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H I G H L I G H T S

• The life-cycle performance of 10 co-
digestion substrates were compared.

• AD performance is sensitive to co-
substrate properties and management
strategy.

• High loading rates are economically
favorable yet increase farm-level
emissions.

• Co-digestion lowers total environ-
mental impacts compared to manure-
only digestion.

• Economic profitability of the AD
system is driven primarily by gate-fee
revenue.
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A B S T R A C T

Anaerobic digestion systems on dairy farms in New York State rely on gate-fee revenues from co-digestion to
ensure economic viability. Yet, because gate fees are paid on a volumetric (or weight) basis, farmers have been
compelled to accept large waste volumes. When these wastes are co-digested at rates exceeding the design
capacity of the digester, potentially significant technical, environmental, and economic consequences may arise.
To better understand these trade-offs, we performed a combined environmental life-cycle and economic as-
sessment with uncertainty analysis. We used the Anaerobic Digestion Model #1 to simulate the co-digestion
process for 10 potential co-substrates that were hypothetically mixed with dairy manure throughout a range of
loading rates. These simulation results demonstrated the need to include a robust anaerobic digestion model to
capture complex process dynamics and loading limits. Results also showed that while higher loading rates were
more economically favorable, they caused considerable reductions in the degree of waste stabilization during the
digestion process, which dramatically increased downstream methane emissions (e.g.,>450%) on the farm
compared to manure-only digestion. Regardless, most co-digestion scenarios led to a net reduction in total life-
cycle emissions compared to manure only and not digesting the co-substrate due mainly to greater electric power
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production and synthetic fertilizer replacement. Economically, gate-fee revenue was the most important con-
tributor to profitability, substantially outweighing the revenue from electric power production, while also
compensating for the increased handling costs of the added waste volume. Ultimately, the model clearly de-
monstrated the important environmental and economic implications arising from current anaerobic digestion
implementation practices and policy in New York State. In addition, the model highlighted key stages in the
system life-cycle, which was used to instruct and recommend immediately actionable policy changes.

1. Introduction

Livestock operating systems, such as beef and milk producing farms,
are inherently resource intensive and environmentally detrimental; yet,
demand for beef and milk products continues to grow globally [1].
Through anaerobic digestion (AD), some of the carbon that is present in
livestock manure and other agricultural residues is recaptured as me-
thane, which may then be used in a combined heat and power (CHP)
cycle. As an end-use technology, CHP is reliable and versatile and with
short-term storage, can produce base-load power and heat. Besides
energy production, there are additional opportunities to improve waste
stabilization and nutrient emissions to further mitigate environmental
impacts compared to conventional livestock operations [2]. For in-
stance, the macronutrients (nitrogen [N], phosphorus [P], and po-
tassium [K]) are partly mineralized and mostly conserved during the
AD process, and thus the digestate may serve as a substitute for syn-
thetic fertilizers [3]. Also, the use of digestate rather than raw manure
often facilitates nutrient recovery, using technologies such as: mem-
brane separation, ammonia stripping, and struvite precipitation [4].

Even without nutrient recovery, life-cycle assessment (LCA) studies
predict considerable environmental impact reductions when AD is used
in place of conventional manure management [5,6]. The majority of the
environmental impact reductions in these studies came from the dis-
placement of fossil-fuel derived electric power or heat. In the U.S., AD
from livestock operating systems alone has the potential to generate an
estimated 5.5% of U.S. electric power [2]. Co-digestion of dairy manure
with other organic waste streams, such as food waste (40 million tons
annually [7]), would considerably increase AD electric power genera-
tion potential and further reduce environmental impacts. Due to these
perceived benefits, many federal and state governmental agencies are
actively subsidizing AD implementation on farms via capital cost
sharing grants and compensation for electric power production. Despite
these financial incentives, however, high capital and operating costs
still represent a major barrier toward achieving economic viability
[2,8].

Consequently, farmers are increasingly relying on co-digestion of
externally sourced organic wastes to provide additional revenue in the
form of gate fees. In fact, a marked increase in co-digestion im-
plementation has been observed during the last 10 years, with 98 of the
260 farm-based AD operating systems in the U.S. now applying co-di-
gestion [5]. However, because gate fees are paid on a per volume (or
weight) basis (e.g., $60–100m−3) [9], farmers are incentivized to
maximize the loading rate of these co-substrates. This often results in
system overloading, which decreases digester stability and performance
(i.e., specific methane yields and waste stabilization). Moreover, the
digestate from an overloaded AD system may induce greater residual
methane and nutrient emissions downstream of the digester, especially
when open digestate storage is employed [10]. Finally, the additional
volume and nutrients embedded in the digestate may incur greater
downstream-handling costs; for example, from increased storage in-
frastructure, transport distances, and digestate export [11]. These en-
vironmental and economic considerations are important given the
versatility of the AD process, which permits the use of compositionally
diverse feedstock across a relatively wide range in loading rates [12].

To our knowledge, the environmental and economic life-cycle
consequences resulting from feedstock selection combined with a spe-
cific AD management strategy have not been systematically evaluated.

Moreover, none of the existing life-cycle studies have included a robust
AD process-based model capable of capturing the potentially important
dynamic effects or process limits arising from organic overloading or
substrate-related inhibition. Rather, these studies select a single sub-
strate mixture and then assign a static value for methane yield, nutrient
concentrations, and digestate composition. Using a simplified approach
is acceptable for rough estimates of AD process performance at con-
servative loading rates. However, this approach is less appropriate for
high co-digestion mixture ratios and loading rates, which is the way
most farm-based AD systems are being operated in the U.S. Therefore,
the inclusion of a more robust model at the AD process stage may prove
to be important for quantifying final life-cycle outcomes.

A sufficiently robust AD process model is the Anaerobic Digestion
Model #1 (ADM1). ADM1 is a dynamic anaerobic digestion modeling
tool developed by the International Water Association Anaerobic
Digestion Modelling Task Group. This structured model combines dif-
ferential and algebraic equations to simulate the physicochemical (acid-
base reactions, liquid-gas transfer) and biochemical kinetic processes
(biomass growth and decay, disintegration, hydrolysis, acidogenesis,
acetogenesis, and methanogenesis), and the various process inhibitions
associated with AD [13]. Moreover, the model allows detailed feedstock
characterization and dynamic flow-rate inputs to predict methane
production, biogas composition (i.e., CH4, CO2, and H2), N miner-
alization, and digestate composition, amongst other parameters [13].
The ADM1 model has been validated by multiple research groups for a
wide range of feedstock and operating conditions [13].

Here, our objective was to systematically evaluate the technical,
environmental, and economic consequences associated with co-diges-
tion feedstock selection and management strategy in NYS for a 1000-
cow dairy farm. Furthermore, because the operating choices will alter
the performance of the AD system, we sought to determine whether it
was necessary, from the standpoint of causing significant changes in
life-cycle outcomes, to more accurately estimate AD performance using
a robust AD process-based model rather single-value estimates. To ad-
dress the high degree of uncertainty associated with emission factor
estimates in agricultural systems, we included an uncertainty analysis
to further qualify the significance of our model results. We hypothe-
sized that the three fundamental parameters: (1) feedstock selection;
(2) co-digestion loading rate; and (3) changes in AD process perfor-
mance would significantly affect both the environmental and economic
life-cycle outcomes of the AD system. In addition, we anticipated that
by combining the technical, environmental, and economic aspects of
the AD system, this model would be able to identify key life-cycle
stages, and thereby help guide future co-digestion implementation
practices and policy.

2. Methods

2.1. Model description

Dairy manure served as the basal substrate for anaerobic digestion
in all model scenarios, and when digested alone, represented the base
case to which all co-digestion scenarios were compared. The co-diges-
tion scenarios involved 10 unique co-substrates, which were separately
mixed with manure at incremented loading rates spanning the technical
range of the AD process. The co-substrates were selected to ensure
variation in these three key characteristics: (1) organic composition; (2)
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substrate quality; and (3) nutrient concentration (Fig. 1, Table S1).
These characteristics are defined as follows: first, the organic compo-
sition of a substrate represents the proportion of carbohydrates, pro-
teins, lipids, and inert material that contributes to the chemical oxygen
demand (COD), which is mostly a measure of organic strength. The
inert material includes both totally and practically non-biodegradable
constituents, and is analogous to substrate biodegradability. For ex-
ample, we considered lignin practically non-biodegradable [14].
Second, substrate quality represents the physical and non-biological
properties of a substrate, such as the organic strength (total COD con-
centration, TCOD), water content, inorganic carbon (CO2 and HCO3

−),
and relative proportion of soluble and particulate COD. The TCOD is
equal to the sum of soluble and particulate COD. Third, nutrient con-
centration includes specific nutrient sources: total P, organic N, and
ammoniacal N (both ionized and unionized species).

The geographic scope of our model prioritized the Northeast U.S.,
and specifically, NYS in 2014, for defining the regional electric power
mix, energy prices, livestock intensity, synthetic fertilizer value, general
farm practices, emission factors, and climate. We defined the functional
unit as the treatment of 1000 kg of COD by AD and the system boundary
as farm-gate–to–farm-gate (Fig. 2). We created six unit processes within
the system boundary of the life-cycle model: (1) pre-digestion proces-
sing; (2) anaerobic digestion; (3) biogas utilization; (4) digestate sto-
rage; (5) land application; and (6) digestate export, which we describe
in six separate Sections 2.2.1–2.2.6. With these six unit processes, we
explored three decision variables related to AD operating conditions:
(1) mono-digestion vs. co-digestion; (2) co-substrate type; and (3) ap-
plied loading rate (i.e., mixture ratio) for co-digestion. Because dairy
manure and the co-substrates are considered waste streams from pre-
existing commercial operating systems, we assumed that the production
of these waste streams would be unaffected by their use in AD.
Therefore, we excluded all upstream emissions and cash flows that are
associated with the commercial operating systems producing these
wastes [15]. Finally, we assumed that the end-of-life emissions and cash
flows of the AD system (e.g., from recycling and disposal) were negli-
gible [9].

2.2. Six unit process descriptions

2.2.1. Pre-digestion processing
The United States Department of Agriculture Integrated Farm

System Model 4.1 was used to estimate the volumetric production rate
and composition of dairy manure slurry (NPK and total solids con-
centrations) from a conventional (intensive, non-organic) 1000-cow
dairy farm in NYS using the default farm parameters that were assigned
to this region [16]. We assumed that the composition and production
rate of manure was constant during the lifetime of the AD system. Pre-
digestion processing involved pumping dairy manure slurry and co-
substrates into short-term holding tanks (i.e., 4–10 days with inter-
mittent mixing). The manure and co-substrate were then blended, and if
necessary, diluted with water to 10% total solids, before being pumped
into the digester.

2.2.2. Anaerobic digestion
The ADM1 was used to model a single-stage, continuous-flow, me-

sophilic (35 °C) continuously-stirred tank reactor. For the manure-only
digestion simulation (base-case scenario), the hydraulic retention time
(HRT) was set at 35 days, with a corresponding organic loading rate of
1.81 kg COD·m−3·Day−1. The organic loading rate represents the mass
of COD that is fed per digester volume per day. For the co-digestion
simulations, we incremented the total influent organic loading rate by
5% (COD-basis) by increasing the amount of co-substrate added to the
dairy manure slurry. We granted five HRTs at each loading rate to
ensure steady-state conditions in silico before we collected performance
data. Since we assumed that the digester volume was fixed, the HRT of
the digester was reduced proportionally with the amount of co-sub-
strate added to manure (with a minimum HRT of 12 days). The com-
position of the final co-digestion mixture (i.e., dairy manure
slurry+ co-substrate) fed to the digester was calculated by weighted
average w/w (see Table S1 for complete substrate composition).

Also, it is important to emphasize that the total organic loading rate
of the digester during co-digestion was dictated by the applied co-di-
gestion mixture ratio (kg COD substrate · kg COD manure−1). For ex-
ample, a 2:1 co-digestion mixture ratio results in a total organic loading
rate of (3×1.81)= 5.43 kg COD·m−3·Day−1. Furthermore, the volu-
metric loading rate (m3·m−3·Day−1) of a substrate at a given organic

Fig. 1. The organic composition of dairy manure
slurry and the 10 co-substrates (primary axis)
based on total COD concentration (secondary
axis).
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loading rate is directly proportional to the organic strength (kg
COD·m−3), and represents the volume of substrate that is fed per di-
gester volume per day. Also, the mass loading rate (kg·m−3·Day−1) is
related to the volume loading rate by the density (kg·m−3) of the
substrate, and represents the mass of substrate fed per digester volume
per day.

Finally, performance data included biogas yield and composition
(i.e., CH4, CO2, and H2), as well as digestate quality parameters, in-
cluding organic and inorganic carbon species, and organic and ammo-
niacal N concentrations. These performance data represented the inputs
to the biogas utilization and digestate storage process stages. We de-
fined the maximum organic loading rate of a co-digestion scenario as
either the penultimate mixture ratio before process failure occurred, or
the mixture ratio corresponding to an HRT of 12 days. We modeled the
electric power requirements of the digester relative to the volume
loading rate of the influent, and additionally modeled heat require-
ments using specific heat capacities assuming an initial influent tem-
perature of 13 °C (annual average for NYS).

2.2.3. Biogas utilization
All the captured biogas from the AD stage was used for CHP with a

reciprocating gas engine. The CHP was sized based on the lower heating
value of the biogas and the electrical and heat capture efficiency of the
CHP. The capacity factor (i.e., run-time efficiency) of the CHP was es-
timated based on published literature values (Table S2), and ranged
from 75% to 94% [17,18]. We assumed that the heat captured by the
CHP was used to heat the digester, and any remaining heat was ex-
hausted to the environment via radiators. Also, the produced electric
power was first allocated to meet the electric power demand of the AD
system (e.g., biogas conditioning, pumps, blowers, mixers), and then to
offset farm electric power. Any surplus electric power was fed to the

electric grid and credited through net-metering. Farm electric power
demand was estimated from published literature values [19,20] (Table
S2) and was credited the premium value of NYS electric power (i.e.,
$0.15 kW h−1), while electric power delivered to the grid was credited
at wholesale value (i.e., $0.03 kW h−1). Lubrication oil consumption by
the CHP was estimated relative to the quantity of biogas combusted
[21] (Table S2). The CHP was replaced after 10 years of operation.

2.2.4. Digestate storage
We extended the ADM1 model to estimate residual methane emis-

sions and N transformation during summer and winter storage of di-
gestate. The storage facilities were modeled as open lagoons (earthen-
lined embankments) with dynamic volume, which we assumed to re-
main anaerobic [22]. We sized summer and winter storage to accom-
modate 14 days and 180 days of digestate, respectively, including the
additional volume contributed by NYS precipitation. Average seasonal
temperatures were included in the ADM1 model to account for the ef-
fect of temperature on physical-chemical and biochemical processes.
Also, we assumed that digestate from winter storage was spread on
cropland in spring, and digestate from summer storage was spread bi-
weekly during the growing season. Energy requirements for digestate
mixing and pumping during truck loading were estimated using pub-
lished literature values [15] (Table S2).

2.2.5. Land application
The model assumed that the N and P present in digestate was used

to displace the synthetic fertilizers – ammonium nitrate and triple-super
phosphate, respectively – assuming a 20–100% fertilizer equivalence
for N and 100% for P [23]. The livestock intensity of the farm was set to
0.74 livestock units per hectare, which was based on data that we
collected from the 2014 NYS agricultural census [24]. Digestate

Fig. 2. Environmental and economic life-cycle model of a farm-based anaerobic digestion system showing the system boundary (solid line), unit processes (solid line), sub-unit processes
(solid line), decision variables (dash-dot line), NYS electricity and synthetic fertilizer substitutions (dotted arrow lines), and major environmental and economical flows (solid arrow
lines).

J.G. Usack et al. Applied Energy 211 (2018) 28–40

31



application rates were modeled to meet the N fertilizer requirements of
crop lands [25]. Embedded P applied in excess of crop demand was
assumed to be emitted as phosphate at a rate of 5% of total P applied
[6] (Table S2). Cropland cultivation area was not expanded in the
model to match increased nutrient loads resulting from co-digestion.

Methane emissions from agricultural soil were estimated using the
model outlined by the International Panel on Climate Change 2006
[26]. In this model, the amount of organic material applied (kg COD)
and the maximum specific methane yield (m3 CH4·kg COD−1) need to
be specified. Because we used ADM1 to determine the exact organic
composition of digestate after winter and summer storage, we were able
to directly compute these values. Although our model precisely quan-
tified carbon-based emissions, it did not quantify soil carbon changes.
Still, N emissions from soil were estimated using emission factors from
published literature (Table S2) and the total and ammoniacal N con-
centrations in the digestate, which was simulated by ADM1. Finally,
labor and diesel fuel inputs for synthetic fertilizer and digestate ferti-
lizer application were treated separately to account for differences in
fertilizer equivalences (Table S2).

2.2.6. Digestate export
We used the N fertilization rate and the total N concentration in the

digestate after storage to define the maximum land application rate. All
additional digestate in excess of N demand was assumed to be exported
from the farm according to the energy calculation for truck loading in
Section 2.2.4 (Table S2). Labor and diesel fuel inputs for digestate ex-
port were estimated assuming a 5–40 km hauling distance using a 12-
ton lorry, including empty returns [27,28]. The final end-use of diges-
tate after leaving the farm boundary was not included in the life-cycle
model.

2.3. Life-cycle inventory

The life-cycle inventory (LCI) was compiled using SimaPro 8.1
software (Pré North America Inc., Washington D.C.) using process data
that were derived from the EcoInvent v3.1 database, where applicable
(Ecoinvent, Zurich, Switzerland). The LCI included direct, local emis-
sions (i.e., originating on the farm), indirect, non-local emissions (i.e.,
originating off the farm), and composite uncertainty ranges that were
derived from published literature (Table S2). Direct environmental
emissions that were produced on the farm included: methane (CH4),
nitrous oxide (N2O), nitrogen oxides (NOx), nitrate (NO3

−), ammonia
(NH3), and phosphate (PO4

3−). Indirect emissions included those as-
sociated with the production of off-farm energy (e.g., grid-electric
power, diesel), materials (e.g., synthetic fertilizer, lubrication oil), and
the manufacturing of capital assets (e.g., infrastructure, equipment).

The economic LCI included cost of capital assets and cash flows
derived from published literature estimates (Table S2). Capital assets
included: anaerobic digestion system infrastructure (e.g., holding tanks,
digester vessel, plumbing, digestate storage) and equipment (e.g., CHP,
pumps, heat exchangers). Equipment used for crop cultivation, such as
tractors and tankers, were not included because demand for this
equipment would not change appreciably between scenarios. The cash
flows included: gate-fee revenue, net-metered electric power revenue,
operating material costs (e.g., engine lubrication oil, synthetic fertilizer,
and diesel), maintenance costs, labor costs, indirect costs, and in-
surance. Gate-fees were credited to the farm based on the wet weight of
the co-substrate, which is the convention in NYS. All monetary flows
were actualized to 2014 U.S. currency using Chemical Engineering
Plant Cost Index values. Further details regarding all life-cycle in-
ventory items are available in the Supplementary Information section
(Table S2).

2.4. Life-cycle scenario evaluation

We evaluated the model scenarios using three primary metrics: (1)

AD process performance; (2) environmental impacts; and (3) economic
viability. These metrics are defined as follows: first, AD process per-
formance considers specific methane yield (SMY) and COD removal
efficiency. SMY is important for energy production, while COD removal
efficiency indicates the degree of waste stabilization. Second, we
characterized environmental impacts of the AD system using IMPACT
2002+ v2.12 methodology. This methodology includes both midpoint
and endpoint impact categories, and provides an unweighted single-
point score [29]. To simplify the presentation of these results, we only
report the endpoint categories (i.e., climate change, ecosystem quality,
human health, resources) and single scores for the six unit processes.
Moreover, we applied a cut-off value of 1% at the environmental end-
point level. Third, we evaluated economic viability using an after-tax
net-present value (NPV) analysis, assuming a discount rate of 15% and
project lifetime of 20 years (except for the CHP). For the depreciation of
capital assets, we followed the U.S. Federal Modified Accelerated Cost
Recovery System. Finally, we assumed an income tax rate of 38%.

2.5. Uncertainty analysis

Uncertainty analysis is seldom included in life-cycle studies because
it requires additional data collection, higher computational demands,
and is very often limited by data availability. However, it is important
to conduct uncertainty analysis because vastly different life-cycle out-
comes may arise due to different model assumptions and parameter
estimates [30]. This is especially true of environmental life-cycle stu-
dies involving agricultural systems where emission factor estimates
vary considerably between geographic regions and across studies.

To specifically account for such inter-study uncertainty, we com-
piled uncertainty ranges from relevant studies for each LCI input item
and then created a composite uncertainty distribution using a Monte
Carlo simulation (50,000 iterations). Next, we fitted a log-normal dis-
tribution for the composite uncertainty distribution in Matlab R2015a
(Mathworks Inc., Natick, MA) using the makedist.m function, and then
implemented the log-normal distribution in SimaPro. The uncertainty
ranges that were used to develop the composite uncertainty distribu-
tions are provided in the Supplementary Information section (Table S2).

3. Results

3.1. A robust model was needed to capture changes in AD performance
caused by feedstock selection and co-digestion loading rates

Dairy manure slurry proved to be a conducive basal feedstock for
co-digestion, permitting relatively high mixture ratios (i.e., COD-
loading rates) for all the co-substrates evaluated. The maximum mix-
ture ratios achieved during co-digestion ranged from 2.35 to 6.5 times
the COD input of dairy manure slurry (i.e., 2.35–6.5 CODco-substrate: 1
CODmanure). The high buffering capacity of dairy manure slurry resisted
acidification when carbon-rich co-substrates were applied with low
alkalinity such as industrial glycerine and rapeseed oil (Table S1). Dairy
manure slurry also acted as an N source for biomass growth for co-
digestion with N-limited co-substrates (e.g., rapeseed oil, industrial
glycerine, DAF). In addition, dairy manure slurry, on its own, was found
to be the least favorable substrate, resulting in the lowest SMY and COD
removal efficiency for the modeled conditions (195 L CH4·kg−1 and
50.1%, respectively). The comparatively poor AD performance from
dairy manure slurry can be attributed to the high inert fraction (i.e.,
lower biodegradability) (grey bar in Fig. 1), which arises from the high
lignin content [31].

For the 10 co-digestion scenarios, AD performance most often de-
pended on the biodegradability and organic strength of the co-sub-
strate, while only in exceptional cases did it depend on nutrient con-
centration (i.e., co-substrates with extremely low/high N content).
Maximum AD performance exhibited a strong, direct correlation with
co-substrate biodegradability (R2= 83% for SMY, 82% for COD
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removal efficiency). The most biodegradable co-substrates were rape-
seed oil, kitchen waste, and industrial glycerine, with a correspondingly
high SMY (blue bars in Fig. 3) and COD removal efficiency (data not
shown). The least biodegradable co-substrates were the silages (i.e.,
corn, grass, and green weed), DAF, and slaughter house-blood. Despite
having an inferior AD performance, however, these co-substrates with
low biodegradability permitted relatively high mixture ratios by
avoiding organic overloading. Moreover, due to their lower organic
strength (inset black diamonds in Fig. 1), these co-substrates achieved
high mass loading rates (yellow-diamonds inset within orange bars in
Fig. 3).

High mixture ratios were also achieved with more biodegradable co-
substrates, such as rapeseed oil, kitchen waste, and industrial glycerine.
However, these carbon-rich co-substrates were more susceptible to
process constraints, such as N limitations and organic overloading,
which occurred with rapeseed oil and industrial glycerine co-digestion,
respectively. Furthermore, because both rapeseed oil and industrial
glycerine had relatively high organic strength (Fig. 2, Table S1), their
mass loading rates were limited (Fig. 3). On the other hand, low organic
strength co-substrates, such as whey and slaughter house-paunch,
achieved very high mass loading rates. The loading rate of these low-
strength co-substrates was ultimately constrained by the 12-Day HRT
lower limit used in this model.

Operation of the AD system at maximum AD loading necessarily
leads to reductions in SMY compared to that of the maximum AD
performance for all co-substrates (Fig. 3). With the exceptions of ra-
peseed oil, slaughter house-blood, and whey, these AD performance
reductions were roughly proportional to the increases in mass loading
rate. This was caused by increased hydraulic short-circuiting at a
shortened HRT. AD performance was also influenced by the hydrolysis
rate and soluble COD fraction (inset black diamonds in Fig. S1) of the
co-substrate, albeit to a lesser extent. Whey, for example, is comprised
mostly of soluble sugars (i.e., lactose) and carboxylic acids with a so-
luble COD fraction of 93% (Fig. S1, Table S1). With a very low parti-
culate COD fraction, whey was less limited by hydrolysis at higher
volumetric loading rates compared to those co-substrates with high
particulate COD fractions. In addition, the hydrolysis rates for the

particulate COD fractions in whey are also higher than for the other co-
substrates. Although slaughter house-blood has the highest soluble COD
ratio at 95%, this co-substrate performed poorly, because it has a large
proportion of soluble inert matter (24% of soluble COD) (Fig. S1, Table
S1), and because inhibitory levels of ammonia developed at higher
loading rates (explained below). Finally, the high carbon content of
rapeseed oil induced an N limitation at a very high co-digestion mixture
ratio, which constrained biomass growth and caused an accumulation
of fermentation intermediates.

The ADM1 model simulations also captured the effects of process
inhibition. For example, ADM1 predicted AD process failure due to
ammonia inhibition during slaughter house-blood co-digestion (AD
process failure occurred at a 4.25 mixture ratio in Fig. 4). Slaughter
house-blood was the only co-substrate with higher N content than dairy
manure slurry (orange and purple bars in Fig. S2). Dairy manure slurry
itself contains high N levels, which already was sufficient to cause
partial inhibition of the AD process during manure-only digestion (re-
presented as the 0:0 mixture ratio in Fig. 4D). However, acetate accu-
mulation did not occur during manure-only digestion due to the con-
servative organic loading rate (1.81 kg COD·m−3·Day−1), low
biodegradability, and long hydraulic retention time (i.e., 35 days)
(Fig. 4A). Yet, during co-digestion of slaughter house-blood (i.e., mix-
ture ratios > 0), ammonia inhibition increased to levels where acetate
and other short-chain carboxylic acids (Fig. 4E) began to accumulate,
which caused proportional reductions in SMY and COD removal effi-
ciency (Fig. 4B). As a result, maximum AD performance occurred at a
relatively low co-digestion mixture ratio with slaughter-house blood
(i.e., ∼0.3:1, COD-Basis). Still, the AD process was able to tolerate
considerably higher mixture ratios, operating at “inhibited steady-state
conditions” before total process failure occurred [32]. Process failure
occurred when the pH dropped to inhibitory levels (Fig. 4C). Leading
up to process failure, COD removal efficiency continued to decrease
(∼40% compared to the optimal COD removal efficiency of ∼60%).
Unique AD process constraints also limited the maximum loading rate
of the other co-digestion scenarios (Table S3).

Fig. 3. The specific methane yield (primary
axis) and mass loading rate (secondary axes) at
the manure:co-substrate mixture ratio corre-
sponding to maximum AD performance (blue
bars) and maximum AD loading (orange bars).
The values above the bars represent the percent
change in SMY between the two conditions. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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3.2. High co-digestion loading rates are more profitable but have
environmental consequences

We evaluated the effect of increasing co-digestion loading rates on
AD performance, direct environmental emissions on the farm, and
economic profitability using kitchen waste as an example co-substrate.
Here, we summarize the results of this evaluation using these proxy
metrics: (1) COD removal efficiency (AD performance); (2) global
warming potential (GWP) (direct environmental emissions); and (3)
NPV (economic profitability). We found that kitchen waste could be co-

digested with dairy manure slurry at high mixture ratios and mass
loading rates (i.e., maximum mixture ratio= 5.95; maximum mass
loading rate= 28.3 kg·m−3·Day−1) in relation to that of maximum
COD removal efficiency (i.e., mixture ratio= 1.65; mass loading
rate= 8.3 kg·m−3·Day−1) (purple line in Fig. 5A). Furthermore, we
found that the point of lowest GWP occurred at a much lower mixture
ratio (∼0.90) (Fig. 5A) compared to the mixture ratio leading to the
highest NPV (∼5.95) (black inset bars in Fig. 5B).

The lowest GWP was reached at a lower mixture ratio compared to
that of the maximum AD performance because kitchen waste contains

Fig. 4. ADM1 simulation of slaughter house-
blood co-digestion with dairy manure slurry.
Pane (A) shows the applied loading rate (primary
axis) and sludge retention time (secondary axis).
Pane (B) shows the SMY (primary axis) and COD
removal efficiency (secondary axis). Pane (C)
shows pH (primary axis) and the non-competi-
tive pH inhibition to acetoclastic methanogenesis
(secondary axis). The inhibition parameter is
presented as unity minus the inhibition factor (I)
(i.e., 1-I) shown as a percent. Pane (D) shows
unionized ammonia concentration (NH3) (pri-
mary axis) and the non-competitive NH3 inhibi-
tion to acetoclastic methanogenesis (secondary
axis). Pane (E) shows the total short-chain car-
boxylic acid (C2–C5) (primary axis) and acetic
acid concentrations (C2) (secondary axis). Note:
manure-only digestion is equivalent to a 0.0
mixture ratio.
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less N per COD than dairy manure slurry (Fig. S2), which reduced GWP
in the processes dominated by N emissions (e.g., N2O, NH3) such as pre-
digestion processing and land application. However, as the co-digestion
mixture ratio increased, residual methane emissions from digestate
storage also increased, and eventually outweighed the benefits of a
lowered specific N load. Digestate storage emissions were the greatest
contributor to GWP in all cases except for the lowest mixture ratio,
where N emissions during land application emissions contributed the
most to GWP (orange1 bar higher than yellow bar in Fig. 5A).

This trend of increasing methane emissions during digestate storage
has also been discussed in other studies [33,34]. Here, at the highest
mixture ratio with kitchen waste (overloaded conditions), residual
methane production in digestate storage accounted for 25% of the total
methane potential of the co-digestion mixture (black line in Fig. S3),
which corresponds closely with measured values in overloaded AD
systems [35,36]. Pre-digestion processing (cyan bar sections in Fig. 5A),

anaerobic digestion (green bar sections in Fig. 5A), and biogas utiliza-
tion (blue bar sections in Fig. 5A) stages produced less GHG emissions
compared to digestate storage and land application. Relative GHG
emissions decreased at the pre-digestion processing stage (storage of
manure and storage of co-substrate) with increasing co-digestion mix-
ture ratios of kitchen waste. This was because the GHG emissions from
the storage of kitchen waste were comparatively lower than for storage
of manure. In contrast, at the digestate export stage, GHG emissions
increased at higher mixture ratios because proportionally more diges-
tate was exported off the farm (grey bar sections in Fig. 5A).

From an economic viability perspective, co-digestion was markedly
more feasible than manure-only digestion. This was indicated by an
increasing total NPV with increasing loading rates of kitchen waste
(Fig. 5B). The most important revenue stream was gate-fee revenue (red
bar sections in Fig. 5B), followed distantly by electric power production
(purple bar sections in Fig. 5B). Actually, electric power revenue per
1000 kg COD decreased with increasing mixture ratios, since a larger
excess of CHP-generated electric power was granted the whole-sale rate
($0.03·kWh−1) rather than the premium rate ($0.15·kWh−1). Without

Fig. 5. Direct, farm-level environmental emis-
sions (A) and economic profitability (B), indicated
by global warming potential (GWP, 500-yr hor-
izon) and net present value (NPV), respectively,
for the kitchen waste co-digestion scenario. AD
performance indicated as chemical oxygen de-
mand (COD) removal (Pane A, purple line, sec-
ondary axis). Note: manure-only digestion is
equivalent to a 0.0 mixture ratio. Error bars re-
present 95% confidence interval of the modeled
uncertainty distribution.

1 For interpretation of color in Figs. 5 and 7, the reader is referred to the web version of
this article.
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gate-fees, CHP-generated electric power alone was incapable of re-
covering the capital and operating costs of the AD system. Bishop &
Shumway (2009) arrived at similar results, and further demonstrated a
shortfall even with the inclusion of additional co-product revenue
streams (i.e., digestate solids bedding, fertilizer, and carbon credits)
[37].

Co-digestion also conferred economic benefits in the form of
avoided costs. The most important avoided cost was the cost in capital
needed for the AD system, due to better use of digester volume and
other process equipment during co-digestion (i.e., per COD). Here, the

CHP was sized to match biogas production, and therefore the relative
cost of biogas utilization decreased only slightly with scale (blue bar
sections in Fig. 5B). Avoided land application cost (orange bar sections
in Fig. 5B) was the second most important contributor to profitability.
However, as the loading rates increased, the added nutrients brought in
by kitchen waste increasingly exceeded crop demands, and thereby
required more digestate export. However, the cost for digestate export
remained relatively small compared to all the other costs even at higher
loading rates (grey bar sections in Fig. 5B).

These results indicate a clear trade-off between the environmental

Fig. 6. Total life-cycle environmental impacts
(direct+ indirect emissions) of co-digestion with
each of the 10 co-substrates, modeled with Impact
2002+ for damage categories: climate change
(A), ecosystem quality (B), human health (C), and
resources (D); and as a combined single-score (E),
based on applied co-digestion mixture ratio. The
mixture ratio point corresponding with the
highest environmental impact is outlined in red,
while the point with the lowest environmental
impact is outlined in green. The maximum co-
digestion mixture ratios ranged from 2.65 to 6.5,
and were constrained by AD process limits unique
to each co-digestion scenario (Table S3). Note:
manure-only digestion is equivalent to a 0.0
mixture ratio. PDF: Potentially disappeared frac-
tion of species. DALY: Daily Adjusted Life Years.
Error bars represent 95% confidence interval of
the modeled uncertainty distribution. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)
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impacts and economic profitability of the AD system. With increasing
co-digestion mixture ratios, improved profitability came at the expense
of increased environmental impacts at the farm-level. Furthermore, due
to the low value of electric power, economic profitability was effec-
tively insensitive to AD performance. Low electric power prices also
meant that relatively high loading rates were necessary to accrue suf-
ficient gate-fee revenues to attain economic viability. Here, to achieve a
positive NPV, kitchen waste needed to be loaded at twice the rate used
for optimum AD performance and triple the rate used for maximal

environmental emission reductions.

3.3. Indirect life-cycle environmental benefits compensate for increased
emissions on the farm from an overloaded AD process

Co-digestion of organic wastes led to proportionally greater en-
vironmental emissions on the farm when the AD process was over-
loaded. Despite this, total life-cycle emissions, which also include all
the indirect emissions occurring outside the farm, were reduced

Fig. 7. Overall life-cycle economic viability for
each of the 10 co-digestion scenarios, both with
(A) and without (B) gate-fee revenue, based on
applied co-digestion mixture ratio. Economic
viability is indicated by net present value (NPV).
Note: manure-only digestion is equivalent to a 0.0
mixture ratio. Error bars represent 95% con-
fidence interval of the modeled uncertainty dis-
tribution.
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through co-digestion compared to manure-only digestion. This was
mainly due to the over-riding environmental benefits gained from re-
placing NYS grid electric power and synthetic fertilizer with biogas and
nutrients derived from the co-substrates. Of all the damage categories
assessed, climate change impacts were reduced by the greatest margin
through co-digestion (Fig. 6A). Resource impacts, which are driven by
primary energy consumption [29], were similarly reduced (Fig. 6D).
Moreover, these impact reductions occurred regardless of co-substrate
properties or the applied loading rate. This demonstrates that co-di-
gestion, even for the least favorable operating conditions, was still
preferable to manure-only digestion without digestion of co-substrate
(points outlined in red in Fig. 6A and D).

In fact, for slaughter house-blood (dark grey line), industrial gly-
cerine (light grey line), and DAF (cyan line), the points of minimal
climate change and resource impacts approximately coincided with the
maximum mixture ratios (also the maximum loading rates) for these co-
substrates (points outlined in green in Fig. 6A and D). More often,
however, these minima occurred at some intermediate mixture ratio,
which suggests these damage categories were still somewhat sensitive
to AD performance. Climate change impacts were relatively more sen-
sitive to AD performance compared to resource impacts, since climate
change impacts are affected by both electric power production (related
to SMY) and residual methane emissions (related to COD removal ef-
ficiency), whereas resource impacts are only influenced by electric
power production.

Ecosystem quality (Fig. 6B) and human health (Fig. 6C) impacts, on
the other hand, are more sensitive to nutrient emissions than carbon
emissions [29]. Consistent with other LCA studies, most of the nutrient
emissions in our model occurred downstream of the AD process during
digestate storage and land application [6,38]. Except for slaughter
house-blood, dairy manure slurry had the highest N & P content (per
COD) of all the substrates evaluated (Fig. S2). As a result, most co-
digestion scenarios reduced ecosystem quality and human health im-
pacts compared to manure-only digestion. Furthermore, since these
impact categories are less sensitive to residual methane emissions, the
point of minimal impacts very often coincided with the maximum
mixture ratio (points outlined in green in Fig. 6B and C). The single-
score value represents an average of the four impact categories fol-
lowing normalization, and thus predicted environmental optima at in-
termediate mixture ratios (Fig. 6E).

3.4. Gate fees drive economic return but favor low-quality co-substrates

The relative differences in economic return between the 10 co-di-
gestion scenarios were markedly greater than the relative differences in
environmental impacts. When gate fees are included, a large range of
NPVs was observed depending on co-substrate selection and the applied
mixture ratio (Fig. 7A), while without gate fees, the range of NPVs was
much smaller (Fig. 7B). This demonstrates the over-riding influence of
gate-fee revenue compared to all other revenues and costs associated
with co-digestion. Yet, even without gate fees, NPV follows a positive
trend with an increasing co-digestion mixture ratio (Fig. 7B). This in-
dicates that the less important revenue streams generated via co-di-
gestion (e.g., greater electric power production and fertilizer replace-
ment), could compensate for the added costs (e.g., greater handling
volume and excess nutrient export). However, none of the co-digestion
scenarios achieved a positive NPV without gate fees.

Also, dilute and low-energy co-substrates, such as whey (blue line),
slaughter house-paunch (orange line), and slaughter house-blood (dark
grey line), accrued considerably more gate-fee revenue compared to
energy-rich co-substrates such as rapeseed oil (light brown line), DAF
(cyan line), and industrial glycerine (light grey line) (Fig. 7A). In fact,
these three energy-rich co-substrates never achieved a positive NPV
even with gate fees. However, these energy-rich co-substrates per-
formed the best environmentally (Fig. 6) and technically in terms of AD
performance (Fig. 3). Finally, when considering the combined

environmental and economic performance (i.e., environomic score)
relative to manure-only digestion, a similar outcome was observed (Fig.
S4). With gate fees, co-digestion improved system performance in all
scenarios with an increasing mixture ratio (Fig. S4A), while without
gate fees, each scenario performed almost the same (Fig. S4B).
Slaughter house-blood co-digestion was the notable exception (dark
grey line in Fig. S4). This co-substrate resulted in the lowest en-
vironomic score due to its considerably higher environmental impacts
compared to the other co-substrates.

4. Discussion

4.1. The implications of current farm-based co-digestion management
practices

In NYS, farm-based AD is promoted by federal and state agencies as
a sustainable alternative to conventional manure management. Co-di-
gestion is similarly endorsed as a more desirable disposal route for
organic wastes compared to landfilling [39]. This is due to the per-
ceived environmental services that are rendered by AD: energy pro-
duction and waste stabilization. However, assuming the current eco-
nomic and policy framework, to achieve the greatest economic profit
from co-digestion, operators should maximize the loading rate of low-
strength, low-biodegradability co-substrates containing just enough
nutrients to support biomass growth. Such co-substrates permit high
volume loading rates with less chance of organic overload, and there-
fore accrue the most gate-fee revenue. Conversely, the co-substrates
with high organic strength and biodegradability, which are ideally
suited for energy production, perform the worst economically. There-
fore, it is evident that energy production is not a highly valued service
of farm-based co-digestion. In fact, we estimate it is more economical to
flare excess biogas rather than investing in a larger CHP system, since
whole-sale electric power prices (i.e., $0.03 kW h−1) cannot offset the
marginal cost of increased electric power production capacity.

Also, gate fees paid to AD operators should reflect the full cost of
properly treating these organic wastes. In a way, gate fees are analo-
gous to the charges levied by a landfill or municipal treatment facility
for waste disposal. Yet, our analysis demonstrates that the economically
optimum co-digestion loading rate greatly exceeds the loading rate
leading to optimal COD removal efficiency. The resulting partially
treated effluent is then delivered to open-lagoon storage, where it fur-
ther degrades, releasing considerable environmental emissions. In this
sense, farm-based co-digestion systems are undercutting the full cost of
waste treatment and providing a less expensive disposal route com-
pared to landfilling or conventional municipal treatment.

4.2. What should regulators and policy makers do with our information?

4.2.1. Financial compensation should be linked to AD performance
Feed-in-tariffs, where premium electric power rates are guaranteed

for a contracted period, would provide greater incentive toward energy
production compared to net-metering. However, feed-in-tariffs do not
necessarily guarantee efficient AD process management, since there is
still the incentive to maximize gross methane production from the di-
gester rather than specific methane yields from the substrate. A bonus
system indexed to specific performance metrics, such as COD removal
efficiency, could be used to additionally reward AD operators for effi-
cient energy production. For example, a farm AD system with a 50%
COD removal efficiency would earn an additional $0.02 kW h−1, while
one with 60% COD removal efficiency would earn an additional
$0.04 kW h−1. However, as our analysis makes clear, co-digestion
substrate quality greatly affects AD performance, and thus co-digestion
substrate quality should be included in the bonus allocation scheme,
say, by assigning an expected treatability level for a given co-substrate.
The ADM1 model, for example, could be used in place of experimental
treatability studies, which are not practical for many farm-based AD
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operations. Tariff bonuses could be similarly granted for implementa-
tion of other environmentally advantageous management strategies or
technologies such as digestate covered storage [22], solid-liquid se-
paration [11], or waste heat utilization [40].

4.2.2. Gate fees and capital-cost sharing should be allocated using
technically relevant metrics

Our analysis demonstrated the environmental consequences of
crediting co-digestion gate fees based on co-digestion substrate volume
(or weight), which has little technical relevance to the AD process. A
more reasonable approach would be to credit gate fees based on the
composition and organic load of the co-substrate being treated. This is
the standard approach used by existing wastewater treatment facilities
to ensure proper waste stabilization, and therefore could be directly
applied for farm-based AD systems. Linking gate fees to a technically
relevant metric would help co-align the environmental and economic
objectives of AD implementation rather than putting them in opposi-
tion.

Also, providing capital-cost sharing with governmental subsidies for
AD energy projects without quality assurance/control (QA/QC) should
be reconsidered, because they do not commit the operator (or original
AD system designer) to the long-term performance of the AD system.
Some granting institutions require QA/QC compliance from AD systems
before awarding net-metering benefits, however, these QA/QC plans
typically target CHP run-time efficiency and/or emissions quality, and
neglect AD process performance. Thus, they cannot redress the issue of
organic overloading or environmental emissions occurring downstream
of the CHP. The funds currently used for capital cost sharing would be
better spent toward longer-term feed-in-tariff contracts or technology-
specific investments that promote higher efficiency or greater en-
vironmental impact reductions.

4.2.3. Low-cost and effective management practices should be implemented
immediately to mitigate environmental emissions

While the current economic model persists, immediate measures
should be pursued to help offset environmental burdens imposed by
poor co-digestion management. For example, our results indicate a
clear opportunity to reduce environmental damage through the im-
plementation of digestate storage covers to capture residual methane
emissions. This residual methane could be flared or redirected to the
CHP for additional energy production [6]. Unfortunately, very few AD
systems in NYS use storage covers. The reason is undoubtedly economic
as there is no immediate financial incentive for the AD operator to
justify this expense. Yet, an economic analysis by Wightman and
Woodbury [22] suggest that the cost of installing a floating storage
cover is relatively low considering the environmental benefits (i.e.,
$0.010–0.013 per 1000 kg CO2-eq mitigated), which make digestate
storage covers a cost-effective use of governmental subsidies. Another
relatively inexpensive alternative to storage covers, albeit less effective,
would be to perform solid separation of digestate prior to storage, be-
cause this would reduce the amount of residual carbon reaching storage
[11]. The separated solids could then be used for cow bedding, or as P-
enriched fertilizer, since proportionately more P is retained with the
solids than N [11]. This partial decoupling of N and P by solid-liquid
separation would also allow farm operators to more precisely match
fertilization requirements of crops, and thereby reduce land application
emissions arising from over-fertilization.

Finally, opportunities exist to improve the life-cycle environomic
performance of the AD system merely by addressing dairy manure
slurry quality. AD operators should minimize the amount of process
water added to manure during collection to increase the organic
strength and minimize handling volume. Effluent recycling could also
be used in place of process water for dilution of both dairy manure and
co-substrates. However, it should be noted, that the use of effluent re-
cycling would induce higher solute concentrations, which may be
problematic for co-substrates containing potential inhibitors (e.g.,

NH4
+). Lastly, the nutrient load fed to dairy cattle may be reduced

using precision feeding strategies. This would reduce the nutrient
concentration in dairy manure, which in turn would lead to substantial
environmental impact reductions at most stages of the system life-cycle.

5. Conclusions

The increased implementation of anaerobic digestion for organic
waste-to-energy conversion and waste treatment by the agriculture
sector is expected to continue in the future, especially in the U.S., due to
greater government support, increasing fossil energy prices, stricter
environmental regulations, and greater public advocacy. Currently,
new AD installations are often not evaluated very well, partly due to the
absence of detailed tools. The extensive environmental life-cycle and
economic assessment model that was developed in this study included a
robust AD process model to predict the considerable environmental and
economic consequences that may arise from changes in AD operating
strategy and performance. Many of the life-cycle outcomes predicted by
this model would not have been accurately captured if a more simpli-
fied AD modeling approach were used. Also, although the model esti-
mates included considerable uncertainty, the general trends and life-
cycle hot-spots could be easily identified as significant. Therefore, the
model could serve as a tool to inform future policy decisions and direct
efforts to improve the environmental benefits and economic profit-
ability of planned anaerobic digestion projects. It could also be used by
AD operators at existing AD facilities to gauge current performance and
evaluate the consequences resulting from, for example, changes in
feedstock and AD operating strategy, market conditions, and policy.
Given the difficulty and impracticality of conducting field measure-
ments and properly controlled experiments for agricultural processes,
this or a similarly extensive model may be the best approach to evaluate
farm-based AD systems.
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