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Abstract: Harvesting a winter rye energy cover crop (Secale cereale L.) could help sustain growing
food and energy demand, provide new revenue streams, and enhance ecosystem services without
inducing land-use change. A two-year field experiment with three planting methods and three
N fertilization rates (0, 60, and 120 kg N ha−1) that produced >5.0 Mg ha−1 yr−1 of biomass was
evaluated for (1) fresh and anaerobically digested rye forage quality; (2) revenue potential from
renewable bioenergy, carbon markets, and digestate feed protein; and (3) potential greenhouse gas
(GHG) offsets. We showed that rye can be harvested as forage for animals or anaerobically digested
to produce renewable natural gas (RNG), with the residue after digestion (digestate) still available
as a feed protein concentrate. Anaerobically digesting rye improved forage quality indicators.
Digestion significantly decreased acid- and neutral-detergent fiber (ADF and NDF) by 5.2% and
17.8%, respectively, while significantly increasing crude protein (CP) (33.6%), total digestible nutrients
(TDN) (2.0%), relative feed value (RFV) (23.6%), net energy for lactation (8.3%), maintenance (7.5%),
and gain (20.0%). Using market prices for RNG, high protein feed, and GHG mitigation, potential
on-farm revenue ranged from USD 307 Mg−1 and USD 502 Mg−1 dry matter with an average of
USD 402 Mg−1. However, there are substantial costs associated with RNG and the revenue potential
does not represent the profitability of this system. Evaluation of the integrated system showed GHG
emissions associated with rye fertilization were more than offset by the benefits of increasing yield
in the 60 kg N ha−1 treatment. The overall carbon footprint of the integrated system was strongly
carbon negative, confirming the potential of this strategy to sustainably intensify land use in the
Midwestern United States.

Keywords: energy cover crop; cereal rye; biogas; renewable natural gas; forage quality; double-crop;
nitrogen fertilizer

1. Introduction

Agriculture faces a global challenge to balance food and energy production to sus-
tain a growing population within the safe operating space of planetary boundaries and
constraints [1]. Sustainably intensifying agriculture can help address this challenge; by
increasing crop production without converting additional land or escalating adverse im-
pacts and continuing to feed people while addressing other needs like climate change
mitigation [2–5]. Harvesting cover crops or double-cropping—producing two crops instead
of one crop in a single year—is one sustainable intensification method to increase yields
per land area to feed a growing population, provide biomass for forage and bioenergy
feedstock supplies, and generate environmental benefits. When double crops are used as
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energy crops for biogas production (energy cover crops), they can still provide ecosystem
services as multifunctional crops [6].

Winter rye (Secale cereale L.) is one winter-hardy grain that farmers can double-crop.
Harvested at the boot stage before flowering, rye is an animal feed that is comparable to
corn silage [7]. Alternatively, rye can be used in bioenergy systems to co-produce energy
as well as byproducts that may have value as animal feed [8,9]. Rye can also provide
environmental benefits on the farm [10,11] by improving soil [12,13] and water quality [14];
rye can also generate agronomic benefits, including by increasing shading in spring and
thus reducing weed competition for subsequent crops [15,16]. Compared with similar small
grain cover crops, rye is more cold-tolerant [17], is higher-yielding [18], and may be more
efficient at nitrogen uptake [19].

Cover crops like rye are growing in popularity in the U.S., with over six million
hectares of otherwise seasonally fallow cropland currently planted with cover crops, up
from over four million hectares in 2012 [20]. However, the amount of land where producers
are double-cropping with cover crops is small compared with the potential, even though
it may be a strategy to address farmers’ interest in making cover crops profitable [21].
Feyereisen et al. [22] estimated that the potential land suitable for double-cropping rye in
the U.S. is almost 40 million hectares in corn or corn-soybean rotations and could yield
approximately 150 million Mg (dry basis) of rye biomass. U.S. producers planted rye on
only 1.5 million hectares in 2019 and, of that, harvested only 250,000 hectares [23]. While
harvesting rye cover crops for forage, effectively creating a double-cropping system, has
been profitable in regions with extensive animal agriculture, such as the dairy industry in
the northeastern United States, much of the potential land suitable for double-cropping
rye is in regions dominated by row-crop agriculture. For regions where the demand for
animal forage is limited, bioenergy could serve as an alternative market to encourage
double-cropping rye for both economic and environmental benefits. Using double-cropped
rye crops as feedstock for bioenergy systems could potentially compete with its use as
forages for the livestock industry or be complementary and synergistic if double crops can
be used to produce both energy and animal feed.

Incentives for renewable biofuels can vary depending on what biomass was used
to make the fuel, often with stronger incentives for cellulosic feedstocks than for “first-
generation” biofuels made from starch or oilseeds. In either forage or bioenergy appli-
cations, farmers manage rye to minimize interference with the main summer crop by
harvesting it in the spring before the grain fully matures. Harvesting the aboveground
biomass of double-cropped rye before grain maturity classifies this herbaceous biomass as a
cellulosic feedstock, making it eligible for stronger incentives through programs such as the
United States Renewable Fuel Standard (RFS2) [24]. Because of the RFS, renewable natural
gas (RNG) from cellulosic feedstocks like rye can be traded as D3 renewable identification
numbers (RINs) [25], a commodity that represents an equivalent of a gallon of fuel ethanol.
Winter rye is used in commercial digesters in Europe [26], and there is growing interest
and a growing market for RNG from crop biomass in the United States [25,27].

Compared with first-generation biofuels based on grain crops, bioenergy systems
that use cellulosic biomass can provide positive benefits like biodiversity, pollination,
soil carbon accumulation [28], stronger greenhouse gas (GHG) mitigation [28,29], and
potentially net-negative carbon emissions [30]. Potential benefits vary based on the energy
system and environmental conditions where the crop is grown [6]. As an annual cellulosic
feedstock that does not displace the main summer crops, the upfront investment in rye
and the opportunity cost is less than for perennial cellulosic bioenergy feedstocks like
switchgrass, which are more expensive to establish, require several years to reach their
yield potential, and displace summer annual crops [31–33].

Among the many considerations in adopting a rye double-crop system, producers
must understand crop management needs that can impact economic and environmental
performance; however, studies addressing the impacts of double-crop rye management
on forage and bioenergy systems are limited [34]. Earlier planting times and incorpo-
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rating seeds may establish better stands [19] than broadcasting but could impact crop
maturity, forage quality, and suitability for bioenergy. Fertilizing rye with nitrogen to
increase biomass yields for bioenergy could also increase protein concentration for forage
markets [35,36]. However, fertilizing rye increases overall system costs, and produc-
ers manage costs cautiously. Balkcom et al. [33] evaluated four N rates (0, 34, 67, and
101 kg ha−1); they found the highest rate produced the highest biomass, but noted this
was also the most expensive treatment, and they suggested future analysis should consider
revenue and forage quality before specifying fertilizer recommendations.

Fertilizing a rye double-crop may also affect N fluxes impacting both air and water
quality. Malone et al. [14] reported that harvesting and fertilizing rye reduced simulated
nitrogen loss in tile drainage by almost 20% compared with unharvested and unfertilized
winter rye. However, fertilizing rye, especially in the fall, may increase nitrous oxide (N2O)
and ammonia emissions [11].

Coupling fertilized rye double-crops with a bioenergy system that can offset GHGs
emitted during the production and use of nitrogen fertilizer may be necessary for an
intensification system to be sustainable. Similarly, rye’s high N recovery efficiency [37]
means recycling the digestate as either livestock feed or a N-rich soil amendment could
reduce overall nitrogen fertilizer requirements.

Few studies have investigated the use of rye as a feedstock for bioenergy or of the
fermentation coproduct as livestock feed. Shao et al. [8] investigated the effect of rye
maturity on yield, biomass, and revenue when used for ethanol and feed protein. However,
they did not examine forage quality or other energy systems like RNG or carbon and
renewable energy markets like RINs under the Renewable Fuel Standard.

This study investigated how differences in planting methods and N fertilizer rates
reported by Malone et al. [37] impact forage quality for freshly harvested winter rye (fresh
rye) grown in Central Iowa. We also investigated forage quality and potential revenue in
a system where winter rye is anaerobically digested for RNG production, the digestate
coproduct is sold as feed protein, and revenue is also generated from renewable energy and
soil carbon credits. The digestate coproduct can be sold as feed protein because the digester
system only accepts crop biomass and does not co-digest with manure, thus eliminating
pathogen concerns. We also estimated the potential GHG emission offsets from fertilized
rye in a bioenergy system.

2. Materials and Methods
2.1. Field Experiment

A split-plot randomized complete block design field experiment with nine treatments,
each with six replications, was conducted in 2017–2018 and 2018–2019 in Iowa (42◦00′ N,
93◦47′ W). The main plot treatments included three rye (‘Elbon’) planting methods during
the corn phase of a corn-soybean rotation, with subplots (3.8 × 9.1 m, n = 54) managed for
three fertilizer N rates (0, 60, and 120 kg N ha−1) of surface-applied urea each April. Two
sets of plots (east and west) were managed under a two-year rotation, with one year in corn
and the other year in rye-soybean. In 2018, the west field was in corn, and the east field
was in rye-soybean. In 2019, the crops were reversed (i.e., the east field in corn). The corn
and soybean were managed as a typical Central Iowa no-till system. The rye was planted
in the fall during the corn phase. At planting time, rye was drilled after corn harvest at row
width = 19 cm (7.5 in) and depth = 2.5 cm (1.0 in) (drilled), broadcast and incorporated
with a rolling stalk chopper after corn harvest (incorporated), or broadcast over corn with a
spinner spreader mounted on a high-boy tractor at the R6 growth stage (overseeded). Rye
seeding rates were 247, 371, and 309 Pure Live Seed (PLS) m−2; or 55, 69, and 82 kg total
seeds ha−1 using 51,809 total seeds kg−1 and 85% germination for the drilled, overseeded,
and incorporated planting methods, respectively. Rye biomass samples were hand clipped
from the soil surface and up within one 0.38 m2 quadrat for each subplot at the flowering
stage. Additional field method details are in Malone et al. [37].



Agriculture 2022, 12, 1691 4 of 18

2.2. Forage Analysis of Fresh Rye

Fresh rye subsamples from each subplot were dried at 60 ◦C, ground, and analyzed
for forage quality indicators, including N content (N results in [37]), crude protein (CP),
available protein, acid detergent fiber (ADF), neutral detergent fiber (NDF), lignin, total
digestible nutrients (TDN), rumen degradable protein (RDP), rumen undegradable protein,
relative feed value (RFV), net energy for lactation (NEL), net energy for gain (NEG), and
net energy for maintenance (NEM). CP was analyzed by combustion using a CN628
Carbon/Nitrogen Determinator [38]; total N content was multiplied by 6.25, assuming
the average N content of proteins is 16% [35]. The bacteria in an animal’s digestion
system need adequate CP to digest forage. Subsamples were analyzed at the Dairy One
Forage laboratory for ADF, NDF, and lignin by Near-Infrared Reflectance Spectroscopy
(NIR) using the Foss NIRSystems Models XDS (Foss North America, Eden Praire, MN,
USA.) and 6500 with ISIScan v.4.6.1 following AOAC 991.01 for moisture in forages and
AOAC 989.03 for fiber and protein in forages using calibration curves developed for winter
rye [38]. See Van Soest et al. [39] for the traditional wet chemistry methods for forage
analysis used to develop these NIR calibrations. NDF measures all the plant fiber in a
biomass sample, the hemicellulose, cellulose, and lignin, whereas ADF is only cellulose
and lignin. NDF is an indicator of how much forage an animal will consume and ADF
is an indicator of how digestible the forage is. Acid Detergent Insoluble Crude Protein
(ADICP) was determined by analyzing the ADF residues using a Leco TruMac N Macro
Determinator (Leco Corporation, St. Joseph, MI, USA) [38]. We subtracted ADICP from CP
to determine how much protein may be available to ruminants (available protein). Rumen
degradable protein (RDP) was analyzed following Cornell Streptomyces griseus (SGP)
enzymatic digestion [38]. Residues containing undegradable protein were analyzed using
Leco TruMac N Macro Determinator [38]. Rumen degradable protein (RDP) plus rumen
undegradable protein (RUP) equaled 100%. RDP is easily degraded and used by microbes
in the rumen, whereas RUP is not easily degraded by rumen microbes and is used for
animal growth. TDN was calculated by summing crude protein, digestible crude fat x 2.25,
NDF, and non-structural carbohydrates [38] following [40,41]. TDN indicates the energy
value of forage. Non-structural carbohydrates were determined following [38,42]. Net
energy for lactation (NEL), gain (NEG), and maintenance (NEM) were also calculated at
Dairy One [43,44]. NEL, NEG, and NEM indicate the energy content of the forage when
used for maintaining the animal’s weight, lactation, and increasing body weight. RFV is a
relative forage quality indicator that compares forages with full-bloom alfalfa (RFV = 100);
RFV was calculated by multiplying digestible dry matter (88.9 – (0.779 × %ADF)) by dry
matter intake (120/%NDF) and dividing by 1.29 or the expected digestible dry matter
intake for alfalfa [38].

We separated data by growing seasons for all analyses because of differences in
weather conditions and field plot locations. All statistical analyses were performed using
PROC MIXED in SAS (version 9.4, SAS Institute, Cary, NC, USA) according to a split-
plot design. We analyzed rye forage quality with planting method, fertilizer rate, and
their interaction as fixed effects. Replication (blocking factor) and the interaction between
replication and planting method (whole-plot factor) were set as random effects. Pairwise
comparisons were conducted with the Tukey–Kramer post hoc test when the main effects
were significant at the α = 0.05 level.

2.3. Forage Quality of Digested Winter Rye and Revenue from Bioenergy and Feed Protein

We also estimated forage quality and revenue potential for an anaerobic digestion
system producing RNG plus a digestate residue byproduct. In this system, rye is harvested
and anaerobically digested to produce biogas which is upgraded to RNG by removing
water, carbon dioxide, and various trace contaminants. The digestate solid residue is rich in
soluble protein and may be recoverable for feed protein, as is now established for distillers
grains and solubles from corn ethanol, another plant-based bioenergy fermentation [45].
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For digested rye, we estimated the total revenue by summing the potential revenue
from (1) RNG production, which we calculate as the sum of the fossil natural gas price plus
the price of cellulosic biofuel credits for RNG, specifically the US EPA’s D3 RINs, (2) selling
the digestate for feed protein, and (3) receiving payment from a soil carbon sequestration
credit for planting a cover crop. We calculated the RNG production and mass losses in
digestion based on Valli et al.’s [26] farm-scale anaerobic digestion study, which found a
biogas yield of 0.315 m3 CH4 kg−1 volatile solids for triticale silage containing 94% volatile
solids, with 78% of the volatile solids degraded during digestion. For example, a 5 Mg ha−1

rye yield with 94% volatile solids would yield 1480.5 m3 CH4 ha−1 or 11.3 GJ Mg−1.
We validated the farm-scale results in a bench-scale anaerobic digestion experiment

with rye harvested between boot and milk stage (12 June 2013) in Rock Springs, PA, in
a separate field study conducted at Penn State University from 2012 to 2013. Rye yields
averaged 8.7 Mg ha−1 to 9.4 Mg ha−1. Rye was anaerobically digested at 37 ◦C for twenty-
one days in five replicated sealed glass OxiTop vessels (WTW, Weilheim, Germany), each
with 100 mL working volume. OxiTop vessels were inoculated with digestate material from
an acclimated crop biomass (switchgrass) digester. Composite samples from days 0 and
21 of digestion were analyzed for volatile solids using elemental CHNO-S to determine
carbon, hydrogen, nitrogen, oxygen, and sulfur. Composite samples of fresh (day 0) and
digested (day 21) winter rye from this bench-scale experiment were also analyzed for CP,
ADF, NDF, TDN, NEL, NEM, NEG, RFV, and lignin following the same methods described
for the fresh rye samples to quantify the percent change in forage quality with digestion.

We estimated revenue potential from RNG using the range of actual commodity
natural gas prices between January 2019 and June 2021, USD 0.06 m−3 to USD 0.19 m−3

CH4 (USD 1.60 to USD 5.40 MMBtu−1 CH4) [46,47] and the range of actual D3 RINs prices
from December 2020 through May 2021, USD 0.80 m−3 CH4 to USD 1.28 m−3 CH4 (on
average USD 1.03 m−3 CH4 or USD 29 MMBtu−1) [48]. See Supplemental Information
Table S1 for additional information. The range is reported as “low” and “high” in the results
section and tables. Since market values were not available for digestate as a livestock feed,
we used hedonic pricing [49] to assign economic value to leftover digestate as a high protein
coproduct by means of a multiple linear regression model. The regression was based on
actual forage quality characteristics and published feed prices near the study region. See
Supplemental Information for more details. We valued digestate feed using the multiple
linear regression model based on forage quality parameters (CP, NEL, and ADF) measured
on the fresh rye before digestion, and the percent change in forage quality measured after
digestion in our bench-scale experiments. Other tools have been used to estimate the
economic value of feeds or compare feed value based on nutritional composition [50,51].
We modeled the relationships between prices for alfalfa hay, wheat straw, soybean meal,
and corn gluten feed sold in Iowa and St. Louis, Missouri (reported in USDA AMS [52])
and the average forage quality of the feed type (CP, NEL, and ADF) in field samples
reported for that same region [53]. Income for carbon credits associated with planting rye
cover-crops was based on a recent cover-crop carbon credit price of USD 16.50 Mg−1 (USD
15 ton−1) of carbon dioxide equivalents (CO2-e) [54]. We assumed that 0.055 Mg ha−1

carbon sequestration annually based on a carbon benefit of 55 kg C ha−1 (204 kg CO2-e ha−1)
for fertilized rye compared with winter fallow reported by Ramcharan and Richard [11],
which is USD 3.37 ha−1 at the recent cover-crop carbon credit price.

2.4. GHG Emissions Associated with Integrated Rye Bioenergy System

We also evaluated the GHG emissions associated with an integrated fertilized rye
bioenergy system. GHG emissions were modeled in the Farm Energy Analysis Tool
(FEAT) [55] as reported in Malone et al. [37] and were separated into fertilizer N2O emis-
sions and other emissions associated with rye production. We estimated the RNG produc-
tion based on rye yields reported in Malone et al. [37] and assumed 94% volatile solids
and 0.315 Nm3 CH4 per kg volatile solids [26]. We assumed 55.8 kg CO2 is emitted per GJ
when burning natural gas [56]. We estimated carbon in digestate, assuming 26.7% of the
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initial rye dry matter ended up as digestate [26] and applying the percent carbon measured
in digestate in bench-scale experiments. Because digestate may be used as livestock feed,
livestock bedding, a soil amendment, biochar, pelletized for fuel, or other alternatives,
we did not attempt to consider the balance of carbon sequestration, offsets, or emissions
related to downstream digestate use. Net emissions were calculated as the sum of GHG
emissions, offsets, and carbon storage.

3. Results and Discussion
3.1. Growing Conditions and Growth Stages

During the study period, annual precipitation was above average, but spring and
summer 2018 experienced higher rainfall than 2019, with June to August 2018 receiving
314 mm more rainfall than those same months in 2019. Growing degree days were above
the average (1247 ◦C d) during rye’s September to May growing season in 2017–2018
(1332 ◦C d) and below average in 2018–2019 (1119 ◦C d), with October 2017 and May
2018 having the largest monthly growing degree day differences between the two growing
seasons. Rye growth was at Feekes stages 4.5 to 5.5 on 4 May 2018, contrasting with the more
mature Feekes stages 7 to 9 on 2 May 2019. Given these observations, rye was harvested
just before the boot stage in 2018 and after the boot stage in 2019. Rye forage quality often
declines quickly with maturity as the plant cell wall matures, lignin accumulates, and ADF
and NDF increase; therefore, it is recommended to harvest at or before the boot stage [57].

3.2. Forage Quality of Fresh Rye

Fertilizing rye improved multiple indicators of forage quality. The effect of N rate was
significant at α = 0.05 for crude protein (2018 and 2019), available protein (2018 and 2019),
RDP (2018; p = 0.07 in 2019), RUP (2018; p = 0.07 in 2019), ADF (2018 and 2019), NDF (2018;
p = 0.07 in 2019), lignin (2018), RFV (2018 and 2019), TDN (2018), NEL (2018), NEG (2018),
and NEM (2018) (Table 1).

We observed significantly higher crude and available protein with increasing fertiliza-
tion in 2018 and 2019 (Figure 1 and Table 1), similar to Cazzato et al. [58], who observed
higher protein in triticale fertilized with 100 kg N ha−1 compared with unfertilized triticale.
In the current study, crude and available protein were significantly higher in 2018 and
2019 at 60 and 120 kg ha−1 N rates than unfertilized treatment (Table 1). Our findings
also agree with several other studies that showed N application increases crude protein
concentration in switchgrass and other forage grasses [59–63]. In one of the few studies in-
vestigating rye forage quality with different fertilizer treatments, Landry et al. [64] reported
a spring N application to rye of 50 kg N ha−1 increased crude protein by 24 g kg−1. Further,
Binder et al. [65] reported that injected liquid dairy manure increased winter rye biomass
protein content and forage quality compared to broadcast manure application, likely be-
cause of increased N available for plant uptake.
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Table 1. Mean values (with standard deviation) for rye crude protein (CP), available protein (CP minus acid detergent insoluble crude protein), rumen degradable
protein (RDP), rumen undegradable protein (RUP), acid detergent fiber (ADF), neutral detergent fiber (NDF), lignin, relative feed value (RFV), total digestible nutrients
(TDN), net energy for lactation (NEL), net energy for gain (NEG) and net energy for maintenance (NEM) for the two growing seasons, 2018 and 2019 (n = 54 in 2018 and
n = 54 in 2019, n = 18 per treatment). Data are reported here by rye fertilizer nitrogen application rate (N rate) (0, 60, and 120 kg N ha−1) and by interaction between
planting method (drilled after corn harvest, broadcast and overseeded into R6 corn, and broadcast and incorporated after corn harvest) and N rate. Data reported by
planting method can be found in Supplemental Information Table S3.

Forage
Quality

Constituent

2018 2019

0 kg N ha−1 60 kg N ha−1 120 kg N ha−1 p
Planting

Method ×
N Rate

0 kg N ha−1 60 kg N ha−1 120 kg N ha−1 p
Planting

Method ×
N Rate

CP (%) 9.31 (1.06) a 11.29 (0.60) b 11.91 (0.59) c *** ** 8.29 (0.54) a 10.57 (1.23) b 12.36 (1.12) c *** ns

Available P
(%) 8.91 (1.03) a 10.88 (0.53) b 11.41 (0.63) c *** ** 7.94 (0.57) a 10.13 (1.15) b 11.76 (1.05) c *** ns

RDP (%) 78.11 (2.35) b 76.78 (3.57) ab 74.94 (3.06) a ** ns 74.89 (2.63) 74.56 (1.89) 75.94 (2.24) ns ns

RUP (%) 21.89 (2.35) a 23.22 (3.57) ab 25.06 (3.06) b ** ns 25.11 (2.63) 25.44 (1.89) 24.06 (2.24) ns ns

ADF (%) 42.93 (1.52) b 42.19 (1.03) ab 41.88 (1.11) a ** ns 43.47 (1.09) a 45.51 (1.41) b 45.74 (1.52) b *** ns

NDF (%) 65.82 (2.09) b 64.71 (1.41) b 63.43 (1.77) a *** ns 68.42 (1.51) 69.12 (2.21) 67.83 (1.65) ns ns

Lignin (%) 5.70 (0.39) b 5.57 (0.65) ab 5.19 (0.49) a * ns 5.21 (0.30) 5.41 (0.82) 5.61 (0.51) ns ns

RFV (%) 78.56 (4.10) a 80.67 (2.77) ab 82.67 (3.63) b *** ns 74.89 (2.78) b 72.17 (3.71) a 73.06 (3.00) ab * ns

TDN (%) 57.06 (1.51) a 58.17 (1.15) b 58.72 (0.96) b *** ns 55.72 (1.13) 55.06 (1.59) 55.11 (1.37) ns ns

NEL (%) 4.39 (0.26) a 4.55 (0.15) b 4.68 (0.16) b *** ns 4.08 (0.19) 3.98 (0.30) 4.10 (0.20) ns ns

NEG (%) 2.27 (0.22) a 2.42 (0.15) b 2.49 (0.12) b ** ns 2.06 (0.16) 2.00 (0.23) 2.01 (0.19) ns ns

NEM (%) 4.60 (0.24) a 4.76 (0.17) b 4.84 (0.13) b ** ns 4.37 (0.17) 4.31 (0.25) 4.32 (0.21) ns ns
* p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant. Different letters indicate significant differences for a constituent within a specific year identified by the Tukey–Kramer post hoc test
at α = 0.05 level.
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In contrast to [58], we did not observe a significant decrease in lignin with increasing
fertilization and crude protein in 2019. Lignin can increase with plant maturity [67], and
both increase [68] and decrease [58] with nitrogen fertilization in triticale. Lestingi et al. [68]
found that fertilizing at 50 kg N ha−1 significantly increased lignin compared with no
fertilizer but found no significant differences between unfertilized triticale and triticale
fertilized with 100 kg N ha−1. We detected no significant differences in lignin concentration
for the N fertilizer treatments studied here in 2019. In 2018, fertilizing at 120 kg N ha−1

significantly decreased lignin compared with no fertilizer. The lignin content was on
average 5.19± 0.49% to 5.70± 0.39% across all three N treatments (Table 1), which is higher
than lignin reported for triticale in [68] (1.39% for their 50 kg N ha−1 treatment).

ADF in the unfertilized rye treatment was significantly lower than 60 and
120 kg N ha−1 in 2019 but significantly higher than 120 kg N ha−1 in 2018; no signif-
icant differences were found between 0 and 60 kg N ha−1 in 2018 or between 60 and
120 kg N ha−1 (Table 1). ADF is a measure of cellulose and lignin, and while cellulose is
digestible, the lignin inhibits digestion, so lower ADF values are desired for forage quality.
ADF has been shown to increase with plant maturity [67] and be the lowest in unfertilized
triticale systems compared with triticale treated with 50 and 100 kg N ha−1 [68]. ADF for
unfertilized and fertilized rye treatments studied here ranged from 41.9% to 45.7%. ADF
normally ranges from 28% to 41% for small grains [69] and is typically 25% to 31% for
rye [70].

NDF, which includes cellulose, hemicellulose, and lignin, was significantly improved
(reduced) in 2018 with fertilization at the 120 kg N ha−1 treatment compared with
0 kg N ha−1 (Table 1). NDF was near the high end of the typical range reported by
Miller, Bertram, and Hoffman [70] for rye. NDF in rye has been shown to increase with
plant maturity [67,71] and has been reported to both increase and decrease with fertiliza-
tion [72]. We found that in 2018 fertilizing at 120 kg N ha−1 significantly reduced NDF over
0 kg N ha−1 and therefore improved RFV and forage quality at higher N fertilization rates.
However, no significant difference was found between the three fertilizer treatments in
2019. In 2018, RFV significantly improved with the 120 kg N ha−1 treatment compared with
no fertilizer, likely due to the reduction in NDF, but no significant difference was found
between 0 and 60 kg N ha−1, suggesting higher fertilization rates may benefit forage quality.
NEL, NEG, and NEM were also significantly improved with 60 kg N ha−1 fertilization
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(Table 1) in 2018, but no significant differences were found between 60 and 120 kg N ha−1,
suggesting rates beyond 60 kg N ha−1 are not needed.

Further study of the impact of N application rates on forage quality is recommended,
including alternative post-harvest management such as ensilage, which is a common
storage strategy for rye that improves forage quality, converting some of the hemicellulose
to highly digestible carboxylic acids [73] that also preserve the forage. Year-to-year and
spatial variability due to confounding factors like weather and soil characteristics could
be addressed with additional years of research and multiple site locations. However, our
results provide evidence that some fertilization can improve rye forage quality, especially
crude protein. Interestingly, improving forage quality with nitrogen fertilization may also
have beneficial implications for water quality, as Malone et al. [14] reported that fertilizing
and harvesting rye reduced simulated drainage nitrogen loss compared with unfertilized
and unharvested rye.

Future studies with ensiled material are also recommended. We worked with dry
biomass, similar to hay, but alternative methods of preservation may have improved forage
quality, and there is strong evidence that the digestion process would be enhanced by
ensiling the material [74].

There was no significant difference in forage quality between planting methods for
RDP (2019), RUP (2019), ADF (2018 and 2019), NDF (2018), lignin (2018), RFV (2018), TDN
(2018), NEL (2018), NEG (2018), and NEM (2018) (See in Supplemental Information Table S3),
suggesting the planting method did not impact these forage outcomes in respective years.

3.3. Forage Quality of Digested Winter Rye and Revenue from Bioenergy and Feed Protein

The forage quality of the digestate was measured on the solid residue remaining after
anaerobic digestion of rye in bench-scale reactors. While bench-scale anaerobic digestion
experiments can be important in process optimization and product characterization, the
potential for measurement error in a multi-component system with three active phases
(solid, gas, and liquid) and differences between lab experiments and commercial facilities
make a comparison with values from full-scale operations advisable. Although we found
no prior studies characterizing the forage quality of digestate residues from rye or similar
small grains, we did find a study [26] that included a mass balance on farm-scale anaerobic
digestion with triticale, a hybrid of wheat (Triticum) and rye (Secale). We used this mass
balance to calculate mass conversion rates and checked the results against the changes
in concentration of nitrogen in our system, as described below. We selected nitrogen for
this comparison because it is the third most prevalent element in the rye (after carbon
and oxygen) and is largely conserved in the digestate. In contrast, in a well-functioning
digester, much of the carbon and oxygen in the feedstock are converted to biogas, a mixture
of methane and carbon dioxide.

Valli et al. [26] observed 78% conversion of the volatile solids of a triticale silage
feedstock composed of 94% volatile solids, resulting in 73.3% of the total dry matter being
converted to biogas and 26.7% remaining as digestate. Applying this dry matter conversion
rate to the average nitrogen composition of our fresh rye feedstock collected in Iowa, we
calculated that the residue following digestion should have had an average nitrogen content
of 5.31%. This calculated nitrogen content was consistent with the average nitrogen content
of 5.63% measured in the digestate residue from our batch Oxitop reactors following a
21-day digestion. Alternatively, assuming zero to minimal nitrogen loss during anaerobic
digestion, as expected for a lignocellulosic feedstock operated at our conditions of 37oC
and neutral pH [75,76], we calculated an average total dry matter conversion to biogas of
74.8% compared with 73.3% calculated from [26]. Observing that our digestate nitrogen
concentration change and final composition were consistent with these farm-scale results,
for the purposes of the economic analysis, we used Valli et al.’s [26] result and projected
that in a full-scale system, 26.7% of the initial rye dry matter would be available following
digestion. We then used the percent change measured in bench-scale experiments in PA to
estimate the digestate value of samples harvesting in IA as a feed protein supplement.
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The composition measurements of rye digestate in PA indicated ADF and NDF de-
creased with digestion (decreased by 5.2% and 17.8%, respectively), while there were
increases in the concentrations of crude protein (33.6% increase), total digestible nutrients
(2.0% increase), net energy for lactation (8.3% increase), relative feed value (23.6% increase),
net energy for maintenance (7.5% increase), and net energy for gain (20.0% increase). Forage
quality data of digested rye on day 0 and day 21 is in Supplemental Information Table S6.
While the direction of the changes in all the constituents listed above indicates improved
forage value, the one variable that did not improve is lignin, which increased from 17.2% to
24.2%. This higher lignin concentration may reduce the availability of some of the structural
carbohydrates, cellulose, and hemicellulose, thus reducing the improvements in net energy.
Crude protein, whose increase represents a major part of the improved feed value of the
digestate, differed significantly between 2018 and 2019.

Lignin measured on day 0 and day 21 in the bench-scale experiment was considerably
higher (17.2% and 24.2%) than lignin measured in IA fresh rye samples (on average,
5.5% in 2019 and 5.4% in 2018) because these batch digester experiments were inoculated
with digestate from an acclimated switchgrass digester fed with mature lignocellulosic
switchgrass. Future studies should conduct longer-term continuous flow experiments
with fertilized and unfertilized rye, and use in vitro dry matter digestibility assay on the
digestate to further characterize the forage quality of the digestate.

The revenue potential for the integrated system that digests rye to produce RNG, sells
the digestate for feed protein, and participates in carbon and renewable energy markets
was significantly improved with increasing fertilization in 2019 (Table 2). These results
suggest that some fertilizer may be necessary to achieve revenue goals. However, higher N
rates would also be associated with higher N2O GHG emissions during crop production,
reducing the negative emissions potential of the bioenergy system and the farm’s climate
mitigation potential.

Table 2. Mean values (with standard deviation) for digested rye revenue potential for the
two growing seasons, 2018 and 2019. Data are reported for a system producing both RNG, a carbon
credit, and a high protein feed coproduct (RNG system) for a range of RNG prices (low estimate to
high estimate). Data are reported here by rye fertilizer nitrogen application rate (N rate) (0, 60, and
120 kg N ha−1). Data reported by planting method can be found in Supplemental Information Table S4.

Factor Level 2018 2019
RNG System

(Low Estimate)
RNG System

(High Estimate)
RNG System

(Low Estimate)
RNG System

(High Estimate)
USD Mg−1 USD Mg−1 USD Mg−1 USD Mg−1

N Rate
0 kg N ha−1 306.78 (4.67) 487.4 (4.67) 307.93 (3.58) a 488.55 (3.58) a

60 kg N ha−1 306.99 (3.89) 487.61 (3.89) 317.91 (4.29) b 498.53 (4.29) b
120 kg N ha−1 306.94 (4.30) 487.56 (4.30) 321.22 (4.71) b 501.84 (4.71) b

p ns ns *** ***

Planting Method × N Rate ns ns ns ns

*** p < 0.001; ns: not significant. Different letters indicate significant differences within column identified by the
Tukey–Kramer post hoc test at α = 0.05 level.

We estimated that double-cropping rye offers an opportunity for producers to earn
between USD 307 Mg−1 and USD 502 Mg−1 in revenue (Table 2) when producers capitalize
on the four revenue streams assessed: (1) soil carbon credit programs for planting rye,
(2) anaerobically digesting the harvested rye to produce RNG, (3) D3 RINs credits, and
(4) producing a feed protein coproduct from the digestate residue that remains after di-
gestion. The digestate yield was estimated to range from 0.6 to 2.5 Mg ha−1, and this
feed protein coproduct was estimated to range from USD 183 ha−1 to USD 1046 ha−1

(Figure 2). The soil carbon credit represents less than 1% of the total revenue potential on a
land unit basis. The amount of material for feed protein coproducts following digestion
is less than the amount of fresh rye material because over 70% of the volatile solids are
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degraded during digestion. However, since the mass of nitrogen remains approximately
the same before and after digestion, the remaining digestate represents a more concentrated
nitrogen supplement.
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commodity fossil natural gas price and D3 RINs (from Supplemental Information Table S1), leftover
digestate sold as a feed protein coproduct (feed protein) (from Supplemental Information Figure S7),
and carbon credit for planting a cover crop. The nutrient composition of fresh rye is reported in
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value) is reported in Supplemental Information Table S6). Yields are reported in Malone et al. [37].
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Our revenue estimates for anaerobic digestion are higher than Shao et al. [8], who
found values between 150 Mg−1 and USD 300 Mg−1 when rye is harvested for ethanol
and feed protein. However, they did not consider revenue from D3 RINs as an incentive
for biofuels, using the market price for commodity ethanol instead. Relative to current
market prices for wholesale natural gas, the current D3 RINs incentives for cellulosic RNG
are over ten times greater than that wholesale price. Receiving cellulosic RNG incentives
from anaerobic digestion requires considerable additional costs, not only of investing in
an anaerobic digester but also the costs and ability to connect to a commercial natural gas
network to receive the D3 RIN revenue stream. These additional costs for producing RNG
and the digestate coproduct (e.g., separation of biogas, drying and transport of digestate)
would need to be added to the average breakeven prices for rye production reported in
Malone et al. [37] (USD 104 Mg−1 and USD 117 Mg−1) to understand potential profitability.
Farmers may be able to access state and federal financing options to help cover costs, such
as the U.S. Department of Agriculture’s Rural Energy for America Program, PennVest,
and the Commonwealth Financing Authority (CFA) [77]. Farmers who do not finance
and operate an individual on-farm digester but instead sell rye biomass to a centralized
digester system might also receive revenue for their rye. Based on the breakeven prices in
Malone et al. [37], the farmer would need to receive 22% to 36% of the energy value of their
feedstock generated from the digester system for the sale of winter rye to a commercial
digester to be profitable. Averaged across 2018 and 2019, the percentages for high- and low-
end estimates that the farmer would need to receive to break even were not significantly
different between 0 and 120 kg N ha−1 (p > 0.3) or 60 and 120 kg N ha−1 (p > 0.5) but were
significantly higher for unfertilized rye compared with 60 kg N ha−1 (p < 0.05). These
results suggest that some fertilizer is needed, but higher fertilizer rates may be unnecessary
to achieve revenue goals.
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As previously noted in the discussion of fresh rye forage quality results, the planting
method is likely not a factor in revenue potential for the digested rye system. Revenue
was significantly higher when drilled or incorporated compared with overseeded in 2019,
but revenue was not significantly different between drilled and overseeded or drilled and
incorporated in 2018 (Supplemental Information Table S4).

3.4. GHG Mitigation Potential

Our results suggest that fertilizing rye as a double-crop in a forage and bioenergy
system may benefit forage quality, renewable energy, and revenue goals. However, the
GHGs emitted during rye production, nitrogen fertilizer production, transportation of
fertilizer and other inputs, and biogeochemical processes in the field are part of the system,
and should be considered when designing sustainable bioenergy systems and evaluating
their carbon footprint.

N2O emissions increase with increased nitrogen fertilizer rates [78]. Malone et al. [37]
estimated that fertilizing with 60 and 120 kg ha−1 nitrogen incurs a carbon tradeoff, generat-
ing more biomass for downstream use but increasing rye’s in-field GHG emissions footprint
by on average 1134 kg CO2-e ha−1 yr−1 and 1922 kg CO2-e ha−1 yr−1, respectively [37].
During crop production, direct N2O emissions from fertilizer application were the largest
source of GHG emissions.

Feeding that fertilized rye into a methane digester that is well managed and does not leak
CH4 could offset some of those GHG emissions associated with nitrogen fertilizer (Figure 3).
At the average yields measured and reported in [37] (Supplemental Information Table S2),
rye could produce RNG with an energy content of 62,762 MJ ha−1, based on 94% volatile
solids and 0.315 Nm3 CH4 per kg volatile solids [26]. Assuming 55.8 kg CO2 is emitted per
GJ when burning natural gas [56], using rye for RNG would have offset carbon emissions
when we included the carbon sequestered in soil (Figure 3). When we subtract the carbon
emission incurred with nitrogen fertilizer from these offsets, in 2018 and 2019 under both
60 and 120 kg ha−1 nitrogen fertilizer treatments, there is still a net carbon benefit before
considering the carbon emissions incurred during bioenergy production (Figure 3). This
net carbon benefit from the bioenergy system is in a similar range to the carbon benefit
of traditional unfertilized and unharvested rye cover crops, which is in the range of 1 Mg
CO2--eq ha−1 [11]. That residue could be used as a livestock feed, soil amendment, or
pelletized and combusted. Depending on how that residue is used, there could be net
carbon benefits in terms of emissions compared to other livestock feed production.

The energy requirements to run and heat a 1200 m3 digester are estimated to be
9349 MJ day−1 [79]. Assuming 0.315 m3 CH4 kg−1 volatile solids and 94% volatile
solids [26], on a per-unit basis, the energy requirement is 0.29 kWh m−3 methane pro-
duced or 0.1 MJ energy invested per MJ−1 produced. The energy requirement could come
from the digester methane directly, which would reduce the marketable RNG or an external
energy source that may or may not have a carbon footprint. Assuming the average carbon
emission footprint of electricity in the U.S. is 0.42 kg CO2 kWh−1 [80], using external energy
would emit about 0.002 kg CO2 MJ−1 (0.06 kg CO2 m−3 CH4) to heat and operate a digester
from an alternative energy source. Under this scenario, fewer GHGs would be emitted to
the atmosphere than are offset under average yields across 2018 and 2019 for the 60 and
120 kg ha−1 scenarios (Figure 3). If the energy requirement came from the digester itself,
marketable RNG would be reduced by <3% of total production. In this scenario, though
marketable methane is reduced, both the 60 and 120 kg ha−1 fertilizer treatment emitted
fewer GHGs to the atmosphere than the offset and emitted less than if an alternative energy
source was used to heat and run the digester (Figure 3).
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fertilizer rate (0 kg ha−1, 60 kg ha−1, and 120 kg ha−1). They include emissions from the combustion
of renewable natural gas (emissions from combustion of RNG), emissions from heating and running
the digester (emissions from digester energy requirements), GHG emissions associated with farm
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However, it is important to emphasize how quickly these benefits are lost if there
are fugitive methane emissions from the digester system. As an example, if the digester
leaks just 2% of the methane production, the carbon benefit of digested fertilized rye can
disappear. These potential fugitive methane emissions were calculated by multiplying
RNG use (Figure 3) by percent leakage and then by the 20-year global warming potential
for methane of 84. Typical losses reportedly range from 0.2% to 2%, though >10% has also
been reported when upgrading biogas [81]. This reinforces the need for a well-managed
digester that does not leak. This analysis does not consider the potential carbon benefit
of downstream carbon capture and storage processes such as bioenergy carbon capture
and storage in underground geologic formations for permanent storage. Roughly 40%
of the biogas carbon is CO2, and when upgrading biogas to RNG, that CO2 is currently
typically emitted to the atmosphere. Capturing and storing this concentrated CO2 can
greatly enhance the GHG mitigation potential of anaerobically digesting rye.

4. Conclusions

Double-cropping winter rye offers an opportunity to sustainability intensify global
agriculture and provide new revenue streams. Agronomic management can change the
composition of rye, affecting its value for livestock forage or renewable bioenergy. Fertiliz-
ing rye improved fresh rye forage quality. Anaerobic digestion further improved forage
quality, but the palatability and nutritional benefits of rye digestate need further evaluation
in livestock trials. Additionally, more research is needed to understand the forage quality
and field-based N2O emissions effects of nitrogen rates between 60 and 120 kg ha−1.

The revenue for rye in an integrated biogas system ranged from USD 307 Mg−1

and USD 502 with an average of USD 402 Mg−1 based on an increase in crude protein
and accounting for degradation of dry matter during digestion, as well as payments of
RNG earning revenue from D3 RINs. However, these D3 RINs drive the economics of
this process, as their value is over ten times the value of wholesale natural gas and over
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50 times the value of the soil carbon credit for planting a cover or double-crop. With
revenue from the soil carbon credit less than 1% of the overall revenue, these additional
revenues from bioenergy and/or livestock feed may be a major incentive.

However, there are substantial costs associated with financing and operating a digester
and connecting to a commercial natural gas network for rye, so the revenue potential does
not represent the profitability of this system. An individual farmer selling to a centralized
digester system would need to receive 22% to 36% of the energy value that their feedstock
generated in the digester system for the opportunity to be profitable. Future research
should consider the costs of biogas and digestate separation, upgrading and transport,
ideally with actual cost data from commercial-scale operations.

Many on-farm digester systems are new entrepreneurial units that are allowing the
next generation of farm owners to grow the farm business and portfolio of revenue streams.
They offer an alternative market for farmers interested in profiting from cover crops in
regions where current markets do not exist or are limited, and a synergistic opportunity
for bioenergy alongside livestock production. Revenue was significantly improved with
fertilization, again suggesting fertilization may be beneficial in double-crop rye systems.
Rye and potentially other small grain double crops should be considered in efforts to
sustainably intensify agriculture, especially if the GHG footprint of nitrogen fertilizer and
N2O emissions can be reduced by climate-smart manufacturing and farm management,
and the remaining emissions offset by a well-managed bioenergy system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12101691/s1, Table S1: Renewable natural gas (RNG)
market price data; Table S2: Aboveground biomass reported by rye planting method (drilled after
corn harvest, broadcast and overseeded into R6 corn, and broadcast and incorporated after corn
harvest) and by fertilizer nitrogen application rate (N rate) (0, 60, 120 kg N ha−1) reported in [37];
Table S3: Mean values (with standard deviation) for rye crude protein (CP), available protein (CP
minus acid detergent insoluble crude protein), rumen degradable protein (RDP), rumen undegradable
protein (RUP), acid detergent fiber (ADF), neutral detergent fiber (NDF), lignin, relative feed value
(RFV), total digestible nutrients (TDN), net energy for lactation (NEL), net energy for gain (NEG)
and net energy for maintenance (NEM) for the two growing seasons, 2018 and 2019; Table S4: Mean
values (with standard deviation) for rye revenue potential for the two growing seasons, 2018 and
2019; Figure S5: Equations used to calculate net greenhouse gas emissions (GHG) in Figure 3 for
fertilized and unfertilized rye in a renewable natural gas (RNG) bioenergy system; Table S6: Forage
quality indicators of composite winter rye samples before (day 0) and after (day 21) twenty-one days
of digestion in bench-scale experiments from winter rye harvested in PA, including crude protein
(CP) (%), acid detergent fiber (ADF) (%), neutral detergent fiber (NDF) (%), total digestible nutrients
(TDN) (%), net energy for lactation (NEL) (%), net energy for maintenance (NEM) (%), net energy for
grain (NEG) (%), relative feed value (RFV) (%), and lignin (%); Figure S7: Actual feed price compared
to price predicted by regression; Figure S8: Actual and predicted feed prices ($ Mg-1) for feeds
(alfalfa hay, wheat straw soybean meal, and corn gluten feed) modeled by regression, and average
estimated price for winter rye digestate for each planting method and nitrogen fertilizer application
rate; Figure S9: Regression residuals by predicted plot, studentized residuals with 95% simultaneous
limits (shown in red) and individual limits (shown in green), and model parameter estimates and
their significance. Supplemental material references [82–89].
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