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Abstract: Landscape design has been embraced as a promising approach to holistically balance mul-
tiple goals related to environmental and resource management processes to meet future provisioning
and regulating ecosystem services needs. In the agricultural context, growing bioenergy crops in spe-
cific landscape positions instead of dedicated fields has the potential to improve their sustainability,
provide ecosystem services, and minimize competition with other land uses. However, growing bioen-
ergy crops in sub-productive or environmentally vulnerable parts of a field implies more complex logis-
tics as small amounts of biomass are generated in a distributed way across the landscape. We present
a novel assessment of the differences in production and logistic costs between business as usual
(BAU, dedicated fields), and distributed landscape production of shrub, or short-rotation willow for
bioenergy within a US Midwestern landscape. Our findings show that regardless of the mode of crop-
ping, BAU or landscape design, growing shrub willows is unlikely to provide positive revenues (-$67
to —$303 ha™' yr' at a biomass price of $46.30 Mg, ') because of high land rental costs in this agri-
cultural region. However, when translated into a practice cost per unit of N removed at the watershed
scale (range: $1.8-37.0 kg N~" yr™"), the net costs are comparable to other conservation practices.
The projected opportunity cost of growing willows instead of corn on underproductive areas varied
between -$14 and $49 Mg, '. This highlights the potential for willows to be a cost effective choice
depending on the intra-field grain productivity, biomass price and desirable concurrent ecosystem
services. © 2016 The Authors. Biofuels, Bioproducts, and Biorefining published by Society of Chemical
Industry and John Wiley & Sons, Ltd.
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Introduction

eeting renewable fuel standards sustainably is an

opportunity to challenge the business-as-usual

utilization of land, fertilizer, and water resources
to minimize externalities, maintain provisioning services
of food and other commodities, and reduce the lifecycle
carbon intensity and greenhouse gas (GHG) emissions of
the goods produced. Landscape design has been embraced
by the international environmental and development
community as a critical approach to balance multiple
environmental and resource management goals.' In the
agricultural context, through resource allocation,” land-
scape design has been proposed to improve the potential
to sustainably support provisioning and regulating eco-
system services to meet future food, feed, energy, and con-
servation needs.””> Researchers have proposed dedicating
marginal agricultural land to the cultivation of perennial
bioenergy crops and to obtaining ecosystem services.>” A
recent study® reported that growing deep rooted peren-
nial bioenergy crops on marginal land, about 20% of a
small Midwestern agricultural watershed (207 km?), has
the potential to reduce tile NO; export by 25% with total
annual biomass output of up to 40 000 Mg. Independent
field studies confirm the water quality improvement
potential.” However, the definition of ‘marginal’ is broadly
debated.'™! For the purpose of this paper, we define mar-
ginal land as land that is either underproductive, suscepti-
ble to environmental degradation, or both.

Landscape placement of bioenergy crops predicates
the allocation of specific crops to landscape positions
to better match their growth habit and environmental
performance to land characteristics. In most cases, these
matches imply subfield-scale partitioning of land based on
soil properties, elevation, shallow groundwater flow, and
other characteristics.'* Subfield-scale crop allocation can
be important in cases where overall field economics are
negatively impacted by areas of low productivity in other-
wise productive fields.'>' In these underproductive lands,
bioenergy crops may provide opportunities to reduce
economic losses caused by yields not meeting the cost of
production.”” In other cases, targeting perennial bioenergy
crops to subfield areas prone to cause environmental dam-
age may prove beneficial in meeting priority conservation
targets.12
The opportunity for in situ recovery of leached nutrients

in commodity crop fields is of interest. Nutrient load-
ings from grain cropping in the Upper Mississippi River
Basin have been identified as the dominant source of
riverine nutrients reaching the Gulf of Mexico.'> While
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the efficiency of nitrogen fertilizer utilization by corn has
improved, it still remains generally low (50-65%).'°"*%
From a GHG emissions standpoint, lifecycle analyses
show that fertilizer production and use contribute 87%
of the GHG emissions for corn production, of which N,0O
comprises 55%,'° and represent on average about 39%
of the direct input costs to produce corn for example, in
Ilinois.?’ Therefore, resource recovery is a critical compo-
nent of energy efficiency and conservation, and is increas-
ingly recognized and regulated as such. For example, the
current re-branding of wastewater treatment plants (the
second largest source of nutrient externalities) as ‘water
resource recovery facilities’ identifies nutrients, energy,
and water as recoverable resources from point source pol-
lution.?! A similar concept can be applied to the reuse and
recycling of nutrients from non-point sources to reduce
nutrient export to the Gulf of Mexico.?? Nitrogen removal
strategies such as riparian buffers, treatment wetlands,
and more modern bioreactors and saturated buffers are
proving relatively effective to mitigate nutrient externali-
ties.”> However, these methods mostly rely on the process
of denitrification to remove nitrate, which fails to recover
the valuable nutrients. Conversely, strategies that aim to
recover the lost nutrients have not been studied exten-
sively, yet results from some studies indicate significant
reduction in nitrate by bioenergy crops, which is largely,
but not only, resulting from plant uptake.”**

Growing bioenergy crops in contour strips, buffers, and
marginal parts of a field implies more complex logistics
as small amounts of biomass are generated in distributed
pockets across the landscape. Movement of equipment
from field to field, to plant, maintain, and harvest the bio-
energy buffer crops may add time and fuel compared to the
Business As Usual (BAU) dedicated field cropping. This
higher cost, postulated on longer distances between fields
and intermittent use of equipment, reflects the additional
expense incurred to generate ecosystem services. The
major benefits of this land management approach include
the avoided fertilizer costs because the leached nutrients
conjunctively maintain elevated yields, as well as lower
costs in water treatment. The objective of this case study is
to compare the economics of growing shrub, or short-rota-
tion willows (referred to as willow(s) in this manuscript)
for bioenergy in an agricultural Midwest under different
scenarios. These scenarios include BAU- and landscape-
based cropping systems in agricultural land. For BAU,
willow production is done on either single productive
or marginal fields, whereas, landscape based produc-
tion is done solely on marginal lands in which the same
acreage as BAU is grown as a buffer on a single subfield
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(Landscape: single subfield - LSSF) or distributed across
multiple subfields (Landscape: multiple subfields - LMSF)
at representative inter-field distances in the watershed. We
then examine the differences between production costs,
net revenues, and opportunity costs, to formulate a value
proposition for landscape-produced willow biomass.

Methods and assumptions

Study area

The study area is located in the Indian Creek watershed

in central Illinois (USA). The watershed characteristics
(climate, major crop rotations, and soils) were described
by Hamada et al.”® Briefly, the watershed is a high produc-
tivity grains landscape in the heart of the US Corn Belt,
with Drummer silty clay loam, Reddick clay loam, and
Saybrook silt loam as the most prevalent soils. An alterna-
tive future landscape pattern (FLP) was designed for this
watershed targeting willow cropping on marginal lands at
the subfield scale. Marginal lands were identified as having
low crop productivity,?® and environmental marginalities
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(e.g. soils susceptible to nitrate leaching, runoft, erosion,
flooding, and water ponding) (Fig. 1). Locations were
selected using information in the SSURGO database,”
soil drainage classes,”® organic matter index, travel time
index and depth to the uppermost layer of the aquifer
according to Keefer.”? A description of the subfield areas
is provided in Table SI (Supporting Information) and is
further described in Ssegane et al.® Grain elevators (Fig.
1) near the watershed were chosen as potential depot loca-
tions as an adaptive reuse of the current infrastructure or
co-location with existing activities, and for their location
along the railway transport network. The Grain Elevator
N. 1 (located at the watershed boundary: Southeast) was
selected because of its proximity to the centroid of the
watershed.

Willow production and transport costs

We used EcoWillow 2.0, a publicly available model
developed by the State University of New York College
of Environmental Science and Forestry (SUNY-ESF)*°
to compute production and transport costs of willow.
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Figure 1. Locations of grain elevators and underproductive or environmentally sensitive soils in the Indian Creek

watershed, IL.
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Various inputs for production costs were modified based production strategies were modeled to evaluate cost differ-
on Illinois or Midwest-specific statistics (Table S3), recom- ences based on specific assumptions (Tables 1 and 2). We
mended management practices,” as well as unpublished calculated the costs of growing bioenergy willow on 2.0,
field data from a research site in Fairbury, Illinois. Several 10.1, and 40.5 ha. These values represent the recommended

Table 1. EcoWillow 2.0 Model assumptions used to evaluate cost differences under various production

strategies.

Variable Description
Willow Planting All fields in the landscape are planted in the same year
Fertilizer Applied BAU scenario: 112 kg N ha™' applied every 3 years (recommended practice®)

Landscape scenarios: subfields are buffers alongside a grain crop and require no fertilizer (as they will recover
nitrogen from the soil solution)

Headland Required BAU scenario: 10% for equipment maneuvering

Landscape scenarios: no headland needed as fieldwork occurs when the remaining grain field is not planted and
the grain crop can be planted up to the edge of the buffer

Truck Capacity 30 Mg, capacity at 45% moisture (equivalent to 19 Mgy, at 15% moisture): For transporting biomass to depot

Land History Willow production is done on land previously under corn or soybean production

“Volk et al. 4

Table 2. Summary description of parameters for each case and corresponding scenarios where shrub
willow is either grown in an entire field (BAU) or in subportions of grain crops fields using a landscape

design approach. Harvest downtime and planting time reflect slower operations and inter-field transport
losses in efficiency due to the distributed location on the landscape design.

Case Scenario® Transport Distance  Headland Fertilizer Harvest Planting time
distance (km) (%) application ($ ha™) downtime (%) (ha hr™)
1 BAU min 2 10 80.3 6 1.21
(2.0 ha) max 18 10 80.3 6 1.21
Landscape: min 2 0 0 6 1.21
single subfield (LSSF) max 18 0 0 6 1.21
Landscape: most likely 24 0 0 50 0.81
multiple (4) subfields
(LSMF)
2 BAU min 2 10 80.3 6 1.21
(10.1 ha) max 18 10 80.3 6 1.21
Landscape: min 2 0 0 6 1.21
Single subfield max 18 0 0 6 1.21
(LSSF)
Landscape: most likely 36 0 0 50 0.81
multiple (9) subfields
(LSMF)
3 BAU min G5 10 80.3 6 1.21
(40.5 ha) max 16.4 10 80.3 6 1.21
Landscape: min Y5 0 0 6 1.21
Sing DENEE max 16.4 0 0 6 1.21
(LSSF)
Landscape: most likely 76 0 0 50 0.81
multiple (43) subfields
(LSMF)

aBAU (single field, fertilizer application, & headland), Landscape: single subfield - LSSF (single subfield, no fertilizer & no headland), and
Landscape: multiple subfields - LMSF (multiple subfields across the watershed). Total area under all three scenarios is the same.
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minimum (10.1 ha) and recommended optimal (40.5 ha)
field sizes for EcoWillow, and a size representative of prac-
tical considerations of minimum subfields areas (at least
2.0 ha) in the watershed. For each of the above field or sub-
field areas, costs corresponding to the three scenarios of
BAU, LSSF, LMSF (Fig. 2) were calculated (Table 2).
Differences between the LSSF and LMSF scenarios
include Euclidean transport distance, planting time, and
harvester downtime to account for differences in travel
between subfields. Distances were calculated as Euclidean
distances because of a plausible assumption of equal acces-
sibility to all areas in the watershed. The assumption is
justified because over 80% of the watershed is under agri-
cultural production and over 60% has a slope of 0-2% ter-
rain. The most likely transport distances under the LMSF
scenarios in the Indian Creek FLP were calculated as the
mean of at least 300 simulations of optimal Euclidean
route between randomly selected subfields (Figs 3(a),
3(b) and 3(c)). The distribution of distances after these
simulations was normal. Therefore, the arithmetic mean
value is a representative distance under each case, and is
referred to here as the most likely transport distance in
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the watershed based on the spatial distribution of mar-
ginal subfields (which assumes every subfield has the same
chance of being selected for a combination of subfields)
and the location of the depot. For this watershed and size
of marginal subfields, on average, the required number of
subfields to make up the total 2.0 ha, 10.1 ha or 40.5 ha was
4,9, and 43 subfields, respectively. The number of subfields
for each case was determined by randomly selecting a sin-
gle field in the watershed, if the field did not meet the total
area, that field was kept and another randomly selected
field was added until the total area was satisfied. This
process was repeated over 10 000 simulations, giving left
skewed distributions (e.g. Figs 3(d) and 3(e)). Therefore, the
number of fields was determined as the geometric mean of
the skewed distribution (e.g. Figs 3(d) and 3(e)).

Net revenue of corn on marginal areas
and opportunity costs

Calculation of net revenues at a subfield level adopted an
approach used by Bonner et al.'* and adapted it to the
watershed scale. Total non-land costs of $427 per acre

SCENARIO 1

WILLOW

SCENARIO 2 |

SCENARIO 3

Figure 2. An infographic illustrating the three scenarios. (a) Business as usual, BAU (single field, fertilizer appli-
cation, & headland); (b) Landscape: single subfield, LSSF (single subfield, no fertilizer & no headland); and (c)
Landscape: multiple subfields, LMSF (multiple subfields across the watershed). The illustrations are not on
scale. However, the total area under all three scenarios is the same.

© 2016 The Authors. Biofuels, Bioproducts, Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd.

| Biofuels, Bioprod. Bioref. (2016); DOI: 10.1002/bbb



H Ssegane et al.

Frequency

Frequency

(e)

Frequency

Modeling and Analysis: Shrub Willow Economics

| m : (b) 01 | PSR
50 - I I I L I
1 24 1 1 1
I I 1 —- I
[ /\ [ 40 1 1
40 4 [ il | *i [ 1 7{ I
| J— [ | — I
[ - l [ 1 1
1 1 1 ]
I -
30 4 i — A ;/ '
71““
(
f | .
| i -
20 4 | 20 :
| I
U | -
: I
10 4 \ 10 : L
| I
| I
: X jquii\:—‘
o N L
¥ r T . T T T 1 o r T ! T |I T 1
10 15 20 25 30 35 25 30 35 40 45 50
Route distances (km) Route distances (km)
30 4 | - | (d) 30007 —
| L] B
1 ]
25 I T | 2500 - mean = 9 fields
| |
B l a
20 1 : S : 2000 -
| ] ]
1 |
15 - i A 1500
[ |
1 l
104 : : 1000 -
1 |
1 i
I I
5 1 1 500
| i
1 1
- : : o
85 70 7 a0 85 %0 0 50 100 150
Route distances (km) Number of fields
2500 1
mean = 43 fields
2000
1500 -
1000 1
500 -‘
0
0 100 200 300 400 500 800 700

Number of fields

Figure 3. Histograms of simulated most likely transport distances from the subfields to Trainer Grain depot in the Indian
Creek Watershed with total subfield area of 2.0 ha (a), 10.1 ha (b), and 40.5 ha (c). The most likely transport distances for
Figures 2b and 2c correspond to average number of 9 subfields (d) and 43 subfields (e).

($1055 ha™) were estimated using a Corn-Soybean rotation

too

113

given a corn after soybean rotation option assum-

ing low productivity land in central Illinois. The non-land
costs include direct, power, and overhead costs. Annual
corn and farmland cash rent prices for 2008 to 2013 were

obtained from Illinois historical corn prices** and histori-
cal cash rent data.” Refer to Table S2 for annual variation
of the corn and cash rent prices. Corn yields were esti-
mated using the range of average annual corn yields from
three counties that comprise the watershed (Livingston,
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McLean, and Ford). The annual minimum and maximum
county level corn yields were reduced by 25% to estimate
corn yields grown on marginal lands,’* hence resulting
in corn yield variations of 3.2 to 9.6 Mgg,, ha™ (50 to 152
bu ac™). The corn yield range is due to annual variation
in weather conditions and differences in county average
yields. Net revenue per hectare at the watershed level for
corn was calculated using Eqn (1).

$ . Mg corn| $
revenue| — | = yield| —=|x = | —
ha ha | price| Mg
nonland| $ cash[ $
- N ()
costs | ha| rent| ha
The average net revenue for corn at the minimum and
maximum corn yields was used to calculate the range
of opportunity costs for planting willow instead of corn
along marginal lands. Net revenue values for willows were
based on EcoWillow 2.0 outputs. We assumed an average
willow yield of 22.5 Mg, ha™ yr™ (~45% moisture
content at harvest) on marginal areas. Opportunity costs

were calculated as the difference in net revenue between
willow and corn production on the same subfield soils.

Cost of nitrogen loss reduction

The cost of nitrogen removal by a willow buffer in the
watershed was calculated based on the reported range of
annual NO;-N leachate, reported willow nitrate reduc-
tion rates, and estimated costs of willow production (net
revenue) by this study. Reported annual NO3;-N exports
in the watershed vary between 20 and 50 kg N ha™’

yr 1277 Several studies report 40-80% NO;-N reduc-
tions by shrub willows under natural rainfall or under
irrigation regimes.”***® The range of costs of willow pro-
duction in the watershed was based on calculated annual
net revenue under all cases and production scenarios
(assuming biomass price of $46.30 Mg, ). Annual cost
of nitrogen removal ($ kg N™') was computed using Eqn
(2). The cost ranges were generated by running 100 000
simulations of combinations of the three variables in Eqn
(2). Importantly, nitrate reduction is not equivalent with
recovery, as multiple mechanisms for nitrogen removal
are concurrently occurring in agricultural lands, includ-
ing plant uptake, volatilization, leaching, denitrification,
surface run-off, and immobilization of N in organic
matter. Therefore nitrogen loss reduction should not be
equated with nitrogen recovery. Nitrogen recovery com-
pared to other removal mechanisms will be object of a
future paper.

H Ssegane et al.

[ . }
revenue| —
cost[ } = 5
NO,—-N
kgN 3 keN *reduction[%] (2)
leachate | ha

Results

EcoWillow infield and transport
economics

EcoWillow 2.0 estimated production costs and revenues
consider both 13- and 22-year investment time frames.
The costs reported in this study are for the 22-year time
frame because it represents the complete production cycle
before willow replanting and includes costs to remove
stools after the final harvest at the end of the 22-year
period. The annual net revenue under all production scales
and scenarios varies between -$3 and -$15 Mg~ (-$67 to
~$304 ha™) at a biomass price of $46.30 Mg, ($71.50
Mg,,, : Fig. 4). A range of biomass prices ($23.60 to 46.30
Mg, ) Was run to account for variability in a potential
heating market for wood chips;*' all yielded negative
returns. Therefore, willow biomass production in this
watershed is a net loss, with high land cash rents (Table S3)
accounting for over 50% of the total cost (Table 3).

The minimum and maximum net losses fall under the
LSSF (-$3 Mg™") and the LMSF (-$15 Mg™) scenarios.
Comparison between cases (2.0, 10.1, and 40.5 ha) shows a
decrease in revenue losses for the BAU and LSSF scenarios
as the total area of production increases (Fig. 4) and thus
efficiency in production increases with scale. Net revenues
of the LMSF scenario for cases 1 and 2 are comparable
due to the limited difference in the most likely transport
distance (9 vs. 25 km). However, at the 40.5 ha field size,
transport costs are higher because of the increased num-
ber of fields and increased transport distance (Fig. 3).

For all cases, the LSSF scenario had the lowest negative
return, or better outcome. This was followed by the BAU
scenarios, highlighting the impact of the added fertilizer
application and headland. The differences in annual net
revenue due to differences in transport distance (mini-
mum and maximum) for the BAU and the LSSF were $1.3
Mg ($31 ha™') and $2 Mg, ($29 ha™), respectively,
thus highlighting the impact of transportation. The cost
difference of approximately $5 Mg ., ' between BAU and
LSSF is equivalent to the cost of having landscape subfields
within a radius of 6 to 21 km. Therefore, the economics of
a single dedicated field (BAU) located 2-18 km from the
depot are comparable to those of using landscape-placed
subfields at distances of 8-39 km from the depot, due to
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Figure 4. Comparison of production, net, and opportunity costs of willow under busi-
ness as usual (BAU) and two landscape scenarios (LSSF: single subfield and LMSF:
multiple subfields) across three production scales (2.0, 10.1, and 40.5 ha). Net costs are
differences between production costs and revenue from sale of biomass. Opportunity
costs are costs of growing willow instead of growing corn (willow revenue — corn reve-
nue) on the same marginal land. Maximum and minimum reflect variability in corn yields
on marginal land. Corn net revenue on marginal land in the watershed varied between
-$52 Mg~ and -$0.68 Mg~'. Negative costs reflect a net profit where positive costs

reflect a net loss.

savings from fertilizer costs and lack of the need for a
headland in the latter.

Opportunity costs

Results of this study show that willow production has
negative annual net revenue returns (Fig. 4) under all pro-
duction scales and scenarios. However, when bioenergy
crop production is in landscape design on marginal lands
in which corn production profitability may be low, the
opportunity costs present a different picture. The opportu-
nity costs shown in Fig. 4 depict the cost of planting wil-
low instead of corn along the marginal land in the water-
shed. The range of average annual net revenue for growing
corn on marginal lands varied between —$223 ha™ (-$52
Mg ™) for minimum corn yield of 3.2 Mg ha™ (50 bu ac™)
and $17 ha™ (-$0.68 Mg™) for maximum corn yield of 9.6
Mg ha™ (152 bu ac™), respectively. The corn yield range is
a result of annual variability in soils and weather condi-
tions. Both the variability in corn yield and differences in
willow production scales and scenarios resulted in oppor-
tunity costs ranging between -$14 and $49 Mg™". This

suggests that at low corn yields, willow production can
provide a better outcome, but under higher corn yields, a
revenue loss is expected.

Cost of nitrogen removal

Under the LSSF and LMSF scenarios, the principal regu-
lating ecosystem service provided by this type of land-
scape design (or FLP) is nitrogen removal from soil water
leachate by deep-rooted willows. Corn would not be able
to remove this nitrogen due to its inability to reach deeper
soil water. The cost distribution of N reduction by growing
willow in landscape design in the Indian Creek watershed
is shown in Fig. 5(a). On average, the projected annual cost
of removing nitrogen by a willow buffer in the watershed
is $9 kg N'. This average cost is due to a sample combina-
tion of annual nitrate-N leachate of 34 kg N ha™! without
the buffer, an average annual nitrate reduction of 64% by
the buffer, and annual net revenue loss of $198 ha™ as cost
for establishing and maintaining the buffer. However, this
cost varies between $1.8 and $37.0 depending on perfor-
mance of the buffer (NO;-N reduction rates) and location
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specific annual NO;-N leachate loadings. The cost of N
removal of $1.8 kg N™! corresponds to areas in the water-
shed with annual NO;-N leachate of about 50 kg N ha™!,
willow buffer performance of at least 80% N removal, and
cost of willow production of $67 ha™. Such subfields are
close to the depot (< 5 km) with a buffer area of at least
10.1 ha. The calculated costs of N-removal by willow buft-
ers compared to other conservation practices as estimated
by Christianson et al.?* is presented in Fig. 5(b).
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Figure 5. (a) Frequency distribution of nitrogen removal cost
by shrub willow buffer in the Indian Creek watershed. Solid
line represents the median ($9) of 100,000 simulations, with
the dashed lines representing the 25th ($6) and 75th ($13)
quartiles. Minimum and maximum values are $1.8 and $37,
respectively. (b) Comparison of N-removal costs by a wil-
low bioenergy buffer to alternative conservation practices.
The size of the bubble corresponds to the cost. Negative
costs reflect a net profit where positive costs reflect a net
loss. Costs of other conservation practices are taken from
Christianson et al.?®
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Discussion

Monetization of ecosystem services

Regardless of the case, scenario, and examined biomass
price ($23.60 to 46.30 Mg, "), willow crop production

in central Illinois is expected to have negative net rev-
enue returns. Comparing the BAU case at the minimum
transport distance to the LMSF on the 40.5 ha production
scale, willow production costs ranged from $54 Mg, "
($1058 ha™' yr™') for BAU to $61 Mg, ($1263 ha™ yr™!)
for LMSF; a difference of $7 Mg, or $205 ha™ yr™!. This
differential reflects the actual incremental costs to obtain
the water quality provisioning service enabled by the func-
tional spatial allocation of the buffers on the landscape.
Monetization of ecosystem services could bridge, at least
the gap of $7 Mg, ' between BAU and LMSF or better,
the difference to breakeven. Assessment of the impact of
biomass price sensitivity suggests that for every $1 Mg,
increase in the depot gate price, the annual net revenue
linearly increases by $1 Mg, or $23 ha™'. A breakeven
biomass price for the 40.5 ha ranged from $49 Mg, ;"
(LSSF: at minimum transport distance) to $61 Mg,
(LMSF). Of the many itemized cost categories, the largest
driver for the lower returns for all cropping modalities is
land cost, where taxes, lease and insurance are about $586
ha™, on average 45-59% of the lifecycle costs. Harvesting
(20%: average) and crop establishment (10%: average) fol-
low as the next highest percent costs in all cases and sce-
narios except case 3 and LMSF scenario. All cases assume
no incentive program funding was received. If land cost
could be reduced in the landscape scenarios based on its
underproductive status, for example through policy incen-
tives, it would be possible to obtain breakeven annual

net revenue without increasing the sale price of biomass.
However, even without the inclusion of conservation pro-
gram incentives, the favorable opportunity cost of growing
willow (up to $49 Mg‘l) on low corn yielding soils (3.2 Mg
ha™) may provide a sufficient incentive for integration of
bioenergy crops into agricultural systems where an end
market exists. This opportunity cost assumes an aver-

age willow yield of 22.5 Mg, ha™ yr™' in the watershed
based on long-term research data.**~** Future work should
account for a more granular assessment of the variability
of willow yields on marginal areas in the watershed.

Cost comparisons with conservation
practices

Importantly, the net revenue losses shown under wil-
low biomass production in landscape-based design are

Modeling and Analysis: Shrub Willow Economics

directly related to the extra effort needed to concurrently
produce the ecosystem service of improving water qual-
ity. A full ecosystem service valuation is beyond the scope
of this analysis and will be undertaken in the future.
However, here we begin to compare the calculated costs
with those of the most common nitrate reduction strate-
gies for the Midwestern agricultural drainage, as provided
in Christianson et al.”*> Based on the relative efficiency

of each in reducing nitrate loadings, the most cost effec-
tive practice, deferring nitrogen fertilizer application to
the spring provides a saving to farmers of $90 ha™ yr!,
translating to a mean $12 kg N™' yr™! not leaving the field.
The most expensive best management practices were agro-
nomic practices such as cover crops and crop rotations,
with negative balances of $164 and $224 ha™' yr™' respec-
tively, or a mean $55 and $43 kg N removed per year.
Practices such as controlled drainage, bioreactors and
wetlands seemed to combine good efficiency with afford-
able costs, quantified between $9.30 and $31 ha™' yr™!, or
between $2 and 2.90 kg N! yr™! removed. The negative
net revenues of $67 to $304 ha™' yr™! estimated for wil-
low crop production in this study, are comparable to the
net revenue ranges estimated by Christianson et al.>* for
cover crop and crop rotation. However, in terms of cost of
nitrate-nitrogen removed, willow crop production comes
out ahead of cover crop and crop rotation with an esti-
mated cost of $9 kg of N yr™! removed (with the 25th and
75th quartiles at $6 and $13, respectively). This is possibly
due to a higher range of load reduction (40-80%)>**3* by
willows compared to cover crops (4.9% to 45.3%) and crop
rotation (14.0% to 77.0%).> The higher load reduction in
willow is probably associated with the perennial nature

of the crop, its early growth in the spring, and the root
system that develops deeper into the soil and is active for
longer time spans compared to short lived cover crops.

Cost comparisons with wastewater
treatment

Beyond the field level, system-level nitrogen removal strat-
egies in the form of wastewater and drinking water treat-
ment (although not directly comparable) may be useful in
placing a value on ecosystem services. The cost of treating
wastewater for nitrogen removal is highly dependent on
the size of the waste treatment plant, the target effluent
concentration level, and the technology used.*’ For exam-
ple, Washington DC’s Blue Plains advanced wastewater
treatment plant, a very large facility treating 1.4 billion L
day ™ has calculated the cost of removing nitrogen from
its effluent as $1.85 kg N! removed to reduce N from 14
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to 7.5 mg L', then an additional $8.13 kg N™! to bring the
concentration further down to 5 mg L™}, and an additional
$113.52 kg N! removed to further reduce the concentra-
tion to 3.9 mg L™..** Because of economies of scale, smaller
plants incur comparatively higher costs, in the vicinity of
$628 kg N™' yr™! for 11.36 million L day™ flows to reach a 5
mg L™ nitrogen effluent concentration.*® Future research
will need to inform system-level planning, encompassing
an assessment of the return on investments in both point-
and non-point source reductions to achieve State Nutrient
Loss Reduction goals in the best interests of taxpayers and
all stakeholders. In this context, bioenergy bufters should
be examined as a cost-effective tool to be integrated into
existing best practices.

Conclusions

The combined interest in nutrient reduction as well as
bioenergy crop production comes from the Gulf of Mexico
Hypoxia Task force, translated into State goals such as
those of the Illinois Nutrient Loss Reduction Strategy,

and the Energy Independence and Security Act of 2007
goals of a 45% nutrient reduction of nitrate-nitrogen and
phosphorous by 2035 and production of 61 billion lit-

ers of biofuel from cellulosic feedstock by 2022.%%*” The
landscape design in this analysis was developed to provide
both biomass production and regulating ecosystem ser-
vices, limited in this analysis to water quality (nitrogen)
improvements. We argue that the revenue gap between
BAU and landscape design ($7 Mgy ' or $205 ha™! yr™),
and possibly the entire gap between breakeven price and
actual negative revenues ($3 to $15 Mg, " or $67 to $304
ha™' yr™) could be closed with the value of the ecosys-

tem service provided. This analysis gives us the basis for
understanding the costs associated with the ecosystem
services. The value of the ecosystem services provided by
willow production could cover the costs of willow produc-
tion where it can provide water quality benefits. For exam-
ple, the cost of nitrogen removal under all willow produc-
tion scenarios was found to range between $6 and $13 kg
N~!, under the assumption that the willows will reduce
soil-water nitrate-nitrogen concentrations by 40-80% and
the nitrate-nitrogen leachate varies between 20 and 50 kg
N ha™'yr™ in the watershed. Therefore, a provisional value
of nitrogen removal by willow crop production can indica-
tively vary between $6 and $13 per kg N removed. While
this work focused only on the regulating ecosystem ser-
vice of nitrate removal because of the urgency of achiev-
ing better water quality from agricultural land in the

H Ssegane et al.

Mississippi River basin, it provides a novel framework for
a future, more complete evaluation and monetization of
stacked ecosystem services. Regulating ecosystem services
provided by deep rooted perennial bioenergy crops in
landscape designs include for example carbon sequestra-
tion, flood management, pollinator habitat improvement,
improved biodiversity, and reduction of greenhouse gases.
We propose that as the environmental benefits are demon-
strated, support or incentives for ecosystem services could
provide the additional farmer revenue to compensate for
the increased cost of cropping bioenergy together with
grains on a landscape design basis.
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