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Recycling essential plant nutrients like nitrogen (N), phosphorus (P), and potassium

(K) from organic waste such as human and animal excreta will be an essential part

of sustainable food systems and a circular economy. However, transportation is often

cited as a major barrier to increased recycling as organic waste is heavy and bulky,

and distances between areas of abundant waste may be far from areas with a need

for fertilizers. We investigated the effect of increased input data spatial resolution to an

optimization model on the weight, distance, and spatial patterns of transport. The model

was run in Sweden and in Pakistan to examine cost-effectiveness of transporting excess

excreta to areas of crop need after local recycling. Increasing the resolution of input data

from political boundaries (municipalities and districts) to 0.083 decimal grids increased

the amount of N requiring transport by 12% in Pakistan and increased P requiring

transport by 14% in Sweden. The average distance decreased by 67% (to 44 km) in

Pakistan but increased by 1 km in Sweden. Further increasing the resolution to 5 km grids

in Sweden decreased the average transportation distance by 9 km (down to 123 km). In

both countries, increasing resolution also decreased the number of long-distance heavy

transports, and as such costs did not increase as much as total distance and weight

transported. Ultimately, transportation in Pakistan seemed financially beneficial: the cost

of transport only represented 13% of the NPK fertilizer value transported, and total

recycling could even cover 78% of additional fertilizer purchases required. In Sweden, the

cost of transporting excreta did not seem cost effective without valuing other potential

benefits of increased recycling: costs were three times higher than the fertilizer value

transported in excreta at the 5 km resolution. In summary, increasing input data resolution

created a more realistic picture of recycling needs. This also highlighted more favorable

cost to fertilizer value ratios which could make it easier to move forward with industry and

government partners to facilitate productive recycling. Our analysis shows that in both

countries increased recycling can result in better spatial nutrient balances.
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INTRODUCTION

Major transformations in our global and local food systems
are required to meet the UNs Sustainable Development Goals
related to food security and water quality, including the need
to increase the safe recycling of organic wastes such as animal
and human excreta (referred to together as excreta from here on)
back to agricultural areas that require these inputs (Jurgilevich
et al., 2016; Trimmer et al., 2017). One of the main reasons for
requiring the recovery and reuse of organic waste is related to
their relatively high concentration of essential nutrients such as
nitrogen (N), phosphorus (P), and potassium (K). Society faces
challenges with the affordable and stable availability of these
fertilizers (N and P more acutely) to all farmers, especially in
developing countries, but with global significance from a long-
term perspective (Vitousek et al., 2009; Jones et al., 2013; Cordell
et al., 2015). At the same time, all regions of the world are
also faced with water pollution associated with the loss of N
and P from poor waste management [i.e., eutrophication (Smith,
2003) and associated algal toxicity and hypoxia Diaz, 2001;
Hamilton et al., 2016]. Principles of circular economy (although
not synonymous with sustainability Geissdoerfer et al., 2017) can
be helpful in guiding the types of transformations needed in
our organic waste management system (e.g., for P Vollaro et al.,
2017), and circular economy has even been explicitly taken up as
a framework by the European Union (EC, 2016). Still, large-scale
adoption of circular economy principles and effective organic
waste recycling (i.e., safe application at the right time, in the
right amount, and the right place) has yet to become a reality
(Ghisellini et al., 2016).

Transportation costs and logistics are often cited as major
barriers to increasing the recycling needed to achieve such
a circular economy. This is particularly true with excreta
as it is bulky and heavy (high water content), and areas
of waste production (cities and concentrated livestock) are
increasingly far from areas of crop production because of
land use specialization, and the nutrient to mass ratio is thus
often unfavorable (Westerman and Bicudo, 2005; Keplinger and
Hauck, 2006; Nicholson et al., 2012). The distance at which
it is economically viable to transport excreta to agricultural
crop land depends on a myriad of local factors, including the
dry matter content of the excreta product, laws on treatment
and application, the price of alternative nutrient sources and
energy/fuel, as well as infrastructure and farming bio geophysical
conditions (Flotats et al., 2009; Sharpley et al., 2016; Bloem et al.,
2017). As such, reported acceptable distances vary greatly within
the literature. For example, maximum hauling distances have
been estimated at 50 to 100 km for swine manure in Ireland
(Fealy and Schröder, 2008) compared to 40 km in the USA
(Keplinger and Hauck, 2006). For beef, estimates vary from 15
to 18 km for feedlots in Canada (Freeze and Sommerfeldt, 1985),
similarly 12 km for cattle from an energy perspective (Pimentel
and Pimentel, 2008), but as little as 15–30 km (Paudel et al., 2009)
to as much as 60 km for dairy production (Keplinger and Hauck,
2006) in the USA. Poultry manure, which is less dilute and bulky,
may be transported 400 km in the USA (Sharpley et al., 2016).

In Brazil, manure is usually used within a 15 km radius from
where it is produced (Shigaki et al., 2006). For human excreta,
which may be in the form of sludge or biosolids after treatment
in a wastewater treatment plant, acceptable transport distances
can vary from 0 (i.e., no recycling) to cross-country travel to
find a suitable recipient (e.g., 2,000 km from Boston to Florida
in the USA Bergendahl et al., 2018); but transportation is only
one of the many factors that drive or inhibit recycling, including
potential contaminants and social acceptance (Englande and
Reimers, 2001; Metson et al., 2018; Wadsworth et al., 2018).
Although the ensemble of these distance ranges is broad, for the
most part the distances are shorter than what would be required
to ensure total recycling within a country (e.g., Metson et al.,
2016; Akram et al., 2018; Akram et al., in press). Finding ways
to minimize transportation distances will thus be a critical part of
moving toward amore circular organic waste economy regardless
of location.

One way to inform decision making to minimize
transportation distances is through optimization modeling,
however the nature of the data inputs will affect the results. The
quality, and spatial and temporal resolution of the data, and
the assumptions used can impact the optimal paths as well as
total transport distances and costs the model produces. Scale
and resolution have already been shown to affect model outputs
to varying extents and thus the policy recommendations one
can make with regards to nutrient management. For example,
when the global NEWS-DIP model moved from river basin
values to 0.5 degree resolution input data to predict dissolved
inorganic P loads to large rivers and the ocean from terrestrial
sources, the researchers were able to clearly highlight the
pivotal role of urban areas as a source of loss (Harrison et al.,
2010). However, using 60m land cover data to better attribute
fertilizer use in watersheds did not help glean any additional
insights in patterns of total P losses to waterways across the
USA compared to previous studies using lower resolution spatial
data (Metson et al., 2017). Similarly, modeling hydrological
flow benefited from increasing input spatial resolution, but
only down to 100m (Horritt and Bates, 2001). Although using
high-resolution spatial data did change result values up to 15%
when looking at health impacts of air quality associated with
transportation and alternative fuel use, this was not true for all
inputs considered and did not affect the general conclusions of
the model (Horritt and Bates, 2001). Although these examples
are different than truck transportations involved in recycling
excreta to agriculture, their varying results beg the question:
How sensitive is an optimization model for excreta recycling to
data resolution?

Here we examine the impact of spatial resolution on such
optimization in two different contexts: Sweden and Pakistan.
We consider Sweden and Pakistan as representatives of the
context around recycling that is faced in developed and
developing countries. In addition, both countries have specific
(although contrasting) motivations to improve nutrient cycling.
For Sweden, protecting the Baltic Sea and freshwater ecosystems
from further nutrient emissions requires careful animal and
human excreta management (Mccrackin et al., 2018). In Pakistan,
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FIGURE 1 | Data transformations from lower to higher resolution used to calculate nutrient balances in grids in Sweden and Pakistan. In Pakistan, the political scale

(district) data for crops, livestock, and humans were converted to 0.083 decimal degree grids. In Sweden, the higher resolution crop data were transformed to include

information of soil type and production region, and political scale (municipal) data for livestock and human were converted to farm livestock type and numbers, and

human population to human settlement locations. All these datasets were then converted into crop nutrient needs and excreta nutrient supply and then into the

gridded nutrient balances in each country.
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increasing access to affordable fertilizers is necessary to increase
yields and achieve food security (Solaiman and Ahmed, 2006;
Akram et al., 2018). We use these cases to answer the
following questions:

1. How does using higher resolution data affect the amount of
excreta that needs to be transported to meet crop N, P, and K
nutrient needs?

2. How does using higher resolution data affect the distance (and
patterns of transports) required to transport excess excreta to
meet N, P, and K nutrient needs?

3. How does using higher resolution data affect the cost

associated with transporting excess excreta to meet N, P, and
K nutrient needs?

4. How do these costs compare to the potential savings on
mineral fertilizers possible with increased recycling?

5. Are the patterns in questions 1–4 different between Sweden
and Pakistan?

MATERIALS AND METHODS

We calculated nutrient balances at two scales/resolutions in
Pakistan and three in Sweden: political, which is equivalent
to districts in Pakistan and municipalities in Sweden, 0.083
decimal degree grids (roughly 100 km2 at the equator) referred
to as decimal degree in the manuscript, and finally 5 km∗5 km
resolution grids (referred to simply as 5 km resolution later) in
Sweden only.

Briefly, we quantified the amount of nutrients in excreta from
animals and humans as well as crop nutrient needs in a spatially
explicit way in each country. This was done by combining
information on the number of people and animals and their
excretion rates, and the location of crop production with crop
fertilizer recommendations. By subtracting crop nutrient needs
from the nutrients in excreta available in a grid we could
identify surplus and demand areas that could then be used in
an optimization model. Data transformations are summarized
in the sections below (and graphically represented in Figure 1),
followed by a description of the optimization model and
economic analyses used on these data.

Data Transformations and Calculations of
Nutrient Balances in Grids
Pakistan

In Pakistan, we proportionally allocated total district cropped
areas in 2010 (PBS, 2012) according to the distribution of
crops in 2000 (FAO/IIASA, 2010) as shown in Equation (1) of
Table 1, and similarly allocated district animal population data
(PBS, 2012) as shown in Equation (2) in Table 1, and human
population data (BOS, 2010, 2011, 2013, 2014) as shown in
Equation (3) in Table 1 for 2010 according to spatially explicit
gridded data (Robinson and Conchedda, 2011; Robinson et al.,
2014). Before assigning district livestock population values to
grids, we changed the spatial resolution of the gridded livestock
data from 0.017 decimal degrees to 0.083 decimal degrees to bring
it to the same spatial resolution as the crop data (ESRI, 2017).
Assigning weighted human population values to grids was more

complicated than for crops and animals. There were 383 sets
of contiguous 0.0083 decimal degree grids representing major
cities and towns1 (Robinson and Conchedda, 2011). These cities
and towns represented the population found in only 87 of the
124 districts in Pakistan (SI Figure 1). For the distribution of
human population within the 87 districts that did have urban
land use in the gridded dataset, we assumed that a larger urban
area translated to a higher population density. As such we
weighted the distribution of a district’s population according to
the area/size of the city as opposed to allocating an equal amount
of the population to each grid that was considered urban using
the following these steps:

• Converted each set of contiguous grids into separate polygon
shapefile with ArcGIS (ESRI, 2016b) to create a “city”

• Calculated the area of each polygon shapefile, which then
represented the size of a city or a town in Pakistan

• Used Equation (3) in Table 1 to allocate district human
population (BOS, 2010, 2011, 2013, 2014) to human
settlements according to the size of the cities in a district

• Allocated the excreta in each settlement to the 0.083 grid where
the center point of the city was located

For the districts with no gridded urban land use (SI Figure 1),
but where we knew there was human population, we used the
center point of a district to represent the location of the entire
population of a district (which is then equivalent to a human
settlement in the equations below).

We converted the gridded cropped area data into crop
nutrient needs using Equation (4):

Cn
g =

∑

t∈ŴD
AG
tgR

n
tg g ∈ G, n ∈ {N, P,K} (4)

where Cn
g is the total crop fertilizer need (in kg) of nutrient n in a

grid g, AG
tg is the total cropped area (in ha) of crop type t grown in

a grid g (from Equation 1), and Rntg is the recommended fertilizer
application rate (kg/ha) of nutrient n to crop type t grown in
a grid g. For specific numbers of Rntg see SI Table 1 which we
obtained from Ashiq (2010) and FAO (2004).

We converted the gridded livestock data into livestock excreta
nutrients using equation (5):

Qn
g =

∑

l∈LD
PGlg e

n
l

(

1− vn
)

g ∈ G, n ∈ {N, P,K} (5)

where Qn
g is the total quantity of nutrient n (in kg) in excreta in a

grid g, PGlg is the total number of individuals of livestock type l in

a grid g (from Equation 2), and enl is the coefficient of excretion
of nutrient (kg) n per individual of livestock type l; for specific
numbers of enl , see SI Table 2 which we obtained from Gerber
et al. (2005). Parameter vn is the gaseous loss of nutrient n during
storage and field application of excreta which is only relevant for
N (Bouwman et al., 1997).

1The extent of urban areas in the base gridded dataset was derived from a
combination of the Global Rural-Urban Mapping Project (GRUMP) dataset and
the global land cover GLC 2000 urban class based on night satellite imagery using
the Defense Meteorological Satellite Program operational linescan system.
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TABLE 1 | Equations, data, and assumptions used to transform Pakistan low-resolution district cropped area, livestock, and human populations to higher resolution

gridded data.

We overlaid the district data maps and the gridded data maps using ArcMap 10.3.1. We used the center points of grids to allocate grids to a district in order to

avoid duplicate values of grids in more than one district. We used Equation (1) to convert the 2010 district cropped area into the gridded cropped area. We used

Equation (2) to convert the 2010 district livestock population into gridded livestock populations. We used Equation (3) to convert the 2010 district human

population into the populations in human settlements. Note, we used the proportional distribution equations independently for each crop or livestock type and

then aggregate these data values in each grid. That means each grid can thus contain multiple crops types as well as multiple livestock types.

AGtg=
AH

τ(t),g
∑

t∈ŴG
AH
tg

AD
td

d ∈ D, t ∈ŴD, g ∈Gd (1)

PG
lg
=

δG
λ(l),g

∑

l∈LG
δG
lg

PD
ld

d ∈ D, l ∈LD, g ∈Gd (2)

HPAKs =
APAKs

∑

s∈Sd
APAK
s

HD
d

d ∈ D, s ∈Sd (3)

Eq. Param. Definition/variables represent Specifications, assumptions, and data sources.

(1) AGtg Derived cropped area of a crop type t ∈ ŴD in a grid g

(which is part of district d)

These values were used to calculate the crop nutrient need of a grid for 2010.

AHtg Harvested cropped area of crop type t ∈ ŴG in grid g (which

is part of district d)

We obtained these data from the global database of gridded crops in 2000

(FAO/IIASA, 2010). We downloaded 12 maps each representing a harvested area of

crop types t ∈ ŴG at 0.083 decimal degree resolution.

Here set ŴG:= {Irrigated wheat, rainfed wheat, rice, other cereals, vegetables,

pulses, sunflower, maize, jowar, fodder, cotton, sugarcane, other crops}.

AD
td

Cropped area of a crop type t ∈ ŴD in district d.

The set ŴD consists of all the crop types in the district data

from 2010.

Let τ (t) be a mapping from ŴD to ŴG, for example, oil

seeds are represented by “sunflower” and hence

τ (sunflower) = “oil seeds.”

We obtained the 2010 district data on the cropped area for the following crop types

from PBS (2012):

Here set ŴDWheat, vegetables, tobacco, rice, pulses, oilseeds, maize, jowar, fruits,

fodder, cotton, barley, and sugarcane

To match to the crop type of the gridded data:

(1) We divided the cropped area under wheat as irrigated and rainfed using a

relative proportion of the two types of wheat cultivation from the gridded database.

(2) We assumed that barely represent the other cereals.

(3) We assumed that tobacco and fruit crops represent the other crops

(4) We assumed that oilseeds were represented by sunflower.

(5) There were 30 districts where fodder area data were available at the district

scale, but there were no fodder area data at the grid scale. For these districts, we

distributed the district fodder area to the grids according to the gridded

sorghum distribution.

(2) PG
lg

Derived population of livestock type l ∈ LD in grid g (which

is part of district d)

These values were used to calculate the nutrient supply in livestock excreta in a grid

δG
lg

Animal density of livestock type l ∈ LG in grid g (which is

part of district d)

We obtained these data for the year 2005 from the global database called gridded

livestock of the globe (Robinson et al., 2014).

We downloaded five maps each representing the animal density of livestock types

l ∈ LG in grids.

Here set LG:= {Cattle, buffaloes, goats, sheep, poultry, other animals}.

We used the average value of animals’ densities, i.e., cattle, buffaloes, goats,

sheep, and poultry to represent the density of “other animals” types in a grid.

These data were given at 0.017 decimal degree resolution. To match the resolution

to crop data we converted these data to 0.083 decimal degree resolution (ESRI,

2017).

PD
ld

Animal population of livestock type l ∈ LD in district d

The set LD consists of all the animals in the district livestock

data from 2010.

Let λ (l) be a mapping from LD to LG for example, camels

are classified as “other animals” and hence

λ (other animals) = “camels.”

We obtained the 2010 district livestock population for the following animal types

from PBS (2006, 2012):

Here set LD = {Goats, buffaloes, sheep, adult cows, young cows, bulls and

bullocks, donkeys, young camels, adult camels, horses, mules}.

Note, data for chickens, laying hens, and ducks were not available for 2010, so we

used these 2006 data from PBS (2006).

To match the animal type of the gridded data:

We assumed that the other animals, i.e., camels, horses, mules, and donkeys have

the distribution according to the calculated average value as “other animals” of a

grid.

We assumed that chickens, laying hens and ducks have the same distribution as

poultry

There were seven districts where buffaloes data were available at the district scale,

but there were no buffaloes’ data at the grid scale. For these districts, we

distributed buffaloes according to the “other livestock” types’ distribution in a grid.

(Continued)
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TABLE 1 | Continued

Eq. Param. Definition/variables represent Specifications, assumptions, and data sources.

(3) HPAKs Derived human population on settlement s (which belongs

to district d)

These values for human settlement were used to calculate the nutrient supply in

human excreta in a human settlement.

APAKs Urban land area for human settlement s (which belongs to

district d)

We downloaded the gridded map of the livestock production systems for the year

2011 from Robinson and Conchedda (2011). This map contained grids of urban

land area that represent human settlements.

We converted each set of contiguous grids into a separate polygon shapefile, which

then represented a city or a town in Pakistan. We calculated the area of each

polygon shapefile which was used as the basis to weight the location of the total

district population.

There were 37 districts where there were no grids representing a human settlement.

To represent the location of human settlements in these districts we used the center

point of the district.

HD
d

Human population in district d We obtained the 2010 district human population from provincial human population

statistics where each province has a different data source (BOS, 2010, 2011, 2013,

2014)

We converted human population at human settlements into
nutrients in human excreta using Equation (6):

EXn
s = HPAK

s en
(

1− vn
)

s ∈ SPAK , n ∈ {N, P,K} (6)

where EXn
s is the total quantity of nutrient (in kg) n in human

excreta at a human settlement s, HPAK
s is the total number of

individuals at a human settlement s (from Equation 3), and en

is the coefficient of excretion of nutrient (in kg) n per human
individual per year. For specific numbers of en, see SI Table 2,
which we obtained from Jönsson and Vinnerås (2004). Finally,
vn is the gaseous loss of nutrient n during storage and field
application of excreta (which we assumed was equvalent to dairy
cattle Bouwman et al., 1997). Here we do not consider losses of
N or P associated with wastewater treatment for human excreta
which typically results in only 5–40% of excreted N and 95%
of P being found in sludge (Cohen, 2000). An improvement on
our calculations and model would be to use specific wastewater
treatment plant locations and nutrient emissions, but at this
stage, considering limitations that would arise with estimating
rural population emissions and data availability, we have opted
to keep a per person excreta factor.

To integrate the nutrient supply found in human excreta
from human settlements into one total value per grid, we used
the center point of each settlement and allocated the full value
of that settlement to the grid in which the center point fell
(SI Figure 1). If there were multiple human settlements in a
grid, we added those together to obtain one value per grid.
Consequently, if a settlement overlapped multiple grids the value
was not proportionally allocated between grids.

We used Equation (7) to calculate the nutrient balance of the
grids in Pakistan:

Bng =
∑

s∈SgEX
n
s + Qn

g−Cn
g g ∈ G, n ∈ {N, P,K} (7)

where Bng is the balance of nutrient (in kg) n in grid g, Sg is a
set of all human settlements that belongs to a specific grid g,
∑

s∈Sg EX
n
s is the sum of human excreta nutrient n of human

settlements s (in grid g), Qn
g is the total quantity of nutrient n in

livestock excreta in grid g, andCn
g is the total crop need of nutrient

n in grid g.

Sweden

In Sweden, we used the same proportional allocation approach
as in Pakistan to combine the datasets, but we worked with
much higher resolution base information. Spatial crop data
were available at the field scale in 2008, expressed as 1
226 153 agricultural blocks with the crop-specific cultivated
areas in each block (JBV, 2018a, data available upon request
from Jordbruksverket). The agricultural blocks thus required
no further resolution-transformation other than summarizing
the information at the larger grid resolution for comparison
with Pakistan. However, like in Akram et al. (in press), we
incorporated the soil type and agricultural production region
information to each agricultural block2 to adjust fertilizer
recommendations for crop types (Albertsson, 2007) using 10
km∗10 km grid-map on soil type data (Swedish Board of
Agriculture, 2017) and the map of three production regions
of Sweden (SI Figure 2). To do so, we used the center point
of each agriculture block and overlaid them with soil type
grids and agricultural region layers to assign each block a soil
type/production-region/crop type combination.

For livestock, the Swedish government reported the 2008
location of 35 153 cattle farms with total cattle population on each
farm (but not type of cattle) and 4,438 pig farms with total pig
population [but not type of pig, JBV (2018b), data available upon
request from Jordbruksverket]. There was no detailed spatial
information on the locations and number of other animal types
such as sheep, horses, and poultry. We proportionally allocated
all other 2007 municipal livestock population types (and cattle
types) according to the distribution of total cattle populations
on cattle farms in that municipality and all pig types according
to the distribution of total pig populations on pig farms in that
municipality (Equation 8 in Table 2). This data transformation

2We identified and assigned each block a crop production region and the soil class
of P-AL and K-AL. The assigning was used to match the fertilizer recommendation
rates, which were different for a crop based on the region or the soil class in which
the crop was being grown (SI Table 3A).
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rests on two major assumptions: (1) the municipal livestock
population was same in 2008 as it was in 2007, and (2) that
production specialization is not separated by the type of animal;
however, we still ensure that animal production areas were
accurately represented by using total municipal numbers for
each animal type when we allocated them to a farm location in
a municipality.

For humans, there were spatially explicit data for 2010
available as polygon shapefiles of 4,878 human settlements with a
human population of at least 200 individuals (SCB, 2010), but not
information for smaller settlements. To include the entire human
population of a municipality in our calculations we distributed
the municipal human population to human settlements like we
did for Pakistan’s districts (see Supplementary Information text
where we demonstrate the numerical implication of allocating
rural population according to build area by comparing these
numbers to know urban population for one municipality in
2010; SI Table 5). We used the built-area of a settlement to
proportionally distribute 2008 municipal population on the
landscape (Equation 9 in Table 2).

We converted the cropped area of agricultural blocks into crop
nutrient need using Equation (10), which is a slightly modified
version of Equation (4):

Cn
b =

∑

t∈ŴB
ASWE
tb Rntb b ∈ B, n ∈ {N, P,K} (10)

where Cn
b is the total crop need of nutrient (in kg) n in an

agricultural block b, Set ŴB consists of all crop types in the block
data (JBV, 2018a), ASWE

tb is the total cropped area (in ha) of crop
type t grown in an agricultural block b (JBV, 2018a), and Rntb
is the recommended fertilizer rate of nutrient n to crop type t
grown in an agricultural block b. For specific numbers of Rnt see
SI Table 3A which we mainly obtained from Albertsson, 2007).

We converted the farm livestock data into livestock excreta
supply using Equation (11), which is a slightly modified version
of Equation (5):

Qn
f =

∑

l∈LM
PFlf e

n
l

(

1− vn
)

f ∈ F, n ∈ {N, P,K} (11)

where Qn
f is the total quantity (in kg) of nutrient n in livestock

excreta at a livestock farm f, PFlf is the total number of individuals

of livestock type l at farm f (from Equation 8), and enl is the
coefficient of excretion (in kg) of nutrient n per individual of
livestock type l. For specific numbers of enl , see SI Table 4 which
we mainly obtained from (Albertsson, 2007). Finally, vn is the
gaseous loss of nutrient n during storage and field application of
excreta (Bouwman et al., 1997).

We converted human population in human settlements in
Sweden into human excreta (Equation 6) using HSWE

s from
Equation (9). For the specific numbers of en for human excreta
in Sweden see SI Table 4 which we obtained from Jönsson and
Vinnerås (2004).

In order to combine crop nutrient needs and excreta nutrient
supply in grids, we created twomaps of hollow-grids: one of 0.083
decimal degree grids size, and other of 5 km∗5 km grid size (ESRI,
2016a). For crop nutrient needs, we used the center point of the
agricultural blocks and allocated its value to the grid it fell in. The
location of livestock farms was already represented as points and

we thus subsequently allocated the full value of nutrient supply in
livestock excreta to the grid in which the livestock farm (point)
fell. In order to grid human excreta values from the human
settlements into one total value per grid, we used the center point
of each settlement and allocated the full value of that settlement
to the grid in which the center point fell. If there were multiple
agricultural blocks, livestock farms, or human settlements in a
grid then we added these values together within each dataset.

We calculated the nutrient balance of the grids (each 5
km∗5 km and 0.083 decimal degree) in Sweden using Equation
(12), which is a slightly modified version of Equation (7):

Bng =
∑

s∈SgEX
n
s +

∑

f∈Fg
Qn
f −

∑

b∈Bg
Cn
b

g ∈ G, n ∈ {N, P,K} (12)

where Bng is the balance of nutrient n in grid g,
∑

s∈Sg EX
n
s is

the sum of human excreta nutrient n of human settlements s in
grid g,

∑

f∈Fg Q
n
f is the sum of the livestock excreta nutrient n of

livestock farms f in grid g, and
∑

b∈Bg C
n
b is the sum of the crop

need of nutrient n of agricultural blocks b in grid g.

Optimized Transports
After calculating the nutrient balance of grids, we let the set

1n
+ =

{

g ∈ G :Bng > 0
}

represent all supply nodes (supply

grids) and the set 1n
− =

{

g ∈ G :Bng < 0
}

represent all crop

nutrient need nodes (grids with deficits in nutrient n) for each
grid-resolution in each country. In Pakistan we chose to optimize
transportation of excess excreta between grids with respect to
nutrient N, because we were interested in comparing it with the
optimization of the political resolution study in Pakistan (Akram
et al., 2018), while we optimized for nutrient P in Sweden to
compare it tomunicipal resolution results (Akram et al., in press).
The choice of N in Pakistan and P in Sweden were originally
motivated by local conditions, notably that it is possible for
Pakistan to decrease synthetic N fertilizer use and that in Sweden
P is now coming to the forefront of management decisions.
We then used Equation (13) to calculate the weight of surplus
nutrients (as actual weight of manure and human excreta) for
each grid-resolution in each country:

Pak :

Wn
g =

Bng
(

∑

s∈Sg EX
n
s + Qn

g

)





∑

l∈LD

PGlgwl +
∑

s∈Sg

HPAK
s wH





g ∈ 1n
+, n ∈ {N, P,K} (13a)

Swe :

Wn
g =

Bng
(

∑

s∈Sg EX
n
s +

∑

f∈Fg Q
n
f

)





∑

f∈Fg

∑

l∈LD

PFlfwl +
∑

s∈Sg

HSWE
s wH





g ∈ 1n
+, n ∈ {N, P,K} (13b)

where Wn
g is the weight of surplus of nutrient n as the actual

weight of excreta in supply grid g, PGlg and PFlf are the number

of animals of livestock type l in grids g and farms f, respectively,
and wl is the coefficient of the weight of manure from livestock
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TABLE 2 | Equations, data, and assumptions used to transform Swedish municipal scale livestock and human populations to farm and human settlement

scale populations.

Spatial crop data were available at the field scale as more than one million agricultural blocks with the crop-specific cultivated area in each block (JBV, 2018a). We

incorporated soil type and production region information into the blocks by combining the center point of a block with soil type grids and agricultural production

region maps using ArcMap 10.3.1. We overlaid the municipal livestock data maps with the farm data map. There were no instances where there was a zero data

value (of livestock or human) for a municipality but there was a value for a farm/human settlement and vice versa. We used Equation (8) to assign 2007 municipal

livestock population to the location of cattle and pig farms. We used Equation (9) to convert the 2008 municipal human population into the human population at

human settlements.

PF
lf
=

δF
λ(l),f

∑

l∈LF
δF
lf

PM
lm

m ∈ M, l ∈LM, f ∈Fm (8)

HSWE
s =

ASWE
s

∑

s∈Sm
ASWE
s

HMm m ∈ M, s ∈Sm (9)

Eq. Param. Definition/variables represent Specifications, assumptions, and data sources

(8) PF
lf

Derived population of livestock type l ∈ LM on farm f (which

belongs to municipality m)

These values were used to calculate the nutrient supply in livestock excreta on

cattle/pig farms.

δF
lf

Animal population of livestock type l ∈ LF on farm f (which

is part of municipality m)

We obtained the 2008 geographic coordinates of animal farms and a total population

of livestock types l ∈ LF on each farm. Here set LF :={Cattle, Pigs}.

PM
lm

Animal population of livestock type l ∈ LM in municipality m

The set LM consists of all the animals in the municipality

livestock data from 2007.

Let λ (l) be a mapping from LM to LF , for example, dairy

cows are classified as “Cattle” and hence λ(Cattle) =

“dairy cows.”

We obtained the 2007 municipal livestock data from the following animal types from

Statistics Sweden (2008):

Here set LM = {Classified as “Cattle”: dairy cows, cows for calf production, heifers,

bulls and steers, calves under 1 year, rams and ewes, lambs, poultry, laying chickens,

broilers, turkeys, and horses.

Classified as “pig”: breeding boars, breeding sows, fattening pigs 20 kg and over,

piglets under 20 kg}.

To match the temporal scale with the crop data, we assumed that the 2008 municipal

livestock population was the same as in 2007. Data for horses were not available for

2007, so we used data from 2003.

(9) HSWE
s Derived human population on settlement s (which belongs

to municipality m)

These values were used to calculate the nutrient supply in human excreta from a

human settlement

ASWE
s Built area for human settlement s (which belongs to

municipality m)

We obtained the 2010 built-area of a human settlement, as a shape-file from (SCB,

2010)

HMm Human population in municipality m We obtained the 2008 municipal human population from Statistics Sweden (2017)

type l and wH is the coefficient of the weight of excreta (dry
mass) from humans. For specific numbers of wl and wH see
SI Table 2 for Pakistan and SI Table 4 for Sweden.We have opted
to use these weights and not assign any specific excreta processing
technology. Management decisions and technology selection
would affect the weight (as well as nutrient availability) of the
excreta that would be moved and selection of such technologies
depend on a complex web on local conditions (e.g., laws, nutrient
of interest, cost) which is beyond the scope of this analysis.

After calculating the actual weight of excreta associated
with a surplus nutrient, we solved the Transportation Problem,
a classical optimization problem, to calculate cost minimized
transports of the surplus excreta nutrient to meet remaining crop
nutrient need in deficit grids:

min z = uDF
∑

i∈1n
+

∑

j∈1n
−

distijxij/ki (14)

subject to

∑

i∈1n
+

xij = Bni i ∈ 1n
+ (15)

∑

j∈1n
−

xij ≤ −Bnj j ∈ 1n
− (16)

xij ≥ 0 i ∈ 1n
+, j ∈ 1n

− (17)

Variables xij represent the amount of nutrient n (in tons)
to be sent from supply grid i to demand grid j, and the
objective function (14) minimizes the total costs of transporting
all the available surplus excreta. Parameter u is the unit cost
for transportation of excreta, 0.02 US$ per ton and km for
Pakistan (Teravaninthorn and Raballand, 2008) and 0.25 US$
per ton and km for Sweden (Greppa Näringen, 2012) and
DF is distance factor to approximate the actual road distances
given as the Euclidian distance between grids [we used 1.33
for both countries (Gonçalves et al., 2014)]. Parameter distij
is the Euclidian distance (in km) between center points for
each grid, and parameter ki is the concentration (the amount

of nutrient n in each ton of manure, ki = 4
Bni
Wn

i
) at each sur-

plus grid i. Constraint (15) makes sure that the entire surplus
amount from grid i is distributed, and constraint (16) limits
the amount of nutrient n received by each demand node j
according to its deficit. Constraint (17) limits all transports to
be positive.

Economic Analysis
In order to put the results of the optimization model into
perspective with real-world costs and political priorities, we
calculated a simple local profitability ratio for long-distance
transported excreta, as well as constructed pre- and post-
optimized scenarios to estimate the national effects of increased
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FIGURE 2 | Spatial distribution of excreta nutrient supply, crop nutrient needs, and nutrient balances as nitrogen (N), phosphorus (P), and potassium (K) at the 0.083

decimal degree grid resolution in Pakistan (top three rows) and Sweden (bottom three rows).
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recycling on nutrient balances and potential monetary savings.
We divided the total national transport cost (section Optimized
Transports) by the total value of fertilizer3 transported in the
excreta (N+P+K that matched crop needs in the deficit grids it
was sent to) at each resolution in each country. A ratio below
one indicates that the fertilizer value exceeds transport costs
and thus is likely cost-effective and profitable (although this
does not include processing and loading and unloading costs
and thus is still a crude metric of profitability). Because both
transportation costs and fertilizer values are locally specific, this
ratio makes situations between countries easier to compare. This
ratio, however, does not account for the full value of recycling as
there is value in excreta reuse within grids as well, and as such
we constructed the following scenarios for both countries at the
decimal resolution:

Pre-optimized scenarios—We assumed that all excreta that
could be recycled within the grids is the first choice to meet
crop nutrient needs, followed by the use of synthetic fertilizers.
This could result in an over-availability of synthetic fertilizer or
a remaining gap for each of the nutrients. Excreta that required
long-distance transport (i.e., outside of a grid) was assumed to be
a surplus and not meeting crop needs in this scenario.

Post-optimized scenarios—We assumed that excreta
that could be recycled within the grids plus the optimally
transported excreta (i.e., excreta transported according to the
optimal solution derived from equations in section Optimized
Transports) were the first choice to meet crop needs. We then
calculated the amount of synthetic fertilizer required to fully
meet crop nutrient needs. We also account for the fact that there
was over-application of non-optimally transported nutrients
because of fixed nutrient stoichiometric ratios in excreta.

Comparing these pre- and post-optimized scenarios
complements the profitability ratio by allowing us to estimate the
value of recycling if it can reduce synthetic fertilizer application,
as well as explicitly show where applying excreta (and thus by
default optimizing transportation) for one nutrient may cause
imbalances for another. We were further able to monetize the
effect of post-optimized recycling scenarios by accounting for
savings associated with ceasing over-application of synthetic
fertilizers in addition to the fertilizer value of excreta itself. We
then compared these savings with the cost of transport as well
as the cost of purchasing additional synthetic fertilizers if crop
needs could not be met with recycling and existing fertilizer use.
We did so by calculating a ratio of savings and expenses where
we divided the total NPK fertilizer savings values (all recycled
manure value + over application of synthetic fertilizers) by the
sum of the cost of transportation and unmet crop needs if to
be met by synthetic fertilizer values. This ratio could then be
interpreted as the proportion of costs associated with fertilization
(transport of excreta and the additional synthetic fertilizers
required to meet crop needs if synthetic fertilizer purchases in

3For Pakistan, we used the same values as in Akram et al. (2018) for the market
value of 1 kg of synthetic fertilizer nutrient which were obtained from the National
Fertilizer Development Center. For Sweden we use the same values as in Akram
et al. (in press) which were obtained from Greppa Näringen (2008).

the pre-optimized scenario were insufficient) that can be covered
with savings on synthetic fertilizers.

RESULTS AND DISCUSSION

Spatial Patterns of Supply and Need Vary
Between Sweden and Pakistan
Both Sweden and Pakistan exhibited agricultural specialization;
areas of nutrient surplus and deficit were visible at the 0.083
decimal degree resolution (Figure 2). For all nutrients, Pakistan
showed much higher nutrient needs (e.g., four times higher
P need per hectare than in Sweden), which is likely related
to climate differences and the associated multi-cropping and
different crop choices possible in Pakistan (SI Table 6). Similarly,
the average supply of P in excreta per ha in Pakistan was two
times higher than in Sweden. Both countries showed distinct
areas of concentrated excreta supply and crop need. Pakistan
had high excreta nutrient supply along the western border, with
some additional “hotspots” in the center and south-east parts
of the country. These areas (over 144 kg N/ha) contained 27%
of the national N excreta supply but only 6% of the arable area
(SI Table 7). Higher crop nutrient needs, on the other hand,
were concentrated in the middle and the eastern parts of the
country, extending south along the Indus River. These crop
nutrient need regions did not exhibit as striking a concentration
on the landscape as with supply (e.g., 28% P need on 21% of the
arable land area). In Sweden, excreta supply was concentrated
in the south of the country and especially in big cities, such
as Stockholm and Gothenburg (e.g., 11% of N supply could
be attributed to 1% of the land area, and this was mostly
cities, Figure 2 and SI Table 7). Crop nutrient needs were higher
(more concentrated) in the middle of the country, along the
northeast coast, and at the very southern tip of the country. These
contrasting spatial patterns of supply and need unsurprisingly
resulted in surplus and deficit areas in both countries.

At the national scale, the surplus and deficit patterns for
nutrients differed. In both countries recycling all K could
meet crop needs (even if transport is required). In Pakistan,
although excreta could not fulfill all crop N and P needs,
it could proportionally meet more of N than P crop needs
(57% for N vs. 43% for P, Figure 5). In Sweden it was
the opposite, a larger proportion of P needs could be met
(45% N vs. 88% P, Figure 5). As such it made sense to
optimize transportation for different nutrients in each country
(Akram et al., 2018; Akram et al., in press).

Moving from political to decimal resolution spatial data did
not yield a consistent pattern on surplus and deficits across
nutrients between the two countries. In Pakistan, increasing
resolution highlighted that there was land use specialization; at
the decimal resolution 43% of grids showed N surpluses and
35% grids showed P surpluses, which is 18% higher for N, and
17% higher for P compared to the proportion of districts that
exhibited a surplus (SI Table 8). Interestingly, in Sweden the
patterns were reversed. Only 7% of the decimal grids had an N
surplus, and 15% had a P surplus at the decimal resolution, which
is actually 12% less than the proportion of municipalities that

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 July 2019 | Volume 3 | Article 50

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Akram et al. Optimizing Nutrient Recycling From Excreta

had an N and P surplus (SI Table 9). This Swedish trend may
be linked to even more extreme specialization than in Pakistan,
as so few grids accounted for the total surplus in Sweden. For K,
increasing resolution in both countries decreased the proportion
of land that exhibited nutrient surpluses.

Increasing Resolution Increases the Need
for Transportation but Decreases
Average Distances
The estimated amount of excreta which needed to be transported
increased when higher resolution data was used in both countries
(Figure 3A). Moving from political boundaries to decimal
degrees increased the amount of N requiring transport by 12%
in Pakistan and increased the amount of P requiring transport by
14% in Sweden. However, this increase represented a tripling for
Pakistan but less than a doubling for Sweden. This may be related
to differences between the Pakistani political resolution (average
district area was 6,689 km2) and Swedish political resolution
(average municipality area was 1,832 km2) so the increase to
decimal degree was a less noticeable increase in Sweden. Further
increasing the resolution to 5 km grids in Sweden did not
substantially increase the amount of excreta P requiring transport
(+4%). If we compare the effect of increasing resolution on the
weight of excreta requiring transport instead of the quantity of
nutrients, we obtain quite similar results. The weight of excreta
requiring transport increased by 16% in Pakistan and 12% in
Sweden going from political to decimal resolution, and another
4% increase to the 5 km resolution in Sweden (SI Figure 3).
Although, the proportion of grids with surpluses in Sweden
was less than in Pakistan (SI Tables 8, 9), a larger proportion
of excreta needed to be transported out of the grids in Sweden
than in Pakistan (Figure 3A); this points to Sweden’s high
level of agricultural specialization which is visible at all three
resolutions (SI Table 9). In summary, using higher resolution
data accounted for imbalances that not evident at lower
resolution boundaries thus uncovers the fact that many shorter
transport distances are required to balance crop needs and
excreta supply.

Increasing data resolution generally decreased average
transport distances and changed transport patterns in both
countries, but more in terms of distances for Pakistan and
transport patterns for Sweden (Figures 3B,C). In Pakistan
the average distance decreased 67% (from 133 to 44 km), the
interquartile range and fence (1.5 times interquartile range)
became smaller, but there were more long-range outliers than
in Sweden (Figure 3B). In Sweden, the average distance actually
increased from 131 to 132 km between political and decimal
resolutions. The interquartile ranges increased, and so did the
maximum distance when comparing the political resolution to
the decimal and the 5 km grid resolutions. However, moving
from decimal to 5 km resolution decreased the average distance
by 9 km, thus still supporting the general premise that increasing
resolution decreases average distances. Part of the different
trend with increasing resolution between Sweden and Pakistan
could, again, be linked to the base political boundary resolution,
in addition to more agricultural specialization on the Swedish

landscape. At the decimal resolution, Pakistan had a shorter
average distance than Sweden. In Sweden, long-range transports
were predominantly in the south-west part of the country at
the political resolution but shifted to south-east at the decimal
degree resolution. These required long-range transports then
shifted back toward the south-west coast at the 5 km resolution
(noting of course that there were fewer long-distance transports
overall at the higher resolution). The perhaps unintuitive results
of comparing distances, weights, and patterns of transport across
scales and then between countries highlights that optimizing to
minimize cost nationally does not mean that any one transport
(or even average transport patterns) is optimal on its own.

Even with the highest resolution data we had available in
each country, the average required transport distances were
on the higher end of what existing studies have found to be
cost-effective. Although drier poultry litter may be worthwhile
transporting over 400 km (Sharpley et al., 2016), acceptable
transport distance estimates for wetter manure never went much
above 50 km in modeled and observational studies (Fealy and
Schröder, 2008; Nowak et al., 2015). Our average transport
distance in Pakistan was the lowest, at 44 km, but there were still
a number of outlier transports as high as 400 km. In Sweden,
the average transport distance was still above 100 km with
5 km grids. Like our numbers suggest, other studies have found
that required transport distances to avoid over-fertilization with
manure are higher than what is considered cost-effective under
current pricing mechanisms. For example, for the Chesapeake
Bay area of the USA, keeping below P standards for manure
application to fields would require increasing transport distances
within farms and counties, but most importantly increasing
transport among counties to an average of 190 km if farmers
would accept applying 60% of their fertilizer as manure (it is
currently 17% for corn, Ribaudo et al., 2003). Still, longer average
transports could be realistic and profitable; site-specific costs;
and incentive structures (e.g., laws preventing over-application of
manure or land filling of organic waste) must also be accounted
for. It is also worth examining costs at the national scale to
determine if the benefit of some of the shorter distance transports
can outweigh the costs of longer distance ones under current
pricing mechanisms.

Local Pricing Conditions Favor Recycling
in Pakistan More Than in Sweden
Like with the total amount of excreta requiring transport
(Figure 3A), total distance increased with increasing resolution,
but costs did not scale with these increases proportionally; in
other words, costs increased but not as quickly as distance
or weight (Table 3). In Pakistan, the total transport distance
increased 44 times from political to decimal resolution, but
the total transport cost increased 1.6 times. In Sweden,
costs increased 1.4 times but distance increased less than
in Pakistan, only 14 times; which again could be related to
higher political resolution and agricultural specialization in
Sweden. Interestingly, moving from decimal degree to 5 km
grids decreased estimated total costs, although total distance and
weight did increase (Table 3, SI Figure 3). This would imply that
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FIGURE 3 | Effects of increasing resolution from political, to decimal, to 5 km scales on the transportation of surplus nutrients in terms of (A) the amount and

percentage of the nutrient of interest (N for Pakistan and P for Sweden) requiring transport, (B) the spread of transport distances represented as mean (gray circles

and stated value), median (center line), interquartile range (box representing 50% of the data), 1.5 times the interquartile range (whiskers), and outliers (black circles),

and (C) the paths and distances of transportation on the landscape from surplus (light red) to deficit areas (light blue) color-coded from shorter (blue lines) to longer

(red lines).
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TABLE 3 | Total national weight, distance, and cost requirements associated with optimally transported surplus excreta at different resolutions in Pakistan and Sweden.

Transport requirements: Pakistan Sweden

Political Decimal Political Decimal 5 km

Total excreta (M tons) 27.28 118.33 5.34 7.97 8.76

Total nutrient (M tons) 0.122 0.649 0.023 0.028 0.036

Total distance (km) 6,795 298,752 24,079 361,538 496,163

Transport cost (M US$) 56.50 92.87 192.15 277.35 262.52

Value of the transported nutrients

(M US$)

101.45 705.36 52.00 66.18 81.27

Ratio of transport cost to nutrient

value of the transported excreta

0.56 0.13 3.70 4.19 3.23

there were fewer required long-distance travel routes with heavy
loads. We can see a smaller interquartile range associated with
the optimization of 5 km resolution data and fewer long-distance
outliers compared to the interquartile range of the decimal degree
resolution (Figure 3B), which does support the idea of fewer
long-distance transports contributing to these savings in the 5 km
resolution model.

Costs are not only related to distance and weight, but also
local pricing mechanisms which make recycling more or less
favorable. One way to look at the cost-effectiveness of recycling
between countries is to compare the cost of transport to the
value of fertilizers being transported as excreta (expressed as a
ratio in Table 3). In Pakistan transporting excess excreta seemed
economically favorable even at the political resolution with a
ratio value below 1 (Akram et al., 2018), but dropped even
further at the decimal resolution; 13% of the fertilizer value being
transported could cover the entire cost of transportation (Table 3,
Figure 4). For Sweden, transportation at all resolutions seemed
unfavorable, but the ratios actually increased from political to
decimal resolution, and then decreased overall at the 5 km
resolution (Table 3, Figure 4). This sharp increase in the ratio
at the decimal scale seems to be related to the value (or lack
thereof) related to N and K transported alongside P. If we only
account for P fertilizer value in transported excreta (SI Figure 4)
then the ratio steadily decreases with increasing resolution, as
one would expect. In other words, at the decimal resolution
less N and K were applied to areas that had crop need for it.
It is important to note that not all individual transports in the
Swedish optimization model are economically unfavorable: 34%
of transports (1,374 connections between grids out of the 4,020
modeled) have a ratio below the break-even point based on only
the P fertilizer value transported. This means that 17% of the
surplus excreta weight actually represents 10% of the distance
and only 2% of the costs associated with transportation, but 31%
of the P fertilizer value. Still, in order to make total nutrient
recycling in Sweden cost-effective under current excreta supply
and crop need distribution, other factors would need to change.
This could be directly achieved with decreasing transport costs
(perhaps associated with different fuels or higher fuel efficiency)
or with increasing synthetic fertilizer prices (through taxation or
market forces), making excreta more valuable. This could also
potentially be achieved if we were to extract energy from excreta

FIGURE 4 | Effect of increasing spatial resolution on the relative transport

costs of surplus excreta nutrients to the value of those nutrients if they were

purchased as synthetic fertilizer in Sweden (blue, higher line) and Pakistan

(orange, lower line).

before land application (e.g., biogas). In other words, this would
involve accounting for the full value of recycling, both direct use
value as well as the avoidance of pollution.

In both countries, implementing optimized recycling resulted
in less discrepancies between nutrient supply and crop nutrient
needs and potential for reducing expenditures on synthetic
fertilizers. In Pakistan, recycling all excreta could decrease
synthetic N needs to only 43% of its current use, but there
remain unmet crop P and K needs (Figure 5 and Table 4). In
fact, a significant amount of synthetic N use could potentially
be cut even in the pre-optimized scenario. In Sweden, the use
of synthetic N would be cut by 11%, synthetic P by 67%,
and synthetic K by 11% by recycling all excreta (Figure 5).
Optimized transportation could also reduce the gap between
nutrient needs and national nutrient supply. In Pakistan,
transportation between grids could reduce the gap between P
crop need and P supply by 10%, and the gap between K crop
need and K supply by 7%. In Sweden, the post-optimization
scenario eliminated the gap between P crop need and P supply.
Although the application of surplus excreta in deficit areas
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FIGURE 5 | National nutrient balances associated with scenarios of pre- and

post-optimized transport of surplus excreta at decimal degree resolution in

Pakistan (top panel) and Sweden (bottom panel). The height of each bar above

zero represents total crop nutrient need, while the height below zero represents

the total nutrient surplus given the assumptions presented in section Economic

Analysis. Colors represent the nutrient source used to fill the crop nutrient

need above zero while colors below zero represent the type of nutrient surplus.

A gap between crop nutrient need and supply is designated as red above 0.

The numbers in each colored column section represent the percentage of crop

need that a source fulfills, where negative numbers (below the zero line)

represent the surplus also expressed as a percentage of crop need.

optimized for only one nutrient did result in some over-
application for the non-optimized nutrients, the magnitude of
that over application is much smaller than in the pre-optimized
scenarios (Figure 5).

At the national level, accounting for potential savings
associated with local and long-distance recycling still did not
make recycling seem cost-effective in Sweden without accounting
for pollution abatement, while in Pakistan recycling seemed even
more beneficial. For Pakistan, savings on synthetic fertilizers had
the potential to contribute to covering the cost of transportation
and part of the additional synthetic fertilizer costs required to

TABLE 4 | Savings on synthetic fertilizers (millions of US dollars) associated with

decimal resolution optimized recycling of excreta vs. transport costs incurred and

additional costs for synthetic fertilizers to meet crop nutrient need in Pakistan

and Sweden.

Savings

(M USD)

Expenses (M USD) Ratio of

savings to

expensesCost of

transports

Gap to the

crop need

Total

Pakistan N 947 93 0 93 –

P 0 0 889 889 –

K 0 0 210 210 –

Total 947 93 1,099 1,192 0.79

Sweden N 50 0 0 0 –

P 25 277 0 277 –

K 2 0 0 0 –

Total 78 277 0 277 0.28

close yield gaps; the savings on synthetic N fertilizers would
not only cover transportation costs of excreta but also 78% of
money required to meet P, and K crop needs with synthetic
fertilizers in the post-optimization scenario (Table 4). Our cost
and savings estimates however were simple and did not account
for the potentially significant costs associated with processing
excreta, which is paramount to eliminate pathogen and other
contaminant exposure (Bloem et al., 2017), costs associated
with loading and unloading trucks (Ghafoori et al., 2007),
or laws and public perceptions they may facilitate or hinder
recycling, especially in the case of human excreta (Metson
et al., 2018; Öberg and Mason-Renton, 2018). In Sweden,
the savings on the synthetic fertilizers would only cover 28%
of the transportation costs for redistributing surplus excreta.
Considering that pollution does have a financial cost however,
the expenses associated with increased recycling might be worth
baring. In England and Whales, freshwater eutrophication has
been estimated to cost up to 160 million USD per year (Pretty
et al., 2003), while in the USA health and environmental costs
associated with N pollution (air and water) are estimated at 210
billion USD per year (Sobota et al., 2015). Around the Baltic Sea,
the willingness to pay (as a proxy for the costs associated with
poor water quality) to reduce Baltic eutrophication varies but is
actually highest in Sweden (Hyytiäinen et al., 2015). Accounting
for nutrient losses to the Baltic Sea, lakes, and groundwater
associated with areas of excreta accumulation may change the
picture for the cost-effectiveness of excreta recycling (Hyytiäinen
et al., 2015; Gren and Elofsson, 2017).

CONCLUDING REMARKS

In summary, increasing the resolution of input data to a model
optimizing the cost of recycling excreta to meet remaining
crop nutrient needs after local recycling did affect the amount,
distance, patterns, and costs associated with transportation in
both Pakistan and Sweden; but the cost-effectiveness associated
with local pricing contributed more to the differences between
the countries than anything else. In both cases the amount
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of excreta requiring transport increased with increasing spatial
resolution, but not at the same rate. Total distances also increased
although the average distance of any one transport decreased
(and even slightly increased at the decimal scale in Sweden).
The average distance was much lower in Pakistan, likely due
to less agricultural specialization than in Sweden. Increasing to
5 km resolution in Sweden did decrease the cost of transportation
even though total distance increased. Increasing resolution in
both countries decreased the ratio of cost to value, potentially
making it easier to make a case for a profitable recycling industry.
However, the ratio of cost to value was more unfavorable at the
decimal resolution than at the municipal or 5 km resolutions,
in large part because less N and K being moved were meeting
crop needs. At all resolutions, recycling excreta under our
model assumptions always came out as economically favorable
in Pakistan while it did not in Sweden. This means that
although optimizing transport will be important, considering
the social, technological, and ecological context surrounding
these transports will be essential to more sustainable nutrient
management. Next steps would thus include better integration
of not only the real-world costs associated with processing of
waste and transportation, but the monetary benefits associated
with increased recycling beyond nutrient value (e.g., energy or
pollution abatement).

The methods, datasets, and results presented here are a
significant step toward being able to make informed decisions
about what it would take for countries to create a circular
nutrient economy, especially as more standardized spatially and
temporally resolved data become available. The high resolution
maps in both countries more accurately show where there are
nutrient imbalances that require judicious management. There
are many social and ecological constraints, which if represented
spatially, could be integrated into the models presented here
to help inform farmers and decision makers even more. For
example, human and animal excreta are often regulated and
handled separately. Although, the current model gives a good
overview of the potential of both resources, further development
in the model could integrate different handling/processing
realities and preferences. For instance, if human and animal
excreta were treated separately in the model one could track
which farmland would “optimally” receive it and see if this
matches the laws and regulations in place. Similarly, the

production of excreta and crop nutrient needs often do not
coincide. As such, storage and processing of excreta will often
be necessary to ensure nutrients can be applied when they are
needed, which could affect both the weight and nutrient content
of recycled organic waste products. Processing may not only
create costs, but also additional benefits, such as energy through
biogas production, that could make the circular economy more
profitable. The current model operates at an annual scale, but
a sub-annual component could potentially be added to try and
optimally select locations for excreta storage and then subsequent
application to crops. Even if such data is not available nationally,
the model and approach presented here can be downscaled to
work with local stakeholders who may have access to relevant
data, including locally appropriate technologies for processing of
organic waste.
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