage lagoon system with effluent 
recycle (for barn flushing). All known material flows are accounted for, and the balance 
or loss of N is assumed to be due to ammonia volatilization. Volatilization of non- 
ammonia N is assumed to be zero. 

A diagram showing inputs to and outputs from the lagoon is shown in Figure 15. The 
volumetric flow rates of raw waste, fresh water used for flushing, irrigation effluent, and 

' 

recycled effluent are given by r, Q'""', r ,  and @. The precipitation, evaporation, 
and infiltration (seepage) rates are given by P, E, and I, respectively. These quantities 
have units of lengthhime. The lagoon liquid height (above the lagoon bottom) is given 
by h. 

Figure 1 5.  Model for single-stage recycle lagoon 

N volatilization t from barn . . 
volatilization 

:'' I (infiltration 

sludge 1 o f  lagoon effluent) 



We write a balance on component i. 
raw waste + recycle = recycle + settling + irrigation + seepage + evaporation + accumulation 

Here, the concentration, settling coefficient, lagoon area, lagoon effluent volume, and 
time are denoted by C, a, A ,  Vefi and t, respectively. The subscript i denotes the nutrient 
(we apply the mass balance to both K and N). The evaporative loss t em~,  

bNH . f e  . A .  c;{~ , applies only to the mass balance on N. This term assumes that ammonia 
3 -  

evaporation is proportional to TAN concentration. The yearly average mass transfer 
coefficient is denoted by bNH+ , and f e  is the ratio TAN:TKN. This mass transfer 

coefficient is generally a function of many parameters, such as temperature and wind 
speed. Therefore, it is expected to vary from site to site and over time at a given site. 

We assume that the TKN concentration, which is measured, in the lagoon effluent is 
constant. However, the concentration of TKN sometimes varies significantly over the 
course of a year. During summer months, the concentration may decrease due to higher 
volatilization rates, and, during the winter, the volatilization is lower and TKN 
concentrations may increase. Koelliker and Miner (1 973) show concentrations ranging 
from 200 mg/L in November to 600 mg/L in March. Aneja et al. (2000) observed a much 
smaller range (550 i c;fN s 650 mg/l) over the course of a year. The mass of each nutrient 
leaving during the irrigation events is calculated using a steady-state approximation of the 
effluent concentration. Therefore, it is important to use a concentration that is 
representative of typical irrigation events. 

*c4f 
Assuming a constant concentration, - v, = 0 .  The other accumulation term is 

At 
Ah expressed as 5. cffl = (E. A - p~ltl* 1. C;ff , where the sludge build-up (pLtdge) is either 

At 

reported or estimated using the reported live weight and the sludge accumulation rate 
given by Bicudo et al. (1 999). Substituting into the component mass balance gives 

We also write a mass balance on the total fluid flow, 

Ah This can be re-written as plrr + -. A + I .  A = D .enfn , where the dilution (D) due to water flow 
At 

is given by 

D =  Q' + A -  E .  A , and the total input flow (Q, ) is given by p/ = pnt* + eWaw. 
en" 

Substituting p1-- + h. A + I .  A into the component mass balance, and solving for bNH gives 
At 



All of the terms on the right hand side are either measured at the lagoon site or calculated 
from other data sources. The input N, on' .c;;,~, is either calculated from the reported live 
weight and the swine waste characteristics (SWC) or is directly measured. In order to 
specify the input flow, a measurement of Q " ~ " ' ,  Q' , or both nlrr and M over time are 
required. The previously calculated estimate of a,, , 0.13, is used for all lagoons. 
Values of P and E, specific to the location of the lagoon are taken from the literature. We 
used the net evaporation of a lake from Whiting (1 976) to estimate the evaporation from 
the lagoon. Precipitation values were taken from Whiting and Techow (1 964). 

Higher volatilization rates lead to a higher concentration ratio (raw waste to effluent) and 
a higher measured flux. The other terms correct for dilution and concentration effects 
due to the mass transfer of water and accumulation. 

The percent loss of N due to evaporation can then be calculated using the equation 

~ N H ~  - N . f c;L volatilization loss (percent of  input TKN) = .-. 100% 
p"" Cr" '  

The seepage losses can be calculated using 

' 100% seepage loss (percent of input nutrient) = -.-. 
CY' 

The mass balance can also be solved for a conservative element, such as K. In that case, 
the volatilization loss is zero, and the conserved ratio (CR, ) of output plus accumulation to 
input, which should equal one, is 

I -- - - output+accumulation 
CR, = = a, + A A  .- 

input Qn" C,"" 

This equation serves as a check on the mass balance model for a single-stage lagoon. 
The deviation of CR, from unity should be within the error expected given the accuracy of 
the input parameters. 

The above equations are used to analyze data taken from Cheng (2004), Overcash et 
al. (1983), Humenik and Overcash (1 W6) ,  and Koelliker and Miner (1 973). The 
parameters used in the model are given in Table 15. Results from the mass balance are 
shown in Table 16. The standard deviation (0) is from estimating the standard deviation 
of each input parameter, and using standard rules of error propagation. The estimated 
standard deviation of each input parameter is shown in Table 17, and the calculation of 
error propagation is shown in Appendix E. 



Table 15. Reported or estimated lagoon parameters used in mass balance 

Table 16. Results from mass balance model for single-stage lagoon 

Overcash et al. (1978) 

Koelliker and Miner ( 1973) 
Hurnenik and 
Overcash (1976) 1 X* 
Humenik and 
Overcash (1976) OSX* 
Covered lagoon, 
Cheng (2004) 

-- 

*q is the standard deviation 

8 I 
E 

*The reference lagoons are small research lagoons. Some parameters for this lagoon are given in Overcash et al. (1983) and 
Humenik and Overcash (1976). Some were unpublished data. 

NC 

IA 

NC 

NC 

NC 

Overcash et al. ( 1978) 

Koelliker and Miner (1973) 

Hurnenik and Overcash ( 1976) 1 X 

Hurnenik and Overcash (1976) 0.5X 
Covered lagoon, 
Cheng (2004) 

Average 

All of the lagoons should conserve potassium, and the covered lagoon strongly limits 
volatilization of N. The four CR, values are all slightly less than one. However, these are 
within the expected range of error based on the estimated standard deviations of the 
measured quantities. 

Q"-'"/A 

The mass transfer coefficient, bNH,-,  , ranged from 4.9 to 8.9 cmlweek, and the average 

1 @/A V / A  State 

kg 
13,500 

32.851 

330 

165 

668,000 

value was 6.3 cmlweek. The expected standard deviation of these values ranged from 2.0 
to 6 cmlweek. The volatilization of N ranged from 43 to 60% of input TKN, with an 
expected error of 20% of input TKN. Therefore, the observed variation of measured 
mass transfer coefficient and percent loss is within the expected range due only to 
measurement error. The actual differences between these lagoons are unclear. 

c/lf J 

Conserved elements 

~ ' " 4 ~ 4  LAW 

m2 
730 

2,700 

9.6 

9.6 

4,000 

C,F A 

Volatilization 

o ~ - ~ K  

0.2 

0.2 

0.2 

0.2 

CTA\"' 

Seepage 

b ~ ~ , ~  CRK 

0.77 

0.87 

0.91 

0.85 

CRTKN 

0.90 

0.90 

cPrfl 
cmlweek 

N o ( - ~ r K v  

0.2 

0.2 

C7A ,efl p 

P I K ohohr 

cAnl 
m @I 
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0.73 
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1.03 

10.02 

rnonia 
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4.85 

4.29 

4.41 

2.21 

24.40 
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3.56 

2.35 

1.17 

14.4 

crntweek % of input TKN 

0.85 

0.85 

0.85 

0.85 

cmlweek 
0.107 

0.070 

0.198 

0.099 

0.963 

8.9 

4.9 

5.2 

6.3 

6.3 

% of input TKN 

4.4 

6.8 

6.2 

7.1 

2.1 

5.3 

1.634 

1,517 

1,129 

2.3 

1.5 

2.3 

2.3 

2.3 

5:239 

5,239 

5,239 

5,239 

4,740 

6 

4 

2 

2 

3 
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4 5 

4 3 

60 

5 0 

58 

88 

100 

1,530 

2,217 

2,190 

400 

41 1 

1,050 

600 

1,546 

16 

18 

14 

13 

15 

2.0 

1.8 

0.6 

1.5 
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825 

798 

2.0 

1.8 

2.0 

2.0 

2.0 

9.0 

11.5 

2.3 

7.6 

0.64 

0.64 

0.64 

0.64 
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Table 17. Estimate of standard deviation of each parameter in mass balance. 

Symbol 

A 
Flux 

I I I I I 

settling N I 40 I 1 x 1  1 Different between Bicudo et al. (1999) and Humenik and I 

Description of basis for estimate Description of 
parameter 

I 

seepage 

TAN:TKN 

Relative 
error 
% 

50 

10 

- 

settling K 

precipitation 

Quantity of data 

x 

100 

evaporation 

many 

3 0 

input of raw 
waste 

x 

x 

30 

I 

few 

Estimated from Glanville et al. (2001) and Ham and DeSutter 
( 1999) 
Measured from lagoon and land application data 

. . 
Overcash ( 1976) 

x 

35 

input 
flow to lagoon 

none 

Standard deviation from National Climactic Data Center 
was 15, increased due to prevalence of extreme 

x 

This is  an estimate of the error in the average 
concentration, not a standard deviation of changes in 
concentration over shorter periods 
same as above 

flow into sludge 

In order to use these mass balance equations to calculate the nitrogen loss, both the input 

precipitation years 
Assumed to be equal to, but independent of 
precipitation deviations (no change made due to 

x 

x 

x  

effluent 
concentration 

concentration in 

10 

lagoon area 

mass flow of N and the total input flow or irrigation flow need to be specified as well as 
the effluent concentration. In two cases (Overcash et al. 1978; Koelliker and 

evaporation from lagoon) 
When nutrient input is estimated based on  live weight 

10 

10 

2 5 

Miner 1973), the input N was estimated based on live animal weight and swine waste 

x 

5 
3 0 

characteristics. Overcash et al. also reported the total input flow, Q' . Koelliker and 

This is  an estimate of the error in reported total input 

x 

Miner reported the irrigation flow and concentration during the irrigation events. This 

flow 
This is  estimated based on data in Bicudo et al. (1 999) 

x 
x 

allowed us to calculate Q J ,  and the weighted average value of c;fN . In the other lagoons, 

Assumed to be easy to measure and relatively accurate 
Estimate of agreement between measurement methods 

both the input concentration and flow were reported. This produces more accurate 
measurements o f  N loss and eliminates a possible source of systematic error due to . 

deviations from the swine waste characteristics. In future studies, measurements of the 
input N, as well as conserved quantities, such as  K or Cl', will further validate the method 
and provide more accurate estimates of N loss. Chloride (C1-) would be better than K as a 
conserved element, since there are virtually no settling losses. There are many lagoons in 
the literature that are partially specified and thus could not be included here. 

Each term in the equation for the mass transfer coefficient is shown in Table 18. The 
Qn" C;iN and Q' f dominant terms are (1 - ,).-.- -. The nitrogen settling coefficient, a ~ m ,  used 

A c<-fl 
7 K N  

A 

in the above calculations, was 0.1 3. Using the minimum (0.8) and maximiun (0.18) 
estimates of a,, produces average ammonia losses of  55% and 45%, respectively. 
Having a better estimate of the settling coefficient or a measurement for each lagoon 

would significantly reduce this source of systematic error. The magnitude of -P' 
A 

indicates the importance of measuring the total flow or fresh water use for each lagoon. 



Table 18. Contribution of each term in the calculation of the mass transfer coefficient 

The calculated value of the mass transfer coefficient for the Iowa lagoon is not 
significantly different from those calculated for the North Carolina lagoons. 
Experimental data show that volatilization strongly depends on the temperature and wind 
speed. Although North Carolina has higher average temperatures, Iowa has a higher 
average wind speed. These effects may cancel in this case; therefore, the similarity is not 
surprising. In fact, Harper et al. (2004a) measured higher NH3 emissions on some winter 
days than on some summer days. The difference was attributed to wind variations. 

Overcash et al. ( 1  978) 

Koelliker and Miner (1973) 

Humenik and Overcash ( 1976) 1 X 

Humenik and Overcash (1976) 0.5X 

Experimental data show that the mass transfer coefficient depends strongly on 
temperature and wind speed. De Visscher et al. (2002) proposed a mechanistic mass 
transfer model that includes the effect of pH, temperature, wind speed, TKN 
concentration, and ammonia concentration in the gas phase. One parameter in this model 
was fit to data from Harper and Sharpe (1 998), and the effect of temperature and wind 
speed were shown graphically. These plots were used in conjunction with yearly average 
wind speed and temperature data to estimate an expected difference between mass 
transfer coefficients in IA and NC. The average monthly temperatures (1 961 -1 990) in 
Iowa and North Carolina are given by the Northeast Regional Climate Center. The 
yearly average temperature (based on daily average-not high) was 9.9OC in Des Moines 
and 15.2'C in Raleigh. Average yearly wind speeds, given by Elliot et al. (1 986), were 
between 0 and 5.6 m/s for North Carolina and between 5.6 and 7.5 m/s for Iowa. These 
were adjusted to a height of 8m (the height used in the De Visscher model) using the 
equation that De Visscher et al. used. Using the adjusted average wind speeds for NC 
and IA of 2.8 and 6.5, the plots in De Visscher et al. show a doubling of the mass transfer 
coefficient due to the increased wind in Iowa. Using the yearly average temperatures, 
and assuming that the lagoon temperature is 5OC warmer than the ambient, the 
temperature dependence plot shows a doubling of emissions from Iowa to North 
Carolina. 

NC 

I A 

NC 

NC 

cnliwee k 
8.9 

4.9 

5.2 

6.3 

12.6 

8.1 

9.0 

7.8 

6.3 1 9 . 4  1 0.1 

0.11 

0.07 

0.20 

0.10 

-3.9 -0.2 

-4.9 

-4.3 

-4.4 

-2.2 

-0.3 

0.3 

-0.3 

-0.3 
- - 



DIRECT MEASUREMENT OF AMMONIA FLUX 

There have been recent efforts to directly measure the ammonia flux from anaerobic 
lagoons. Aneja et al. (2000; 2001) used a dynamic chamber system to measure ammonia 
flux. The experimental device floats on the lagoon surface and measures the flux at a 
point location. Measurements are taken at various locations to obtain an average flux. 
Todd et al. (200 1 ) used open path Fourier transform infra-red spectrometers (OP-FTIR) 
in a grid to measure the ammonia concentration as a function of location across the 
lagoon surface. Simultaneous measurements of a tracer gas (of known emission) were 
used to calculate the emission of ammonia. This calculation inherently assumes that the 
dispersion pattern was similar across the lagoon. Harper et al. (2000) used the 
micrometeorological technique, which requires measuring the concentration and wind 
speed at several heights above the lagoon surface. They also measured the N2 and NzO 
fluxes in bubbles from the sludge layer. Each of these results is discussed below, and the 
fluxes are converted to both a percent nitrogen loss and a mass transfer coefficient. 

Harper et al. (1 988) estimate the error of the micrometeorological technique to be 15%. 
Error estimates were not given by either Aneja et al. (2000) or Todd et al. (2001). In 
order to estimate a range of percent loss based on these experiments, we use an error 
estimate of 30%. 

Measurements by Aneja et al. (2000,2001) 

Aneja et al. (2000) used a dynamic chamber system (Aneja, Kim, et al. 1996; Aneja, 
Robarge, et al. 1996) to measure the ammonia emissions from the lagoon. This device 
forces a constant volumetric flow (different for each season) of compressed air through 
an enclosed space, and measures ammonia flux (flow and concentration) leaving the 
chamber. They made measurements over 11- to 26-day periods in each of the four 
seasons. Each reported flux is the average flux over all of the measurements for the day 
(measurements are made over the full day). An integration of the flux over the course of 
each day would be a better measurement. However, measurements were stopped only for 
rain events, and assuming that the times between measurements are nearly equal leads to 
similar results for averaging and integrating fluxes. The authors present an average of the 
four fluxes (1 71 8 Fg/minlm2), which can be converted to a yearly loss rate. 

The average value of the seasonal flux measurements is indicative of the yearly flux. 
However, the accuracy is unknown, and the authors did not specifically discuss the 
ambient temperature profile over a year and the rationale for choosing the experimental 
measurement dates. The functional dependence of emissions on lagoon temperature was 
given by the statistical fit, log,, (NH, -N flux) = 0.048T, + 2.1 (Aneja et al. 2000). It is 
important to note, that due to the non-linearity of this equation, the yearly flux is not 
easily related to a small number of intermediate or representative values. We correlate 
the reported daily average lagoon temperature with the average normal ambient 
temperature of Raleigh, NC, from AccuWeather, and integrate the emissions over the 
course of a year. 

The average normal ambient temperature is defined as the average of the normal high and 
low for each day. In Table 19, we show the average ambient temperatures from 
AccuWeather for the time periods of the study and the lagoon temperature reported in the 



paper. An average temperature difference of 5.3OC is calculated. The fitting equation 
was integrated over a full year with the assumption that the lagoon water temperature was 
5.3 degrees warmer than the ambient temperature. With this method, we obtain a flux of 
1,7 14 pg ~ l m ~ l r n i n .  

Although this value is very close to the average of each seasonal measurement (1,718 pg 
~ / m ~ / m i n ) ,  larger deviations could easily occur if experimental dates are poorly chosen. 
Using the aforementioned temperature profile and emissions fit, we calculated the 
average of two evenly spaced measurements (1/2 year apart) for each day of the year. 
The average emission ranged from 1,380 to 2,200 pg ~ / r n ~ / m i n ,  depending on the timing 
of the measurements. However, using the average of four evenly spaced measurements 
(114 year apart) gives a much smaller emission range (1,690 to 1,740 pg ~ l m ~ / m i n ) .  

Table 19. Average ambient and lagoon temperatures 

AccuWeather 

Average Flux [pg N / 
m2 / minl 

Ambient <T> [OF] 
*From 

August 
December 
February 

May 

Ambient <T> 
["CI 

4,017 
844 

The nitrogen flux can be converted into an emission factor (percent loss) using the 
reported animal population and average waste data (Barker 2002). The animal 
population at the farm was 1,2 12 sows and boars (at 18 1 kg), 7,480 finishers (at 6 1 kg), 
and 1,4 1 0 suckling pigs (at 1 1 kg). This provides a total live weight of 6.9 1 x 1 o5 kg. The 
average swine waste entering a lagoon is 0.163 kg TKNIkg LAWIyear. Table 20 shows 
the data used to calculate an ammonia volatilization rate. 

79 
45 

305 
1,706 

<AT> (between lagoon and 
ambient) 

Lagoon T 
I0C1 

42 
6 5 

5.3 I 

AT (lagoon T - 
ambient T) [OC] 



Table 20. Conversion of ammonia flux to a percent loss of TKN 

Flux 

Lagoon surface area 

Yearly loss 
Loading rate 
Loss 1 LAW 

Ife (literature value) I 10.85 I 

pg ~ ~ , - ~ l r n ' / m i n  
m' (area of lagoon) 

TKN entering lagoon 1 LAW 
Percent loss 

Assuming an accuracy of 30% for the measurement system, and given a standard 

1 ,718  

2.50E-04 

kg NH3-Nlyear 
kg LAW 
kg NH3-Nkg LAWIyear 

deviation of 38% for the TKN content leaving the barn, the expected error in the percent 

2.26E+04 
6.9 1 E+05 
3.27E-02 

kg TKNIkg LA Wlyear 
percent loss of TKN 

loss calculation is 48%, leading to a calculated percent nitrogen loss of 20 10%. 

1.63E-0 1 
20* 10 

In a subsequent paper, Aneja et al. (2001) measured the emissions from two research 
lagoons and two lagoons on commercial farms. Their results are summarized in Table 
21. The reported mean values of flux for each lagoon are given. These were used to 
calculate a percent loss of N based on the number of animals and average waste 
characteristics (Barker 2002). We assumed an average weight of 60 kghog, because the 
live weight was not reported. The authors also report average lagoon temperatures and a 
range of lagoon temperatures over the study period. The flux, which was calculated 
using the fitting equation from the paper ( l o g l o ( N H 3 - N  flux) = 0.0097TL + 1.47) (Aneja et 
al. 200 l), is included in Table 2 1. 

Table 2 1. Data from Aneja et al. (200 1) 

[ ~ a ~ o o n  site ( N  hogs I ~ o n t h  l ~ a ~ o o n  l ~ r e a  l ~ l u x  l~mission 1% N 1  agoo on T l~alculated flux 1 

I 1 ~ 0 ~ s  were in farrowing, nursing, breading, finishing and gestation periods. All waste was fed to 

Raleigh, NC 
research farm 

I 1 total I 10.120 11.2 1 I 
Waste from 5 of 7 barns was dumped into the secondary lagoon, and the effluent was fed to the tertiary lagoon. We 

1,800 

Raleigh, NC 

Sep-98 
Oct-98 

w& connected to the secondary lagoon. The emissions/animal was calculated from the total emissions. - 

Kenansville, NC 
commercial farm 

The average percent loss of nitrogen calculated from the reported average flux is 1.5. 
The weighted average (by number of pigs) is also 1.5% loss. We integrated the lagoon 
temperature fitting equation over the course of one year using the average temperature 

Warsaw, NC 
commercial farm 

primary 
secondarv 

1,036 INOV-98 
research farm 

assume that 517th of the hog waste is put into the secondary lagoon. 

1,214 140.7 
3,642 151.5 

secondary 
tertiary 

4,400 I ~ a r - 9 9  lprimary 14.905.3 
(all finishers) 

lemission) I 

m2 
7,807 
3.325.9 

I I .  

0.025 1 
0.095 1 

120 
(double 

pg ~ / m ~ / r n i n ~  
80.1 
57.8 

Waste was put into two lagoons of approximately equal size. TKN concentrations were similar in each lagoon, and 
emissions were measured in one lagoon. The total emission (both lagoons) was assumed to be double the measured 
value of one lagoon. 

12.0 
12.5 

0.070 
0.14 

2,500 1Mar-99 lprimary 13.876.1 1108 
(all finishers) 

1 lost 
kg N/hog/yr 
0.1826 1 
0.0561 

43.0 
40.4 

1.4 

0.088 

"C 
23.3 
20.1 

pg ~ / r n ~ / m i n ~  
56.3 
57.5 

10.3 

0.9 

40.7 

17.8 49.9 



data from Raleigh. As was done for the data from Aneja et al. (2000), we used a 
temperature difference of 5.3'C between the temperature in Raleigh and the lagoon 
temperature. This integration produced a yearly average emission of 
47.5 pg ~ ~ ~ - ~ / m ' / m i n .  The fit is based on 28 flux measurements, each spanning a 
number of observation days. Presumably, the number of measurements from each lagoon 
is nearly the same. Therefore, the fit is weighted by lagoon, rather than by area. The 
results are summarized in the Table 22. 

The percent loss calculated from the integration of flux over a year is actually lower than 
the minimum value that was calculated for each lagoon based on the reported average 
flux. This can be explained by the fact that the reported average flux for the Kenansville 
and Warsaw farms is a factor of 3, and 2 higher than the flux calculated with the 
statistical fitting equation. 

Table 22. Integration of emissions based on fitting equation from Aneja et al. (2001) 

l ~ o t a l  area m2 1 29,676 1 

None of the lagoons were studied over a full year, and the concentration varied greatly 
over the lagoons. Therefore, we did not calculate a mass transfer coefficient for these 
lagoons and do not include it in the emission factor estimate. 

+ Measurements by Todd et al. (2001) 

9,736 
47.5 

I 

Todd et al. (2001) made measurements at the same farm during the same year (1997- 
1 998) as the measurements made by Aneja et al. (2000). Todd et al. measured 
concentrations using OP-FTIR spectrometry, and used a tracer gas of known emission to 
calculate a flux. Todd et al. made measurements in November and May, while Aneja et 
al. made measurements in August, December, February, and May. We need to correct 
for seasonal variations, so we take the ratio of Todd's and Aneja's measurements for 
corresponding times. We assume that the actual ammonia emissions during each of the 
measurement periods were the same, and take the differences in measurements as 
indicative of the differences in measurement methods. The average ratio of the 
measurement methods was 2.55. This leads to a nitrogen loss factor of 5 1 % (of incoming 
nitrogen is lost to NH3 volatilization) based on Aneja's yearly loss factor of 20% and the 
2.55 ratio (Table 23). 

Total hogs 
Integrated average emission pg ~ l m *  lmin 



Table 23. Calculation of ammonia emissions from Todd et al. (2001) 

Aneja et al. 2000 
Todd et al. 2001 

Measurements by Harper et al. (2000,2004a) 

Harper et al. (2000, 2004a) directly measured ammonia flux with a micrometeorological 
technique. In this method, the ammonia concentration and wind speed are measured at 
several heights (up to 2.7 m) above the surface and flux densities are calculated. 
Harper (1988) estimated the error of this method to be f 15%. The 2000 paper is a study 
of four lagoons operating in series in Georgia. The 2004 paper gives NH3, Nz, and N 2 0  
emissions from a single lagoon system for both a farrow-to-finish and a farrow-to-wean 
facility. Harper et al. (2000) also measured N2, N20, and nitrate fluxes that leave in gas 
bubbles emanating from the sludge layer. The vast majority of emissions from the 
primary lagoon were either NH3 or N2. Harper et al. (2004a) reported NH3, N2, and N20 
emissions, of which a vast majority were NH3 and N2. 

NH3 - N flux [pg ~/m*/rnin]  

yo 

pg ~ l r n ~ l m i n  
mgll 

L 

The yearly average NH3 flux for the series of four lagoons Harper et al. (2000) was given 
as 12.1 kg/ha/day (the range over the year was 1.5 to 49 kg/ha/day). The farm housed 
12,000 hogs and had a total lagoon area of 9.6 ha. Using an average weight of 60 kg/hog, 
and 449 g TKN11000 kg LAW/day gives an NH3-N loss of 36% of the input TKN. 
Because the live weight is not reported, the input nitrogen is poorly known. Assuming 
that the hog weight is between 40 and 80 kg, using the estimated error of the method, and 
the estimated variation in swine waste characteristics, we calculate the range of percent 
loss to be 18% to 54%. 

August 
4,017 

There has been some discussion in the literature about the production of dinitrogen o r  
N20 gasses through nitrification-denitrification in an anaerobic lagoon. Harper et al. 
(2000) measured the dinitrogen and nitrous oxide fluxes leaving the lagoon via bubbles 
produced in the sludge. The average dinitrogen gas flux listed was 37 * 25 kg/ha/d. 
However, data in Table 24 suggest that the dinitrogen gas flux is 15.9 kg/ha/d. The 
calculation of N2 flux, bNH3,, and percent loss is shown in Table 24. 

Todd(Nov)/Aneja(Dec) 
Todd(May)/Aneja(May) 
Average ToddIAneja 
Todd percent N loss 
Todd yearly flux 

c;$, 
f c  

November 

1,910 

I 

2.3 
2.8 
2.5 
5 1h25 
4,348 , 

650 

0.85 

December 
844 

February 
305 

May 
1,706 
4,775 



Table 24. Calculations of Nz flux and mass transfer coefficient based on Harper et al. (2000) 

Lagoon I Area I NZ flux 

Average NH3-N flux( 12.1 lkg NH,-N/ha/d (840 pg ~ / m ~ / m i n )  

1 

2 

3 

4 

Sum 

Average Nz flux 

Live weight I 7.2e5 1kg LW* assuming 60 kg I hog 

3.5 

1.3 

3.5 

1.3 

9.6 

15.9 

Harper et al. (2004a) measured emissions on the same farrow-to-finish operation as that 
studied by Aneja et al. (2000) and Todd et al. (2001), and measurements were made 
during the same time period (1 997- 1998). On the farrow-to-finish operation, they 
provided both daily emissions (indexed by day of year), which ranged from 465 to 2,180 
pglm2/min. They used the average of daily measurements to calculate a yearly emission. 
An NH3-N emission factor of 8% of N in feed was calculated. 

TKN into lagoon 

NH3-N loss 

Nz loss 

In order to make a consistent comparison between the measurement methods, we use the 
live weight (772,000 kg LW) and the swine waste characteristics to estimate input N. 
The yearly average emissions are calculated using an average of each seasonal data set 
and by making a seasonal comparison to Aneja et al. (2000) measurements (see Table 
25). Sets of measurements were made during short periods during April, July, and 
January. The average of all daily measurements was 1,044 pg/m2/min, the average of 
each seasonal measurement was 1,187 pglm2/min. 

23.1 

11.3 

11.8 

11.8 

80.85 

14.69 

41.3 

15.34 

152.18 

323 

36k 18 

47*24 

kg N2ha/d (1 100 pg ~lm'lmin) 

kg TKNIday 

% of input TKN (based on table 2 of Harper et al. (2000) assuming 60 kg hogs 

% of input TKN (based on table 2 of Harper et al. (2000) assuming 60 kg hogs 



Table 25. Calculation of yearly average emissions for Harper et al. (2004a) 

Aneja et al. (2000) 
Harper et al. 

Ratio Aneja et al. (August),'Harper et al. (July) 
Ratio Aneja et al. (December)/Harper et al. (January) 
Ratio Aneja et al. (May)/Harper et al. (April) 
Average ratio Aneja et al. measurements/Harper et al. measurements 

average emission of 1,082 pglmLlmin, an area of 2.7 ha, and an N input of 
125,692 kg Nlyr. The relative error in the percent loss is estimated as the root mean 
square of the relative errors of input N (36%) and the emission measurement (15%). This 
gives an ammonia emission of 12&5%. The mass transfer coefficient is 2.0k0.4 
cdweek .  The annual measured N2 emissions of 84,359 kg Nlyr accounts for 67% of the 
N input to the lagoon. Nitrous oxide emissions of 272 kg Nlyr amount to only 0.2% of 
the input N. However, when weighted for potential global warming impact, the emission 
is non-trivial. Therefore, it is included in the life-cycle inventory. 

December 
844 

2.2 
1.1 
1.8 
1.7 

L 

Harper et al. (2004a) also measured NH3, N2, and N 2 0  emissions from a farrow-to-ween 
facility. Yearly annual emissions of these gases were 5,43 1; 12,483; and 252 kg Nlyr, 
respectively. The steady state live weight, 392,190 kg LW, and the swine waste 
characteristics were used to estimate an N input to the lagoon of 64,274 kglyr. Based on 
this input estimate, the percentages lost as NH3, N2, and N 2 0  were 12, 19, and 0.4%, 
respectively. Using the lagoon area (2.4 ha) and mid point of reported NH; 
concentration (205 mgll), the yearly average mass transfer coefficient is calculated to  be 
3.0h0.6 crn/wk. 

July 

1,854 

Harper et al. (2004a) yearly emissions based on seasonal comparison to Aneja et al. (2000) 
Harper et al. (2004a) yearly emission based on average of daily measurements 
Harper et al. (2004a) yearly emission based on average of seasonal data sets 
Harper et al. (2004a) yearly emission (average of three calculational methods) 

The percent of input N volatilized as NH3, N2, and NzO that are used in this report are 
based on lagoon input N and thus are different than those presented by Harper et al. 
(2004a), who reported emissions as a percent of N in feed. 

January 

752 

August 
4,017 

1,015 
1,044 
1,187 
1,082 

Measurements by Lim et al. (2003) 

An ammonia volatilization from the lagoon of 12% of input N is calculated using a yearly 

Lim et al. (2003) used a Buoyant Convective Flux Chamber (BCFC) to measure NH3 
emissions from two primary lagoons, each the first of a two-lagoon system. The BCFC 
forces air over a small section of the lagoon at approximately 1 m/s and collects gas 
samples of inlet and outlet gas. From the concentrations, a mass flux is calculated. They 
reported live weight loadings for each lagoon based on information supplied by the 
producer. The results are summarized in Table 26. Measurements were made only in the 
spring and fall, and should not be extrapolated over a full year. Therefore, these results 
are omitted from our average emission estimate. 

February 
305 

April 

954 

May 
1,706 

ratio average 
1,718 
1,187 



COMPARISON OF DIRECT MEASUREMENT TECHNIQUES TO THE MASS 
BALANCE MODEL 

Table 26. Summary of Lirn et al. measurements on lagoon emissions 

The ranges of the measured value for the yearly average mass transfer coefficient and the 
percent loss of TKN are shown in Figure 16 and Figure 17, respectively. Using either 
indicator (percent loss or yearly average mass transfer coefficient), the average ammonia 
volatilization calculated with the mass balance method is slightly higher than that 
calculated using the direct measurements in the literature. Two of the papers reporting 
ammonia emissions were excluded from the comparison, because measurements were not 
made over a single lagoon for a full season. 

Figure 16. Comparison of mass transfer coefficient over all lagoons with full  year data 

c;LfN 

mg!L 
1,055 
350 

Harper et al. (2000) 

Harper et al. (2004a) farrow -to-w ean 
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Figure 17. Comparison of percent loss of TKN 
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percent loss of TKN input to lagoon 

The average percent TKN loss and mass transfer coefficient are given for each method 
and overall in Table 27. The mass balance method requires a settling coefficient, which 
was estimated to be 0.08 s a, 5 0.18 . Any error in this value systematically affects the 
calculated percent loss to volatilization in the mass balance method, but not in the direct 
measurement method. Allowing for this range of settling coefficients leads gives a range 
of 45% to 55% volatilization loss of TKN for the mass balance method. 

Table 27. Average percent Nitrogen loss and mass transfer coefficient for each measurement method 

l ~ i r e c t  measurement 
Mass balance 

Other potential sources of systematic error for the mass balance technique are differences 

percent loss (NH3-N) 

26 
5 0  
37 

in effluent concentration between irrigation events and measurements and significant 

mean 

yearly average mass transfer 
coefficient, b., 

2 -  

emission of Nt or other nitrogen containing compounds. If the concentration of the 

mean 

mean 
6 
7 
6 

effluent were not measured at the same time that the effluent was removed, an error 
would appear in the calculated loss rate. In order for this to consistently produce high 
emission values, the lagoon effluent would have to be removed at periods of high CTKN 

standard 
error of 

(spring), while concentration measurements would have to be performed during periods 

95% CI standard 
error of 

12 to 41 
34 to 66 
23 to 51 

of low CTKN. This scenario is unlikely, because concentration measurements are typically 
made immediately prior to irrigation, so that agronomic application rates can be 

95% CI 

calculated. 

4 
6.3 
5.1 

The direct measurement of gaseous emissions from a lagoon is difficult, and 
discrepancies between measurement methods of 20%-30% are considered to be in good 

mean 
1 

1.1  
0.8 

1.2 to 6.9 
3.8 to 8.8 
3.3 to 6.8 



agreement (Arogo et al. 2001). To our knowledge, none of the experimental systems 
have been calibrated or tested in-situ. Therefore, even if the agreement between methods 
was better, systematic errors could be present. All of the direct measurements of 
emissions on single-stage lagoons were made on the same lagoon. Harper et al. (2000) 
made measurements on four lagoons in series. Therefore, any variance in characteristics 
between lagoons is not included. It is unclear how representative these measurements are 
of other lagoons. 

The ranges shown in Figure 16 and Figure 17 are calculated based on estimates of the 
errors involved in each measurement. The comparison of yearly average mass transfer 
coefficient, which is a measure of flux per unit concentration of TAN, shows 
considerable overlap. Although the direct measurement methods generally give lower 
emissions than the mass balance method, the difference is reasonable, considering the 
error ranges of the measurements and differences in lagoon characteristics (e.g., 
temperature, wind speed, and pH). A statistical comparison (Student T test) of the mass 
balance and direct measurement methods showed an insignificant difference in the mean 
value of b,,,-, for each method. 

The comparison of the percent loss to ammonia volatilization (Figure 17) shows a bigger 
difference between the direct measurement and mass balance methods. The 
measurements of Aneja et al. (2000) and Harper et al. (2004a) are significantly lower 
than what is typically observed with the mass balance method. Additionally, a Student T- 
test comparison shows a significant difference (P=0.04) between the mean values of the 
direct measurement method and the mass balance method. This difference could be 
explained by the inclusion of N2 emissions. The total percent loss of N to NH3 and N2 as 
measured by Harper et al. are included in Figure 17. The measured N emissions from 
both lagoons are within the expected error range of the mean value of N loss measured 
with the mass balance method. Harper et al. measured the N2 loss in bubbles that were 
emitted from the sludge. Mechanisms were given for bioconversion of NH3 to N2 in 
anaerobic lagoons with some dissolved oxygen by Jones et al. (2000). In the typically 
loaded (c;c 650 mgll) farrow-to-finish lagoon, the oxygen concentration was below 
measurable values. Harper et al. (2004a) suggested that chemical conversion, which has 
been observed in subsoils, may cause the N2 formation. The authors showed that the 
chemical reaction is thermodynamically favorable. However, neither reaction kinetics 
nor transport of oxygen to the sludge layer was discussed. The suggested reaction 
consumes three dioxygen molecules for every dinitrogen molecule produced. An 
alternate, equally plausible, explanation for N2 in the bubbles is simply stripping nitrogen 
from the lagoon supernatant as the bubble rises to the surface. It is currently unclear 
whether or not the observed N2 fluxes represent a significant loss of nitrogen, and can 
explain the difference between the mass balance measurements of N loss and direct 
measurements of NH3 volatilization. 

METHANE AND CARBON DIOXIDE EMISSIONS 

Anaerobic digestion of animal wastes involves the breakdown of complex organic 
molecules by acid-forming microbes, followed by a further breakdown into CH4 and C 0 2  
by methanogenic bacteria (Chastain and Linvill 1999). This gas combination with trace 
amounts of H2S, NH3, and possibly N2 is referred to as biogas, and is emitted from the 



lagoon in bubbles that nucleate in the sludge layer. In traditional anaerobic lagoons, the 
efficiency of the bacteria in converting the organic matter into biogas has been important 
in reducing VOC emissions and odors. However, methane and carbon dioxide are 
considered environmental emissions, due to the impact on global warming. Covers have 
been used on anaerobic lagoons to reduce odors and also to trap the methane, so that it 
can be used for energy generation. 

In anaerobic lagoons and reactors the influent total organic content (TOC) follows one of 
three routes: (1) converts to methane, (2) converts to C02,  and (3) remains in a non- 
volatile state. The potential yield of methane is calculated, assuming that all of the 
organic content (TOC or VS) is converted to methane. A similar calculation can be made 
for C02. In either case, the potential yield represents an upper limit on emissions of a 
particular chemical. 

If one uses the total organic carbon (TOC) content in raw waste from the barn (Barker 
2002), the maximum yield of methane can be calculated as follows: 2.22 kg TOC/l000 
kg LW/day * gmolll2 g C = 0.188 gmol Clkg LWIday (3.0 g CH4/kg LW/day). This 
maximum yield is based on all of the carbon being converted into CH4. The TOC content 
from Barker is based on three data points from the literature and has a standard deviation 
of 8%. 

Most of the data in the literature are presented as volume of biogas per unit volatile solids 
(VS) that are fed to the reactor. Several authors give biogas generation per unit VS 
destroyed. If one assumes that the TOC percent in volatile solids is equal to the TOC 
percent in TS, and that the non-volatile solids do not fonn biogas, the maximum yield of 
methane can be calculated as follows: 0.285 kg TOCIkg VS * 5.852 kg VS11000 kg 
LWIday * gmolll2 g C = 0.138 gmol C/kg LWIday (2.2 g CH Jkg LWlday). 

The total conversion of carbon to CH4 and C 0 2  is calculated from the above values and the data in Table 29 
and **Values are outliers and are not included in the mean, median, or standard deviation 

On a one kilogram of live weight basis. When the VS loading rate was available, that was used to calculate 
a live weight from data given by Barker (2002). Otherwise, the published live weight or hog population 
data and average weight per hog was used. 

Table 30. For instance, the total conversion of carbon is calculated as 0.1 14 gmol 
emittedlkg LW divided by 0.1 88 gmol C in raw wastekg LW. The conversion of C and 
the yield of CH4 and C 0 2  (percent of potential yield) are given in Table 28. 

Table 28. Conversion and yield of carbon content into methane and carbon dioxide 

Conversion of C (gmol percent) 
Yield of CH4 (gmol percent) 

Yield of C 0 2  (gmol percent) 

pp -- 

Based on C in TOC 
Lagoon Reactor 

61 57 

Based on C in VS 

These values are calculated based on the median values given in Table 29 and Table 30. 

Biogas volume and composition can depend on the processing technology used. Zahn et 
al. (2001 a) clearly demonstrate this by categorizing results according to four processing 
types based on effluent characteristics. For our purposes, we will consider digesters, 
which typically run at -35OC with 10-30 day holding times, separately from lagoons. 



Data from covered and uncovered lagoons will be considered together, though. We also 
put the biogas production on a per kg live weight (LW) basis. We believe that this basis 
has a greater ability to unify the data for well-managed lagoons. Furtheirnore, it allows 
one to calculate a conversion efficiency based on carbon content in the manure 
production. Table 29 and Table 30 show the values for methane and carbon dioxide 
emissions for lagoons and digesters, respectively. Most of the values in the table were 
not given directly in the literature, but were calculated based on information in the 
literature and extra data provided by the authors. The calculations along with the raw 
data and assumptions are shown in Appendix F. 



Table 29. Biogas formation data from covered and traditional anaerobic lagoons 

32 Anaerobic lagoon, assume 60 
kg/hog 

4 1 Covered lagoon 

I I ]Average of 6 anaerobic lagoons in 
lowa. Oklahoma, and N. Carolina 
Average of 10 anaerobic lagoons in 
lowa, bklahoma, and N. ~ i r o l i n a  

7 Anaerobic lagoon (floating cover), 
provided C H & ~  VS loading 

10 Anaerobic lagoon (floating cover), 
provided CHI / kg VS loading 

12 Anaerobic lagoon (floating cover), 
provided CHJkg VS loading 

Heated lagoon w/ Dow xr5 cover 
(w/ float logs). VS loading not 
measured. The percent C02 and 
CH, do not sum to 100. The 
balance volume percent was 
unspecified. 

23.5 1070 m2 cover over 113 of lagoon - 
(75 kW generator) CH, production 
is an estimate for full lagoon. 
Assumed 182 kg/sow and 60  kg/ 
non-sow hog. They also measured 
N2 (5.6% by volume) and O2 (1.3% 
by volume) in the bingas. 

28 87 194 Covered lagoon followed by 
I I 1 anaerobic storage. Kg  kg VS 

loading given 
29 87 247 Covered lagoon followed by 

anaerobic storage. Kg ~ ~ l / k g  VS 
loading given 

**Values are outliers and are not included in the mean, median, or standard deviation 

On a one kilogram of live weight basis. When the VS loading rate was available, that was used to calculate 
a live weight from data given by Barker (2002). Otherwise, the published live weight or hog population 
data and average weight per hog was used. 

N 

Median 

Mean 

Standard Deviation 

7 

0.111 

0 115 

0.035 

1.10 

1.01 

0.671 

7 

0.83 

0.91 

0.332 

7 

2.85 

2.84 

0.842 

9 

1.29 

1.45 

0.557 

71 5 

76.7 

11.8 

7 8 8 2  

23.8 

20.7 

9.61 

87.2 

87.2 

0.21 

2 

221 

221 

369 
- - -  -- 



'able 30. Biogas formation data From digesters 

Data from 
reactors 

hercash et al. 
1983) 
4ashimoto 1983 

10s et al. ( 1985) 

sadaka and 
3igler (2000)** 
3ooram et al. 
1975)** 

dill and Bolte 
,1984) 

dasheider and 
Sievers (1983) 

Smith (1973) 

Toll et al. (1973) 

3rumm et al. 
,1980)** 

3amms et al. 
1971) 
statistical inform; 

-- 

et al. 1975; 

-- 

bio-digesters 

bio-digesters: results were presented in Safley and 
Westerman ( 1988) 
bio-digesters 

4 1 reactors (< 10% reduction in VS) 

8600 ft' reactor (C02 content is assumed based on CH, 
content). Explained the low CH, production based on 
periodic overloading, variations in animal population 
and T range of 60 to 80 OF 

fermenter 35°C 15 day retention time. C01 content is 
assumed based on CHI contcnt 

Laboratory anaerobic filter (8.7 cm ID tubes filled w/ 
limestone rocks) 

municipal waste 

25 1 digesters, 34°C: Stated that high ammonia levels 
inhibited conversion. High CO2%. Hard to say what 
happens to destroyed VS. 1 
4 l reactors 1 

Median 2.67 1.13 1.69 0.11 60.5 39.6 50.0 

Mean 2.78 1.11 1.91 0.11 61.4 37.7 47.5 

3tandard 0.509 0.199 0.693 0.021 7.64 9.01 7.38 
Deviation 
'Values are outliers and are not included in the mean, median, or sta 

Brumm et al. 1980; Sadaka and Engler 

I 

ldard deviation. 

On a one-kilogram-of-live-weight basis. When the VS loading rate was available, that was used to 
calculate a live weight from data given by Barker (2002). Otherwise, the published live weight or hog 
population data and average weight per hog was used. 

Sharpe and Harper (1 999) observed an increase of CH4 production in the summer of 35% 
over the winter production rate. This is consistent with Chastain and Linvill(1999), who 
gave increases in VS and TS destruction of 30% and 50%, respectively for an ambient 



temperature increase from 40°F to U°F. Zahn et al. (2001) observed the methane 
emissions drop to zero in the winter months in Iowa. They observed a Gaussian profile 
that peaks in  late July. Because of this experimental evidence, we multiplied several of 
the calculated emission values by a factor of 0.8, because the data were taken in the 
summer months (June-August). 

The low values given by Sadaka and Engler (2000) are probably due to a low percent 
reduction in VS. They report the VS destruction at lo%, and the methane generation is 
an order of magnitude lower than the median value. Booram et al. (1 975) explain a low 
coiwersion on poor management practices, such as overloading and poor temperature 
control. Brumm et al. (1980) claim to have high ammonia levels, which would inhibit 
bacterial growth and performance. The data were determined to be outliers if the 
difference from the mean total carbon emission was greater than three standard 
deviations. 

The higher concentrations of methane in the lagoons could be due to the lower 
concentration of volatile solids or the lower average temperature of the lagoon (Chandler 
et al. 1983). In the life-cycle inventory for lagoon emissions, we use values of 1.3 and 
0.83 &/kg LWIday for CH4 and COz emissions/production, respectively. 

INVENTORY DATA FOR THE TRADITIONAL ANAEROBIC (ANA) LAGOON 

Five scenarios labeled ANAA to ANAE are presented for the anaerobic lagoon. ANAA 
serves as the base case; the other cases are used as a sensitivity analysis. The average 
value of ammonia emissions is based on the mass balance technique. Land application 
losses are calculated using irrigation losses for lagoon effluent and surface spreading for 
lagoon sludge. 

There is considerable variability in estimates of ammonia emissions and nitrogen loss to 
volatilization. ANAs and ANAc show the effect of increasing or decreasing ammonia 
emissions and nitrogen loss by lo%, approximately one standard deviation using the 
mass balance lagoons. For the ANAD scenario, the average ammonia volatilization (in 
percent loss) based on direct measurements was used to estimate ammonia emissions. 

. The difference between the direct measurement method and the mass balance method 
was assumed to be volatilized dinitrogen. 

In all of the cases, the lagoon effluent is irrigated. However, the lagoon sludge may be 
applied either by surface spreading or by injection. ANAE shows the effect of injection 
application of the sludge. Table 3 1 and Table 32 show the assumptions used for each 
scenario and a summary of the life-cycle inventories. All values in Table 32 are in the 
units kg11 000 hogs (45kg)/yr, except where noted. 



Table 3 1. Scenarios for the anaerobic lagoon 

** Ammonia volatilization from direct measurement methods, N2 volatilization is determined by the 
difference between the mass balance and the direct measurements. 

Scenarios 

ANAA 

Table 32. LC1 summanJ 5.:. :anaerobic lagoon scenarios 

ANAB I 45 I 40 1 5 1  ! 0 . 2  I x I 

Land application of sludge* 

I I 

- - - .- I ANAA 1 ANAs / ANAc I ANAD I ANAE 
Nitrogen excreted and barn losses 

N loss 
All values have the units [% of TKN leaving barn] 

Surface 
applied 
(1 2% loss of 
NH3-N) 

x 

* Lagoon effluent is irrigated in all scenarios. 

Injected 
(2.4% loss of 
NH;-N) 

x 

5 

5 

5 

6 0  

26 

50 

ANAc 

ANAD** 

ANAE 

Total N loss 
in lagoon 

55 

65 

55 

55 

w 

N loss to NH; 
volatilization 

5 0  

24 

TKN excreted 
TKN emissions from barn 

N,O-N emissions from sludge land application 
TKN remaining on land (used for avoided fertilizer 

N lost as 
NzO 

0.2 

N loss to 
seepage 

5 

calculations) 
TKN remaining on land (% of excreted) 

P applied to land 1 2,3181 2,3181 2,3181 2,3181 2,318 
Direct emissions from barn. lagoon, and land a~plication 

N lost 
as N2 

0.2 

0.2 

0.2 

13 

Fate of P and K 

x 

x 

8,885 
1,511 

Nitrogen fate in lagoon 

2,524 
28 

K excreted 
K lost to seepage 
K applied to land 
P excreted 
P lost to see~age 

8,885 
1,511 

TKN entering lagoon 
TKN lost seepage 
NH3-N emissions from lagoon 

13 

NH3 
N,O (land a~plication only) 

8,885 
1,511 

8,885 
1,511 

3,027 
34 

4,906 
392 

4,514 
2,365 

47 

CH, (lagoon only) 
C 0 2  (lagoon only) 

8,885 
1,511 

7,375 
295 

3,687 

13 

7,308 
98 

N2 emissions from lagoon 

2,001 
23 

4,906 
392 

4,514 
2,365 

47 

All values are in [kg/yr/1000 hogs], where each hog is assumed to be 45 kg. 

21,353 
13,633 

N20-N emissions from lagoon 
TKN in sludge from lagoon 
TKN in effluent from lagoon 

13 

6,667 
114 

7,375 
295 

2,950 

13 

2,514 
28 

4,906 
392 

4,514 
2,365 

47 

21,353 
13,633 

7,375 
295 

1,917 

7,375 
295 

4,425 

2,606 
29 

7,939 
81 

7,375 
295 

3,687 

15 
959 

2,434 
Nitrogen emissions fiom land application (kg N) 

4,906 
392 

4,514 
2365 

47 

21,353 
13,633 

15 
959 

2,419 

NH3-N emissions from effluent land application 
NH,-N emissions from sludge land application 
N20-N emissions from effluent land application 

4,906 
392 

4,514 
2,365 

47 

5,154 
97 

15 
959 

3,156 

15 
959 

2,419 

7,192 
97 

21,353 
13,633 

15 
959 

1,681 

706 
115 
3 4 

21,353 
13,633 

915 
115 
44 

488 
115 
24 

701 
115 
34 

701 
2 3 
34 





BIOLOGICAL AERATED FILTER PROCESS (BAF) 

Aerobic treatment of swine waste has been used to suppress odors, reduce oxygen 
demand - which can be measured as chemical oxygen demand (COD) or biological 
oxygen demand (BOD) - or to reduce N loss by removing the more volatile ammonia 
fraction. It requires mechanically delivering oxygen to microbial cells in a portion of a 
lagoon or in a reactor. Aerated lagoons typically employ surface impellers, which aerate 
the top third of the lagoon. This is ideal for suppressing odors and allowing for nitrifying 
and denitrifying regions, which provides a reduction of total Kjeldahl nitrogen (TKN). 
Aerated reactors have traditionally been used to treat human waste. Activated sludge 
systems are a common design and employ a recycle stream for the treated solids. 

When compared to traditional anaerobic lagoons, aeration systems provide superior 
reductions of COD and methane loss with possible reductions of ammonia emissions. 
However, the energy requirements are significant and lead to an increase in off-site 
emissions. The comparisons in the final section of this report show an increase in total 
SO,, N O ,  and C02  emissions. 

Data for aerobic treatment of swine waste comes from Westerman et al. (2000), who 
studied a test system in North Carolina for twelve months. The facility had a settling 
basin, which received wastes flushed from the barns. A major portion of the effluent was 
sent to an anaerobic lagoon and recycled for flushing of the barns. The balance (-2.5%) 
was sent to a feed tank and pumped through two aerated biofilters. The pilot scale of the 
biofilter limited the quantity treated. Figure 18 shows the operation of this biofilter 
system. The swine waste fed to the biofilters had a low TKN concentration due to the use 
of low-strength lagoon liquid used to flush the barn. This provides added complications 
for scaling to a system that handles raw waste. We calculate settling coefficients in the 
biofilters based on the measured concentrations (or mass flows) going into the biofilter 
treatment system. 

One of the primary differences between animal slurry and municipal waste is that animal 
slurry has a higher concentration of large and dense particles, which create significant 
mixing problems (Cumby 1987). A possible production system currently being tested in 
North Carolina utilizes screen filters instead of a settling basin to remove these large 
solids from the raw waste. The liquid waste is then sent directly to a holding tank and the 
aerated biofilter. 



Figure 18. Schematic of the Ekokan aerated biofilter used by Westerman et al. (2000) 

Raw 

Effluent from the polishing tank would be land applied in a spray system. Separate data are provided for 
nutrient content in the sludge and liquid portions of the backwash storage. In one scenario, the entire 
amount of backwash is applied as if it were a solid. In another scenario, the sludge is applied as a solid, 
and the liquid portion of the backwash is sprayed. 
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MODEL 

A simple model is presented for characterizing the fate of COD and each of  the primary 
nutrients in biofilters. Factors are defined to determine waste generation and nutrient 
content in the treated manure. Significantly more experimental data are available for 
municipal waste systems (McCalla et al. 1977; Villiers 1983; Jimenez-Gonzalez et al. 
2001), which have traditionally employed aerated treatment, than from aerobic swine 
waste facilities. We developed a set of factors based on data from both municipal 
systems and swine waste systems. We also categorize the swine waste backwash as 
sludge and supernatant, and develop a set of factors to describe the nutrient content in 
each phase. At the end of this section, a set of cases is defined that utilize a variety of the 
estimates given here. 

f-4 
L 
0 - - 
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C3 

In each case a filter is used to remove the bulk solids from the raw waste. The separation 
efficiency, shown in Table 33, is clearly a function of the opening size of the filtering 
device, although the data have significant scatter. Generally, a higher nutrient content in 
the sludge is obtained for smaller openings. Economics favor different filtration methods 
depending on the waste characteristics and the size of the operation (Zhang and 
Westerman 1997). We use the median value of separation efficiencies for the base case, 
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and include cases with a lower and upper estimate of nutrient removal in the life-cycle 
comparison. 

A settling basin could be used in place of a filter for solids removal. This basin could 
either be lined to prevent all seepage or lined with a compacted soil layer, which is often 
used in anaerobic lagoons. In either case, the residence time in the settling basin is short, 
and ammonia emissions and seepage losses are thus neglected. The life-cycle 
calculations assume that both the separated solids and the treated phase are eventually 
land applied. Both P and K are conserved in the treatment process; thus, the settling 
coefficients ha\7e no environmental impact. The long time settling coefficient for 
nitrogen was estimated to be 8% to 18% of input N. This is comparable to the settling 
coefficient measured for short-term settling of solids (20%) by Worley and Das (2000). 
A settling basin would likely produce nitrogen separation efficiencies that are between 
the lower and median estimate for screen separation. Therefore, a separate life-cycle case 
for solids/liquid separation by settling is not included. 

Table 33. Data on soiidAiquid separations of 
Westerman (1 997). 

I 

Device 

Vibrating screen 

Opening size (in) 

0.004 

Rotating vacuum drum 
Vibrating screen 

u 

Rotating screen I 0.03 1 

0.0079 
0.0098 

'Vibrating screen 
Vibrating screen 

~ e l t  press I 0.004 

0.0 17 
0.020 

d 

Stationary screen 1 0.039 

Centrifuge 
Stationarv screen 

Maximum* I 

0.059 

Minimum* I 
Average * 
Median* 
Standard deviation* 
Low removal estimate 
High removal estimate 
*The average of each range value is used for 

swine waste from Overcash et al. (1983) and Zhang and 

The primary sources by reference number are: ( 1 )  Holmberg et al. (1 983), (2) Hill and Tollner (1  980), (3) 
Hepherd and Osborne (1975), (4) Ngoddy et al. (197 l), (5) Piccinini and Cortellini (1987), and (6) Shutt et 
al. (1 975). 

Reference 
Percent removal from liquid 

9 
44 

COD is reduced through oxygen-based reactions forming C 0 2  and total solids (dry 
solids). A portion of the influent COD remains in the effluent. The general model for 
COD fate in a biological aerated filter is shown in Figure 19. 

N 

calculation of these values. 

7 
51 

K P 

9 
57 

COD BOD 

12 
57 

13 
56 



Figure 19. COD removal in a generic aerated biofilter process 
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For the specific case of the pilot plant studied by Westerman et al. (2000), a major portion of the COD fi-om 
the hogs was diverted to an anaerobic lagoon due to the small size of the pilot scale BAF unit. 

The average quantity of COD in waste is given by Barker (2002). A mass balance is not 
possible without measuring a conserved quantity, such as organic carbon content. 
Therefore, the COD in effluent, dry solids generation and C 0 2  production are assumed to 
be proportional to the COD input to the processing system, and proportionality constants 
are measured from data in the literature. These constants are determined for municipal 
waste and for swine waste. Table 34 shows the constants and how these were 
determined. 

While the dry solids generation does not have any immediate environmental significance, 
the nitrogen, potassium, and phosphorus contents in the biosolids for the municipal waste 
case are calculated based on this value. 

Table 34. Fate of carbon in BAF 

I COD in 
1 

1 0.14 kg CODlkg COD 1 0.28 kg CODkg COD input to I 
I I 

( 1  
Jirnenez-Gonzalez et al. 
(2001) Municipal waste 

(2) 
Westerman et al. (2000) and 
Westerman (2002) Total 
backwash treated as solid 

(3) 
Westerman et al. (2000, 2002) 
sludge in backwash treated as 
solid 

emuent 
C02 out 

Dry solids 

1 

Comments 

out 
VS out 

VSITS out 

input 6 BAF 
0.87 kg COJkg COD 
input to BAF 
0.35 kg TS/kg COD in 

B AF 
0.268 kg VSkg COD input to 
BAF 
0.57 kg VSIkg TS 

BAF 
Use (I)  

0.47 kg TSkg COD input to 
BAF 
0.254 kg VSkg COD input to 
BAF 
0.7 1 kg VSIkg TS 

Use (1) 

0.36 kg TS/kg COD input to 
next two lines 
Table 4 

calculated from 



The model for nitrogen is given in Figure 20. 

Figure 20. Fate of nitrogen in an aerated biofilter 

/ 1 i r o e  in i/ 1 supernatant I 

\ \y lo Convened to S, ] [NO,-" I hF;e:or settled / 

Westerman et al. (2000) measured the amount of nitrogen that is removed from the 
influent to the BAF. A portion of this nitrogen is found in the biosolids, and the 
remainder is assumed to be volatilized as NH3 -N or converted to N2 through N O , .  

The ratio of NH3 -N volatilization to N2 formation has not been measured. Westerman et 
al. (2000) suggest that the nitrification / denitrification mechanism may be responsible for 
the bulk of the nitrogen reduction based on other experimental evidence (Laursen et al. 
1994). Hsu and Wilson (1 998) claim that in most cases (of municipal treatment plants) 
the amount of NO3-N formed is equal to the amount of TAN input to the system. In 
most of these systems, the ammonia nitrogen is fully nitrified. However, this assumption 
is for a closed system and neglects ammonia volatilization. Cumby (1987) claims that 
nitrifying bacteria will readily convert N to nitrate at temperatures of five to forty degrees 
Celsius in three days. This nitrate is usually lost to denitrification either simultaneously 
or during subsequent anaerobic storage. Chen and Shetler (1983) claims that up to 45% 
of incoming N (from dairy manure) can be lost to denitrification. We assume that 75% of 
the evaporated nitrogen is converted to N2 while 25% is lost as ammonia (Table 35). 

Table 35. Summary of nitrogen factors 

I N in backwash I I I 0.156 kg Nkg N input to BAF 

r 

Nitrogen in effluent 
N in backwash 

(2) 
Westerman et al. (2000) and Westerman 
(2002) Total backwash treated as solid. 

( 1 )  
Jimenez-Gonzalez el al. 
(2001) Municipal waste 

(3) 
Westerman et al. (2000; 2002) 
sludge in backwash treated as 
solid. 

sludge 
N in backwash 

I volatilization 1 

Use (2) Use(2) 
0.029 kg Nkg dry solids 

0.176 kg N/kg N input to BAF 
supernatant 
NO3-N to N, 
NH3-N 

Phosphate and potassium were conserved in the biofilter process studied by Westerman et 
al. (2000). If a settling lagoon were used to pretreat the waste, seepage through the 
lagoon bottom would cause a loss. However, the short residence times required to 
achieve the separation would make these seepage losses insignificant. If long residence 
times were used for convenience, seepage losses could become significant, but this would 
be defined as a hybrid system. A settling fraction is defined to determine what portion 

0.49 kg N in effluentkg N in 
0.33 1 kg Nkg N input to BAF 

I 
Assumed to be 75% o f  unaccounted N 
Assumed to be 25% of unaccounted N 



remains in the effluent and what portion leaves in the backwash. The models are 
depicted in Figure 21. Part of the potassium and phosphorus settle in the biofilter. The 
backwash is further separated into sludge and supernatant from the backwash. In one 
case, we assume that the sludge in the backwash is spread with a tank hauling system, 
while the effluent of the backwash is added to the effluent from the biofilter and spray 
applied. In the other case, we assume that the entire amount of backwash is spread with 
the tank hauling system. 

The phosphorus and potassium settling fractions in the biofilter can be calculated based 
on data in Westerman (2002), and were a,, = 0.48 (48%) and a, = 0.39 (39%). The 
potassium and phosphorus factors are expressed as a quantity in each output phase 
(effluent, backwash sludge, and backwash supernatant) in Table 36. 



Figure 2 1. Model  for phosphorus and potassium in the biofilter 

Phosphorus in I 

effluent Phosphorus ln 
Phosphorus rn Phosphorus into backwash 
raw sume  waste BAF 

L Pho~phorus ~n 
supernatant 

Frltered or senled 
Phosphorus In 
backwash 

emuent 
Polass~um rn raw Polassrum rnto Potass~urn ln 
swrne waste BAF backwash 

Potassrum In 
supernatant 

I backwash 

Potasslum Porass~um ~n 
backwash 

Table  36. Phosphorus a n d  potassium factors in the biofilter 

Potassium in 
effluent 

Potassium in 

(1) 
Jimenez-Gonzalez et 
a]. (2001) Municipal 
waste 
The balance not in 
backwash 

backwash 
Potassium in 

0.0027 kglkg total 

backwash sludge 
Potassium in 
backwash 

(2) 
Westerman et al. (2000) and 
Westerman (2002) Total 
backwash treated as solid. 
0.61 kg Klkg K input to 
BAF 

solid 

BAF 
0.32 kg Wkg K input to 
BAF 

supernatant 
Phosphorus in 

Data providing a partition coefficient for municipal waste installations are not readily 
available. However, the nutrient content in processed sludge is available and is given in 
Table 37. The nutrient content in municipal sludge is considerably higher than that in the 
treated swine waste from experiments by Westerman et al. (2000). 

0.39 kg Wkg K input to 

effluent 
Phosphorus in 
backwash 
Phosphorus in 
backwash sludge 
Phosphorus in 
backwash 
supernatant 

(3) 
Westerrnan et al. (2000) and 
Westerman (2002) sludge in 
backwash treated as solid. 

file 
Using data 

BAF 

The balance not in 

Comments 

Using data 
from backwash 

0.52 kg Plkg P input to 
backwash 
0.02 1 kglkg total 
solid 

0.07 kg Wkg K input to 
from metals 

B AF 
0.48 kg Plkg P input to 
BAF 

0.26 kg P/kg P input to 
BAF 
0.22 kg Plkg P input to 
BAF 



Table 37. Nutrient content in municipal waste sludge compared to data from biofilter treatment of swine 
waste 

Villiers, R. (1983) 

Average 

The above nutrient concentrations can be converted to an amount of nutrient in the sludge 

K in sludge 
(% of 
sludge) 

P in 
sludge 
(%) 

li in 
back~ash  
W) 

S w ~ n e  waste 

by using an average value for sludge accumulation. Jimenez-Gonzalez et al. (2001) used 

N in 
sludge 
(%) 

P in 
backwash 
(yo) 

Alunicipal 

0.3 

0 27 

a value of 0.35 kg of biosolids generated per 1 kg of COD input to the wastewater 

McCalla et al. 
(1977) 

Data from biofilter experiments on swine 
waste 
% of total backwash (see papers for 
description) 

% of backwash solids (see papers for 
description) 

treatment plant. 

2.3 

2 05 

0.016 

0.05 1 

Westerman et al. 
(2000) and 
Westerman (2002) 

Westerman et al. 
(2000) and 
Westerman (2002) 

ENERGY REQUIREMENTS FOR AERATION 

0.24 

0.027 

0.028 

The energy requirements for aeration are physically related to the amount of oxygen that 

3.3 

2.9 

is transferred to the liquid and the aeration mechanism. Various mechanisms for 

1.8 

134 samples for N) percentage of sludge 
Medians from data over 15 states (1 89 
data samples for P, 192 samples for K, 
and 191 samples fbr N) percentage of 
oven-dried solids 

delivering air, such as compressed air, mechanical surface aeration, mechanical 
subsurface, combined pressure/mechanical, and pumped liquid, require similar amounts 

2.5 

of energy per unit of delivered oxygen. Cumby (1 987) gives typical power consumption 

Medians from data over 7 states ( 1  28 
samples for P, 142 samples for K, and 

ranges for each of these aeration systems, and they all are between one and four 
MJIkg 02. 

Therefore, oxygen consumption would be a good basis for comparing energy use. COD 
destruction indicates the amount of oxygen that has been utilized in biochemical and 
chemical reactions. Assuming that a good design has been used, the energy use per unit 
of utilized oxygen has been minimized. Typically, the designer would be minimizing a 
total cost of ownership, which would include capital expenses as well as operating 
expenses. For this reason, commercial designs are much more applicable than research 
designs or pilot plants for determining energy requirements. A typical trade-off for a 
surface aeration device is between low-speed (30-60 RPM) and high-speed (900-1,800 
RPM) impellers. High-speed impellers are cheaper to install, but require approximately 
30% more energy to run. In most farm applications, the cheaper high-speed impellers are 
used due to economics (Cumby 1987). 

Oxygenating power requirements are often given on a unit volume basis. Requirements 
for aeration in municipal systems varies over the range of 5-20 HP/million gallons 
treated or 0.82 - 3.3 w/m3 (Shell 1986). Typical energy requirements for proper aeration 
of animal slurry are 10 to 30 w/m3, although typical power inputs on farms are between 



0.9 and 2.3 w/m3 (Cumby 1987). Using 1.8 w/rn3, 12.4 kg  LAW/^^^ (Bicudo et al. 
1999), 7,506 g COD inputlday 1000 kg LAW (Barker 2002), and 
0.72 kg COD destroyed!kg COD input (Westerman et al. 2000), we get 
2.3 MJIkg COD destroyed. 

Energy-use data from both municipal waste plants and a design for a swine waste plant 
are compared in the following table. Jimenez-Gonzalez et al. (2001) reported the COD 
removal from both a municipal waste plant in Raleigh, NC (98% COD removal), and two 
industrial chemical plants (86% removal). We assume an 86% removal rate for Rogalla 
and Sibony (1992) to calculate the electricity use on a COD destroyed basis. These 
energies are converted to electricity per 45 kg hog, assuming that 72% of the COD in 
swine waste is reduced. This amount of COD reduction was taken from Westerman et 
al. (2000). When comparing these values to other plants, it is important to compare 
aeration energy, rather than plant energy use. In the Raleigh plant, aeration accounted for 
47% of the total energy use. 

The variability in electricity use is surprisingly small considering the different methods of 
aeration and levels of optimization. Zering (1997) estimated energy use based on a 
design for swine waste processing, rather than an operating facility. Jimenez-Gonzalez et 
al. (2001) used data from several sources and provided a number for low-speed and high- 
speed aeration systems. We use an average of the high- and low-speed values for energy 
use. The data from Rogalla and Sibony (1992) are based on a Biocarbone aerated filter, 
which is similar to conventional rapid sandfilters. We use the average value of electricity 
requirement of 2.6 MJkg COD destroyed, in our life-cycle calculations. 



Table 38. Energy requirements for aeration of waste 

Citation I waste type I~lectriclt)~/COD destroyed I ~ l e c t r i c i t ~ l h o ~  basis 

Scheltinga and Poelma 

Zering (1997) 

Jimenez-Gonzalez et al. 
(200 1 ) 
Rogalla and Sibony 
( 1 992) 
Shell, (1986) 

Cumby, (1 987) 

( 1970) 
Robertson et al. (1974) 

Scheltinga and Poelma 
( 1970) 
Thaer ( 1  978) 

Riemann (1 974) 

Miller (1977) 

Swine 

Municipal 

Municipal 

Municipal 

Swine 

The data below is from a review article by Cumby (1987). 

Comments 

M J k g  COD destroyed 

2.91 

1.90 

2.42 

2.66 

2 .06 

I 

Swine 

Based on a proposed design 

MJII 000 hogslyr 

2.58E+OZ* 

1.69E+05 

2.15E+05 

2.36E+05 

1.83E+O5 

Safley and Nye (1982) 

Humenik et al. (1975) 

Evans et al. (1979) 

Evans et al. (1979) 

Scheltinga and Poelma 

Vertical shaft impeller 

Vertical shaft impeller 

Vertical shaft impeller 

Swine 

Swine 

Swine 

Swine 

Swine 

2.13 

2 91 

2.58 

3.00 

3.20 

2.67 

Vertical shaft impeller 

1.89E+05 

2.58E+05 

2.29E+05 

2.66Et-05 

2.84€+05 
Vertical shaft impeller 

Vertical shaft impeller 

Swine 

Swine 

Swine 

Swine 

Swine 

We use the average value of 2.6 MJIkg COD destroyed in our life-cycle calculations. 

average 

daverage 

INVENTORY DATA FOR BAF PROCESS 

3.20 

3.20 

1.60 

2.13 

2.30 

Six cases are defined for the biological aerated filter (BAF) process. For the base case, 
BAFA, the median values (Table 33) of nutrient removal from the solidlliquid separation 
are used. Data from Westerman et al. (2000) are used to calculate emissions and nutrient 
fate in the BAF process. Energy use is determined by the average electricity requirement 
on a kg LW basis (Table 38). Finally, all of the material in the backwash from the BAF 
system is applied by surface spreading. 

*A more recent estimate from this project is 5.56E+05 MJ/1000 hogslhr (Animal and Poultry Waste Management Center. 

2.56 

0.195 

The other five cases explore the effect of using municipal treatment plant data for 
estimating energy requirements and nutrient fate in the BAF system (BAFe), land 
applying only the sludge in the BAF backwash as a solid and supernatant portion (BAFc), 
using a harrowing and injection method to apply the solids (BAFo), and using the lower 
(BAFE) and upper (BAFF) estimates for nutrient removal in the solidlliquid separation 
step. 

2.37E+05 

2.84E+05 

2.84E+05 

.42E+05 

.89E+05 

2.04E+05 

2.27E+05 

0.195 

Table 39 shows a matrix of the estimates used for each scenario. A summary of the 
nutrient fate, direct emissions from the treatment process, the energy consumption, and 

Horizontal (oxidation ditch) 

Horizontal (oxidation ditch) 

Subsurface impeller 

Subsurface impeller 

Use estimates based on 
manufacturers pump 
efficiency 



the C 0 2  emissions due to energy use is given in Table 40. All values are in the units 
kg11000 hogs (45kg)/yr, except where noted. 

Table 39. BAF cases used in life-cycle analysis 

Scenarios I Nutrient fate and energy Preprocessing nutrient Land application method of 
'solid' portion of waste. removal F process I data for B 

2 
6 5 u 

e z 

Table 40. Summary of nutrient emissions and energy use for each BAF case 

I Tshle continued 1 

I U I M A  A I Y I X ~ (  I U I X A L ,  I U ~ X A ~  1 u r x l  t. 

Nitrogen excreted and barn losses 
8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

TKN excreted 
K excreted 
P excreted 

TKN emissions from barn (NH; 
volatilization) 
COD leaving barn 
TOC leaving barn 

8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

Solid-1 iquid separation (screen or settling lagoon) 

8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

TKN entering treatment process 
TKN in filtered or settled solids 
K in filtered or settled solids 
P in filtered or settled solids 

8,885 
4,906 
2,365 

1,511 
123,370 
36,496 

7,3 75 
3,245 
2,797 
1,206 

7,375 
1,622 
1,619 

544 

7,375 
1,622 
1,619 

544 

7,375 
1,622 
1,619 

544 
Nutrients conserved in biofilter: leaving in effluent, backwash supernatent or backwash sludge 

7,375 
1,622 
1,6 19 

544 

7,375 
664 
442 
166 

TKN in effluent 
TKN in total backwash 
TKN in backwash sludge 
TKN in backwash supernatent 
TKN volatilized (lost in BAF) 
K in effluent 
K in total backwash 

2,819 
1904 

NA 
NA 
1,030 
2,008 
1,279 

2,819 
927 

NA 
NA 
2,007 
3,201 

86 

2,819 
1,904 

897 
1,007 

1,030 
2,008 
1,279 

2,819 
1904 

NA 
NA 
1,030 
2,008 
1,279 

3,288 
2,221 

NA 
NA 
1,201 
2,728 
1,737 

2,024 
1,367 

NA 
NA 

73 9 
1,289 

82 1 



- 

All values are in [kg/y/1000 hogs], where each hog is 45 kg. 

Table continued 

K in backwash sludge 
K in backwash supernatent 
P in effluent 
P in total backwash 
P in backwash sludge 
P in backwash supernatent 

N A  
NA 

947 
874 

NA 
NA 
Emissions from BAF 

N A  
N A  
1,150 

67 1 
N A  
NA 

C 0 2  (excluding energy for aeration) 

N2-N 
NH3-N 
Aeration electricity (MJ) 
C 0 2  fi-om aeration 

227 
1,052 

94 7 
874 

472 
402 

79,426 
772 

257 
170,902 
31,617 

Nutrients applied to land 

N A 
NA 

94 7 
874 

NA 
NA 

79,426 

1,505 
502 

204,133 
37,765 

79,426 
772 

257 
170,902 
31,617 

TKN applied as liquid (irrigated) 
TKN applied as solid (surface 
broadcasting) 
P applied (100% of excreted) 
K applied ( 1 00% of excreted) 

N A 
N A  
1,144 
1,056 

NA 
NA 

79,426 

772 

257 
170,902 
31,617 

2,819 

3,526 
2,365 
4,906 

2,819 

2,549 
2,365 
4,906 

NA 
NA 

603 
556 

NA 
NA 

Land application emissions 

94,452 

90 1 

300 
203,235 

37,598 

3,825 

2,520 
2,365 
4,906 

46,153 
554 

185 
99,308 
18,372 

NH3-N lost from irrigation 

NH3-N lost !?om surface application 

N20-N lost from irrigation 

N20-N lost from surface application 

2,819 

3,526 
2,365 
4,906 

817 

306 
39 

36 

817 

423 

39 

49 
Nutrients remaining on land (avoided fertilizer use) 

3,288 

2,885 
2,365 
4,906 

1,109 

302 

54 

35 

TKN 
TKN conserved (% of excreted) 
P 
K 

2,024 

4,6 12 
2,365 
4,906 

817 

85 
39 

49 

5,016 
56 

2,365 
4,906 

954 

346 
46 

40 

467 

558 
28 

65 

4169 
47 

2,365 
4,906 

4,845 
5 5  

2,365 
- 4,906 

5,354 
60 

2,365 
4,906 

4,787 
54 

2,365 
4,906 

5 3  17 
62 

2,365 
4,906 



COVERED AXAEROBIC LAGOON (CAL) 

A covered anaerobic lagoon (or ambient temperature digester) operates under different 
conditions than a traditional anaerobic lagoon. A cok7er suppresses nitrogen volatilization 
by maintaining a high ammonia concentration in the vapor phase above the lagoon, 
thereby suppressing gas-phase mass transfer from the surface. The biogas is collected 
and burned to generate energy. The conversion of methane to carbon dioxide and 
emission savings associated with the energy production dramatically improves the 
environmental performance of this technology. 

The COD removal value is taken from the covered anaerobic lagoon data presented in the 
anaerobic lagoon section. Cheng et al. (2000) provide the most complete study of a 
covered anaerobic lagoon system operating with a generator. The settling fractions that 
were derived for anaerobic lagoons are assumed to apply to covered lagoons and 
ammonia emissions are neglected. These assumptions are discussed further in 
conjunction with data given by Cheng et al. The model for primary nutrient fate and 
environmental emissions is shown in Figure 22. 

Figure 22. Model for CAL 

K m effluent (91%) 

(2%-6% of input) I 
K In waste K in sludge 

(5%) 

VS converted to CO, 
(0.83 d kg LW) 1 Electricity 1 

generated 
VS converted to CH, I 
(1.3 gl kgLW) 

Heat generated I 

DATA FROM CHENG ET AL. (2000) 

K lost to seepage ' . = I  

The farm is a 4,000 sow operation in eastern North Carolina. Waste from the barns is 
mixed with a recycle from the storage lagoon and sent to a 37,800 rn3 covered lagoon. 
Effluent from the covered lagoon is sent to a 64,450 m3 storage lagoon. A portion of the 
effluent from the storage lagoon is land applied, and the rest is recycled, as shown in 
Figure 23. 



Figure 23. The covered lagoon system studied by Cheng et al. (2000) 
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Cheng et al. (2000) reported the TKN reduction, which was based on the ratio of 
concentration in the effluent to concentration in the feed to the covered anaerobic lagoon, 
as 30%. The reduction in the storage lagoon was 70%, giving a total reduction of 79% 
for the system. The reported TKN reduction excludes settling and seepage. Although it 
can easily be shown that the seepage rate does not affect the mass balance (when the 
input flow rate is calculated based on the effluent flow and seepage rate), the settling of N 
directly affects the mass balance. Mass balances on total flow and on TKN over the 
covered lagoon are written as 

0 v 
Evaporat~on Ramfall 

Waste from 
QE QR 

barn 
1 2 3 4 

Neglecting the total flow of the cornbusted gas, Qh,,, , and the accumulation in the 
lagoon, the unaccounted loss of nitrogen in the covered anaerobic lagoon is 

0 h 

A 

unaccounted loss ccff 
- 7 K N  - 1 - aTKN -- 

'N into lagoon 

Using our estimate of nitrogen settling fraction of input N (a, = 0.13 k 0.5 ), which is 
described in the anaerobic lagoon section, we calculate an unaccounted loss of N of 17%. 
Unfortunately, measurements of sludge buildup and nitrogen content in the sludge have 
not been made for any covered anaerobic lagoons. Therefore, the applicability of the 
anaerobic lagoon coefficient is unknown at this time. Furthermore, the mass balance of 
K, presented in the anaerobic lagoon section, produced conserved quantities of 90% or 
less. This is reasonable considering the estimated errors in measured quantities. 
Therefore, it is premature to conclude that a significant loss is occurring through some 
unaccounted mechanism. Chandler et al. (1983) reported 5.6 volume percent N2 in 

\- 
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biogas that was captured under a cover, which extended over one third of an anaerobic 
lagoon. Estimating total en~issions requires extrapolating over the rest of the lagoon. 
However, this corresponds to roughly 20% of the TKN input to the lagoon. It is currently 
unclear whether the captured nitrogen is due to chemical conversion of TKN in the swine 
waste or due to mass transfer of N2 from the environment, such as gas transfer near the 
cover edge or stripping of nitrogen from the liquid. 

The gas that accumulates under the cover can be bubbled through a water trap to s t r i ~  
some of the ammonia. It is subsequently sent to a generator that burns the methane and 
generates electricity. Nitrogen loss to volatilization of ammonia would have to be due to 
seepage through gaps in the cover, permeability of the membrane, or poor performance of 
the trap. Cheng (2004) provided measurements of the NO and NOx concentration in the 
generator exhaust. If we assume that all of the ammonia is converted to NO, we can use 
this concentration and the flow rate of the exhaust to calculate the ammonia loss. 

The total volume of biogas generated averaged 71 0 m3/d, which at 25OC is 29 kgmol/d. 
Two methods used to measure NOx in the generator exhaust provided two very different 
values (-1 ppb and 500 ppm). Using an upper estimate of NO concentration of 500 ppm 
and following equation for combustion of NH3, 4NH3 + so2 + 4 N 0  + 6Hz0, we 
calculate that 0.202 kg NH3 volatilizes/day. Using an input TKN value of 
167 kg TKN/d (Cheng, 2004), gives a volatilization factor of 0.12% of the input TKN. 

We also estimate the ammonia concentration using Henry's law. At 90°F, and 4.74 
weight percent ammonia, the partial pressure of ammonia is 1.36 psi. Assuming that 1 % 
of the NH~-NH~ '  is in the ammonia form (Cheng 2004), the NH3 weight percent in the 
covered lagoon is 8 . 5 ~  1 o - ~ .  Therefore, the ammonia concentration in the vapor phase at 
equilibrium is 16 ppm. This gives an ammonia volatilization factor of 4 . 0 ~ 1  o"% of the 
input TKN. 

Seepage losses of TKN were calculated to be 2.4% of input TKN to the covered 
anaerobic lagoon. This is very similar to the nitrogen seepage loss (2.1% of input TKN) 
calculated from the more recent data provided by Cheng (2004). Seepage losses are 
calculated as c.F{~ IA . The concentration of the effluent was a factor of two higher in the 
more recent data, and the absolute seepage losses were consequently also a factor of two 
higher. However, the more recent data had a higher input TKN concentration and similar 
input flow rate. Therefore, the seepage losses were similar when expressed as a 
percentage loss. 

If the loading rate (kg N inputhnit area) was the same as that used in the more recent data 
(2004), but the concentration was that of raw waste from the barn, seepage losses could 
be as high as 6%. However, if the loading rate is further increased, seepage losses could 
be as low as 2% (current levels). Potassium and phosphorus seepage rates have a similar 
uncertainty, due to the uncertainty in loading rate. The vast majority of potassium stays 
in the effluent phase. Therefore, seepage rates should be similar to nitrogen seepage, 
which also has high retention in the effluent phase. Phosphorus potentially has a 
significantly higher settling fraction, which leads to a lower concentration in the effluent 
(as a percentage of concentration in the input). Potassium and phosphorus seepage rates 
are estimated to be 4% and 2% of the input, respectively. Although there is significant 



uncertainty in all of the seepage losses, the effect on the life-cycle assessment is small; 
the only impact is on emission savings due to avoided fertilizer use. 

ENERGY GENERATED FROM CAPTURED METHANE 

The heat of reaction for methane combustion is -804.5 kJ/gmol. Assuming that the 
generation of methane is continuous, that the lagoon is at standard temperature and 
pressure, and that the generator is 30% efficient gives an electricity generation of 
1 5.1 MJ/kg CH4 produced. 

Two cases are presented. In one case, we assume that all of the methane is used to 
generate electricity. In another case, we assume that half of the methane is used to 
generate heat at 80% efficiency, which gives an energy capture as heat of 
40.2 MJ/kg CH4. 

The values of C 0 2  emission and electricity generation are given in Table 41. 

Table 41. Electricity and heat generation from biogas 

50% generation of heat 

CH4 in biogas [kglyearll OOOhogs*] 

C02 in biogas [kglyearll OOOhogs*] 

Direct C 0 2  emissions [kglyearll OOOhogs] 
(Cot in biogas + COz fi-om combustion of CH4) 
Avoided electricity [MJ/yearI 1000hogsJ 

100% generation of 
electricity 

21,188 

1 3,633 

7 1,900 

3 19,943 

$45 kg hogs are assumed. 

Avoided heating fuel [MJ/year/lOOOhogs] I 
Total C02 emissions [kglyearl 1 000hogsJ 
(Direct emissions - avoided COz emissions 
from 
electricity and heating fuel savings) 
Based on 185 g C02/MJ electricity and 
92.6 g C02/MJ heating fuel 

12,711 2,869 



INVENTORY DATA FOR THE COVERED LAGOON 

There are several sources of variability in developing a life-cycle inj~entory of chemical 
emissions and energy use for a covered anaerobic lagoon. Estimating the methane production of 
biogas and determining the fate of nitrogen are the two largest potential sources of error. The 
method of land application and the use of methane (generation of heat or electricity) are design 
decisions that also affect the environmental performance. 

In the base case (CAL*), we use the median value of CH4 production, the balance of nitrogen 
(after settling and seepage losses) is assumed to be applied as effluent, the sludge is surface 
applied, and all of the methane is used to generate electricity. 

In scenarios CALs and CALc, the lower and upper estimates of methane production are used. 
These are defined as the median, minus and plus the standard deviation, respectively. The 
possibility that input nitrogen is converted to N2 is explored in CALo. We use 20% conversion 
of input TKN based on the covered anaerobic lagoon data from Chandler et al. (1983). CALE 
shows the effect of using 50% of the methane for heat generation, and CALF shows the effect of 
injecting the sludge rather than applying it to the surface. 

We estimated the nitrogen seepage to be 2%-6% of the input TKN. The uncertainty in this 
parameter is largely due to a lack of experience with loading rates and residence times of a stand- 
alone covered lagoon. The seepage only impacts the avoided emissions from commercial 
fertilizer, and is small relative to the other variables discussed here. The fraction of nitrogen that 
settles also has a relatively small effect on the life-cycle inventory. Both the sludge and effluent 
are eventually land applied. However, relative to the fraction in the sludge, the fraction in the 
liquid has higher emissions and nutrient loss during land application. The overall error in 
nutrient loss due to variations in the estimates of seepage and settling fraction are similar. 

The covered lagoon scenarios are summarized in Table 42. The nutrient content entering each 
stage and emissions from each stage (barn, CAL, and land application) are shown in Table 43. 
All values are in the units kg11000 hogs (45kg)/yr, except where noted. 

Table 42. Scenarios for emission calculations of CAL 

l~cenariol Methane generation I N, production I Methane used for heat I Method of applying the I 

~ C A L ~  I 
I 1 1 I 

0.73 I 0 I 0 Surface I 
CALA 

D L c  1 1.85 I 0 I 0 I Surface I 

[g  CH4lkg L Wlday] 
1.29 

CALD 
CALE 

The settling fraction, a,, , is 0.13 and the seepage of N is 4% of input TKN for all scenarios. 

[% of input TKN] 
0 

I I 1 I 

1.29 
1.29 

CALF 1 1.29 I 0 

generation [%I 
0 

0 I Harrowing (injection) 

sludge (solids) to land 
Surface 

20 
0 

0 
50 

- - - 

Surface 
Surface 



Table 43. Summary for covered anaerobic lagoon 

I I I I 1 I 

1 Nitrogen excreted and ban1 losses - 
TKN excreted 1 8,885 ( 8,885 1 8.885 1 8,885 1 8.885 1 8,885 
K excreted 
P excreted 
TKN emissions from barn 

Nitrogen fate in CAL 

4,906 
2,365 
1,511 

TKN entering CAL 
TKN lost seepage 
N2 volatilization from CAL 
NOx volatilization from CAL . 

TKN in sludge from CAL 
TKN in effluent from CAL 

4,906 
2,365 
1,51 1 

7,375 
295.0 

0 
15.8 

958.7 
6,114 

4,906 
2,365 
1,511 

7,375 
295.0 

0 
15.8 

958.7 
6,114 

4,906 
2,365 
1,51 1 

7,375 
295.0 

0 
15.8 

958.7 
6,114 

4,906 
2,365 
1,51 1 

7,375 
295.0 
1475 
15.8 

958.7 
4,639 

4,906 
2,365 
1.511 

7,375 
295.0 

0 
15.8 

958.7 
6,114 

7,375 
295.0 

0 
15.8 

958.7 
6,114 



DIRECT APPLICATION OF RAW SWINE WASTE 

One simple method of using swine waste would be to apply it directly to the land in 
agronomically safe quantities without treatment in a lagoon. Some short-term storage would be 
required and transportation costs would increase. However, the environmental impact of 
increased transportation is negligible when compared to the other environmental impacts 
considered here. The raw waste is applied as a slurry, comprising all of the material from the 
barn. The slurry is either applied to the surface (DAA), or injected beneath the surface (DAB). 
The ammonia emissions for the land-application stage were assumed to be 12% for surface 
spreading of solids and 2.4% for injection of solids. These estimates are based on the median of 
the literature values. 

We ignored the generation of carbon dioxide from the applied carbon content in the spreading 
analysis. This is a small consideration for the other three technologies, because the vast majority 
of the carbon content was converted into carbon dioxide or methane during the processing. 
However, in the direct application, a large carbon dioxide emission would be likely. The error 
involved in this assumption is on the order of the carbon dioxide emissions for the BAF cases, 
and can be seen clearly in the comparison graphs that are given in the final section of this report. 

The application technique and emission rates are given in Table 44. The emissions for the 
processing system (including barn storage) are given in Table 45. All values are in the units 

. , kg11 000 hogs (45kg)/yr, except where noted. 

. -..*. Table 44. Scenarios for direct application (DA) of swine waste and the respective emission factors. 

Table 45. Emission summary for each direct application scenario 
t I I 1 

% of applied TKN lost to 
N20 volatilization 

1.4 

DAB 

% of applied TKN lost to 
NH3-N volatilization 

12 

- .  . 
- 

. * . -  

solids 
Injection of solids 

I DAA I DAe 
Nitrogen excreted and barn losses 

DAA Surface spreading of 

2.4 

8885 
4,906 
2,365 
1,834 

TKN excreted 
K excreted 
P excreted 
NH3-N emissions from barn 

1.4 

8,885 
4,906 
2,365 
1,834 

Nitrogen loss during application 
TKN applied to land 
TKN volatilized as NH3 (%) 

NH3-N volatilized 
TKN volatilized as N20 I%) 
TKN volatilized as N 2 0  

7,375 
12% 

885 

1.40% 
103 

7,375 
2.4% 

177 
1.40% 

103 
Nutrients remaining on land 

TKN remaining on land (avoided fertilizer emissions) 
TKN conserved (% of excreted) 
K remaining on land (avoided fertilizer emissions) 

, P remaining on land (avoided fertilizer emissions) 

6,387 
72% 

4,906 
2,365 

7,095 
80% 

4,906 
2,365 



COMPARISON OF WASTE TECHNOLOGIES 

In this section, we make comparisons of key parameters from the life-cycle inventories that 
reflect environmental impacts of the traditional anaerobic lagoon, direct spreading of swine 
waste, the biological aerated filter process, and the covered anaerobic lagoon (ambient 
temperature digester). The latter two are alternative technologies proposed to replace the current 
anaerobic lagoodland-application system. In a previous section, we discussed the energy and 
chemical emission savings associated with avoiding the commercial production of fertilizer. 
These savings were expressed per unit of each of the primary nutrients. Subsequent sections 
gave emission data and nutrient-tracking data on barn storage and land application, which are 
components in the life-cycles of each of the current and alternative processing technologies. 
Each of the processing technologies was described in separate sections. Emissions, energy use 
and production, and nutrient-tracking information specific to each of these technologies were 
calculated from the available literature data. 

For each technology, we identified a base case that represents our best estimate of emissions and 
management practices. Several other scenarios are also presented to show how different 
management practices or different emission estimates affect the life-cycle inventory. Examples 
of varying management practices are the method of applying waste to land or the efficiency of 
the solidlliquid separator that is used in the biological aerated filter process. These practices can 
be selected by the operator. In some instances several estimates of chemical emissions or flows 
were identified, based on different measurement methods or based on the standard deviation of 
the data. The variables for all of the scenarios for each technology are summarized in Table 46 
through Table 49. Table 50 shows important nutrient content, chemical emission, and energy- 
use data for each case. 

For all of the anaerobic lagoon cases, the settling fractions for nitrogen, potassium, and 
phosphorus are a, = 0.13 , a, = 0.05 , a,, = 0.50, respectively. Potassium and phosphorus 
losses to seepage are 8% of input and 2% of input, respectively. The ANAA case is based on the 
mass balance method estimate of ammonia loss. ANAB and ANAc show the effect of the 
estimated error of ammonia emissions. The ANAD case shows emissions based on the direct 
measurement of ammonia loss and nitrogen loss. ANAE shows the effect of injecting the sludge 
material into the ground rather than applying it to the surface. 

All of biological aerated filter scenarios use a screen to remove the bulk solids. The base case, 
BAFA, is based on data from Westerman et al. (2000). The other cases explore the effects of 
using data from municipal waste treatment (for nutrient tracking in the BAF process), using high 
and low estimates of screen separation efficiency, and injecting solids rather than surface 
application to land. 

In the base case (CALA) for the covered anaerobic lagoon, we use the median value of CH4 
production from the literature, the balance of nitrogen (after settling and seepage losses) is 
assumed to be applied as effluent, the sludge is surface applied, and all of the methane is used to 
generate electricity. Other scenarios (CALB-CALF) show the effects of using different estimates 
for methane production, assuming 20% of input N is converted to Nz, using 50% of methane for 
heat production, and injecting the solids rather than surface application. 

The comparison of technologies is done graphically in Figure 28 through Figure 44. In each 
graph, the emissions from farming operations (including energy-related emissions) are separated 
from the avoided fertilizer emissions. The energy-related emissions and the emission savings 



due to electricity generation demonstrate the importance of including off-site activities in any 
comparison of treatment technologies. For several chemicals (CH4, COz, NzO, and NH3), the 
farm-related emissio~ls are shown by life-cycle stage (barn, process, land appjication, and energy 
emissions). The full life-cycle data is shown in the Appendix, because nearly 2500 mass and 
energy flows have been tabulated. In Appendix G, each chemical emission is categorized by 
phase (gas, liquid, or solid) and by life-cycle stage (barn, land application, energy use, etc.). 



Table 46. Anaerobic lagoon scenarios for life-cycle inventory 

I N loss Land application of sludge* 

Scenarios 

* Lagoon effluent is irrigated in all scenarios. 

**  Ammonia volatilization from direct measurement methods, N2 volatilization is determined by the difference 

Surface applied 
(12% loss of 
N H;-N) 

between the mass balance and the direct measurements. 

All values have the units [Oh of TKN leaving barn] 
Injected 
(2.4% loss of 
NH3-N) 

Table 47. Scenarios for aerated treatment 

Nutrient fate and energy consumption Preprocessing nutrient 

N lost 
as NZ 

N loss to 
seepage 

Total N loss in 
lagoon 

Land application method of 
'solid' portion of waste. 

N lost as 
NzO 

N loss to NH3 
volatilization 

Scenarios 

-- dat removal for BAF ~rocess  

Table 48. Scenarios for the covered anaerobic lagoon 

Methane used for heat 
generation [%] 

0 

Method of applying the 
sludge (solids) to land 

Surface 

Scenario 

CALA 
0 

0 

0 l Surface I 

Methane generation 
[g CH4/kg L Wlday] 

1.29 
Surface 

Surface 
CALB 

CALr 

0 I ~ a r r o w i n ~  (injection) I 

Nz production 
[% of input TKN] 

0 

The settling fraction, a,, , is 0.13 and the seepage of N is 4% of input TKN for all scenarios. 

0.73 

1.85 

0 

0 



The base case for direct application (DAA) represents applying the raw waste slurry to the 
surface. The other case (DAB) shows emissions for injection of the slurry. 

Table 49. Scenarios for direct application of swine waste 

[ DAB 
I 

I Injection of solids I 2.4 

% of applied TKN lost to 
N 2 0  volatilization 

1.4 

% of applied TKN lost to 
NH3-N volatilization 

12 DAA Surface spreading of 
solids 



Table 50. Comparison of emissions and resource use for each technology 

B C 

N in effluent 2,434 3,156 1,681 
N in 

sludge/biosolids 1, 183 
K in effluent 4,268 
K in 
sludge/biosolids 245 
Electricity use NA 
Avoided 
electricity NA 
Avoided heating 
fuel NA 

ITotal emissions I 

Direct emissions 

CH4 emission 2 1,3 15 2 l,32 1 21,327 2 1,324 
CO emission -12 -13 -10 -1 I 

N20 emission 
NH3 emission 
NO, emission -68 
SO, emission 

O 
0 
0 
0 
0 

7.095 
2,365 
4.906 

1 

The direct emissions are from the processing technology only. The total emissions include emissions from the barn, processing, and spreading steps as well as 
the avoided fertilizer and energy emissions. All material flows are in kg/1000 hogslyear. Electricity use is given in MJ11000 hogdyear. 

0 
0 
0 
0 
0 

6,387 
2.365 
4.906 

71,900 
0 

16 
0 
0 

4.059 
2,3 18 
4.71 0 

7 1,900 
0 

16 
0 
0 

5,085 
2,318 
4,710 

46,606 
0 

16 
0 
0 

5,085 
2,318 
4,710 

7 1.900 
0 

16 
0 
0 

5,085 
2,318 
4,710 

97,195 
0 

16 
0 
0 

5.085 
2,3 18 
4.710 

7 1,900 
0 

16 
0 
0 

5,177 
2,3 18 
4.71 0 

94,452 
0 
0 

300 
0 

4,787 
2,365 
4,906 

46,153 
0 
0 

185 
0 

5,517 
2,365 
4,906 

C02 emission 
CH4 emission 
NO, emission 
NH3emission 
N 2 0  emission 
Avoided N 
Avoided P 
Avoided K 

13,633 
21,353 

4,478 
23 

2,606 
2,3 18 
4,514 

13,633 
21,353 

0 0 0 0 0  
5,373 

23 
2,001 
2,3 18 
4,514 

79.426 
0 
0 

502 
0 

4,169 
2,365 
4,906 

7,9426 
0 
0 

257 
0 

5,016 
2,365 
4,906 

13,633 
21,353 

4,478 
23 

2,524 
2,318 
4,514 

13,633 
21,353 

2,328 
23 

2,514 
2,318 
4,514 

13,633 
21,353 

3,582 
23 

3,027 
2,318 
4,514 

7,9426 
0 
0 

257 
0 

4,845 
2,365 
4,906 

79,426 
0 
0 

257 
0 

5,354 
2,365 
4,906 



The avoided fertilizer production is determined by the quantity of nitrogen, phosphorus, 
and potassium remaining in the soil after land-application emissions are accounted. The 
phosphorus and potassium are mostly conserved for each technology. As shown in 
Figure 24, each of the alternative treatment technologies conserves approximately twice 
as much nitrogen as the anaerobic lagoon. However, the differences between alternative 
technologies are small. The BAF and CAL systems are approximately equal. The direct 
application method conserves slightly more nitrogen, because all of the waste is surface 
applied; the land application emissions are therefore smaller. 

It is important to note that there is a large uncertainty in the estimate of emissions from 
application of the treated liquid waste. Emissions from the BAF system range from 500 
to 1000 kg NH3-N11 000 hogslyr, and emissions from the CAL system are about 1800 kg 
NH3-N11000 hogslyr according to the model used here. These numbers are based on an 
emission of 29% of the applied TKN. 

The fertilizer production consumes natural resources and energy, and produces direct 
chemical emissions. This leads to a significantly greater use of natural gas, oil, and coal 
for the anaerobic lagoon. The anaerobic lagoon also has greater NO,, NMVOCs, BOD, 
and COD emissions, which are correlated with energy use. 

Figure 24. Nitrogen content that is conserved and utilized by plants 

Sys tern 



The energy use associated with the production of N, P, and K and the potential energy 
savings (from utilizing all of the nutrients in swine waste) is shown in Table 5 1. 
Approximately 40% of the potential energy savings come from P and K, which are 
mostly utilized. The competing technologies conserve different amounts of N, which 
represents the remaining 60% of potential energy savings. Therefore, conservation of N 
is not directly proportional to energy savings. While the alternative technologies 
conserve roughly twice as much nitrogen as the anaerobic lagoon, the energy savings 
from avoided fertilizer emissions are only 50% greater, because all technologies conserve 
P and K. 



The traditional anaerobic lagoon requires negligible energy to operate. The energy 
savings due to avoided chemical fertilizer are on the order of 10' MJil 000 hogslyear. 
The covered lagoon and biological aerated filter have approximately 50% more savings 
from replaced fertilizer due to conservation of nitrogen. However, the biological aerated 
filter has a positive net energy use due to the aeration requirements. The covered lagoon 
clearly is superior in terms of total energy use. The case CALE has a higher energy 
generation than the other lagoons, because 50% of the methane is being burned for heat, 
which is more efficient (80%) than generation of electricity (30%). When compared to 
direct swine waste land application, the covered lagoon is more energy efficient as it also 

Table 5 1 .  Energy consumption associated with fertilizer production 

obtains value from the carbon content. 

TKN 
P 
K 
Total 

Figure 25. Total energy use 

-- 
Nutrients in hog waste 1 Energy use for nutrient 1 Potenrial energy savings 1 

1 product i p  1 
j 

kgi1000 45kg hogslyear ! MJkg - nutrient produced j millions of MJ/1000 45 kg hogs/ year 
8,575 
2,365 

28,026 1 230 I 

58,472 
4,906 I 7,03 1 

I 

138 
34 

4 13 



Coal, crude oil, and natural gas are used to generate energy and hence the use of these 
materials is similar to the total energy profile. Natural gas is also consumed in significant 
quantities in the production of N fertilizer. Each of these resources is consumed off-site 
when the aerator is used in the BAF process. Because we assume that the aerator is 
powered by electricity, the net coal use (including fertilizer avoided emissions) is 
positive, because coal is the dominant form of energy used in the electricity grid. 
However, the net oil and net natural gas uses are negative (Figure 26 through Figure 28). 
These fossil fuels are forms of natural resource depletion. The benefit of the covered 
anaerobic lagoon is most dramatic when considering coal, because of the electricity 
generat ion. 

Figure 26. Coal use 
- - 

Avoided fertilizer emissions 

1-1 Animal waste system - 
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Figure 27. Crude oil use _ _.._. _ .._ - - - .  
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Figure 28. Natural gas use 
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The chemical emissions of C02, CHI, and NzO contribute to potential global warming. 
Emissions of COz and CH4 from the barn and land-application stages are not considered 
here. The included emissions originate from the biogas generation and energy use or 
production. Figure 29 shows that each of the alternative technologies dramatically 
reduce methane emissions. Figure 30 shows methane emissions by life-cycle stage. The 
methane emissions in the anaerobic processes have been truncated to show the 
comparison of the alternative technologies. The avoided fertilizer production emissions 
are similar. However, the energy use or production contributes strongly to the total 
emissions and differentiates between these technologies. 

The carbon dioxide emissions are quite different (Figure 3 1 and Figure 32). Neither of 
the alternative technologies reduces direct emissions of C02.  In fact, both the BAF and 
CAL systems convert methane to CO2 and increase direct emissions. In the case of the 
CAL, this is more than offset by the reduction due to conservation of nitrogen and energy 
production. The BAF system produces the most total C02  emissions. The conversion of 
methane to COz, which both the BAF and CAL systems do well, is a large net 
environmental improvement, because methane has a higher global warming potential 
than C02. On a mass basis, each kg of CH4 contributes 23 times as much as each k g  of 
C02,  when viewed on a 100-year time scale. The chemical conversion is one molecule of 
CH4 to one molecule of COz. On a molecular basis, each molecule of CH4 produced 8 
times as much global warming potential as each molecule of COz. 

Carbon monoxide emissions are shown in Figure 33. All of the included emissions are 
from energy consumption or production. It is quite possible that emissions from the barn 
andlor the emissions from land application could be significantly greater than those 
shown here. They were omitted here due to lack of data. Carbon monoxide is generally 
thought to contribute to global warming potential. However, these low total emissions 
relative to the methane and carbon dioxide emissions are negligible. 



Figure 29. CH4 emissions 
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Figure 30. CH, emissions by life-cycle phase 
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Figure 3 1. C 0 2  emissions (prior to C 0 2  loss fiom terrestrial system) 

n Avoided fertilizer 
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Figure 32. C 0 2  emissions by life-cycle stage (prior to C 0 2  loss fiom terrestrial system) 
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Figure 33. CO emissions 
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On a mass basis, nitrous oxide emissions strongly contribute to global warming potential. 
One kilogram of nitrous oxide contributes about 300 times as much as one kiliogram of 
carbon dioxide over a 100-year time horizon. Because N20  emissions on a global scale 
are much smaller by mass than emissions of C 0 2 ,  nitrous oxide may be overlooked as a 
greenhouse emission. However, in the animal waste systems considered here, NzO 
emissions contribute to potential global warming either modestly (ANA), moderately 
(BAF), or dominantly (CAL and DA). Figure 34 shows that total nitrous oxide emissions 
are higher for the alternative technologies than they are for the lagoon. Figure 35 shows 
that the majority of the emissions are from the land-application step. Although the 
anaerobic lagoon produces some direct emissions (according to several direct 
measurements in the literature), the land-application emissions are smaller, because less 
nitrogen is applied to the land. 

We did not include any direct chemical emissions from the application of commercial 
fertilizer. A recent review of the literature data (Bouwman et al. 2002c) suggests that 
nitrous oxide emissions are equal to or less than emissions from commercial fertilizer. In 
that case, the nitrous oxide emissions during the land-application step would be nearly 
offset by the emission savings due to avoided fertilizer use. 



Figure 34. N 2 0  emissions 
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Figure 35. N 2 0  emissions by process step. The axis has been truncated to show the breakdown of the 
smaller emission values. The data used for Figure 34 and Figure 35 are the same. 
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The total global warming potential due to each chemical emission, expressed in kg C 0 2  
equivalents, is shown in Table 52. The anaerobic lagoon emissions are dominated by 
methane emissions. All of the alternative technologies dramatically reduce total methane 



emission. The C02  and N 2 0  emissions both contribute to the total global warning 
potential of the BAF system, while the NzO emissions dominate the global waiming 
potential of the CAL and DA systems. 

Table 52. Global warming potential 

Ammonia emissions have been the focus of much debate over standards for swine waste 
treatment and swine management. Both gaseous and liquid emissions contribute to 
eutrophication of local and regional water bodies. Gaseous emissions also contribute to 
acidification in a quantifiable way. Ammonia emissions have also been related to 
nuisance odor: however, this is not included in any life-cycle assessment tool. On a mass 
basis, ammonium emissions directly to water bodies contribute as strongly or more 
strongly than gaseous ammonia emissions. In this study, ammonium loss due to seepage 
is large. However, the majority of this nitrogen is absorbed by the soil in the immediate 
vicinity of the processing unit. The quantity that is eventually transported to water bodies 
is unknown. Ignoring the potential for seepage losses to impact eutrophication, gaseous 
ammonia emissions dominate both the eutrophication and acidification impact categories. 
Gaseous ammonia emissions are shown in Figure 36. The BAF and CAL systems reduce 
emissions by 50% compared to the traditional anaerobic lagoon. 

ANAA ~BAF* I C A L *  I D A *  
kg COz equivalents 

Chemical emission 

(a) Carbon Dioxide (C02) 
(a) Methane (CH4) 
(a) Nitrous Oxide (N2O) 
Total (kg C02)  

Figure 37 shows the emissions by life-cycle stage. Avoided fertilizer emissions are 
negligible, because emissions from land application are neglected, and because energy- 
related emissions and direct emissions from the production of ammonia are relatively 
small. 

Emission factor 
kg C 0 2  equivalent/kg 

chemical 

The barn emissions are identical for each system. It is possible that the treatment 
technology would have some effect on barn emissions, but this effect is unproven and not 
quantifiable. If effluent from the BAF and CAL systems is used to flush barns, the 
emissions from the barn may increase due to the higher nitrogen content in the flushing 
liquid. In the case of direct application, the effect is not clear. 

1 
23 
296 

The direct application method has the lowest total gaseous ammonia emissions, because 
the slurry is applied to the surface. It is possible to apply all of the waste from the other 
technologies in a similar manner. Thus, comparable reductions to ammonia emissions 
could be achieved through different management practices. Each of the alternative 
technologies dramatically reduces the direct ammonia emissions from the processing 
stage. 

3,154 
490,283 

27,936 
52 1,3 73 

4 

- 16,072 
-1,394 
48,015 
30,549 

96,645 
1,457 

41,697 
139,799 

- 1,474 
-6,195 
45,900 
38,232 



Figure 36. NH3 emissions 
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Figure 37. Ammonia emissions by process step 
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The NO,, SO,, non-methane volatile organic compound (NMVOC), NO3-, biological and 
chemical oxygen demand (BOD & COD), and solid waste emissions (Figure 38 through 



Figure 44) are dominated by the energy use and avoided ferti!izer production. The CAL 
system emitted 16 kg of NO, from the generator system. Emission savings from energy 
production more than compensated for this emission. There have been some studies 
showing elevated nitrate levels in wells in the vicinity of anaerobic lagoons. While this 
may present a localized health risk, there have not been any quantitative measurements of 
chemical flows from the system, and this potential emission was not included. 
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Figure 39. SO, emissions 
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Figure 40. Non-methane volatile organic carbon (NMVOC) emissions 
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Figure 41. NO3- emissions from energy consumption and generztion 
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Figure 42. BOD emissions 
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Figure 43. COD emissions 
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Figure 44. Solid wastes 
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APPENDIX 





Appendix A: Emission factors for energy 
The emission factors used in this report are median values from ten life-cycle inventory 
databases for the United Kingdom (U.K.) and the United States (U.S.). Data from the 
U.K. was included, because the energy production profile is similar to that of the U S .  
The C 0 2 ,  SO,, and NOx values are from the EPA eGRID database (1997). 

A.l Electricity production 
National grid energy sources [EPA] 

. . . . . . . . . . . . .  ....... r . . .  . - 

!Energy source ........... Grid (%) ........_.... . . . . . . . ._. . . . .  / _ _ _ _  . _ _ ._ -- .. 

:Coal 5 1.3 ...................... __ .--...... -. 

 fuel oil 10.3 _ ___. . _. . m . 4 - 

!Natural . _ gas . 5 . 1  ..... _ - .- _ .. 
,Nuclear 18.0 

. . . . . . . . .  ._ . _. - . .  . _ . .  -- ..... 
10 1 

...... .Hydro_. . .. - - .. - .... < -- .. _ - - - .... - .._r.- . - CI Other L.L _ _ . _ -_ - _ _ _  

Major emissions from national grid [per IMJ of electricity] 

___..__-_. ....... 
! Unit Emission 

.... .... _ ._ - _  .. 
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A.2 Fuel oil heating 
Fuel oil heating is used for applications such as steam production for boiling and heating 
in industrial processes. 

Fuel oil heating emissions [per MJ of heating]. 

Cu . - .  - - . . -- - . . -. . - .- . -  - 4  
,Fe i-- - -. - - . - _ _ - g.- - -+ ._ 

............ .. :Hg- -..$_. --- . ..- ... 

'NH4+ ,- .. . - -. ........... - . - . - -.g_ ...... --. - . -- -. .... 

'Ni , .... -- . . . .  .... g ..... 1 , 

.N03- , . .. ..... -- : g  ., - - . . ..... 

' ~ b  ......... - ..... -4 . .  l .... , 
:P043- ,--. . ,  ! .................. . .  . . i 

'S042- 
........ .. _-.. -- . - .g_ ..... -.- - _ ...... , 

'TDS i. g_ .. ... 0.026' - .................. 

T o e -  . . - -- . . -. ... - .. . .  
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r ~ ~ l  
Solid waste 
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Appendix B: Life cycle inventory data for commercial fertilizer and 
avoided emissions based on a 1000 kg basis of each macronutrient 
The cradle to gate data for each nutrient is given here. The transportation between 
factories and fields is included. The average transportation distance between chemical 
plants is 330 km (industry average). Thirty percent of this distance is covered by diesel 
truck, fifty percent by train and twenty percent by ship. Each chemical is transported to a 
distribution or mixing / distribution point for NPK mixture. Transportation from the 
distribution point to application is assumed to be negligible. The energy emissions were 
calculated based on the average of several life cycle inventory databases. 

B.l Example calculation 
The following tables show an example calculation for C 0 2  emissions from N, P, and K in 
fertilizer. 

COz emissions calculation for N in fertilizer. 

Percentage of each source chemical that is N 81.5 
kg chemical used to make 1000 kg N in fertilizer 650 
ka N from chemical 530 
COz cradle to gate (including transportation) [kg 66 1 
11 000kg chemical] 
Allocation fraction 1 .OO 
Allocated C02 in each source (includes transport 430 
to mixing 1 manufacture of N fertilizer) [kg11000 kg 

Urea ~DAP ~KCI l ~ o t a l  

N ] 
C02 from transportation of mixed fertilizer to 

COz emissions calculation for P2O5 in fertilizer. 

I I I I 
56 

,distribution point [kg11000 kg N in N fertilizer] 
Total C02 emissions to air [kg C02 1 1000 kg N in 1,506 

Percentage of P205 that comes from each chemical 
kg chemical used to make 1000 kg of P2O5 in fertilizer 
Ikg chemical used to make 1000 kg of P in fertilizer 
C02 cradle to gate (including transportation) [kg 
11 OOOkg chemical] 
Allocation fraction 

Jkgll OOOkg P in P fertilizer] I I I 

Urea 

- 
- 

1,004 

DAP 
100 

1,880 
4,305 
967 

0.525 

point [kg11000 kg P205 in P fertilizer] 
C02 from each source including transportation 

Total KC1 

434 

988 
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Allocated C02 in each source (includes transport to mixing I 
'manufacture of N fertilizer) [kg11 000 kg P2O5] 
COz from transportation of mixed fertilizer to distribution ( 

955 

33 



CO? emissions calculation for K20  in fertilizer. 

Percentage of K 2 0  that comes from each chemical 
kg chemical used to make 1000 kg of K 2 0  in fertilizer 
kg chemical used to make 1000 kg of K in fertilizer 

,CO, in each source [kg11000 kg chemical] 
Allocation Fraction 
Allocated C02 in each source including transportation to manufacture 

KC1 
100 

1,672 
3,194 

434 
1 .OO 
726 

as K fertilizer [kg11 000 kg K20] 
C02 from transportation of KC1 to distribution point [kg11 000 kg K20  in 

B.2 Life cycle inventories for primary nutrient production in fertilizer 

Total 
I 

1,672 
3,194 

1 

K fertilizer] 
C02 in each source including transportation [kg I 1000 kg K in K 
fertilizer] 

Life cycle inventory (cradle to gate) for 1000 kg of N in fertilizer. 

56 56 

782 107 

LC1 for 1000 kg N in fertilizer Cradle to gate 
Total I Process I Energy I Transport 

Raw Materials [kg] 
Air 
Alum 
Ammonia 
Carbon dioxide 
Chlorine 
Coal 
Crude oil 
Diammonium phosphate 
Hydrofluosilicic acid 
Lime 
Natural gas 
NPK 
Phosphate rock 
Phosphoric Acid 
Potassium Chloride 
Sea water 
Sulfur 
Sulfur trioxide 
Sulfuric acid 
Sylvinite ore 
Urea 
Uranium ore 
Water 
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Energy [MJ] 
Diesel 
Electricity USA 
Energy 
Heating fuel 
Potential energy recovery 

' 

2,105 
0.0278 
503.5 
583.8 

5.36 E-03 
103.8 
51 1.4 

0 
3.95E-03 

0.01 81 
361.2 

0 
359.2 
296.4 

0 
0 

107.3 
250.0 
307.9 
359.2 

0 
0 

983 

1,814 
0 
0 
0 
0 

1,814 
1,863 
1,219 
8'61 3 

-9,908 

2,105 
0.0278 
503.5 
583.8 

5.36E-03 
0 

217.7 
0 

3.95E-03 
0.01 81 
357.5 

0 
359.2 
296.4 

0 
0 

107.3 
250.0 
307.9 
359.2 

0 
0 

983 

0 
1,863 
1,219 
8,613 

-9,908 

0 
0 
0 
0 
0 

103.8 
227.4 

0 
0 
0 

3.68 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

66.3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



Refinery product 
Cooling water 
Refrigeration 
Natural gas 
Steam 
Total energy [MJ] 

Air Emissions [kg] 
Ar 
CH4 
CO 
C02 
Dust 
H2 
N20 
NH3 
NMVOC 
Nox 
S 
Sox 
Urea 

Water Emissions [kg] 
Al 

Table continued 

1.1 11 1.111 0 ( 0 

0.3071 0 1 0.3071 0 

107 
1 7,4 1 3 

13 
443 

8,263 
28,026 

1 

0 
0.01 13 

0 

AS 
BOD 
Brine 
Clay 
Cd 
CN 

107 
17,413 

13 
443 

8,263 
28,026 

0 
0.01 08 

0 

0.00 1 
0.086 
0 .OOO 

0 
1.71 E-05 
8.53E-06 

COD 
Cr 
CU 
DAP 
Fe 
Hg 
Gum 
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0 
0 
0 
0 
0 
0 

7.08 
6.59 
3.03 

1,506.2 
3.07 
2.46 

0.003294937 
10.5 
5.24 

15.1 6 
0.51 5 
12.78 

6.20E-04 
0.0641 

0 
0 
0 
0 

0.000 
0.000 
0.000 

0.1 16 
0 
0, 
0 
0 
0 
0 

0.272 
0.003 
0.002 
0.000 
0.095 
0.000 
0.000 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.0571 
0 
0 

Solid wastes [kg] 
Phosphogypsum 
Solid waste 

0 
0 
0 

- - 

KC1 
NaCl 
NH4+ 
N03- 
Pb 
P (undefined) 
P043- 
S042- 
Starch 
TDS 
Tot-N 
Zn 

7.08 
4 .O 1 
1.69 

139.7 
2.51 
2.46 

0 
10.5 
1.10 
8.23 

0.51 5 
7.21 

0.1326 
3.08E-03 
1 -54 E-03 

0 
0.0951 

4.03E-07 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.152 
0 
0 

0.000 
0.000 
0.002 
0.008 
0.002 
0.000 
0.01 8 
1.588 
0.000 
4.396 
0.000 
0.003 

0.51 0 
32.6 

L 

0.0238 
0 
0 
0 
0 
0 
0 

0 
0 

1.77E-03 
7.86 E-03 
1.59E-03 

0.00E+00 
0.01 83 

1.59 
0 

4.19 
3.52E-04 
3.1 0E-03 

0 
2.39 

0.273 
1172 

0.554 
0 

3.29E-03 
1.88E-03 

2.88 
3.29 

0 
5.33 

0.51 0 
31.9 

0 
0.191 

1.07 
194.3 

0 
0 
0 
0 

1.25 
3.64 

0 
0.247 

0 
0.438 

0 
0.286 



Life cycle inventory (cradle to gate) for 1000 kg of PIOr in fertilizer. 
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- - - - - - - - 
LC1 for 1000 kg p20s in fertilizer 

Raw Materials [kg] 
Air 
Alum 
Ammonia 
Carbon dioxide 
Chlorine 
Coal 
Crude oil 
Diammonium phosphate 
Hydrofluosilicic acid 
Lime 
Natural gas 
NPK 
Phosphate rock 
Phosphoric Acid 
Potassium Chloride 
Sea water 
Sulfur 
Sulfur trioxide 
Sulfuric acid 
Sylvinite ore 
Urea 
Uranium ore 
Water 

Energy [MJ] 
Diesel 
Electricity-USA 
Energy 
Heating fuel 
Potential energy recovery 
Refinery product 
Cooling water 
Refrigeration 
Natural gas 
Steam 
Total energy [MJ] 

Air Emissions [kg] 
Ar 
CH4 
CO 
C 0 2  
Dust 
HZ 

_ _ _ _ _ -  _ _  - _  - - - - -  

Cradle to gate 

Total I process / Energy I Transport 

3,1 16 
0.0254 
225.0 

0 
4.89E-03 

58.0 
1,145 

0 
3.6 1 E-03 

0.01 65 
53.3 

0 
1,563 
1,290 

0 
0 

466.9 
1,088 
1,340 
1,563 

0 
0 

897 

0 
0 
0 
0 
0 

58.0 
105.1 

0 
0 
0 

1.3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3,116 
0.0254 

225.0 
0 

4.89E-03 
0 

947 
0 

3.61 E-03 
0.0165 

52.0 
0 

1,563 
1,290 

0 
0 

466.9 
1,088 
1,340 
1,563 

0 
0 

897, 

0 
0 
0 
0 
0 
0 

92.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3,572 
1,168 
177.2 
4248 

-6508 
466.6 

18,203 
58.2 

1,930 
5,659 

25,402 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
1,168 
177.2 
4248 

-6508 
466.6 

18,203 
58.2 

1,930 
5,659 

25,402 

3,572 

0 
0.268 

1 .50 
272.1 

0 
0 

0 
2.57 

0.125 
695.9 
0.309 

0 

1.55 
3.45 
1.98 
988 
11.2 

0.357 

1.55 
0.606 
0.351 

19.9 
10.9 

0.357 



I Table continued 
N20 
NH3 
NMVOC 
Nox 
S 
Sox 
Urea 

Water Emissions [kg] 
At 

1.84E-03 
1.93 
6.65 
8.8 

2.24 
. 30.8 

0 
I 

0.1721 0 1 0.1721 0 
AS 
BOD 
Brine 
Clay 
Cd 
CN 
COD 
Cr 
CU 
DAP 

0 
1.93 

0.0230 
1.06 
2.24 
27.0 

0 

0.000 
0.1 29 
0.000 

Fe 
H g 
Gum 
KC1 

0.000 
0.000 
0.000 
0.272 
0.002 
0.001 
0.000 

Pb 
P (undefined) 
P043- 

1.84E-03 
1.05E-03 

4.87 
2.70 

0 
3.45 

0 

0 
6.81 E-06 

0 

0.053 
0.000 
0.000 
0.000 

S042- 
Starch 

0 
0 

1.75 
5.09 

0 
0.347 

0 

0 
0 
0 

9.40E-05 
0 
0 
0 

0.001 
0.000 
0.01 0 
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3.46 E-04 
0.1 13 

0 

0 
0 
0 
0 

0.887 
0.000 

TDS 
Tot-N 
Zn 

Solid wastes [kg] 
Phosphogypsum , 

Solid waste 

0 
0.01 58 

0 
0 

9.55E-06 
4.77E-06 

0.239 
1.72E-03 
8.59E-04 

0 

0 
0 
0 

2.73 
1.66E-04 
1.73E-03 

0 
0 
0 

0.0334 
0 
0 
0 

0.0531 
2.22E-07 

0 
0 

0 
0 

0.0800 
0 
0 

2.829 
0.000 
0.002 

0 
0 
0 
0 

8.90E-04 
0.00E+00 

0.01 03 

0.01 52 
0 
0 

2.22 
127.9 

0 
0 
0 

0.887 
0 

2.22 
125.2 

0 
2.29 

0 
0 

0 
0.352 



Life cycle inventory (cradle to gate) for 1000 kg of KzO in fertilizer. 

Crude oil 
Diammonium phosphate 
Hydrofluosiiicic acid 
Lime -- 

LC1 for 1000 kg K20 in fertilizer 

Raw Materials [kg] 
Air 
Alum 
Ammonia 
Carbon dioxide 

/Natural y a5 

NPK 
I 

,Phosphate rock 
Phosphoric Acid 
Potassium Chloride 
Sea water , 

Cradle to gate 

Total (~rocess 1 ~nergy  l~ransport 

0 
0.1 18303608 

0 
0 

Sulfur 
Sulfur trioxide 

0 
0.1 18303608 

0 
0 

0 
0 
0 
0 

Sulfuric acid 
Sylvinite ore 
Urea 

0 
0 
0 
0 

0 
0 

I 
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0 
4,180 

0 

Air Emissions [kg] 
Ar 
CH4 . 

CO 
C02 
Dust 

0 
0 

Uranium ore 
Water 

0 
4,180 

0 
0 0 

0 
0.900524537 
1.4539541 58 
781.5456949 

29.4 

0 
0 

Energy [MJ] 
Diesel 
Electricity-USA 
Energy 
Heating fuel 
Potential energy recovery 
Refinery product 
Cooling water 
Refrigeration 
Natural gas 
Steam 
Total energy [MJ] 

0 
0 
! 

0 
0 

0 
0 
0 
0 

29.3 

0 
0 
0 

0 
0 

0 
0 
0 

3,310.8 
326.1 

0 
4,628 

0 
0 
0 
0 
0 

496.6 
5450 

0 
0.652 
0.0634 
529.3 
0.0883 

0 
326.1 

0 
4,628 

0 
0 
0 
0 
0 

496.6 
5,450 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0.2483 
1.391 
252.2 

0 

3,310.8 



Table continued 

N20 0.00052982 0 5.30E-04 0 
NH3 0.000282776 0 2.83E-04 0 
NMVOC 2.8721 8842 1 0 1.25 1.626 
Nox 5.8971 60639 0 1 .18 4.72 
S 0 0 0 0 
Sox 2.405603775 0 2 .08 0.32 12 
Urea 0 0 0 0 

Water Emissions [kg] 
Ai 0.0465 0 0.0465 0 
AS 0.0001 0 9.34E-05 0 
BOD 0.0390 0 0.0244 1.46E-02 
Brine 183.9 183.9 0 0 
Clay 83.6 83.6 0 0 
Cd 0.0000 0 2.58E-06 0 
CN 0.0000 0 1.32E-06 0 
COD 0.0801 0 0.0492 3.09E-02 
Cr 0.0005 0 4.64E-04 0 
CU 0.0002 0 2.32 E-04 0 
DAP 0.0000 0 0 0 
Fe 0.01 48 0 0.01 48 0 
Hg 0.0000 0 1.00E-07 0 
Gum 0.134 0.134 0 0 
KC1 83.6 83.6 0 0 

I 
P (undefined) 0.0000 0 0.00E+00 0 
P043- 0.0028 0 2.77E-03 0 
S042- 0.2495 0 0.250 0 
Starch 0.836 0.836 0 0 
TDS 0.7827 0 0.709 0.0742 
Tot-N 0.0005 0 4.51 E-04 0 
Zn 0.0005 0 4.67E-04 0 

Solid wastes [kg] 
Phosphogypsum 0 0 0 0 
Solid waste 334.9 334.5 0.0521 0.3708 
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Appendix C: Calculations of percent loss in the barn based on literature 
data 
Measurements of volatilization of ammonia in the barn are presented in the literature in 
several different bases. We convert all of the data to emissions per unit of live animal 
weight, and express the result with the units g NH3-N/1000kg LW/d and percent of 
excreted TKN in Appendix C.1. Data presented for both winter and summer seasons or 
presented as a function of time over the course of a day are then tabulated in Appendix 
C.2. These data are used to develop correction factors, so that yearly emissions can be 
estimated based on seasonal measurements or measurements during only night or day 
times. 

C.1 Calculation of percent losses for each literature source prior to seasonal or 
time of day adjustments. 

C. 1.1 Hartung and Phillips (1 994): J. Agric. Eng. Res. 57(3): 173- 189. 
The environmental importance of ammonia from animal husbandry is discussed. Two 
references are given for ammonia emissions from the barn. 
Reference to van der Eerden et al. (1 98 1): IPO-Rapport 254, Wageningen, Netherlands, 
1981. 

Reference to Kowalewsky (1 98 1): KTBL Schrift 2 16, Landwirtschaftsverlag GmbH, 
Munster, Germany. 

I Liquid manure I Bedding I 
I I I 

"LU is live unit or live animal unit, and is equal to 500 kg LW 

Fully slatted 

12 
350 

68.6 
449 

13.2 

NH3 emissions 
Portion of year 

NH3-N emissions 
TKN from barn 

NH3-N emissions 

Danish system 

NH3-N emissions I 8.7 1 2.1 1 % of excreted TKN 
Average NHsN emission from liquid manure and bedding systems is used (5.4%). Bedding 

Use average of slatted floors 

Partially slatted 

21.7 
350 

124 
449 

21.6 

11.7 
350 

66.9 
449 

13.0 
1 7.4 

- .  I systems are not typically used in North Carolina. 1 

kg NHJLUlyr* 
days of operation lyr 

g NH3-NI1000kg LWld 
g TKN11000kg LWld 

O/O of excreted TKN 
% of excreted TKN 

NH3 emissions 
Portion of year 

NH3-N emissions 
TKN from barn 

C. 1.2 Burton and Beauchamp (1 986): Agricultural Wastes, 1559-74. 

1.7 
350 

9.7 
449 

7.5 
350 

42.9 
449 

The authors present ammonia volatilization as a percent loss. They show profile of losses 
by month. The loss varied by a factor of approximately a factor of 3 over the year. 

kg NH3/LU/yr 
days of operation lyr 

g NH3-N11 000kg LWId 
g TKNI1000kg LWld 
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The largest losses occurred in August. Higher temperatures require higher ventilation 
rates. which leads to higher ammonia losses. u 

subraction errors in the mass balance method. 
We use the average value of the direct measurement method. 

I Mass balance 
Barn 1 
Barn 2 
Barn 3 
Average 

Mass balance measurements are also given by month for Barn 1, and for several months 

Direct measurement 1 1 

by direct measurement for Barns 1 and 2. The monthly emissions by mass balance are 

The authors state that the direct measurement methods are more accurate, because of 

21 
19 
27 

22.3 

shown here. 

25.8 
6.7 

16.2 

I** Average (November - February) I 

- -- 

% of excreted TKN 
% of excreted TKN 
% of excreted TKN 
O/O of excreted TKN 

Month 
%loss 

The ratio of summer emissions to winter emissions by direct measurement was 

Averaae h r i l  - October) 

Dec 
25 

determined graphically. The ratios are summarized here. 

C. 1.3 Buij sman (1 987): Atmos. Environ. 2 1 (5): 1 009- 1 022. 

Jan 
0 

Seasonal variations 
Barn 1 

I Barn 2 
Average of three values 

This review paper is oAen cited in the literature. The authors state that between 10 and 

-- - - 

1.25 
2.5 

75% loss occurs in lagoon systems by the time the waste gets spread. The barn 

Feb 
10 

mass balance 
4 

Direct measurement 
2.2 

C. 1.4 Aamink, et al. (1 995): J Agr. Eng. Res. 62(2): 105-1 16 

Experiments performed with 300 rearing and fattening hogs in a pit system. Emissions 
were 56% higher in the summer, All seasons represented in measurements. Indoor 
temperature averaged 23.4'C. 

March 
50 

emissions are based on a factor proposed by Sommer et al. (1 984). 
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NH3-N excreted (NtSo)* (From Table 2 in source) 
NH3-N leaving storage (N,) (From Table 2 in source) 
NH3-N emissions (barn and storage) 
Percent lost in lagoon 
TKN leaving barn 

NH3-N emissions from barn 

April 
45 

*Based on proposal by Sommer et al. (1 984) 

13 

10 
23.1 

10 
1 1.1 

14.5 

May 
15 

1 

kg Nlanimallyr 
kg Nlanirnallyr 
% of excreted TKN 
% of input (confirmed by author) 
kg N/animal/yr 

% of excreted TKN 

June 
35 

July 
80 

Aug 
150 

Sept 
65 

Oct Nov 
2517.5 

Summer* 
62.9 

Winter*' 
15.5 



Oldenburg (1 989): Report KTBL333, SCHRIFT 

NH3-N emission I 1 I 

Average hog 
weight 

Start 
weight 

Emissions 

Weight Rear 
Weight Fatt 
NH3-N emission rear 

End 
weight 

*assume 4499 TKNl1000kg LWld from barn 
For the rearing pigs, group 3 was during the summer and group 1 was during the winter. 
The summer to winter emissions ratio for this group was 1.6. For the fattening pigs, 
group 2 was during the summer and groups 1 and 3 were during the winter. The summer 
to winter emissions ratio for fattening pigs was 1.04. The average ratio (summer:winter) 
of rearing and fattening pigs was 1.3. 
Several secondary sources were given and are included in the summary Table. 
Groenestein (1 993): 4TH P INT LIV ENV S : 1 169 
Montsma and Groenestein (1 992): Rep #: DL0921 001 
Emission 1 1.7 1 g NH3 I day I animal (rearing) 
Weight / animal not given 

g NH3 ldlrearing pig 
g NH3 ldlfattening pig 
g NH3 ldlfattening pig 
g NH3 I d 1 fattening pig 

Emission 
Emission 
Emission 
Average Emiss 

% of 
excreted 

TKN' 
6.8 
6.5 

10.3 
8.6 
7.3 

13.9 
13.7 
12.5 

g NH3I 
dlpig 

0.74 
0.7 
1.2 

0.86 
0.78 
5.69 
5.87 
5.7 

0.94 
3.9 
6.9 
5.4 
15 
60 

51.6 

fattening 

Rearing 

Fattening 

O/O of excreted TKN 

O/O of excreted TKN 
O/O of excreted TKN 

g NH3- 
Ni l  OOOkg 

LWId 
32.5 
31.2 
51.7 
42.2 
35.3 
72.3 
71 .O 
64.1 

kg 1 animal 
g NH3-N11 000kg LWld 
% of excreted TKN (assuming 449 g TKN11000kg LWId 
leaving barn) 

Assumed weight for rearing 
hog 
Emission 

Emissions 

kg / pig 
kg 1 pig 
g NH3-NllOOOkg LWld 

NH3-N emission rear 
NH3-N emission 
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I 
2 
3 
4 
5 
1 
2 
3 

kg I hog 

15 
93.3 

17.2 

90 

fattening 
Weighted average NH3- 
N emission 

Average emisisons from rearing 
experiments 
Average ernisisons from fattening 
experiments 
Average of all 8 experiments 

g NH3-N11000kg LW/d 
% of excreted TKN (assuming 449 g TKNl1000kg LWM from 

10.3 

18.75 
18.5 
19.1 
16.8 
18.2 

64.85 
68.05 

73.2 

7.9 

13.3 
9.9 

12.4 
11 

10.9 
10.3 
11.1 
29.6 

2 5  
29.6 

barn) 
% of excreted TKN (assuming 449 g TKNl1000kg LWld from 

16.7 

15.4 

25.1 
26 

27.3 
23.3 
25.3 

100.1 
111.1 
116.8 

barn) 

% of excreted TKN 



C. 1.5 Kruse et al. (1 989): Environ. Pollut. 56:237-257. 

Gustafsson (1987): Lat. Devel. Liv. Page 9. 

Kruse et al. provide an overall emissions estimate for Scotland.   ow ever, no data 
specific to barns was provided. The paper also referenced an estimate for emissions from 
the barn from the Grasslands Research Institute, which was given as 2 - 20% of excreted 
TKN. Although this estimate was not specific to swine waste, the median value (1 1%) is 
included in this study. 

Minimum emission 
Maximum emission 
Average(minimum and maximum) 
Assumed weight 
NH3 -N emission 
NH3-N emission 

C. 1.6 Oosthoek, et al., (1 99 1): In Odour and Ammonia Emission from Livestock 
Farming, 3 1-49. 

Emission measurements were made with a pit storage, slatted floor system. A scraper 
was used for cleaning. Average indoor temperature was 1 9.g°C. Measurements were 
made for a full year. 

2.4 
15 

8.7 
60 

1 19 
21.0 

g NHJdIfattening pig 
g NHJdIfattening pig 
g NHddIfattening pig 
kg 1 fattening pig 
g NH3-N11 000kg LWId 
% of excreted TKN 

C. 1.7 Groenestein and van Faassen (1 996): J. Agr. Eng. Res. 65(4): 269-274. 

All experiments were made with fattening pigs 

Groenestein and van Faassen performed two sets of experiments with 108 and 288 pigs. 
They used a litter system, which was designed to suppress NH3 emissions. While giving 

Housing Type 
Underfloor storage 
Slatted floors 
Underfloor 
separation 

low NH3 emissions (1 2. I), the NzO emissions were significantly high. Experiments 
performed between October and April. The indoor temperature was 17.3OC. 
From Groenestein and van Faassen: 

Weight* 

kg 
60 
60 

60 

Emission 
kg 

N H3/p iglyr 
3 
3 

3.1 
Average loss (% of excreted TKN) 
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20.3 

Emission 

kg I pig 
kglp ig 
kglp ig 
g N l h r l p i g  

TKN from 
barn 

2 

December to April 
288 
26 

107 
66.5 
0.12 

Session 1 

Dates 
N pigs 
Start pig weight 
End pig weight 
Average pig weight 
NH3-N emission 

Emission 

1 
October to 

February 
108 
31 

110 
70.5 
0.24 

5% of excreted 
TKN 

20.1 
20.1 

20.6 

g N/1000kg LW I d 
113 
113 

117 

449 
449 

449 



[ potential of the anaerobic lagoon. 
Referenced Hoeksma et al. (1993) Report 93-23. IMAG-DL0 (Inst. Of Agr. And Environ. Eng.), 

I 

Table continued 

C. 1.8 Gastel et al. ( 1  995): 7th Int. Syrnp. On Agr. and Food Proc. Wastes. 

g N11000kg LWld 
g TKNll OOOkg LWld 
O/O loss 

The Netherlands. 
1 

NH3-N emissions I 0.3 1 g NH3-N I h 1 pig 
No data on pig size (we assume 60 kg) 

2 

December to April 
43.3 
449 
8.8 

Session 1 

Dates 
NH3-N emission 
TKN from barn 
NH3-N emissions 
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1 
October to 

February 
81.7 
449 
15.4 

g NH3-N11 000kg LWId 
g TKN11000kg LWId 
% of excreted TKN 

NH3-N emissions 
TKN from barn 
NH3-N emissions 

Results from a study by the Research Institute for Pig Husbandry in the Netherlands are 
presented. The study measured emissions from a pit system, in which the authors attempted to 
lower NH3 emissions by using a dilute flushing solution (1 8% of original TKN concentration). 
Emissions were lowered by 50%. Indoor air temperature was 20°C. 

%lossofTKN Average of 2 studies 

120 
449 
2 1.1 

12.1 
We use 12.1 O/O for Groenstein and van Faassen and 21.1 % for the Hoeksma reference. 
Groenstein and van Faassen used a litter system, which attempts to reduce NH3 emissions. 
However, N20 emissions are higher. 
They calculated N20 emissions as 

NH3-N 
emission 

Assumed 
weight 

kglpig place 
60 
60 
60 
5 .  

150 

NH3-N 
emission NH3 emission 

kg NHJpig 
placelyear 

1.07 
1.11 
1 .15 

0.1 94 
4.87 

Growinglfinishing 
Growinglfinishing 
Growinglfinishing 
Nursery room 
Farrowing room 
Average 

N20 emissions 
kg N2011000 45kg hogslyr 

2636 
1863 
2250 

18.1 
17.9 
19.7 
22.9 
21.1 

They assume that slatted floor systems have zero N20 emissions 
This N,O emission corresponds to 675000 kg COz, which is larger than the global warming 

N20  emissions 
kg N201kg LAW I yr 

0.05857751 
0.04140064 
0.04998908 

System 

1 
2 

g NH3-N11 000kg LW/d 

N20-N emissions 
g N201hlpig 

0.3 
0.2 

40 
42 
43 
88 
73 

Average 

8.2 
8.5 
8.8 

16.3 
14.0 
11.2 



C. 1.9 Aamink et al. (1996): J Agr. Eng. Res. 64(4):299-3 10. 

Experimer 
from Dece 

Rearing 

Fattening 

tal results for rearing and fattening pigs are presented. Measurements made 
nber to September. Indoor temperature averaged 23.g°C. 

C. 1.10 Aarnink, et al. (1997): J. Agr. Eng. Res. 66(2):93- 102. 

Pig 
weights 
Starting 
Final 
Average 

Three partially slatted (75% solid 25% slatted) compartments with two pens each were 

Growing 
period 

1 

2 
3 
4 

1 
2 

used. Experiments were performed in the summer and in the winter. The barn housed 

Dates 

Jan-Feb 
March- 
April 
June-July 
Aug-Sept 
Dec- 
March 
May-Aug 

NH3 
emission 

g NH31 d 1 
pig 

0.66 

0.63 
0.64 

1.3 

6 
6.2 

Rearing 
10.5 
28.1 
19.3 

Rearing NH3-N emissions 
Fattening NH3-N emissions 
Average of 6 experiments 
Winter emission rearing (January to 
February) 
Summer emission rearing (June -> 
September) 
Summer:Winter emissions 
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N emission 
9 NH3- 
N/1 OOOkg 
LW Id 

28.2 

26.9 
27.3 
55.5 

75.4 
78.0 

Fattening 
25.2 

105.8 
65.5 

108 fattening pigs, with an indoor temperature of 2 1.7'C. 

N emission 
O/O loss (Assuming 449 
911 000kg LW/d from 
barn) 

5.9 

5.6 
5.7 

11 .O 

14.4 
14.8 

kglhog 
kglhog 
kglhog 

7.1 
14.6 
9.6 

28.2 

41.4 
1.47 

Start weight 
End weight 
Average weight I animal 
NH3 emissions 
NH3-N emissions 
TKN from barn 
Excreted TKN 
Emissions from barn 
Winter NH3 emissions 
Summer NH3 emissions 
Summer:Winter emissions 

% of TKN excreted 
% of TKN excreted 
% of TKN excreted 

g NH3-N11000kg LWId 

g NH3-N/1 000kg LWId 
ratio 

25.8 
112.3 
69.1 
6.6 

78.7 
449 
528 
14.9 
5.65 
7.62 
1.35 

kg I hog 
kglhog 
kg I hog 
g NH3 1 d 1 animal 
g NH3-N 11000kg LWld 
g TKNll OOOkg LWld 
g TKNl1000kg LWld 
% of excreted TKN 
g NH3 I d 1 animal 
g NH3 / d 1 animal 
ratio 



C. 1.1 1 Aamink and Wagemans (1 997): Trans. ASAE 40(4): 1 16 1-1 170. 
Two fattening trials divided into three-week periods. The first trial was conducted in the 
winter (November to February), and the second trial was during the spring and early 
summer (April to July). All experiments were in a pit system with a partially slatted 
floor. The slats were studded to prevent pigs fiom lying in this area, and the solid floor 
was heated to 30°C. Oil was used on the slurry to suppress ammonia volatilization, and 
ceiling fan (C 1,2) and floor fan (F 1,2) systems were tested. 
No emissions are presented, but they do give flow rates, and concentrations, which were used 
to calculate emissions. 

C. 1.12 Arogo et al. (2001): Report White Papers. National Center for Manure & Animal 
Waste Management. 

Referencing Heber et al. (2001): Final Report: National Pork Council. 
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Referencing Hendriks et al. (1 998): ASHRAE Transations 1 O4(l): 1699- 1 705. 

F1 
36 

no 
30.1 
110 

70.1 
18 

34.8 
6.3 

0.170 
48.1 

9.7 

C1 
36 

no 
30.1 
110 

70.1 
20.7 
32.6 
7.7 

0.193 
54.5 
10.8 

1 
N pigs 
Oil layer 
Start weight 
End weight 
Average weight 
Temp 
Ventilation I pig 
NH3 concentration 
NH3-N Emission 
NH3-N Emission 
NH3-N Emission 

f emperature 
(-OC) 

23.0 
25.0 
25.0 
21.0 
21.0 
22.0 

r 

Pig type 
GrowlFinish 
GrowlFinish 
GrowIFinish 
Growtfinish 
Growlfinish 
GrowIFinish 

Emission 

glh-AU 
g NH3-N11 000kg LWM 
% of excreted TKN (assuming 449 g TKNI1000kg LWld from barn) 

NH3 emission 
NH3-N emissions 
NH3-N emissions 

C2 
36 

yes 
30.1 
110 

70.1 
22 

68.9 
4.2 

0.222 
62.6 
12.2 

kg 
kg 
kg 
O C  
mJlpiglhr 
FPm 
g NHJpiglhr 
g NH3-N11 000kg LWId 
% of excreted TKN 

Floor 
type 
SF 
SF 
SF 
SF 
SF 
SF 

0.480 
0.790 
0.760 
0.200 
0.230 
0.250 
0.452 

3.50 
138 
23.6 

Average 

glh-AU 
glh-AU 
glh-AU 
glh-AU 
glh-AU 
glh-AU 
g NH3 I h I 500 kg LW 
g NH3-N11 000kg LWId 
Oh of excreted TKN (assuming 4499 
TKN11000kg LWlday from barn) 

Emissions 

Loss 

F2 
36 

yes 
30.1 
110 

70.1 
20.5 
67.9 
4.6 

0.241 
67.9 
13.1 

17.9 

3.8 

Average 

0.207 

11.5 



C. 1.13 Demmers et al. (1 999): Atmos. Environ. 33(2):2 17-227. 

C. 1.14 Hinz and Linke (1 998): J. Agr. Eng. Res. 7O(l): 1 1 1 - 1 18. 

Experiments on 308 small growing pigs (26 kg/hog). Indoor temperature was 20°C. 
Measurements in summer and fall. 

Measurements made on 432 fattening hogs (80 kg/hog). Measurements from April to 

NH3 emissions 
Units 
NH3-N emissions 
TKN from barn 
NH3-N emissions 

September. 
8 

I Number of animals 1 432 

Emission factor is based on all measurements made. 

46.9 
500 

21 1.64 
449 
32.0 

kg NHJ LU I yr 
kg 1 LU 
g NH3-N / 1000kg LW/d 
g TKN / 1000kg LWld 
% of TKN excreted 

I Weight for I 

Start weight 
End weiaht 

measurements 

Days of 
measurement 90- 1 00 

25 
100 

NH3 emission 
NH3-N emissions 118.6 
TKN from barn 

animals 

NH3-N emissions 
C 0 2  emissions 
CO, emissions 

- -- 

kg I animal to start 
kg I animal at end 

20.9 
0.64 

504.576 

kg I animal during measurements 
time of measurements (don't specify that the nh3 and co2 
emission factors are calculated then) 

day fattening period (longer than may-june time span) 
g Nlh1500 kg LW 
g NH3-N11 000kg LWId 
a TKN11000ka LWId 
% of excreted 
kg I h 1 500 kg LW 
ka / 1000 45 ka hoas / vr 

C. 1.15 Koerkamp et al. (1 998): J. Agric. Engng Res. 70(1):79-95. 
Summary of experiments with sows, weaners and finishers with slatted floor, pit, and 
litter systems in four European countries. 
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- - - --- - --- - -- 

Sows 
Sows 
Weaners 
Finishers 
Finishers 

litter 
slats 
slats 
litter 
slats 

--- - --- - - -- - 
Emissions (mg NH$ hr / 500kg LW) 

England 
744 

1,049 
1,047 
1,429 
2,592 
1,372 Average by country 

mg NH3-N I h 1500 kg LW 
mg NH3-N 1 h 1 500 kg LW 
mg NH3-N I h 1500 kg LW 

g NH3-N11 000 kg LWId 

Netherlands 

1,282 
786 

2,076 
1,381 

Average of all 
Median 
Standard deviation 
Average NH3-N 
emission 

1,756 
1,496 

929 

84.3 

Denmark 

1,701 
1,562 
3,751 
2,568 
2,396 

Germany 
3,248 
1,212 

649 

2,398 
1,877 

Average by 
type 

1,996 
1,311 
1,011 
2,590 
2,409 



C.l .I6 Ni et al. (2000b): J. Environ. Qual. 29(3):751-758. 

Table continued 

Ammonia Emissions from a Large Mechanically-Ventilated Swine Building during 
Warm Weather. Experiments performed over 88 days from June to September. The 
average daily mean outdoor temperature was 21.8OC. The barn had an 800m2 pit, which 
was not flushed during the experiment. The authors state that the mean rate is higher 
than other reported values, because the data was collected during a high temperature 

g NH3-N11 000 kg LWld 
g TKN11000 kg LWId 
% of excreted TKN (we use this value) 

% of excreted TKN 

Median NH3-N 
emission 
TKN from barn 
Average 
Median NH3-N 
emission 

period with high ventilation rates. 
Correlations of ammonia emissions to total live weight, ventilation rate, and indoor 
temperature with R~ values of OS2,OA 1, and 0.12 respectively. 

71.8 
449 
15.8 

13.8 
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gldIAU (AU=SOOkg) 

gldIAU (AU=500kg) 

g/d/AU (AU=5OOkg) 

g NH3-N11000kg LWld 
g TKN11000kg - - LWld 

% of excreted TKN 

% of excreted TKN 

Average NH3 emissions 

Minimum NH3 emissions 

Maximum NH3 emissions 

NH3-N emissions 
TKN from barn 

Reference to Ni (1998): Ph.D. Thesis, Catholic University of Leuven, Leuven, Belgium. 

145 

68 

274 

239 
449 

gldlAU (AU=500kgLW) 

gIdlAU 

gld1AU 

g NH3-N11 000kg LWId 
g TKN11000kg LW/d 

O/O of excreted TKN 

Minimum NH3 emissions 

Maximum NH3 emissions 

Average (of minimum and maximum) NH3 emissions 

NH3-N emissions 
TKN from barn 

NH3-N emissions 

NH3-N emissions 

NH3-N emissions range 

54 

113 

83.5 

138 
449 

23.4 

34.7 

16.2-65.6 



C.1.17 Ni et al. (2000a): J. Agr. Eng. Res. 77(1): 53-66. 
All experiments with empty barn were done in June. All experiments with heating were 
done at night (8-1 2pm). Experiments performed with a full barn were done in March - 
April. 2,000 head, deep pit slatted floor. Indoor temperature was 19.9'C. 

They state that emissions from pit are 65 and 24 % of the emissions with pigs, 
However, when the experiments with comparable temperatures are compared: 

I Emission I Emission I 1 

N Pig 
places 

858 
870 

Live 
weight 

kg LAW 

75,590 
73,254 

test 1 
test 2 
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Calculation of the emissions as a percent loss of excreted TKN 

When temps are about even, the emissions from the pit are 27 and 17% of total. 

No pigs 
68 
32 

Emissions 

Test 

1 
2 

Heated I 
No pigs 

glh 
167 
46 

pigs 
255 
185 

Emission 
Full 

9 NH3- 
Emission 

N H3- 
NI1 OOOkg 

LW/d 
66.7 
49.8 

Heated / 
Full 

gl  h 
255 

184.7 

Temp 

% from pit 
26.67 

17.3 

Emission 
Full 

% of 
excrete 
d TKN 

12.9 
10.0 
11.5 Average 

LW 

kg LW 
75,590 
73,254 

Emission 
After 

heating I 
No pigs 

glh 
68 
32 

Heated 
1 No 
pigs 

OC 
28 
31 

Emission 
Full 

g NHJhr 
255 
185 

Temp 
After 

heating / 
No pigs 

19 
21 

Heated 
1 Full 
"C 

20 
20 



C. 1.18 Misselbrook et al. (2000): Atmos. Environ. 34(6):871-880. 
The housing emissions listed in the following table are based on data from Groot 
Koerkamp et al., 1998; Demmers et al., 1997; Peirson, 1995; Phillips, unpublished and 
pigs were assumed to be indoor: 

Total 

Hog weight 
categories t 
Average # pigs* I 9,525 
Emissions g N 1 500 kg LW day* 
From Misselbrook 

Weighted emissions [g N1500 kg 

365 days per year. zziqxzz - -  - -  

Market hog breakdown by 
weight 

I I I 

I bs Ibs . Ibs I bs 
< 27 27-54 54-82 kg > 82 kg 

The authors total emissions per year for UK in 1997. This is a high emission factor for 
the barn relative to the storage. This may be due to different waste management systems 

g TKN 1 1000kg LW I d 
gTKN11000kgLWld 
% of TKN leaving barn 
% of excreted TKN 

LW day] 

employed in Europe. - - - - - -- - - - - - - - -- - -- -- - -- - - - - - -- - - - - - - - - 
~ T - N H ~  - N PER YEAR % OF TOTAL NH3-N loss _ _  _ _ _ _ _  - - _ _ -  - - - 

'Hog data from North Carolina Department of Agriculture (average of 1996-2000) 
Livestock Statistics, http:l/www.agr.state.nc.uslstatsllivestocllivestoc.htm. 

TKN from barn 
Weighted emissions 
NH3 emissions 
NH3 emissions 

- - -  

Housing 16.2 _ _  _ . -_ ,6O.2 - . - . - - - - . - - - - - -  - - - - --- - -. ' Storage 2.8 10.4 
, , _ -_ . __ - -. ._ _ -_ - __- ._ . 

,Land spreading 7.0 -- . -- -. - --- . . - - . - 26.0 
. . - . . . - - - . -. - . . - . . . -- - . -. . - - - . --. . . . - - - . . . - - -. - .- . 

Outdoors 0.9 ,3.3 _ _ .. ... __ .. _ . __i 

449 
130 

29.0 
22.5 

C.1.19 Heber et al., (2000): T. ASAE 43(6):1895-1902. 
Measurements were made with a pit system housing 2000 head. Measurements from 
March to September. Indoor temperature was 23S°C. 
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I Initially 
-. 

Final 
N pigs 

855 
865 
841 
838 

Total weight 
kg 

55,640 
53,192 
48,608 
44,166 

Barn 

Pig weight 
kg 1 pig 

65 
61 
56 
51 

Average weight 
kg I I I 

First Trial Weight 
kg 1 pig 

112 
108 
117 
112 

Barn 
3a 
3b 
4a 
4c 

LW 
kg 

95,760 
93,420 
98,397 
93,856 

n pigs 
856 
872 
868 
866 



Table continued 
3a 
3b 
4a 
4c 

2nd 
Barn 
3a 
3b 
4a 
4c 

C. 1.20 Hanis et al. (200 1): One Atmosphere, One Inventory, Many Challenges, Denver, 
CO. 

The authors used open-path Fourier transform infrared (OP-FTIR) measurements to 
measure concentration of ammonia in the exhaust gas from barns in North Carolina. The 
experiments were conducted in the summer; therefore, they are expected to be higher 
than a yearly average. They report data by age, and include animal weight. Emission 
rates do not appear to be proportional to either the number of animals or the animal 
weight. Emissions do correlate better with the number of pigs than with the live weight, 
though. This is consistent with the assumption that emissions are proportional to area, 
and thus pig place, in barns by Pahl et al. (2002). 

i I I 

75,700 
73,306 
73,503 
69,011 

at end 

, 
Average daily ammonia emission rates 

Average of control and treated 
emissions 

Appendix 22 

I 

Barn 
3a 
3b 
4a _ 4c 

initially 
n pigs 

881 
874 
832 
863 

Average weight 
kg 

54,776 
49,087 
53,054 
52,697 

1 trial 
2"' trial 
Entire 

26.4 

Total weight 
kg 

24,976 
19,514 
25,404 
23,409 

n pigs 
892 
887 
876 
867 

weight 
kg 1 pig 

96 
90 
97 
95 

Treated I Control I Treated I Control 
g NH3-N 1 1000kg LW I d 

-- -- - 

% of excreted TKN 
Dates for each trial: (March->May for trial 1) and (June->Sept. for trial 2) 

weight 
kg I pig 

28 
22 
29 
27 

LW 
kg 

84,576 
78,660 
80,704 
81,985 

Treated [ Control I Treated ( Control 
g NH31d/AU 

TKN leaving barn 

94 
176 
159 

ratio of average emissions from trial 2 to average 
emissions from trial 1 Summer:Spring emissions 

65.2 
121.8 
94.3 

57.1 
106.6 
96.4 

449 

108 
242 
214 

1.94 

g TKNI1000kg LW / d 

First trial 
Second 
trial 
Entire 

65.3 
146.7 
129.9 

89 
153 
122 

53.9 
93 
74 

107 
201 
155 

% loss (of excreted TKN) 
19.3 

30.9 
25.7 

% of excreted TKN 
% of excreted TKN 

17.3 

28.1 
26.1 

Average emission control 
Average emission treated 

29.0 
23.7 

19.3 

35.0 
32.3 

16.5 

25.4 
21.3 



Age 

Weeks 
10 
13 
13 
15 
14 
17 
22 
22 
22 
21 
22 
22 
30 
26 
26 

2 9  

I I I I I median I average 
I I 

hogs 

942 
932 

1000 
970 
936 
912 
937 
937 
937 
916 
895 
895 
370 
760 
822 
570 

0.469 
0.353 
0.31 1 

- - 

average 
median 
stdev 

C.1.21 Pahl et al. (2002): Environ. Technol. 23(4):395-403. 
They report values of 0.71 kg NH3-N / [pig place] / year for a time period of 40 days 
when a crust was noted on the top of the slurry layer. This crust was sufficient enough to 
hold recently produced solid waste above the liquid layer. Prior to subsequent 
experiments, this solid crust was removed. They then report emissions of 0.44 kg NH3 - 
N/[pig place] I year for an untreated slurry and 0.21 kg NH3 - N/[pig place] / year for a 
sluny that was treated with a layer of oil in order to suppress emissions. Emission values 
were based on pig place, because they assumed that emissions would be fundamentally 
related to area more than the mass of waste for large numbers of animals. The waste had 
a residence time of one month in the barn. 

-- -- 

0.549 
0.461 
0.288 
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Weight 

Pounds 
47,100 
69,900 
60,000 

204 
449 

653 
45.4 
31.2 

Emissions 
Leaving Barn 
Excreted by 
hog 
Emissions 
Emissions 

g NH3-N I d I 1000 kg 
gTKNId11000 kg 

g T K N / d /  1000 kg 
% of leaving barn 
% of excreted 

g NH3 I hr 1100 1b live 
weight 

0.805 
1 

0.86 

g NH3 1 
min 

6.32 
11 -65 

8.6 

153 
449 

602 
34.2 
25.5 

1.086 
0.553 
0.474 
0.203 

0.28 
0.319 
0.203 
0.184 
0.224 

- -  - 0.552 
0.163 
0.203 
0.387 

Emissions 
g NH3 1 hr 1 

hog 
0.403 

0.75 
0.51 6 
0.76 

0.387 
0.474 
0.345 
0.476 
0.542 
0.345 
0.294 
0.358 

1.38 
0.343 
0.447 
0.966 

67,900 
65,520 
91,200 

159,290 
159,290 
159,290 
155,720 
143,200 
143,200 
92,500 

160,600 
180,840 
142,500 

12.29 
6.04 
7.2 1 
5.43 
7.24 
8.47 
5.26 
4.38 
5.34 
8.51 
4.35 
6.13 
9.18 



C.1.22 Doom et al. (2002): Atmos. Environ. 36(36-37):5619-5625. 

r 

Unclean surface 

0.73 

2 .O 
15.5 
129 

22.3 
18.5 

Reporting on experiments by Hams and Thompson (1 998) 
Measurements were made during the day in May, January, and November. These 

Cleaned surface 

0.44 

1.2 
15.5 

78 

14.8 

C. 1.23 Harper et al. (2004): J. Environ. Qual., 33(2):449-457 

O/O of excreted TKN (average of unclean and cleaned) 

Surface treated with 
oil 

0.21 

0.6 
15.5 

37 

7.6 

represent an upper bound, because emissions typically peak in the daytime. 

The authors measured emissions from the barn in the winter and the summer. Their 

1 

kglpplyr 

glppld 
kglp 
g NH3-N11000kg 
LWld 
% of excreted TKN 

results are summarized in the following Table. 

kg NHJ piglyear (farm 10 in NC) 

kg NH3-Nlpig 1 year 
kglhog (stated in Doorn et al. 2002) 

kg NH3-NI kg hog / year 

gNH3-N11000 kg L W l d  

g T K N ~  
g TKN I1000 kg LW / d 

% of excreted 

Ammonia emissions 

N emissions 
Average hog weight 

NH3-N emissions 

NH3-N emissions 

3.69 

3.0 
69 

0.044 

121 

I 

Average I 38.5 1 63.4 1 449 1 512 1 12.4 

Winter 
Summer 

The ratio of summer emissions to winter emissions is S8.9ll8.l or 3.25. 

TKN from barn 
TKN excreted 

NH3-N emissions 

C. 1.24 Van der Hoek (1 998): Atmos. Environ. 32(3):3 15-1 6 .  

449 
570 

21.2 

NH3-N emission 

g NH3/500 kg / d 
18.1 
58.9 

This paper presents default ammonia emission factors for animals across Europe as 
estimated bv the UNECE expert panel on ammonia. 

NH3-N emission 

% of excreted TKN 
6.2 

17.8 

NH3-N emission I N from barn I N from hog 

g N i l  000kg LW/d 
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29.8 
97.0 

d 

Emissions 

Hog weight (assumed) 

Emissions 
TKN leaving barn 
TKN entering stage 
Emissions 

449 
449 

Storage 

0.85 

39 

449 
8.6 

Barn 

2.89 

60 

132 
449 
581 

22.7 

479 
546 

Land application 

2.65 

121 

410 
29.5 

Total 

292 

50.2 

kg NH3-Nlyrlpig 

kg NH3-N/yr/pig 

g NH3-N11 000kg LW/d 
g TKN11000kg LW/d 
g TKNI1000kg LW/d 
% of TKN entering stage 



C.2 Seasonal and time of day fluctuations in ammonia emissions from the barn 

Seasonal and diumal emission fluctuations in the barn have been noted. During wanner 
periods, fan use increases in order to control temperature. The increased fan use has been 
correlated with both lower concentration levels and with higher emission rates. The 
increase in fan use as well as higher ammonia vapor pressure contributes to an increase in 
emissions during summer months. The diurnal fluctuations are more complicated due to 
feeding times and pig activity levels. 

Several papers have presented emissions by season or by month. Another subset of 
papers has included graphs of diumal emission patterns. Data on both seasonal and 
diurnal patterns are summarized in the following Table, and correction factors are 
calculated for seasonal emissions and for daytime or nighttime emissions. The 
calculation of each ratio is described in Appendix C.1 for the corresponding paper. The 
ratios are shown with extra digits for calculational reasons. These should not be 
interpreted as being significant figures. The seasonal change in ammonia emissions is 
temperature dependent, and should be greater in climates that require larger increases in 
ventilation for cooling. 

- 

Harper et al. (2004) J. Environ. Qual., 
33: 449-457 
Aarnink et al. (1 995) J. Agr. Eng. Res., 
621105-116 
Aarnink et al. (1 996). J Agr. Eng. Res., 

ratio 

3.25 

1.32 

64:299-3 10 
Aarnink et al. (1997). J. Agr. Eng. Res., 

1 .l 1 Netherlands 1 1.47 

66:93-192 
Burton and Beauchamp 
Heber et at. (2000). Trans. ASAE 
43(6): 1 895-1 902 
Average 

Netherlands 
Canada 

1.35 
4.1 

1.9* 
2.2 

Ne calculate the following 

Both the uncorrected and corrected emission factors are shown in the following Figure. 

*The seasonal ratio for Heber et al. (2000) was summer to spri~ 
Assuming that the yearly emissions are the average of summel 
spring and fall seasons are equal to yearly average emissions, 
correction factors 

It is clear that the uncorrected measurements in the summer are higher than 

Yearly emissions:Winter emissions 
Yearly emissions:Summer emissions 
Yearly emissions:3/4 year excluding 
winter emissions 
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1.62 
0.72 

0.89 
Assuming that average daily emissions are the average of nigh 
emissions, we calculate the following correction factors 
Average daily emissions : average night 
time emissions 
Average daily emissions : average day 
time emissions 

1.17 

0.87 



measurements taken over a full year. In all of the cases, the corrected emission values are 
closer to the mean emissions than the uncorrected values. The standard deviation of the 
measurements made over a full year was 5.5% of excreted TKN. The standard deviation 
of all uncorrected measurements was 7.5% of excreted TKN, and the standard deviation 
of all corrected measurements was 5.6% of excreted TKN. This indicates that the 
correction put the values within the expected range of variation for measurements made 
over a full year. 

Application of correction factor to data on barn emissions 

+ Uncorrected 
Corrected 

- Mean of corrected mlues 

0.0 1 
0 Whole Summer Summer Winter Day Night 

year . only 314 year ' only time time 
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'Ln 
0 
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Appendix E: Error propagation for ammonia volatilization measurments 

The expected error of each method used to determine ammonia emissions is unknown. 
Consequently, estimates of ammonia emissions as a percent loss and estimates of a yearly 
average mass transfer coefficient have unknown errors. Given enough measurements, a 
standard deviation, which would indicate the extent to which measurement methods and 
lagoons varied, could be calculated. Separating lagoon variations from inter- 
measurement variations would require a statistically significant amount of experiments 
with each method. At the current time, measurements are limited in number, and 
estimating the error in ammonia emissions measurement is imprecise. 

To provide some measure of errors associated with each method, we estimated expected 
errors of all underlying measurements. Some of these estimated errors, such as the N 
content in waste from the barn, are statistical measurements over many data points. 
However, the estimates of error for other measurements, such as lagoon area and flow 
rate, are typically not given. The estimated errors of all measurement types are given in 
Table 1. Based on standard rules of error propagation, we estimate the resulting error in 
the calculated values of the mass balance on conserved elements, the yearly average mass 
transfer coefficient, and the percent loss of N. 

E.l Rules of error propagation 

If errors are independent from each other, then the expected error of calculated values can 
be estimated with the following formulas. 

. . 

Multiplication / Division: 

B'C  , where the parameters B,C, and D have standard deviations Given the equation, A = - 
D 

of b, c, and d, the standard deviation of A (a) can be calculated according to: 

Addition / Subtraction: 
Using the same notation for standard deviations given above, and given the equation 
A = B + C - D , the standard deviation of A can be calculated according to: 
a2 = b 2  +c2 + d 2 .  

E.2 , Mass balance of conserved elements (output I input ratio) 
A mass balance was made over conserved elements to test the anaerobic lagoon model. 
We estimate the error of the ratio of (output plus accumu1ation):input as follows: 
output+accumulation 

= a, + I Q' -Q""' + ( p -  E ) '  A 
. C;JY , which should approach a ratio of 1 .O. 

input Q"' - CIw 
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E.3 Yearly average mass transfer coefficient, bNH,-, 

The error in yearly average mass transfer coefficient is calculated as follows: 

Let A = pTKN Q"'cgN , where prKN = (1 -aTKN) 
G $ N  

E.4 Percent loss based on mass balance 
The percent loss was given in the paper as 

~ N H , - N . ~ '  c;{N 
volatilization loss (fraction of input TKN) = . '  

Q"' - GN 
A 

The error estimate for bNH3-, is related to the error estimates of the other parameters in 

this equation. Therefore, we re-write the equation in terms of measured parameters: 

[Qstudge - Q/ + (E - P ) .  A ]  
volatilization loss (fraction of input TKN) = (1 - aTKN) + . c;fN 

Q"'C& 

The error estimate is then calculated as follows: 
Let 2 = - QJ + ( E  - P ) .  A ]  . 
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The error in fractional loss is then calculated as: 

E.5 Percent loss based on direct measurement 
The ammonia loss reported by the direct measurement methods is typically given in the 
form of a flux, and sometimes also as a percent loss. Unless input N was measured, we 
used the flux measurements, so that the percent loss is calculated based on the same 
assumption per unit live weight as the mass balance measurements. In that case, the 
percent loss is given by: 

(FIUX) . A 
NH, volatilization loss (fraction of input TKN) = 

Q"' . CGN 

E.6 Mass transfer coefficient based on direct measurement 
The yearly average mass transfer coefficient can be calculated frdm the estimated yearly 
flux and the estimated yearly average concentration. 

 l lux) -- biw3-iv - 
f 'c% 

The expected error in this quantity can be calculated according to the equation 

Appendix 3 1 



Error estimate of measured parameters 

Symbol 

Qsludge 

flux 

I Description of I Relative 
I parameter I error 

fraction 

TAN:TKN 
settling N 

1 evaporation 

settling K 

input of raw waste ' 0.35 

1 

effluent 
concentration 

concentration in 

flow to lagoon 

lagoon area 

flow into sludge 

Quantity of I Description of basis for estimate 

0.25 

I I ldue to prevalence of extreme precipitation 

papers by Glanville et al. (2001) and Ham and 
DeSutter ( 1999). 

difference between data from Bicudo et al. 
( 1999) and fiom Humenik and Overcash (1976) 
difference between data from Bicudo et al. 
(1999) and from Humenik and Overcash (1976) 
National climactic data center (0.1 S ) ,  increased 

data 

x 

none 

x 

many 

X 

x 

years 
assumed to be equal to, but independent o f  

x 

I I (concentration, not a standard deviation o f  

few 
x 

x 

precipitation deviations (no change made due to 
evaporation from lagoon) 
when nutrient input is estimated based on  live 

x 

1 1 lchanges in concentration over shorter periods 

weight 
this is an estimate of the error in the average 

I I x lsame as above 
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x 

x 

x 

x 

this is an estimate of the error in reported total 
input flow 
this is estimated based on data in Bicudo et al. 
( 1 999) 
assumed to be easy to measure and relatively 
accurate 
estimate of agreement between measurement 
methods 



Appendix F: Carbon emissions calculations (CH4 and COz) 

F.1 Measurements of emissions from anaerobic lagoons 

Lagoon number 

F. 1.1 Sharpe and Harper (1 999): Atmos. Environ. 33(22):3627-3633 

Sum 

kglhalday 
126 

5.50 
2.60 
1.30 

animals 
ha lagoon 

Number of hogs 
Lagoon area 
Time of data collection 

CH, content 67.9 

12,000 
9.60 
full year 

Area 

I (assume volume 
k g l d  %) 

441 79.2 1 31 8 

O/O by volume, based on total CH4 produced and Total Biogas 
produced 

% by volume (assuming biogas is purely C02 and CH4) I 
kglhalda y 

F.1.2 Zahn et al. (2001b): J. Air Waste Manage. 51(4):562-573, Zahn (2001) 
Data here is from the published citation above and a personal communication. 

kglhog 
kg LW 

g CH4/kg LWld 

g CO2Ikg LWld 

Hog weight 
(assumed) 
Total live weight 

CH, produced 

C02 produced 

60.0 
720,000 

0.64 

0.83 

- - 

Hog count 

CHs flux 
August 
September 1 October 
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42 
645 

1,260 
1,800 
3,747 

- - 

October 
Average 

- -- - 

farrowing sows 
nursery pigs 
grower pigs 
finisher pigs 
Total hogs 

I 34 
1 62 

ngl cm21sec (Table 2) 
nglcm21sec 

80.0 
125 

nglcm21sec 
nglcm21sec 



Table continued 
I I 

Area 
Area 
Animal weight (from personal 
communicationl) 
Number hoas 

7,800 
7.80E+07 

CH, flux ave in fall 

mZ 
cm2 

28.5 
3.747 

Portion of year with emissions (near 
zero for rest of year) 

CH, flux yearly ave 

F. 1.3 Zahn et al. (2001 a): J. Environ. Qual. 30(2):635-647. 

kglhog 

121 

CH4 flux 
C02 flux 
C02 flux 
Effluent VS 
Time of data collection 

ng/cm2/s * From Prepublished ASAE 
submission # 024080 

0.60 

72.9 

1 

n farms 6 
CH4 emission 13,900 

from data given in personal 
communication 

nglcm21s 

4.60 
70 

8.85 
1,058 

Full year 

From Table 1 of Zahn et al.: 29 lagoons in Iowa, Oklahoma, and North Carolina: Flux chamber 
method August and September, 1997 

glkg LWlday 
% of CH4 flux (by mole volume) 
glkg LWIday 
mg1L 

I 

Type 3 (lagoons) 

CH, emission I 1.32 

Type 4 (lagoons with algae) 

I 
Number of hogs 5,248 
Average weight ' 

Live weight 
r 

I 
P 

We use the emissions value for the lagoon without algae (1.0 

48 
251,904 

Months of data collection 
CH, emission corrected 

8 to 9 
1.06 

J 

3 g CHJkg LWld) I 

17.5 
148,452.5 

1.94 

8 to 9 
1.55 
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kg 1 hog 
kg LW 

g CHJkg LWld 

g CHJkg LWld 



l ~ r o m  Table 5 of Zahn et al.: 29 lagoons in Iowa, Oklahoma, and North Carolina: 1 
Micrometeorological method over 24 hour sampling period 

Type 3 (lagoons) 

I 
Animalslyr table 
Animalslyr email 
Animals at a time 
kglhog 
kg LW 
CH4 emission 

lith d algae) Type 4 (lagoons v 

I I 

14,170 
14,170 
5,248 

48 
251,904 

466.1 

CH4 emission 

18,500 
24,600 

8483 
17.5 

148,452.5 
831 

1.851 5.60 

F. 1.5 Chandler et al. (1  983): In Energy from Biomass and Wastes VII. D. Klass and H. 
H. Elliott, eds. 

day 
Months of data collection 
CH4 emission corrected 

F. 1.4 Safley and Westennan (1 988): Biol. Waste. 23(3): 1 8 1 - 193. 

Used the Flux Cha,mSc-- resiii?~, because they span a year rather than 1 day ---- - ...- - 

8 to 9 
1.48 

m31kg VS 
% by mole volume 
% by mole volume 
m3 CH41kg VS 
g CH,/kg VS 

kg VS11000 kg LWIday 
g CH41kg LWlday 

months of year 
g CH41kg LWIday 
g CO21kg LWlday 
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8 to 9 
4.48 

ID 
Biogas formed 
% COz 
% CH4 

(1,000 to 1 ,100) 
(7,000 to 8,000) 

Sows 
Hogs 

Flux rate ranged from 0.5 to 3.0 m3/m21day depending on location 

Johnson 
0.750 

10 
90 

Upper coastal plains 
research center 

0.800 
7 

93 

1,050 
7,500 

Crantock 
0.750 

12 
88 

660 

m2 
m2 (113 of lagoon area at inlet) 

m3 I day in summer 

m3 1 day in winter 

m3 I day average 

Area lagoon 
Area cover 

Biogas prod 

Biogas prod 

Biogas prod 

CH4 

VSILW (assumed) 

, CH4 
Months of data 
collection 
CH4 corrected 
C02 corrected 

3,900 
1,070 

1,025 

720 

873 

487 

5.85 
2.85 

6 t o 7  
2.28 
0.47 

442 

5.85 
2.58 

7 t o 9  
2 .07 
0.63 

432 

5.85 
2.53 

6 t o 9  
2.02 
0.76 



Table continued 

O/O CH4 

O/o C02 

CH4 production 

Authors report emissions of between 0.5 and 3 m3 biogas I m2 / d depending on location over 
full lagoon. We assume that production under the cover is 3 times as great per unit area as 

Sow weight 
Hog weight 
Live weight 
Biogas prod 
CH4 production 
(uncorrected) 

production in uncovered region. 
I I I 

69.3 

23.5 

395,514 

% 

% 
I 

g CH4/day 
kglsow (estimate based on Cheng 2002 private 

182 
60 

577,909 
1.51 

0.68 

communication) 
kglhog (estimate for rest of hogs (to finish)) 
kg LW 
llkg LW/d 

a CHJka LWldav 

2.49 

F. 1.6 Cheng et al. (1 999): ASAE Annual International Meeting, Toronto: ASAE. 

g CH4/kg LW/day (assuming that CHI production 
was even across lagoon) 
g CHJkg LW/day (assuming 1 :3 ratio of CH4 

1.29 

1.20 
full year 

I VS reduction 1 87.0 1 O h  of i n ~ u t  I 

production1 areaof uncovered to covered region) 
g C02/kg LW/day (based on CH4 production and % 
COP given) 

F. 1.7 Cheng et al. (2000): In 8th International Symposium on Animal, Agricultural, and 
Food Processing Wastes: ASAE. 

TOC reduction 
CH4 content 

C 0 2  content 
CH4 produced 
CH4 produced 
Hogs 
VS loading 
VS loading 
VS loading 
Hog weight 
VS/hog 

CH4 produced 

C02 produced 
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93.0 
72.0 

28.0 

0.360 
800 

4,000 
0.0 1 57 

138 
0.378 
64.5 
5.85 

0.99 

1.06 

% of input 
volume % of biogas 
volume % of biogas (assume that C02 and CH4 are 
primary constituants of biogas) 
m31kg VS loading (fig 4) 
ft3/hr (fig 3) 
sows 
kg VSlsowlhr 
kg VSlsowlyr 
kg VSlsowlday 
kglsow 
kg VSldayl1000 kg LW 

g CH41kg LWlday 

g C021kg LWIday 

% 
% 

VS reduction 
TOC reduction 

87.3 
85.3 



F.2 Measurements of emissions from reactors 

Biogas production 
CHI content 
CH4 production 

C02 production 
Loading rate 
Volume 
Loading rate 
CH,, production 
CH4 production 
C02 production 
C02 production 
VS loading 

CH4 production 

COz production 
Months 

CH4 production 

, C 4  production 
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71 0 
70.9 

503 
207 

0.0323 
37,800 

1,22 1 
0.41 2 

270 
0.1 69 

304 
5.85 

1.58 

1.78 
8 to I 1  

1.26 

1.43 

F.2.1 Overcash et al. (1983): Livestock waste managent, CRC Press. 

1 

r-n31day 
% of Biogas production 
m31day 
m31day 
kg ~ ~ l d a ~ l m ~  
m3 
kg VSlday 

m3/kg VS 
glkg VS loaded 
m3/kg VS 
glkg VS loaded 
kg VS/1 000 kg LWlday 

g CHs/kg LWlday 

g CO21kg LWIday 
Month of data collection (during summer) 

g CH4/kg LAWlday (factor of 0.8 based on time of year) 

g C02/kg LAWIday (factor of 0.8 based on time of year) 

O/O CH4 by volume 

% C 0 2  by volume 
Ibslday 
% 
ft3/day 
kglday 
Ilday 

g CHJday 
kg VS/day/1000 kg LW 
kg VSIday 
kg LW 

g CHJkg LWlday 

g C02/kg LW/day 

CH4 content 

C02 content 
VS excreted 
VS destroyed 
biogas production 
VS destroyed 
biogas production 

CH4 
VS exc / day 
VS excreted 
LW 

CH4 

Co2 

60.0 

40.0 
4.80 
50.0 
29.0 
1.09 
821 

320 
5.85 
2.1 8 
373 

0.86 

1.58 



F.2.2 Hashimoto (l983), Pos et al. (1  985): From table in Safley and Westerman (1988). 

F.2.3 Sadaka and Engler (2000): Ln ASAE Annual International Meeting, Milwaukee, 

Has himoto 
(1 983) 
Pos et al. 
(1 985) 

WI: ASAE. 

Loading rate 

kg ~ ~ / m ~ / d  

2.48 

1.77 

F.2.4 Booram et al. (1975): In ASAE Winter Meeting, Chicago, IL: ASAE. 

Biogas 
production 

m31kg VS 
added 

0.420 

0.580 

m31kg VS consumed 

% by volume of biogas 
% of VS input (1 0% or less was reported) 
kg VS produced/1000 kg LWIday 
kg VS consumedl1000kg LW/day 
m3/kg LWIday 

g CHJkg LWIday 

g C021kg LWIday ., 

Biogas production* 

CH4 content 
VS reduction 
VSILW (assumed) 
VS consumed 
Biogas production 

CH4 production 

C02 production 

0.26 

49 
10 

5.85 
0.5852 

0.15 

0.053 

0.075 

Number of animals 
Total live weight (LW) 
Total live weight (LW) 
Animal weight 

F.2.5 Hill et al. (1984): In ASAE Summer Meeting, Knoxville, TN. 

(3-44 

volume percent of 
total biogas 

60.9 

64.1 

Biogas production 
Biogas production 
Biogas production 
Biogas production 

CH4 content 

Assumed C02 content 

CH4 production 

CH4 production 

C 0 2  production 

528 
82,000 
37,273 

70.6 
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(3-44 

g CH41kg LW 
/day 

0.98 

1 -42 

Ibs 

kg 
kglhog 

655 
18.5 

18,548 
758 

55.0 

45.0 

41 7 

0.179 

0.403 

co2 

g CO,/kg 
LWlday 

1.73 

2.19 

ft3/day 
rn3/day 
llday 
gmollday 

% by volume 

% by volume 

gmol CHJday 

g CH41kg LWIday 

g C02  /kg LWlday 

kg ~ ~ l m ~ l d a ~  

rn3 CHI/kg VS destroyed 
% 

m3 CH4/kg VS loaded 

Loading rate 

CH4 production 
VS destruction 

CH4 production 

4.00 

0.564 
53.4 

0.301 



F.2.6 Hasheider and Sievers (1 983): In ASAE Summer Meeting, Bozeman, MT: ASAE. 

Table continued 

Loading rate 1 Retentiontime 1 Mass CHI Volume percent CH4 
1 

kg ~ ~ l r n ~ l d a ~  m31kg VS inld; 
0.500 1 ( 

0.500 3 ( 

0.500 6 ( 

0.500 9 
1 1 ( 

1 3 ( 

1 6 ( 

1 9 ( * 

m3 CH Jkg VS screened (waste was screened prior to loading) 

kg 1 1000 kg LWIday (+-2.3) 

m31kg LWlday 

g CH4/kg LWIday 

'10 

% 

g C021kg LWIday 

CHI production 

VS in waste 

CHI production 

CH4 production 

CH4 content 

C02 content 

COP production 

2 6 0.377 68.0 
2 9 0.426 66.0 
4 'l 0.280 75.0 
4 3 0.335 70.0 
4 6 0.425 67.0 
4 9 0.381 66.0 
6 1 0.231 71 .O 
6 6 0.363 66.0 

Average 0.34 1 71.7 
Standard deviation 0.0531 4.99 
Relative deviation 0.1 56 0.0697 
Average VS in waste 5.85 kg VSllOOO kg LW 

CH4 production 1.99E-03 m3 CH,/kg LWlday 

0.190 

5.85 

1.76E-03 

1.15 

55.0 

45.0 

2.59 

CH4 production 1.30 g CH4/kg LWIday 

C o n  23.3 O/o C 0 2  

COz production 1 .I 7 g COzlkg LW/day 
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F.2.7 Smith (1 973): In Midwest Livestock Waste Management Conference, ISU, Ames, 
IA. 

F.2.8 Roll et al. (1973): In ASAE Winter Meeting. Chicago. IL: ASAE. 
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swine to municipal waste 
ft3/lb VS destroyed 

% 

Composition of input 
Biogas production 

O/o CHI 

2 to I 
20.0 

71.1 



Table continued 
VS reduction 
VS in LW 
Gas production 
Gas production 

CH4 production 

C02 production 

F.2.9 Brumm et al. (1980): J. Anim. Sci. 51(3):544-549. 

35.0 
5.85 

*Average of several values given 

0.0901 
2.55E-03 

1.19 

1 .24 

.* , . 

.. b _ 
A + 

F.2.10 Gramms et al. (1971): T. ASAE 14(1):7-&. 

Appendix 4 1 

O/O 

kg VS/l 000 kg LW 
ft31kg LW 
m3/kg LW 

g CH4/kg LW 

g C02/kg LW 

, cH4 
VS reduction 
Biogas 

% 

m3 gaslkg VS destroyed 
% of input 
m3 gaslkg VS in feed 
kg VSI1000 kg LW 
I gadkg LW 

g CH4/kg LW 

g C02/kg LW 

CH4:C02 ratio * 100 

CH4 percentage 

COz percentage 
Efficiency 
VS destruction 

Efficiency 
VSILW 
Biogas production 

CH4 production* 

C02 production 

Unit 2 
0.120 

0.110 
4 

0.667 

Unit 1 
0.120 

0.0700 
4 

0.645 

I 

Loadings 
Detention time 
Biogas 
Sludge Volume 

COdCHq 

% 
?'to 

ft3/lb VS destlday 
kg VS11000 kg LW 

claimed that high ammonia and acidity caused low CH4 production 
A 

42.3 

29.7 

70.3 
0.1 18 

54.3 
0.0641 

5.85 
0.375 

0.0729 

0.474 

Ib. ~ ~ l f t ~ l d a ~  
days 
ft3/day 
I 

Use Biogas ft3/lb VS desVday 

Unit 3 
0.240 

0.220 
4 

0.724 

60.8 
51.6 
7.90 
5.85 

- 

Biogas 

CH4 

C02 

> CO;! 

Unit 4 

0.240 

0.230 
4 

0.693 

60.0 
60.9 
11.1,  
5.85 

m3/kg VS dest 

g CH41kg LW 

% 

g COzlkg LW 

58.0 
49.2 
13.2 
5.85 

0.492 

0.591 

39.2 

1.05 

59.1 
59.2 
12.2 
5.85 

0.692 

0.967 

40.0 

1.77 

59.5 
55.2 

0.822 

0.898 

42.0 

1.79 

0.760 

1.017 

40.9 

1.94 

0.87 

40.5 

1.64 A 



Appendix G: Cradle to gate life cycle inventory for each process 
Here, we list the cradle to gate life cycle inventory for one case of each technology 

G.l Traditional anaerobic lagoon (ANA-A) 
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G.3 Covered anaerobic lagoon (CAL-A) 

I Air Emissions fkgl I 

Farming process 

Appendix 46 

Fertilizer avoided emissions 
Total Sub total 1  am 1 process 1 Energy 1  and App Total 1 process 1 Energy 1 ~ r a n s ~ o r t  

Raw Materials Tkd 
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G.4 Direct application of swine waste (DA-A) 
I Farming process I Avoided emissions (Cradle to gate) 

Total 1 s u b  total 1  an^ 1 process 1 ~ n e r g ~  1  and App 1 ~ o t a l  1 process 1 b e r g y  l ~ r a n s ~ o r t  

Raw Materials [knl 
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