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A B S T R A C T

This study investigates community-based processing of manure to produce organic fertilizer using granulation.
We developed a mixed-integer optimization model to determine the minimum sale price of granulated manure,
i.e., price corresponding to zero net present value (NPV = 0). We used dairy farms inventories for two regions in
Wisconsin to develop case studies to evaluate community-based processing. Minimum sale price of granulated
manure varied between $360 and $460 per ton based on the region and the imposed aggregation radius.
Granulation facilities were located on the farm with the largest herd in each case. Selection of farms for par-
ticipation in granulation facility relied on both proximity and herd size. Sensitivity analyses were performed to
analyze the impacts of market changes and subsidies on the investment. Community-based manure processing
was found to offer an opportunity to facilitate processing and export of nutrients due to economies of scale
advantage.

1. Introduction

Waste management is a major challenge facing livestock and
poultry producers today. As production transitions toward consolida-
tion and regional concentration, producers have fewer options for the
economic utilization of manure. Typical management involves seasonal
manure hauling from livestock and poultry growing facilities to apply
on nearby crop and hay fields. Field application of manure follows
agronomic guidelines to ensure that growing crops receive sufficient
nutrients with a minimum surplus. Manure over-application, beyond
crop needs, has been shown to increase nutrient losses, through
leaching and runoff, to surrounding ground and surface water (Ribaudo
et al., 2003). Such nutrient losses lead to the degradation of water
quality expressed as increased turbidity, toxicity, fish kills, and algal
blooms resulting in significant economic and environmental losses
(Carpenter et al., 1998). Regions with high density of livestock and
poultry production such as Chesapeake bay, Central Iowa, Southeastern
North Carolina, and Illinois River Watershed (IRW) in Arkansas-Okla-
homa are utilizing various watershed-level approaches to ensure water
quality improvements (Kleinman et al., 2015). In the context of live-
stock production, such measures involve the establishment of manure
storages that can accommodate seasonal waste volumes without risk of
spills or runoff (Sharara et al., 2017). The use of nutrient management
plans is also encouraged (or mandatory if the facility exceeds a size
threshold) to facilitate proper nutrient utilization (Osmond et al.,
2015). A key challenge to producers in regions of intensive livestock

production, however, is the decreased availability of nearby fields to
accommodate manures. Increased herd sizes and the decreased crop-
land are continuously shifting the nitrogen and phosphorus balances in
these watersheds toward positive nutrient surpluses (MacDonald and
McBride, 2009; U.S. Department of Agriculture Natural Resources
Conservation Service (USDA NRCS), 2015). Furthermore, historic
buildup of phosphorus (P) in these watersheds mean that legacy P de-
livery will continue to challenge water quality improvement (Sharpley
et al., 2013).

Nutrient export can be a useful approach to remedy nutrient im-
balances. A litter export program was implemented in the Illinois River
Watershed (IRW) and successfully reduced poultry litter inputs in the
watershed by 70%. Such approach, however, can be challenging in hog
and dairy production regions. Unlike poultry litter, hog and dairy
manures have a water content ranging from 85% and 95%.
Transportation of water-rich manure is uneconomic and increased
traffic from its transport can lead to road deterioration. Advanced
manure processing can reduce undesirable manure characteristics such
as water content, odor, and pathogens and generate a stable, shippable
product with a positive economic value beyond nutrient removal from
nutrient surplus regions. Granulation is a widespread processing tech-
nologies that has been successfully implemented in various industries to
package loose solids and powders into a granular form, such as syn-
thetic mineral fertilizers. This technology can be adopted in manure
processing to facilitate export of manure nutrients in a marketable
form. Furthermore, implementing this technology can facilitate the
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adjustment of manure nutrient ratios through the addition of necessary
macro- or micronutrients to match market demands.

Implementing manure granulation as a nutrient export strategy re-
quires a thorough understanding of the process technical and economic
aspects to ensure viability and feasibility. To our knowledge, few stu-
dies have reported on granulation as a manure processing and nutrient
export strategy (He et al., 2010; Mazeika et al., 2016; Sharara et al.,
2016). We found no studies that evaluated the economic and technical
prospects of this technology, particularly as a potentially collaborative
technology for several livestock and poultry producers. Therefore, the
goal of this study is to present a techno-economic optimization model
that assesses manure granulation as a collaborative nutrient export
strategy. We demonstrate the potentials of this processing technology
through modeling manure granulation in two different case studies that
represent two clusters of dairy producers in Wisconsin, USA.

2. Materials and methods

2.1. Experimental data

Dairy manure granulation was modeled using experimental data
from multiple granulation tests on digested dairy manure sludge. The
tests were carried out in a pilot plant at FEECO International, Inc.
(Green Bay, Wisconsin, USA). The digested manure sludge was dewa-
tered then naturally dried on concrete pads outdoor to increase the total
solids content to approximately 35%. In the process model presented in
this study, the pad drying step was eliminated and the total solids
content was adjusted to 25%, a typical value for the solid-rich fraction
after dewatering. Manure dewatering was modeled as mechanical screw
press separation since it is a common technology in livestock manure
processing that is relatively affordable. The fractionation of manure
solids and nutrients (N, P, and K) between the solid-rich and liquid-rich
fractions was modeled using literature values.

The granulation system components are shown in Fig. 1. The pro-
cess relies on size agglomeration, drying, and screening to produce
uniformly sized granules with a diameter of 2 to 4 mm that can be land
applied using existing fertilizer applicators. Natural gas, electricity, and
binder consumption, as well as dry matter loss on drying were esti-
mated from the granulation tests and validated using literature on
biomass processing and granulation.

2.2. Techno-economic optimization model description

This techno-economic model was developed to assess the potential
of granulation to assist in dairy manure management on individual
and/or multiple dairy farms. The technical data collected from granu-
lation test trials and literature surveys were complemented with eco-
nomic data on the associated cost of purchase, installation, operation
and maintenance of this system. The techno-economic model was for-
mulated as an optimization problem that seeks to maximize the net
present value (NPV) of the granulation facility investment. NPV ana-
lysis evaluates the profitability of a project by allocating all cash flows
during the project life, i.e., capital investment, operating cost and
revenue to a common basis of comparison, i.e., current dollar value
(Alex Marvin et al., 2012). The capital investment (CAPEX) includes the
purchase and installation of dewatering equipment as well as the
granulation unit operations detailed in Fig. 1. The operating cost
(OPEX) includes the cost of acquiring the manure from producers, es-
timated as the sum of N, P and K amounts in the manure valued at the
market value of their synthetic counterparts. Other cost items in the
operating cost include the cost of binder (lignosulfonate), energy,
maintenance, labor compensation and the cost of transporting manure
to the granulation facility and the transportation of manure liquid back
to the original farm.

For a given sale price of granulated manure, the optimization model
determines the ideal configuration for the granulation system if such a
system can be achieved with positive NPV. The configuration of the
system consists of the location of the granulation facility (or facilities)
as well as which farms to supply that facility and whether that manure
is dewatered on the originating farm or shipped for granulation as raw
dairy manure. In this model, each farm was considered for participation
in the granulation system as a potential manure source, host for the
granulation facility, or both. All economic and technical parameters
were allocated to a lactating cow basis to provide relevant data to dairy
sector producers and investors. The mathematical equations comprising
the optimization model as well as the nomenclature are included in the
supplementary material.

For a given sale price of granulated manure, the optimization model
determines the value of key logistic variables:

• The number of cows on each farm that participate in each granu-
lation facility, whether as dewatered or as-excreted manure.

• The site(s) for the granulation facility (facilities).

2.3. Minimum sale price (MSP)

The price of granulated manure is a key parameter that drives this
optimization model as it determines the project revenue. However,
organic fertilizer markets vary in term of sale prices and the quality
requirement for the fertilizer in terms of origin farm conditions and the
stabilization process adopted, which makes it challenging to set a price
point. Additionally, manure processing technologies, such as granula-
tion, have been primarily considered to reduce nutrient concentration
in a region. As such, it is often assessed economically in terms of the
cost of implementation per unit output, rather than the sale price of the
end-product. Accordingly, we modified the model by adding a search
algorithm that iteratively feeds the optimization model with decreasing
sale prices until the minimum sale price (MSP) is determined. The MSP
corresponds to the commodity price that translates to a zero-profit
(break-even) for the project (NPV = 0). The output of the model,
therefore, becomes the optimal configuration of manure granulation
that can be implemented at the lowest break-even price. That price is
directly driven by the supply-side expenditure, i.e., production cost and
discount factor and therefore provides important insights related to the
impacts of project components, technology and inputs on the baseline
for the product price.Fig. 1. Schematic diagram of manure granulation steps.
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2.4. Study areas

Two different regions in the state of Wisconsin (USA) were selected
to test this model. The two regions (1) Upper Yahara sub watersheds in
Dane County (204.6 mile2), and (2) Kewaunee County (344.1 mile2) are
shown in Fig. 2. These regions were selected due to the high dairy
production activity in each of them. Given that smaller dairy farms
typically use dry bedding systems where the manure solids are recycled
on farm, herds smaller than 250 cows were excluded from this study.
The first study area had 50 dairy herds with a total herd size of 28,854
heads whereas the second study area (Kewaunee County) had 29 dairy
herds with a total herd size of 36,402 heads. Manure production rates
were correlated to average milk production rates using correlations in
the literature.

Data processing for the two case studies was carried out using
MATLAB R2015a software (The Mathworks, Inc., Natick, MA, USA).
The optimization model and the MSP search algorithm were formulated
using Advanced Mathematical Programming Language (AMPL) version
3.1.0.201510231950 (AMPL Optimization, Inc., Albuquerque, NM,

USA) and solved using CPLEX solver version 12.0 (IBM Corp., Armonk,
NY, USA).

2.5. Scenarios for economic assessment

Many variables can impact the configuration of the coordinated
granulation facility, including the sizes and distances between herds,
energy cost, transportation cost, etc. To understand the impact of some
of these variables on the minimum sale price of the granulated manure,
we constructed several scenarios to simulate different values for these
variables:

• No cost for acquiring manure (free raw material)

• 10% improvement in separation efficiency for manure dewatering
equipment

• 10% reduction in binder consumption

• No cost share available for the project

• Low discount factor for investment

• Limits on aggregation radius, in miles (10, 5, 2, 1, and 0 “no-

Fig. 2. Map of Wisconsin, USA showing the two study
areas considered in this study: [A] Upper Yahara water-
sheds in Dane County, and [B] Kewaunee County.
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collaboration”)

• 10% increase in herd sizes

3. Results and discussions

3.1. Distribution of herd sizes across study areas

Dairy herds in the first study area (Dane County) were generally
more clustered with a median herd size of 354 heads. Kewaunee
County, by contrast, had fewer and a more spatially spread herds with a
median herd size of 644 heads. Figures showing the spatial distribution
of dairy farms in the two study areas is shown the supplementary ma-
terial. Fig. 3 shows the distribution of dairy herds in each study area by
herd size class. Dane County (study area 1) showed more herds that
were smaller in size, which is typical of the traditional dairy production
paradigm. Kewaunee County (study area 2) on the other hand is more
representative of recent consolidation trends in Wisconsin dairy where
most cows exist in herds greater than 1000 lactating cows.

3.2. Optimal configuration for granulation system

Fig. 4 shows the optimal configuration for the granulation system in
both study areas. This configuration depicts the participating herds and
the system capacity that can meet the lowest sale price without sus-
taining an economic loss. The lowest sale price for granulated dairy

manure in the Dane County and Kewaunee County regions was
$378.69/t and $364.39/t, respectively. The solve time for the model
was dominated by the price search algorithm, which required between
50 and 100 price point evaluations before the minimum sale price was
determined. In both cases, the granulation facility was sited at the
largest herd. This choice can be explained by the reduction in the total
transportation cost for raw material, i.e., manure. In Dane County, the
granulation system processed 75% of the total manure in the study area
with 26 herds, including the host facility (a total of 52% of all herds). In
Kewaunee County, the granulation system processed only 64% of the
total manure in the study area and 38% of the total herds. In both cases,
the herds selected for participation in the granulation facility were the
largest herds. The annual capacity for the Dane and Kewaunee systems
were comparable, i.e., 19,239 t and 20,601 t of granulated manure,
respectively.

Table 1 details both the capital and operating costs associated with
the granulation projects shown in Fig. 4. The results showed that
manure dewatering was always performed on the origin farm. This
means that it was always more economical to install screw presses to
dewater manure remotely then haul the separated solids to the pro-
cessing hub than to haul raw manure and separate it at the hub. This
decision depends on several factors, primarily the herd size in the sa-
tellite farm, the distance between satellite and hub herds, and the cost
of both manure separation and transportation. To decouple the impacts
of these parameters, we constructed a simple scenario where one sa-
tellite dairy farm transports manure to one hub farm, either as raw or
locally dewatered manure. We also removed the constraint that forces
the return of separated liquid (low-solids slurry) back to the satellite
facility to determine whether it was the driver behind this result.
Hauling raw manure was found to be economically favorable over the

Fig. 3. Dairy farms by size in [A] Dane County, Wisconsin (black columns) and [B]
Kewaunee County, Wisconsin (grey columns).

Fig. 4. Configuration of centralized granulation facilities in Dane County (left) and
Kewaunee County (right) that correspond to the lowest cost of production. [Open circles
represent non-participating herds, red-filled circles represent participating herds (sa-
tellites), and black-filled circles represent herds hosting granulation facility (hub)]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Economic details of the granulation projects at NPV = 0 for the two study areas.

Study area 1
(Dane CO)

Study area 2
(Kewaunee CO)

Total cows 28,854 36,402.0 Head
Participating cows 21,609 23,138 Head
Dewatering equipment

cost
1,310,572 1,017,907 USD

Granulation facility
equipment

2,706,369 3,007,269 USD

Dewatering equipment
(Hub)

188,984 318,794 USD

Granulation equipment
(Hub)

2,517,385 2,688,475 USD

Total equipment cost 4,016,942 4,025,176 USD
Total capital investment 14,460,991 14,490,634 USD

CAPEX (20% Cost-share) 11,568,792 11,592,507 USD
Revenue 7,285,687 7,506,688 USD/year
Transportation 1,090,842 1,053,985 USD/year
Manure acquisition (N-P-

K)
637,571 1,003,706 USD/year

Binder 1,506,863 1,613,485 USD/year
Energy 1,938,325 2,075,476 USD/year
Labor & Maintenance 1,288,316 1,132,079 USD/year
Tax 637,571 304,133 USD/year

OPEX 6,461,917 6,878,730 USD/year
Granulated manure total

yield
19,239,293 20,600,618 kg/year

Granulated manure
solids yield

17,315,364 18,540,556 kgTS/year

Granulated manure N
yield

392,909 420,710 kgN/year

Granulated manure P
yield

126,600 135,557 kgP/year

Granulated manure K
yield

147,458 157,891 kgK/year

Minimum sale price
(MSP)

378.69 364.39 USD/t
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project life (i.e., 20 years) only in cases where the distance between hub
and satellite herds was less than 1 mile and the satellite herd size was
below 10 cows, even when slurry return was not forced. This result
highlights the importance of on-farm manure processing even in cases
of coordinated manure conversion and advanced processing. Given that
the optimization model developed here seeks to minimize the cost of
production to its lowest possible value, it was advantageous to install
separators on satellite farms than to haul the manure as excreted.

The annual operating cost (OPEX) for both Dane and Kewaunee
study areas represented 88.7% and 91.6% of the annual generated
revenue, respectively. This difference was driven by the relatively
lower capital investment, referred to as CAPEX, in Kewaunee
County, which required a lower share of the revenue to repay, in
comparison to Dane County. The relative difference in CAPEX be-
tween case studies is attributed to the number of satellite herds in
each case (25 herds in Dane County versus 10 herds in Kewaunee
County) and the fact that each satellite herd requires its own manure
dewatering unit.

In both case studies, the cost of energy and binder use were the
main operating cost components, 30% and 23% of OPEX, respec-
tively. Energy consumption is relatively a large cost component due
to the high thermal energy requirement associated with drying
granulated manure, in addition to the electric power requirements
for different unit operations. The cost of manure transportation re-
presented 17% of Dane County OPEX and 15% from the Kewaunee
County OPEX. This difference can be attributed to the granulation
facility in Kewaunee County which was co-located with a much
larger herd than in Dane County, which reduces total manure
transportation cost.

3.3. Impact of aggregation radius on minimum sale price

Fig. 5 shows the impact of imposing a hauling radius constraint on
the minimum sale price (MSP) of resulting manure granules. Imposing
the aggregation radius constraint did not noticeably change the solve
time for the optimization model. Although the base case optimal solu-
tions, in Fig. 4, did not aggregate manure indiscriminately from a set
radius, adding a constraint on that radius resulted in increases to MSP.
Dane County MSP was consistently higher than that for Kewaunee
County. Increasingly limiting the aggregation radius had a greater im-
pact on Dane County MSP than on Kewaunee County MSP. Eliminating

any contributions from other farms (0.0 - mile radius) caused a 21%
increase in MSP for the Dane County case but only a 5% increase in the
Kewaunee County case. This difference is attributed to the size of herd
at the processing hub for both case studies. In addition to changes in the
number of supplying herds, the location of the granulation facility hub
in Dane County changed from that shown in Fig. 4 to a more central
herd to maintain a large supply base (see supplementary material). The
granulation facility location in Kewaunee County does not change from
the base case scenario shown in Fig. 4.

3.4. Project parameters and minimum sale price

Table 2 lists the impact of varying manure granulation variables on
the project capital, operating cost, and minimum sale price for the
granulated manure. The lowest MSP in both case studies were achieved
when manure is acquired free of charge, $345.6/t and $331.3/t for
Dane and Kewaunee counties, respectively. This scenario is re-
presentative of regions where manure nutrient accumulation becomes
an environmental burden. In such cases, producers often resort to ap-
plying manure at rates in excess of the agronomic recommendations or
haul manure longer distances, which can exceed the breakeven dis-
tance. Changing the project discount factor, from 8% to 5%, resulted in
an increase in the project capacity and a corresponding drop in MSP by
6% for both case studies.

Improvements in the technical aspects of the granulation process
(10% reduced natural gas consumption, 10% reduced binder con-
sumption, and 10% improvement to separation efficiency in dewa-
tering process) resulted in 1–2% reductions to the MSP in both study
areas. Reducing the cost associated with thermal energy could be
realized through improvements to the manure solid-liquid separa-
tion, the manure drying system, or both. Additionally, utilizing
natural drying or waste heat from anaerobic digestion systems can
offset most or all of the natural gas demand. Binder use typically
depends on the particle size and composition of the separated solids.
Generally, the presence of large fibrous particles in the dewatered
manure requires binder use and may necessitate a milling step to
achieve the recommended particle size distribution. Pilot-scale tests
in this study have shown that fiber-free manure solids could form
stable granules without the need for binder. This was attributed to
the high lignin and protein contents in the fiber-free solids, which act
as natural binders(Sheng et al., 2010). More research is needed to
determine the impact of different liquid-solid separation technolo-
gies on subsequent solids granulation.

Fig. 5. The impact of limiting the radius of manure aggregation on minimum sale price
(MSP) of granulated manure.

Table 2
Impact of economic and technical variables on manure granulation capital expenditure
(CAPEX), operating expenditure (OPEX) and product minimum sale price (MSP) in Dane
and Kewaunee counties, WI, USA.

Scenario Study area CAPEX (Mil.
USD)

OPEX (Mil.
USD/year)

MSP
($/Mt)

Base case Dane 11.57 6.46 378.69
Kewaunee 11.59 6.88 364.39

Zero-cost for manure
acquisition

Dane 11.57 5.19 345.55
Kewaunee 11.59 6.88 331.25

Eliminating 20% cost-
share

Dane 13.42 6.03 404.07
Kewaunee 16.45 7.86 388.23

Dewatering improved
by 10%

Dane 11.75 6.78 371.96
Kewaunee 12.33 7.49 357.85

Binder use reduced by
10%

Dane 11.57 6.31 370.26
Kewaunee 11.59 6.72 355.99

Natural gas use
reduced by 10%

Dane 11.57 6.37 370.22
Kewaunee 11.59 6.68 358.94

Herds increased by
10%

Dane 11.75 6.78 372.06
Kewaunee 12.67 7.51 360.97

Discount factor
reduced to 5%

Dane 12.10 6.72 355.33
Kewaunee 12.36 7.30 342.52
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Improvements in the separation efficiency led to an increase in
project capital investment and operating expenditure without a change
to the number of heads participating in the project. These increases are
attributed to the solids that are captured under the improved dewa-
tering scenario, and the concomitant increases in binder, energy and
granulation facility capacity necessary for their processing. Eliminating
the project cost share (20% of CAPEX) resulted in a 7% increase to the
MSP of granulated manure in both case studies.

3.5. Implications

Granulation is a mature technology that has the potential to help
reduce the adverse impacts of manure in livestock and poultry intensive
regions by enabling precision application and export to regions with
lower animal density. Granulation for manure P recovery offers several
benefits over other technologies including the relatively mild process
conditions (temperature, pressure, no acids/bases) which reduces the
operational cost as well as the requisite capital investment. Unlike
thermal processes such as combustion or gasification, the granulation
process also maintains a larger fraction of nitrogen and the organic
matter for use as soil fertilizer and conditioner. Another advantage to
this technology is the ease of adjusting the fertilizer profile of granu-
lated manure by adding the necessary mineral fertilizers during the
granulation step.

Implementing this technology as a collaborative/community-based
system can be decisive to achieve a significant reduction in nutrient
inputs to crop fields. In particular, regions with high number of small
herds, represented here by case study 1 in Dane County, can realize
numerous benefits from this approach. The cost of implementing this
technology, without collaboration, was significantly higher and only
processed 12% of the manure generated in the region. By contrast, the
collaborative approach (base-case scenario) processed 75% of total
manure at 82% of the break-even price (MSP).

Despite these advantages, MSPs shown in this study are much
higher than prices paid by producers for manure or synthetic fertilizers.
Assessing the value of granulated manure strictly as a fertilizer, based
on its macronutrients content, showed that the monetary value of em-
bedded N-P-K in the granulated manure to only represent 6–8% of the
MSP for both case studies. This valuation assumes that the form and
availability of the manure N-P-K are comparable to that in synthetic
fertilizers, which is not generally the case. Another source of potential
value to this product is the embedded organic matter and micro-
nutrients. In low-producing or degraded soils, such amendment can
have a significant positive impact on crop productivity beyond the
macronutrient fertilizer value. From an economic perspective, granu-
lated manure solids cannot compete with synthetic fertilizers as a
source of macronutrients.

From a P abatement standpoint, the granulation process can be
valued in terms of the cost of processing and capturing unit mass of
phosphorus. In this study, the P abatement cost ranged from $53 to
$70 per kg of P ($24 to $32 per lb. of P) in the Dane County case, and
$52 to $59 ($24 to $27 per lb. of P) in the Kewaunee County case. P
removal in wastewater treatment contexts show a cost between $2.6
and $37.0 per lb. of P removed depending on the type of technology
and the magnitude of P reduction (NACWA, 2009). Future research will
look into adopting this techno-economic model to comparatively assess
available technologies for agricultural and municipal wastes. Further-
more, we plan to investigate the potential for integrating this tech-
nology with existing anaerobic digestion facilities. Potential synergies
between energy recovery and advanced solid processing can improve
the process economics and encourage adoption.

The key sources of uncertainty in this study included the relatively
sparse data on manure liquid-solid separation and granulation in terms
of energy requirements and nutrient concentrations in the different
fractions. Additionally, data on equipment prices and loan conditions
are highly variable and often confidential due to proprietary

considerations. Such limitations present a challenge to extending the
findings from the case studies presented in this study to different re-
gions or for a different type of manure or biological waste. Planning
field tests of different P recovery technologies and the comprehensive
reporting of technical and economic conditions can greatly enhance the
power of the optimization model presented in this paper to select su-
perior performing technologies as well as plan the logistics of its im-
plementation.

4. Conclusions

Manure granulation is a technically mature technology that can
assist in nutrient export from eutrophic watersheds. A collaborative
approach to the implementation of manure granulation has the po-
tential to reduce the price of granulated manure and increase the share
of manure processed (nutrients exportable) through this technology.
Sizes and relative locations of participating livestock farms have a
great impact on the technology implementation. The granulation fa-
cility was always located with the largest herd, except for the case
where a constraint was imposed on the radius of participating farms.
Break-even price (minimum sale price) for the granulated manure
ranged from $330 to $450 per metric ton. Capital and operating costs
for granulation ranged, respectively, from $1.94M to $16.45M, and
from $0.86M to $7.86M, depending on the scenario details. Economic
and technical variables of the granulation process can further reduce
the minimum sale prices. Future increases in herd sizes will have a
positive impact on the economic viability of this technology for
manure nutrient export.
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