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CAUTION: This email originated from a sender outside of the Commonwealth of
Massachusetts mail system. Do not click on links or open attachments unless you
recognize the sender and know the content is safe.

My name is Rudi Roeslein the CEO of Roeslein Alternative Energy and the partner with Smithfield
Foods on Monarch Bio Energy that has spent over $200 million into rural America during the last five
years to produce over 700,000 dekatherms from swine waste on our Horizon 1 concept to convert
animal waste to energy and nutrients. These projects have created over 50 high paying operations
jobs, hundreds of construction jobs, much needed infusion of capital to rural America from hotel
expenses, restaurant costs and many other secondary financial benefits. The lagoon concepts we
use have the lowest Cl scores in the industry and can store gas energy under the three to four acre
lagoon’s covers for several days before being converted to RNG or Electricity as needed.

We are also working with Seaboard, and lowa Select on additional projects to convert their Swine
waste in to renewable energy and convert the water into concentrated ammonia and the solids to
soil amendments.

We have plans to convert thousands of lagoons into safe and environmentally sound digesters in
North Carolina, Virginia, Oklahoma, Texas, Utah, Arizona, lowa and Missouri. The first phase is to
convert the manure to energy while we also develop and experiment with water purification
systems that concentrates the ammonia for use as a organic fertilizer that can displace chemical
fertilizers. We also intend to develop our Horizon 2 concepts that will use cover crops, crop residue
and reconstructed native grasses and prairie forbs on marginal land to provide additional RNG and
soil amendments while these biomass sources also provide ecological services and wildlife habitat. |
have been collaborating with Bruce Dale at Michigan State with a Italian Consortium that has been
incorporating hundreds of digester in Italy on a project called Biogas done right and have included
their white papers in this email. | believe the US has a tremendous opportunity to provide a new
source of income to rural America that could in my estimation bring over 50 billion in revenue to the
underserved rural communities while they utilize their land in a more holistic way that serves
society, the environment and wildlife. Please take the time to read the two white papers that
provide scientific support of why the Europeans are so bullish on the Anaerobic Digester process
helping them get to their renewable energy goals while also providing significant income to their
farming communities.

| have investors committed to spend over $700 million dollars on these projects to help not only
large but small farmers reach our environmental and energy goals without compromising our food
production. | believe there is sound scientific reasons to pursue this path of renewable natural gas
and not let unsubstantiated false claims deter or possibly stop this amazing opportunity for our
farmers to have another important source of revenue and help solve many environmental
challenges. Thanks for your time and please read the two attachments.
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A group of over 600 ltalian farmers organized as the Italian Biogas Consortium are redesigning their
own farming systems to produce food and bioenergy in a nationwide farm-level movement called
Biogasdoneright™. This Feature demonstrates how it is possible to simultaneously increase the
economic viability and stability of agriculture by reducing farm input costs and enabling farmers

to produce food and fuel more sustainably. © 2016 Society of Chemical Industry and John Wiley &

Sons, Ltd
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uman beings obviously require food. Approximately
H 2000 kcal of food energy per capita per day and

about 50 grams of protein per capita per day are the
essential macronutrients. Thus the seven billion people on
this planet need approximately 5100 trillion kcal per year
and approximately 130 million tonnes of protein annually.
Four major commercial crops (rice, wheat, corn (maize),
and soybeans) alone provide about 8200 trillion kcal per
year and 240 million tonnes of protein per year. This does
not take into account the calories and protein provided by
potatoes, manioc, sorghum, sugarbeets, sugarcane, canola,
and many other crops. Thus we produce basic food crops
far in excess of human needs.

Where does the rest of the food go? Some is lost between

the field and the consumer, and some food is wasted at the

table, but most human use of land is actually to produce
animal feed. Large fractions of our grain and oilseed
crops are used to feed animals. By far the biggest human
use of land is pasture, all of which is for animal feed
production.

Thus we use the term ‘food/feed production’ to highlight
this crucial fact. Our dietary choices, not our essential
nutritional requirements, govern humankind’s land-use
patterns. We mostly use land to feed animals, and then we
consume the meat, milk, eggs, and cheese that the animals
produce.

Human beings also require the many services that
energy provides. Over the last few centuries we have con-
sumed vast quantities of fossil energy. However, the wealth
produced has been unevenly distributed around the world.

Correspondence to: Farmer and Executive member of Italian Biogas Council and European Biogas Council, Via Stazione 24,
33058 San Giorgio di Nogaro, Italy. Email: Stefano.bozzetto@biostudi.com.
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Fossil energy is not renewable, thus the wealth produced
by fossil energy use cannot be sustained long term.

Thus we require renewable, low carbon energy if we are
to enjoy sustainable, long-term prosperity. Bioenergy can
provide the desired renewable, low carbon energy services.
In fact, for some critical energy services such as aviation,
long-haul trucking, and ocean shipping, only high energy
density liquid fuels are adequate. As a result, the consensus
view of five independent analyses is that approximately 25%
of total energy services must be provided by bioenergy.' The
average amount of bioenergy required in these scenarios is
very large, about 130 exajoules of primary energy per year.
The inherent geographically distributed nature of bioenergy
also helps ensure that the wealth derived from bioenergy
production and use will be more equitably distributed than
is the case with current fossil fuel use. Properly produced
and used, bioenergy can be sustainable.

Why is bioenergy controversial?

The key reason for the controversy surrounding bioenergy
is probably the perceived conflict with food production.
Another reason is that current agricultural practices often
contribute to environmental problems including deforesta-
tion, loss of biodiversity, and surface and groundwater
contamination. For example, agriculture itself generates
about 12% of global greenhouse gas (GHG) emissions.”

At a minimum, bioenergy must not interfere with
food production and it must not worsen environmental
problems. Preferably, we want bioenergy production to
enhance food production potential and also to provide
significant environmental benefits.

Thus we endorse the comments of Food and Agriculture
Organization (FAO) Director-General da Silva who notes
that:

In the past decades there have been a lot of debates about
the priority and food versus biofuel production. But
nowadays we need to move from the food versus fuel
debate to a food and fuel debate. There is no question that
food comes first. [...] in more recent years, the demand
for biofuels has supported food prices. It acted as a support
for those crops creating a buffer zone and avoiding that
agricultural prices fell to the point that farmers would

be discouraged to produce next year.|...] Biofuels create
additional demand for agriculture products, including
cereals in countries with long supplies, which helps farmers
in developing countries.

Today we are better positioned to better evaluate the
opportunities and risks of biofuel production and to

Feature: Biogasdoneright™: An innovative new system is commercialized in ltaly

use it when it pays off socially, environmentally and
economically.’

As Director-General da Silva states, we need to use bio-
energy when it ‘pays off socially, environmentally and eco-
nomically’; in other words, when it is sustainable.

How can we have sustainable,
large-scale bioenergy production?

We envision three primary avenues for sustainable, large-
scale bioenergy production.

1. Woody bioenergy crops - the use of wood pellets

The use of wood pellets for fuel is growing rapidly, par-
ticularly in Europe. The existence of supply chains and
infrastructure caused Europe to import wood pellets from
the southeastern United States and even from western
Canada rather than from Brazil, where the cost of growing
wood is lower but the lack of ports and other infrastruc-
ture hinders exports. Supply chains matter greatly for
large-scale bioenergy production.

2. Marginal (non-food) lands

‘Marginality’ is primarily an economic question. That
question is: ‘Can the farmer/land manager use the land to
grow crops for which the revenue is higher than the costs?’
Producing bioenergy and/or environmental services may
render land that is uneconomical for food production suf-
ficiently profitable to change marginal land into useful
land. For example, perennial grasses planted on poor soils
or sloping terrains may fix carbon in the soil and reduce
erosion while still harvesting the grasses for animal feed
and bioenergy production. Arid lands unsuitable for food
crop production can be planted with low water use plants
to provide animal forages and bioenergy.

Farmers must be motivated to manage these marginal
lands if such lands are to provide food/feed and also
energy services. Unfortunately, the needs of farmers have
often been neglected in discussions of marginal lands and
bioenergy. There will not be any bioenergy production
from marginal lands, or good agricultural lands, unless
farmers benefit.

3. Redesign/repurpose existing agricultural systems

Worldwide, roughly 1500 MHa are under cultivation.?
If these lands are to provide both food/feed and large-
scale environmental services, then the larger systems in
which land use are embedded must change. One such sys-
temic change was described in a paper entitled ‘Biofuels
done right: land efficient animal feeds enable large

© 2016 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 10:341-345 (2016); DOI: 10.1002/bbb
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environmental and energy benefits’.” The paper describes
the use of double crops to increase the total amount of
cellulosic biomass available for bioethanol production
from currently farmed US croplands while maintaining
food/feed production. Based on this system-level innova-
tion, approximately 400 billion liters of bioethanol per
year could be produced, the energy equivalent of about
half of annual US gasoline consumption. On the envi-
ronmental side, nitrate losses to groundwater and surface
waters were decreased by 75% and total U S GHG produc-
tion were reduced by 10%.

The basis of the double-cropping system is that row crops
such as corn only occupy the land for a few months of the
year, often less than half of the photosynthetically active
period for plants. During the remainder of the year the
land is essentially inactive. The sun is shining, but no pho-
tosynthesis is occurring because nothing is planted and
growing. Double crops are often cool-season grasses whose
most highly active photosynthetic periods are before or
after the productive growth periods of food crops such
as maize (corn). Typically the double crops are planted
after corn or soybeans are harvested in the fall. They grow
somewhat in the fall and over winter, grow rapidly in the
spring, and then are harvested before the corn/soybean
crop is planted in the early summer.°

The Biogasdoneright story

A national feed-in tariff was created in 2008 in Italy for
renewable electricity. Inspired by the ‘Biofuels done right’
paper, a group of farmers in northern Italy, in the Po River
valley, decided to exploit farm-based anaerobic digestion
(AD) units to produce biogas that would be burned on site
to produce electricity for the national grid. Widespread
double-cropping was adopted, whereas previously double-
cropping was not widely practiced due to lack of markets
for the double crop. The traditional crops were grown to
supply the existing food/feed markets while the second or
double-crop (primarily annual grasses such as winter rye,
triticale, forage wheat, or corn silage after wheat grain, etc.)
was grown, harvested, ensiled, and then fed to the digesters
to enable year-round operation of the digesters. Digesters
were also fed by animal manures and other wastes and
residues.

AD is very flexible in the feedstocks it can process and is
a relatively low capital cost technology without licensing
requirements for processing technology or for commer-
cial enzymes or bacteria with their associated costs. Net
energy yields from AD are relatively high. The energy of
the biogas represents approximately 24-65% of the heat of

© 2016 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 10:341-345 (2016); DOI: 10.1002/bbb

combustion of the inlet feedstocks supplied to the digester.
Combustion of the biogas converts about 37-41% of the
energy content of the biogas to electricity. Thus about
0.09-0.27 MJ of electricity is exported to the grid per MJ of
feedstock energy.

Supply chains and biomass logistics are not an obstacle
since these operations are confined to the farm. All the
crop production and processing operations are conducted
on the farm, and electricity is exported through the grid.
Considering just the carbon, about 65-80% of the carbon
fed to the digester is converted into biogas. The remaining
carbon is incorporated into the soil.

Farms continue to produce food/feed from the first
crop as they have always done; thus there is no impact
on the food/feed markets and no market mechanism for
indirect land-use change (iLUC) with its imputed GHG
emissions. The double-crop produces additional carbon
that is fed to the digester for bioenergy production. The
liquid fraction from digestate is returned to the land by
irrigation (‘fertigation’), thereby recycling a large frac-
tion of the mineral nutrients and providing irrigation
water as needed.

The solids issuing from the AD unit are incorporated
into the soil, increasing soil carbon levels and enhancing
soil fertility. Soil carbon levels are further enhanced by
the double-crop, primarily by decomposing roots from
the double-crop. Thus the double-crop also increases soil
organic matter and soil fertility.

Long-term digestate administration to the fields can
lead to higher organic matter content of the soils. This
practice enables long-term soil carbon sequestration. Thus
the fertility of the farm increases over time by applying
digester solid residues and the farm becomes more capable
of food production, not less so. The double-crop reduces
erosion, further protecting soils, and also captures mobile
soil nutrients for recycling on the farm, thereby protecting
water supplies. These positive effects of applying digestate
can be further enhanced by practices derived from conser-
vation agriculture such as minimum tillage, strip tillage
and sod seeding, among others.” The overall system there-
fore functions as a biological carbon capture and sequestra-
tion (BECCS) process.

The approach is inherently flexible and scalable. Different
crops appropriate for local soils and climates are grown
in different areas. For example, farms in the temperate Po
River valley, in the hot, arid regions of Sicily, and a number
of farms in different regions between these extremes are
participating in the Biogasdoneright movement.

In northern Italy, double-cropping often occurs as a mix-
ture of winter cereals and nitrogen-fixing crops harvested
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343







BE Dale et al.

344

in late spring for silage followed by corn harvested at grain
maturity for the market or as triticale silage followed by
soybean. Numerous combinations are possible. The key
innovation is that one of the two harvests is ensiled and
later fed to the digester.

In southern Italy, numerous double-cropping options are
also possible. For example, durum wheat can be planted as
the winter crop for the market followed by sorghum in the
late spring or Italian sainfoin (a legume) for the winter fol-
lowed the year after by durum wheat. This approach avoids
mono-cropping with its attendant reduced grain protein
content. Returning digestate liquid to the land also helps
maintain protein content.

Since 2010, approximately 1200 AD units have been
installed on Italian farms and have begun to produce
renewable electricity. These units have a combined total
electrical production capacity of about one gigawatt and
feature an installed capital cost of about 3 million US$ per
megawatt. About 12 000 new direct jobs have been created
as a result of the growth in the AD industry in Italy.

Food production has not decreased on the farms that
apply the guidelines. Participating Italian farmers are
producing food and fuel. More ecologically intensive use
of their land causes soil organic matter and soil fertility to
increase. Recycling mineral nutrients reduces the cost of
purchased fertilizers, and eliminates the GHG emissions
associated with producing and using those inputs. Double-
cropping and incorporating digestate solids significantly
improve the GHG profile of these farms.

Income from food production remains the same, but
input fertilizer costs are significantly reduced. Electricity
produced is essentially another cash crop for the farmer.
The presence of the digesters makes farm operations
more resilient and robust. Even a failed food crop can be
harvested and fed to the digester for energy production.

Critically, Italian farmers now have the ability to bal-
ance food and fuel production against each other. They
can reduce the overall costs to society of both food and
fuel while ensuring more stable and profitable operations
for themselves. High food prices reduce energy costs at a
given farm level profitability while high energy prices will
enable lower food costs. Farms are thus less prone to boom
and bust cycles of high crop commodity prices followed
by long periods of depressed crop prices and the resulting
bankrupt farms.

Different cropping systems can be used in differ-
ent areas, but AD is the crucial technology that enables
the success of this approach. Biological stabilization of
manure and agro-wastes by AD clearly decreases related
GHG emissions that would otherwise occur without AD.

Feature: Biogasdoneright™: An innovative new system is commercialized in ltaly

AD provides the biogas for electricity production or other
uses and also the recycled nutrients and stabilized carbon
for building soil organic matter. The digester creates the
demand for the second harvest (the ensiled crop) that
drives double-cropping and all of its attendant benefits.
AD can be applied to arid regions not suitable for C3 and
C4 crops. In such areas, the digester is fed with CAM
plants, but without double-cropping. AD can also be
applied to other erodible or degraded lands, for example,
those planted with perennial grasses, again without dou-
ble-cropping. In both cases, food (animal feed), energy,
and large environmental services are generated, without
requiring double-cropping.

These principles can be applied elsewhere in the world,
adapting the principles to local circumstances and local
needs. For example, a primary cause of illness and reduced
life expectancy in sub-Saharan Africa is open-fire cooking
and heating with wood. Applying Biogasdoneright princi-
ples at the African village level to process human and ani-
mal wastes, crop residues, and energy crops could improve
soils while also providing some electricity and biogas for
heating and cooking.

The foundation of bioenergy production is farms and
commercial forests. Currently, many farms are going out
of business due to low crop commodity prices. Low crop
commodity prices are not good for farmers, nor are they
good for a society that needs a stable, prosperous agricul-
tural sector. We should promote policies and technologies
that will lead to a sustainable, resilient agricultural sec-
tor that can help solve food, energy, and environmental
problems.

If this is to be accomplished, we must redesign agri-
cultural systems to produce food and bioenergy, while
achieving large environmental benefits. The Italian
Biogasdoneright movement provides an important, inspir-
ing illustration of how both sustainable food and energy
can be produced, while accompanied by large environ-
mental services. It demonstrates how it is possible to
simultaneously increase the economic viability and stabil-
ity of agriculture by reducing farm input costs and ena-
bling farmers to produce food and fuel more sustainably. G
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Abstract: We reported previously on the Biogasdoneright™ system for on-farm biogas production.

This innovative system employs sequential (year-round) cropping to produce both food and energy
from agricultural biomass, primarily cellulosic materials. This paper uses a marginal analysis approach
to estimate the life cycle greenhouse gas emissions (GHGs) of electricity and biomethane produced
by four currently operating Italian biogas plants that process various agricultural feedstocks, residues,
and by-products. The biogas is burned on-farm to generate electricity that is then exported to the
grid. The marginal lifecycle GHGs of this farm-produced electricity range from -335 to 25 grams CO,
per kilowatt hour (kWh). By comparison, the marginal GHGs of electricity generated by fossil fuels in
the European Union (EU) is 752 grams CO, per kWh. The biogas might also be upgraded to produce
pipeline-quality biomethane, a direct substitute for natural gas. The marginal lifecycle GHGs of
biomethane potentially produced from the Biogasdoneright™ plants range from 10 to -36 grams CO,
per megajoule (MJ) while the corresponding figure for a conventional biogas plant is 27 grams CO, per
MdJ. Natural gas in the EU produces 72 grams CO, per MJ and marginal fossil fuel in the EU generates
115 grams CO, per MJ. Negative GHG emissions arise largely from avoided emissions of agricultural
effluents and residues. © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd

Supporting information may be found in the online version of this article.

Keywords: anaerobic digestion; biogas; Biogasdoneright™; carbon footprint; greenhouse gas
emissions; life cycle assessment
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Introduction

production, the so-called food versus fuel argu-

ment."”> Furthermore, according to the indirect land-
use change (iLUC) theory, bioenergy must be held responsi-
ble for the greenhouse gases (GHGs) that are emitted when
additional agricultural feedstocks are produced to replace
feedstocks used for bioenergy production.®’ Some critics of
bioenergy note that using existing agricultural feedstocks
for energy production does not generate additional carbon
savings or carbon sequestration to offset rising atmospheric
carbon dioxide levels. In essence, these critics argue that
carbon-neutral biofuels are insufficient. Instead, bioenergy
should create very large sinks for atmospheric carbon.®'°

Without necessarily accepting these objections, our pur-
pose in this paper is to show how it is possible to reconcile
all these objections to bioenergy by applying existing tech-
nologies that are easily accessible to many farmers. This
set of innovations is called Biogasdoneright™ (BDR) and is
being practiced by over 600 Italian farmers who are now
producing about 1.4 gigawatt of renewable electricity. There
is no food versus fuel issue; these farmers are producing
food and fuel. There is no mechanism for iLUC because food
production continues as before. Finally, additional carbon is
produced and some of that carbon is sequestered in the soil
in highly stable forms. The BDR system is therefore a bioen-
ergy with carbon capture and storage (BECCS) system.

Local climates and soils, locally available biomass
resources, and prevailing food/feed markets define how
BDR principles are applied in particular situations, as
illustrated here using actual case studies involving four
separate Italian farms. Prior to BDR, these farms pro-
duced traditional food and feed products, but no energy
products. After instituting BDR, these farms continue
to produce traditional food and feed products and also
grow additional feedstocks to produce biogas via on-farm
anaerobic digestion. This raw biogas is burned to produce
electricity and exported by the electric grid.

The aim of the study is to assess the carbon footprint
of electricity and natural gas produced in three real-case
biogas plants operating in different Italian regions and
following the BDR system. To quantify the environmental
sustainability of the BDR model, these results are com-
pared with a conventional first-generation biogas plant
using life cycle assessment (LCA).

Currently these farms only produce renewable electric-
ity. However, biogas might also be upgraded to biometh-
ane and then exported from the farm via the natural gas
grid. Unlike the electric grid, the natural gas grid also

B ioenergy has been criticized as interfering with food

Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

provides substantial energy storage capacity. The biomass
required to support bioenergy production is generated
by growing additional biomass on seasonally unused
bare land (via double-cropping, also known in the EU as
sequential cropping) on the same farms.

The overall BDR approach is illustrated in Fig. 1.
Anaerobic digestion, ensiling, and double-cropping are
well-established, relatively low-cost technologies with no
intellectual property barriers to application. The innova-
tion in this system is to feed the ensiled double crop to the
digester and then to return the digestate liquid to the farm,
thereby recovering mineral nutrients and recycling very
stable carbon to the soil. In addition to the double crop,
the digester can also process locally-available byproducts
including livestock manures, crop residues and failed
crops such as frost-killed or drought-killed immature
maize. Digestate liquid also serves as a source of irrigation
water during times of drought. Farming for traditional
food/feed crops continues as performed prior to BDR.

To illustrate how this is done, Figs 2 and 3 summarize
two representative 38-month-long planting cycles that
are actually used on these farms. The first planting cycle
(Fig. 2) is a conventional farming rotation of traditional
wheat, maize, and soybeans. In this particular cycle, the
ground is bare about 17 months out of the 38 total months
of the cycle, or 45% of the time. The land could be growing
something during these months but it is not. Farmers are
not growing additional food and feed crops because those
food/feed markets are already saturated and depressed.
Producing additional food and feed crops would only fur-
ther depress crop prices. Importantly, the farmer’s primary
capital asset, land, is not providing any return on invest-
ment when the land is bare.

Biomethane
to the Grid

Figure 1: Outline of the Biogasdoneright™ system.
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Figure 2. Representative 38-month cropping cycle showing
conventional and Biogasdoneright™ cropping systems plus
timing of chemical fertilizers, livestock effluents and diges-
tate application.
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Figure 3. Another representative 38-month cropping cycle
showing conventional and Biogasdoneright™ cropping sys-
tems plus the timing of chemical fertilizers, livestock efflu-
ents and digestate application.

In contrast, demand for bioenergy enables production
of additional crops via sequential cropping, that is, essen-
tially continuous use of the land. Various crops (e.g. triti-
cale, maize, or sorghum) are planted during these months
when the land would have otherwise been bare. These
crops are then ensiled to provide feed for the digester.
Because the land is continuously planted, application of
digestate as fertilizer is much less likely to produce the
potent GHG nitrous oxide (by microbial metabolism of
nitrogen fertilizers). Also, less nitrate and phosphorus
are lost to ground and surface waters than when chemi-
cal fertilizers or livestock effluents are applied on bare
ground. Soil carbon levels are enhanced by the stable car-
bon resulting from microbial metabolism in the digesters.
Other agricultural practices such as strip tillage, precision
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Figure 4. Four ltalian biogas case studies: one conventional
biogas plant and three plants following Biogasdoneright™
principles.

application of digestate, etc., can further enhance positive
environmental outcomes and improve farm economics.

A second representative planting cycle, this one produc-
ing wheat and tomatoes, is given in Fig. 3. In this case, the
38-month planting cycle consists of 15 months in which
the ground is not planted, or about 39% of the total time.
Following the BDR principles. maize and triticale silage are
planted during these times when the ground would have
otherwise been bare.

It is worth noting that even if the wheat or tomato food
crop fails (due to frost, flood, hail, drought, etc.), it can
still be harvested, ensiled, and fed to the digester, thereby
reducing the farmer’s losses while continuing to produce
both energy and environmental services.

BDR farms produce both food and bioenergy. Thus, the
environmental burdens of the system are allocated among
the food and bioenergy products to estimate GHGs for
bioenergy production. In Fig. 4 a graphic description of
the feedstocks for the 4 AD plants object of the study is
presented. We use the marginal approach to allocation: the
land, energy, and other inputs required to produce electric-
ity and biomethane from biogas are separated from the
inputs required to produce food and feed. From these data,
the greenhouse gas emissions of electricity and biomethane
are calculated. Details of the calculations are given herein.

Methods

Anaerobic digestion plant cases

Table 1 summarizes four case studies that are investigated
in this paper to estimate GHG emissions of electricity and
biomethane.

849







3850

L Valli et al.

Table 1. Extended acronym clarification for the

case studies.

Case study Acronym Feedstocks

Case 1 MAIZE MAIZE

Case 2 CRP+MAN CROP + MANURE

Case 3 MAN+CRP MANURE + CROP

Case 4 BYPR+MAN BYPRODUCT + MANURE
Case 1: MAIZE

The first case is essentially a conventional or reference
biogas system that grows only energy crops - but not food
or feed crops. This conventional system is an anaerobic
digestion plant located in Northern Italy (Lombardy
region), for which maize silage is the only feedstock. In
this case, the maize silage energy crop is a traditional
animal feed crop that is diverted to bioenergy production.
Thus, this farm no longer produces food or feed, but only
bioenergy. The biogas plant size is 1000 kW, and maize
silage is supplied from 285 ha of croplands. The digestate is
stored in a closed tank and is used as a fertilizer for subse-
quent maize silage crops. The average distance from crop-
lands to the anaerobic digestion plant is 2.5 km. Mineral
fertilizers along with digestate are also used to meet the
nutrient requirements for maize production in this region.

The feedstock and operating characteristics of this and of
the following case studies are summarized in Tables 2 - 5.

In contrast to Case 1, the following three cases represent
various embodiments of the BDR principles applied in
specific areas with particular climates and locally available
feedstocks.

Case 2: CRP+MAN

This 1000 kW anaerobic digestion plant in Northern Italy
(also the Lombardy region) is located at a 600-head dairy
cattle farm, including 280 lactating cows. Feedstock for
the digester is a mixture of energy crops (mostly maize
silage), cattle manure slurry, and by-products from nearby
cereal grain mills and potato processing plants. The diges-
tate is used as fertilizer on the farm. Digestate is applied
under best practices and using machines that minimize
nitrogen losses. The use of mineral fertilizers (nitrogen,
phosphorus, and potassium) is very limited. About 65% of
the nitrogen requirements of the crops are met with recy-
cled digestate, and essentially 100% of the potassium and
phosphorus requirements.

This farm has 255 ha of cropland divided up into seven
different plots. Of these seven plots, 80 ha are used for a

Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

Table 2. MAIZE case: Feedstock and load
characteristics.

MAIZE plant
Parameters Unit Feedstocks
Corn silage Total
monocrop
Crop area ha 284.6 284.6
Biomasses load t per year 17 945 17 945
Biomasses TS content % f.m. 35% 35%
Biomasses VS content % TS 96% 96%
Biomasses VS load t VS per a 6006 6006
VS degraded in % 89% 89%
digestion
N content g/kg f.m. 4.38 4.38
biomasses input
Biogas yield m® per kg VS 0.679  0.679
% CH, in biogas % 53% 53%
BioCH, yield Nm?3CH, per 0.360 0.360
kg VS

TS = Total Solids; VS = Volatile Solids; f.m. = fresh matter

monocrop of maize silage (50% for animal feed and 50%
for the digester), 160 ha are for maize silage in double
cropping (sequential cropping) with a winter cereal (triti-
cale or ryegrass), used as forage for the animals, and 15 ha
are used to grow perennial forage (alfalfa) for cattle.

Figure 5 summarizes the somewhat complex land use
patterns for this particular farm. Some acreage on this
farm is used exclusively for food/feed production, some is
used exclusively for biogas production, and some is used
both for food and biogas production. Note also that not
all the farm land is used sequentially according to BDR
principles. Some land is left bare part of the year because
the current legal structure for the feed-in tariff for renew-
able electricity in Italy does not provide market access for
all the electricity the farm could generate. This farm could
produce significantly more biogas and electricity than it
does at present.

As summarized in Figs 2 and 3, digestate is applied at
the following times (and using specific equipment) dur-
ing the cropping cycle: (i) prior to sowing the next crop
(using an umbilical system and strip distribution with
combined equipment), (ii) during weed control (via diges-
tate injection), and (iii) during crop growth (using fertiga-
tion or pivot distribution with drip lines). Pictures and
links to movies of this equipment in use are found in the
Supporting Information.
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Table 3. CRP+MAN case: Feedstock and load characteristics.

CRP+MAN plant

L Valli et al.

Parameters Unit Feedstocks

Cattle Potato Cereal Corn Corn Corn Triticale  Total

slurry scraps  by-products silage silage 2° silage 2° silage

monocrop crop (after crop (after 2° crop
ryegrass) triticale)
Crop area ha 40.0 30.0 130.0 70.0 270.0
Biomasses load  t per year 14 600 1825 913 2522 1746 6936 3395 31936
Biomasses % f.m. 8% 8% 92% 35% 35% 35% 33% 23%
TS content
Biomasses % TS 83% 96% 97% 96% 96% 96% 94% 93%
VS content
Biomasses t VS per a 994 140 814 844 584 2321 1055 6753
VS load
VS degradedin % 55% 87% 78% 89% 82% 82% 78% 78%
digestion
N content a/kg f.m. 3.85 1.06 13.69 4.38 4.38 4.38 3.80 415
biomasses input
Biogas yield m?® per kg VS 0.429 0.656 0.616 0.679 0.623 0.623 0.594 0.597
% CH, in biogas % 56% 52% 56% 53% 53% 53% 53% 54%
BioCHj, yield Nm?3CH, 0.240 0.340 0.345 0.360 0.330 0.330 0.315 0.320
per kg VS
TS = Total Solids; VS = Volatile Solids; f.m. = fresh matter
Table 4. MAN+CRP case: Feedstock characteristics and load.
MAN+CRP plant
Parameters Unit Feedstocks
FYM Poultry Cattle ~ Sorghum silage Sorghum Total
manure  droppings  slurry monocrop silage 2" crop

Crop area ha 0.0 0.0 0.0 20.0 20.0 40.0
Biomasses load t per year 13177 1843 30 271 873 776 46940
Biomasses TS content % f.m. 22% 42% 8% 30% 30% 14%
Biomasses VS content % TS 84% 71% 82% 95% 95% 83%
Biomasses VS load t VS pera 2435 552 1986 248 221 5442
VS degraded in digestion % 55% 70% 50% 78% 78% 56%
N content biomasses input  g/kg f.m. 5.28 21.00 3.76 3.45 3.45 4.85
Biogas yield m? per kg VS 0.428571 0.554 0.393 0.594 0.594 0.443
% CH, in biogas % 56% 56% 56% 53% 53% 56%
BioCH, yield Nm3CH, per kg VS 0.240 0.310 0.220 0.315 0.315 0.246

TS = Total Solids; VS = Volatile Solids; f.m. = fresh matter

Case 3: MAN+CRP

This anaerobic digestion plant is located in Northern

Italy (Veneto region), and its power capacity is 600 kW.

This plant is owned by a consortium of farmers and

is fed with livestock manure from these farms (cat-

tle and poultry manure) and a relatively small amount

of sorghum silage. The digestate is stored in a closed

tank and is returned to the farms for use as a fertilizer.
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Table 5. BYPR+MAN case: Feedstock characteristics and load.

BYPR+MAN plant

Parameters Unit Feedstocks

Citrus Olive Olive  Whey FYM  Cattle Poultry Corn Total

pulp vegetation pomace manure slurry droppings  silage
waters

Crop area ha 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15.7 15.7
Biomasses load t per year 253 1230 5783 1025 1846 4593 5044 835 20610
Biomasses TS % f.m. 20% 3% 30% 6% 22% 8% 40% 33% 24%
content
Biomasses VS % TS 98% 91% 90% 7% 84% 82% 75% 96% 83%
content
Biomasses VS t VS per a 49 38 1561 44 341 301 1513 264 4112
load
VS degraded in % 84% 85% 57% 86% 55% 50% 73% 89% 65%
digestion
N content g/kg f.m. 3.00 0.51 6.00 0.84 5.28 3.76 20.00 413 8.17
biomasses input
Biogas yield m? per kg VS 0.622 0.731 0.446 0667 0.429  0.393 0.571 0.679  0.509
% CH, in biogas % 50% 65% 56% 54% 56% 56% 56% 53% 56%
BioCH, yield Nm3CH, per kg VS  0.311 0.475 0250 0360 0.240 0.220 0.320 0.360  0.284

TS = Total Solids; VS = Volatile Solids; f.m. = fresh matter

Farm
Acreage

A9% WINTER SUMMER
40 —— Maize Silage |
70 BT EN T s——)
30 | — Maize Silage Il
30 ———
10 — | F
BareGround  [JJj Feedstock for | Feed for Cattle
AD Plant '

Figure 5. Land-use practices for the northern Italy farm rep-
resented by Case 2.

The average transport distance for livestock manure and
digestate is 4 km.

Case 4: BYPR+MAN

This 500 kW plant is located in Southern Italy (Puglia
region) on a farm with a variety of livestock (dairy cattle,

3852

laying hens and broilers), olive trees, and grape vines, and
also access to food processing wastes from cheese, citrus,
and olive oil processing plants. The plant receives all the
livestock manure from the farm, a minor amount of maize
silage from a nearby farm, and a significant quantity of
by-products from the processing of milk, olive oil and
oranges including olive pomace, olive vegetation waters,
whey, and some citrus pulp. The digestate is stored in a
closed tank and is used to fertilize the olive grove and the
vineyards.

Life cycle assessment

There are two different functional units to describe this
bioenergy system, namely one kW h of electricity and one
MJ of biomethane. Since the BDR system delivers multiple
functions (i.e., food/feed, electricity and biomethane), the
environmental burdens associated with the system must
be assigned to either electricity or biomethane to estimate
their respective carbon foot prints. The marginal approach
rather than other procedures (e.g. physical property or
economic-based allocations), is used to avoid allocation as
recommended by ISO standards.'>'* The MAIZE case does
not deliver any food/feed functions; hence no allocation is
required.
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Figure 6. System boundaries for analyzing electricity or biomethane production from

on-farm anaerobic digestion systems.

The system boundaries are illustrated in Fig. 6. System
boundaries include all the relevant processes from the
cradle-to-gate of the biomethane or electricity production
systems: cropping systems, anaerobic digestion and biom-
ethane upgrading plants, electricity generation, upstream
processes, and avoided processes as appropriate. The
approach from cradle-to-gate instead of cradle-to-grave is
chosen as the energy distribution stage and other down-
stream processes cannot be managed by these farmers and
should be similar in any event.

The overlapping processes between the BDR systems
and the reference systems are not included in the system
boundaries to simplify the calculations. The upstream
processes are fuel and material production. The avoided
processes are processes that would be phased out or dis-
placed due to the BDR system. For example, the manure
storage process is eliminated when manure is used as raw
material in the anaerobic digestion plant, and the envi-
ronmental burdens associated with the manure storage
process would be avoided in the BDR system. The diges-
tate displaces mineral fertilizers which were applied in
the reference system; hence the avoided processes for the
digestate are nitrogen and phosphorus fertilizer displaced
by the digestate.

The 100-year time horizon global warming potentials
(GWPs)" are used to estimate the carbon footprints for
electricity and biomethane. Carbon sequestration, N,O
emissions (both direct and indirect), and methane fugitive
losses along with GHG emissions released from the pro-
cesses within the system boundaries are included in the
carbon footprint. No environmental burdens are assigned
to manure and agri-food by-products. Primary data
related to the technical features of the anaerobic digestion
and biogas upgrading plants, and the cropping systems
were collected in the year 2015.
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Table 6. Data sources for emissions.

Emissions Data source
Emissions from livestock manure and IPCC
digestate storage facilities Guidelines™,
Marelli’®
Soil N,O emissions IPCC
Guidelines™
Carbon sequestration Angers'®,
Toderi'”, Rossi'®
Fugitive emissions in the anaerobic Marelli'®
digestion plant
Fugitive emissions in the upgrading plant Baxter'®
CH, emissions in the fumes of the CHP plant Nelles?®

The data for the upstream processes are obtained from
the Ecoinvent v.3 database. The environmental burdens
associated with infrastructure and equipment in the
anaerobic digestion, electricity generation and biogas
upgrading plants are also obtained from the Ecoinvent
v.3 database, with appropriate up or down-scaling. Some
emissions (e.g. carbon sequestration, nitrogen losses, fugi-
tive emissions) are estimated based on the 2006 IPCC
method'* and literature, and their data sources are sum-
marized in Table 6. The detailed calculations for those
emissions are now described.

Emissions from livestock manure and
digestate

As mentioned previously, manure storage facilities are not
included in the analysis because manure is immediately
fed to the anaerobic digestion plant without intermediate
storage to avoid organic matter losses that would reduce
the biogas yield and increase emissions. The emissions
from manure storage facilities (i.e., CH, and N,O) are
therefore avoided emissions (hereinafter named manure
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Table 7. Methane conversion factor (MCF)

by average temperature and different manure
management systems. '

System MCFs by average annual
temperature (°C)
13°C 16°C 25°
(cool)  (temperate) (digestate)
Solid storage 2% 4% 4%
Liquid/slurry, with 14% 18% 41%
natural crust cover
Liquid/slurry, without 22% 29% 65%
natural crust cover
Poultry manure 1.5% 1.5%

credits). Based on the 2006 IPCC methodology,'* CH,
emissions are:

CH, emissions = VS-B-d¢p4-MCF 1)

where VS is the volatile solids fed to the storage system
(kg VS per year), dcpy is the density of methane (kg per
m?), and B, is the maximum methane production capacity
for manure produced by the specified livestock category
(m?® CH, per kg VS). MCF is the methane conversion fac-
tor, which depends on the manure management and the
ambient temperature. In this study, two different climatic
conditions are considered: the Po Valley in Northern

Italy (average temperature: 13°C) and the Puglia region in
Southern Italy (average temperature: 16°C). The MCFs for
the manure management systems in the study are listed in
Table 7. Cattle slurry is assumed to form a crust covering
80% of the surface of the slurry.

The emission factors for direct N,O emissions from
manure management in the 2006 IPCC methodology'* are
used. To quantify indirect N,O emissions from manure
management, it is assumed that about 12.7% of nitrogen
compounds from the storage facilities are volatilized,'” but
only 1% of volatized nitrogen is converted to N-N,O.!"

In the anaerobic digestion plant, digestate is stored until
it is applied as fertilizer, and CH, and N,O emissions are
released during digestate storage depending on the type of
storage used — either closed or open systems. The BDR sys-
tem uses closed storage. Since the open storage system is
still used in several anaerobic digestion plants, we perform
a sensitivity analysis on both storage systems to determine
the effects on the carbon footprint of CH, and N,O emis-
sions released during digestate storage.

CH, emissions from the digestate tank are estimated
in a similar manner to those of the livestock manure,"
but considering that the B, of digestate is much lower

Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

than that of fresh manure. A residual biogas yield of the
digestate of 0.090 m* CH, per kg VS is assumed, based on
measurements carried out in an Italian laboratory.”! N,O
emissions from the digestate tank are also estimated by
IPCC 2006," considering that the digestate forms a sur-
face crust less easily than cattle slurry. In the case of diges-
tate, it is assumed that 20% of the surface has a natural
crust. In the covered digestate storage tank, CH, and N,O
emissions from the storage are considered to be zero. CH,
is recovered, and N,O is not formed in the covered stor-
age tank due to anaerobic conditions. The CH, emissions
in the open storage tank are quantified according to the
2006 IPCC factors,'* and the average ambient temperature
is 25°C, considering the fact that digestate is warm when
released from the digester.

N,O emissions from the agronomic use of livestock
manure are considered equal to those of the digestate pro-
duced, because the digestion process does not change the
nitrogen content. The nitrogen efficiency when digestate is
applied to soil is assumed to be 65% compared to 40% for
the undigested manure?>** due to mineralization of the
organic nitrogen by the anaerobic digestion process. This
difference enables reduced application of synthetic fertiliz-
ers, and the reduction is accounted as a fertilizer credit.
The fertilizer use reduction when using the digestate from
energy crops as fertilizer is not counted as a fertilizer
credit because these crops are not produced in the absence
of the anaerobic digestion system.

Emissions from crops

GHG emissions associated with crop production are con-
sidered, including seeds, fertilizers, agrochemicals, fuels
for transportation of materials from suppliers to farm,
tillage, planting, application of fertilizers and digestate,
plant protection treatments, irrigation, harvesting, trans-
portation within the farm, water consumption related to
agricultural operations, and N,O emissions from nitrogen
fertilization (direct and indirect). The applied agrochemi-
cals are 5-7 kg per ha, depending on the crops. The nitro-
gen application rate is estimated based on a simplified
N-balance.

N,O emissions from nitrogen fertilization are estimated
according to the 2006 IPCC method,'* in which the direct
emissions are equal to 1% of the input of nitrogen from
organic and mineral fertilization and from both above-
ground (AG) and below-ground (BG) crop residues. The
AG crop residues are estimated at 1.25 dry t per ha in the
case of maize and sorghum, and 0.7 dry t per ha in the
case of triticale. The BG crop residues and the nitrogen
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content of residues are also estimated by the 2006 IPCC
method and factors.™

Indirect N,O emissions are equal to 1% of the nitrogen
losses in the form of N-NH; + NO and 0.75% of N losses
by leaching and runoff, estimated at 30% of nitrogen
applied. Emissions of NH;-N and NO from the agronomic
use of livestock effluent and synthetic nitrogen fertilizers
are quantified as 20% of N applied for livestock manure
and 10% for urea if used." For the digestate, the nitrogen
losses are reduced proportionally by its nitrogen efficiency
compared with the nitrogen efficiency of livestock manure.

Carbon sequestration

Adding digestate and organic matter from crop residues
arising from double (sequential) crops increases soil
organic carbon (SOC), compared to the reference system.
A mass balance approach is used to quantify the SOC
change by applying digestate and organic matter of crop
residues from double crops. About 12% of organic mat-
ter (OM) from digestate and crop residues is converted to
SOC.'7!8 Thus, the annual increase of SOC is 0.2-0.3t C
per ha. These values are close to those obtained from field

trials using conservation agriculture practices. ****

Fugitive emissions and capital
equipment-related emissions

GHG emissions associated with producing the infra-
structure and equipment in the anaerobic digestion
plant, the electricity generator, and the upgrading pro-
cess are included. The service lifetime of capital equip-
ment is assumed to be 15 years. Fugitive CH, emissions
in the anaerobic digestion plant are assumed to be 1%
of the biomethane produced,'® while fugitive CH, emis-
sions in the upgrading process are assumed to be 1.5%"°
(i.e., a conversion efficiency of 98.5%). Different elec-
tricity generation efficiencies are considered within the
range of 38-41%, depending on the installed power, and
CH, emissions in the fumes of the generator are assumed
to be 0.5% of the methane combusted.?® The thermal
energy in excess of that used to regulate the digester
temperature is not utilized and is not counted as an
energy output.

Results and discussion

Figure 7 summarizes the estimated GHG emissions for
renewable electricity produced by each of these four
case studies compared with emissions from electricity
generated and supplied to consumers using fossil fuels.
All three BDR case studies, representing real farms and
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Figure 7. Greenhouse gas emissions of renewable elec-
tricity produced from four different biogas systems versus
marginal fossil electricity supplied to consumers.

their associated digesters, achieve either very low or net
negative GHG emissions. In the most extreme example,
the MAN+CRP case study achieves a net reduction of
nearly 1100 grams of CO, equivalents per kWh of elec-
tricity compared to marginal fossil-fuel based electricity
in the EU."® The negative GHG emissions produced here
are driven primarily by avoided emissions from animal
manures or other residues that would otherwise decay
and release GHGs without providing any corresponding
energy services.

A sensitivity analysis indicates that the key factor affect-
ing the GHG emissions systems is the loss of methane
and nitrous oxide from uncovered digesters. For example,
uncovered digesters would increase the emissions of the
CRP+MAN case by about 85 g CO, eq per kW h, from 25
to approximately 110 g CO, eq per kW h. Nonetheless, the
reduction compared to fossil electricity is still very large.
An uncovered digester changes the reduction in GHGs for
biogas-based renewable electricity versus fossil electricity
in the CRP+MAN case from 97% to 85%.

The specific environmental impacts of the various plants
depend primarily on the relative amounts of each type of
biomass feedstock utilized (Table 8, Fig. 8).

For example, in the MAN+CRP plant heavy use of
manure avoids CH, and N,O emissions from the manure
storage pit resulting in negative GHG emissions. As
another example, soil organic carbon accumulation
increases in the CRP+MAN case due to the additional
biomass produced and left in the field (roots and crop resi-
dues) and because digestate is returned to the soil. Finally,
in the BYPR+MAN plant, a large fraction of by-products
is recovered without environmental burdens (except
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Table 8. Contribution of the emissions and avoided emissions/sequestration on the carbon footprint

of the AD plants.

Portions of the System

Carbon Footprint [gCO,eq/kWh]

MAIZE CRP+MAN MAN+CRP BYPR+MAN
Biomass production 118.2 88.2 13.6 9.8
Feedstock transport 3.6 4.9 30:3 1.2
Biogas plant 80.2 79.4 81.4 85.0
Fertilizers credits 0.0 -6.5 -42.8 -30.3
CH4+N5>0 manure credits 0.0 -105.1 —415.2 -156.7
Soil carbon sequestration credit 0.0 -35.5 -2.3 0.0
Total emissions 202.0 172.5 125.2 96.0
Avoided emissions/Sequestration 0.0 -147.1 -460.3 -187.0
Balance 202.0 25.4 -335.0 -91.0
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Figure 8. Contribution analysis of the carbon footprint of the
energy produced by the AD plants of the four case studies
(emissions and credits are included).

transport) so that feedstock production for the AD plant
has a limited environmental impact.

Our results show that it is critical to close the digestate
storage tank and recover the residual methane produced,
as this can significantly improve the GHG budget.
Many other researchers'>**?” have also concluded that
the emissions from open digestate storage play a major
role in the carbon footprint of the biogas production
pathways.

In this study, the avoided GHG emissions of the raw
manure storage dominate the overall emissions profile for
plants relying primarily on this feedstock, as shown in
other European and Italian case studies '>*”%°. For AD
plants exclusively fed by manure, “manure credits” are
4-10 times as large as all other GHG emissions'>%".

Crop production, including N,O field emissions and
direct and indirect CO, emissions from the agricultural
operations, represents a large share of the overall emis-
sions, particularly when energy crops dominate the
organic matter supply to the AD plant. The CO, emissions
of diesel used for field operations is a minor component
(10-15%) of the GHG emissions of crop production, which
are dominated by the N,O emissions of the N-fertilizers
applied (65-75% of the total).

Methane leakage from digesters (and from the biogas
upgrading plant in the case of biomethane) also has
an important impact on the emissions and should be
minimized in order to improve the system sustainabil-
ity. Construction of infrastructure and machinery play
a very minor role in the emissions, while transportation
emissions are sometimes important for by-products not
directly available at the biogas plant and which must be
hauled from a distance.

GHG credits due to the mineral fertilizers replacement,
achievable by an improved nitrogen use efficiency with an
optimized use of digestate instead of raw slurry, can also
significantly reduce the carbon footprint of biogas produc-
tion, particularly when animal effluents represent a large
fraction of the feedstock.

Credits for increased SOC content from crop cultivation
and digestate application are seldom considered in biogas
production LCA studies, mainly because an established
evaluation methodology is not available and uncertainty
regarding the rate, level, and duration of SOC sequestra-
tion processes. In a Swedish study’® assessing the GHG
performance of different crop-based biomethane systems,
the impact of including the SOC contribution was evalu-
ated for various crops and approached about 8 g CO, eq
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per M]J biogas for ley, a mixture of ryegrass and clovers
(legumes) and hemp crops. Here we adopted a more con-
servative approach. We considered only the contribution
to SOC due to the use of sequential crops that produce
additional organic matter in the crop residues and in the
digestate compared to mono-crops cultivation. Doing

so we found that SOC sequestration reaches 5 g CO, eq
per MJ in the most favorable case, the CRP+MAN plant.
Organic carbon accumulation in the soil represents an
important contribution to the GHG budget that can be
increased improving the fraction of sequential crops in
the farm’s crop rotation practices. Increased SOC has
many other benefits including more fertile soils, improved
drought and flood tolerance and better utilization of crop
nutrients.

The carbon footprint of the energy produced by anaero-
bic digestion is estimated in many European and studies
both at European and international studies?’. However,
comparing results is difficult due to different methodolo-
gies, parameters chosen and assumptions such as multi-
functionality aspects, functional units, system bounda-
ries, iLUC inclusion, reference systems and so forth.
Thus, the results vary widely and range from minus
(negative) a few thousands to plus some hundreds of g
CO,-eq per kW h*”. Several studies analyzed the case of
a single feedstock used for digestion, while in reality, co-
digestion of different substrates is the normal practice.
Limiting the comparison only to studies that consider
real plants in Italy, we still observe a very large varia-
tion in results, ranging from -1440 to 550 kg CO, eq per
MW h. Lower values are typical for AD plants using only
livestock effluents and higher values are more representa-
tive of energy crops with open digestate storage, as we
observe here.

Our results fall in the mid-range of literature values,
and tend to confirm that the higher carbon footprint
better represents conventional AD plants fed exclusively
by maize silage, while the use of livestock manure and
agricultural by-products significantly reduces GHGs.
Moreover, including carbon credits due to SOC accumula-
tion, achievable by the sequential cropping system and the
improved cultivation techniques of the Biogasdoneright
approach, makes anaerobic digestion essentially carbon
neutral.

Considering the biomethane pathway, Figure 9 sum-
marizes the GHG results for biomethane hypothetically
produced from the Biogasdoneright case studies compared
with fossil natural gas in the EU*! and other fossil energy
sources within the EU*»*. Conventional farm-based
biogas, which does not coproduce food and feed, nonethe-
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Figure 9. Greenhouse gas emissions of biomethane that
might be produced from four different biogas systems ver-
sus various fossil energy sources.

less reduces GHG emissions by about half compared to
natural gas in the EU. By comparison, the CRP+MAN
case achieves an 86% reduction in GHGs for this specific
Biogasdoneright case study compared to fossil gas. The
other BDR cases considered here reduce GHGs compared
to fossil gas by more than 100%.

Conclusions and perspectives

Our study on four real AD plants in Italy confirms that
anaerobic digestion of agricultural feedstocks to produce
energy (electricity, biomethane) has great potential to
reduce greenhouse gas emissions associated with fos-

sil energy use. The BDR system consists of feedstocks
grown under sequential cropping that continuously
covers the soil, use of animal manures and agricultural
residues, recycling digestate to the farm using innova-
tive techniques to substitute for mineral fertilizers and
increase soil organic matter. Using these feedstocks and
approaches, negative CO2-eq emissions per unit of energy
produced can be achieved. This positive environmental
result is especially due to avoided emissions from the stor-
age of animal manures or other residues, to the improved
nitrogen efficiency of digestate with respect to livestock
manures, to the increase in the soil organic carbon stock
due to the regular supply of digestate produced by sequen-
tial cropping and the improved agricultural practices
favored by the BDR model.

Following the BDR model guarantees the higher photo-
synthetic and nutrient use efficiency compared with grow-
ing food crops alone, and thus food and feed production
coexist with renewable energy production to their mutual
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advantage. The model also promotes improved soil qual-
ity and carbon sequestration. Moreover, BDR is consistent
with the 4pourl00 (4%o) Initiative, launched by France
(4p1000.0rg), which aims to demonstrate that agriculture,
and agricultural soils in particular, can play a crucial role
in slowing climate change.

None of the farms participating in the Italian BDR con-
sortium is currently involved in producing pipeline quality
biomethane, but this is certainly possible in the future. The
technology to upgrade raw biogas to biomethane is well-
known. Obviously, the additional capital and operating
inputs required to produce biomethane from biogas reduce
the GHG benefits somewhat compared to direct on-farm
electricity production from biogas.

However, biomethane represents a dispatchable, storable
renewable energy carrier that can penetrate additional
markets beyond on-farm electricity generation. Biogas
converted to biomethane can be stored in the existing EU
natural gas grid which has a storage capacity of about 1582
TWh,** whereas the EU electricity grid storage capacity
can be estimated, combining batteries, spinning reserve
and synchronous generators between 0.04 and 0.4 TWh.*
The storage capacity of the gas grid thus exceeds that of
several orders of magnitude.

Biomethane could compete directly in all current indus-
trial and domestic heating and cooking applications with
fossil natural gas, provide a raw material for the chemical
industry, be used in many different vehicles to provide
mobility, provide energy for mobile work platforms such
as tractors, plows and crop harvesting equipment and,
obviously, it could be burned in existing, conventional
generators to produce electricity at locations far distant
from the biogas-producing farms.

In this latter application, biomethane to electricity,
the potential of biomethane seems particularly great.
Biomethane could complement other renewable electricity
sources such as solar and wind by serving as a dispatch-
able source of renewable electricity to help reconcile
varying temporal and spatial demand for electricity with
production of electricity by wind and solar, which also
vary with time and location, thereby enabling the further
spread of solar and wind power. In fact, conversion of
biogas to biomethane might not be necessary to realize
this benefit of dispatchable power. Biogas might possibly
be stored on farm, for example in large inflatable bags,
and then burned as needed to provide dispatchable elec-
tricity. In farming locations with high wind production
potential, another interesting possibility suggests itself:
namely, farms as sources of both wind and biogas-derived
electricity.

Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

These and other economic and environmental questions
surrounding the uses of biomethane and biogas are inter-

esting topics for further studies.

Acknowledgements

The authors thank the farm owners for providing the
necessary farming data and their biogas feeding plans.
We also thank Pioneer Hi-Bred Italia for determining
the soil carbon content at the different farms. Co-author
Dale gratefully acknowledges support by Michigan State
University AgBioResearch and by the USDA National
Institute of Food and Agriculture (NIFA).

References

1.

10.

11.

12.

13.

Tennenbaum DJ, Food vs. fuel: Diversion of crops could cause
more hunger. Environ Health Perspect 116:A254-A257 (2008).

Cassman KG and Liska AJ, Food and fuel for all: Realistic or
foolish? Biofuel Bioprod Bioref 1:8-23 (2007).

Rosegrant MW, Zhu T, Msangi S and Sulser, T, Global scenar-
ios for biofuels: Impacts and implications. Appl/ Econ Perspect
Policy 30:495-505 (2008).

Thompson PB, The agricultural ethics of biofuels: the food vs.
fuel debate. Agriculture 2:339-358 (2012).

Oladosu G and Msangi S, Biofuel-food market interactions:

a review of modeling approaches and findings. Agriculture
3:53-71(2013).

Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A,
Fabiosa J et al., Use of US croplands for biofuels increases
greenhouse gases through emissions from land-use change.
Science 319:1238-1240 (2008).

Mellilo JM, Reilly JM, Kicklighter DW, Gurgel AC, Cronin TW et
al., Indirect emissions from biofuels: how important? Science
326:1397-1399 (2009).

Wang M, Han J, Dunn JB, Cai H and Elgowainy A, Well-to-
wheels energy use and greenhouse gas emissions of ethanol
from corn, sugarcane and cellulosic biomass for US use.
Environ Res Lett 7:045905 (2012).

Kim S and Dale BE, All biomass is local: The cost, volume
produced, and global warming impact of cellulosic biofuels
depend strongly on logistics and local conditions. Biofuel
Bioprod Bioref 9:422-434 (2015).

Kim S and Dale BE, A Distributed cellulosic biorefinery system
in the US Midwest based on corn stover. Biofuel Bioprod Bioref
10:819-832 (2016).

International Organization for Standardization, ISO 14040:
Environmental Management - Life Cycle Assessment —
Principles and Framework. ISO, Geneva, Switzerland (2006).
International Organization for Standardization, ISO 14044:
Environmental Management — Life Cycle Assessment —
Requirements and Guidelines. ISO, Geneva, Switzerland (2006).
Intergovernmental Panel on Climate Change, Climate

Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, ed by Stocker
TF, Qin D, Plattner GK, Tignor MMB, Allen SK, Boschung J

et al., Cambridge University Press, Cambridge, UK and New
York, NY, USA, pp. 1535 (2013).

© 2017 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref, 11:847-860 (2017); DOI: 10.1002/bbb







Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

© 2017 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 11:847-860 (2017); DOI: 10.1002/bbb

Intergovernmental Panel on Climate Change, 2006 IPCC
guidelines for national greenhouse gas inventories. [Online].
Institute for Global Environmental Strategies, Hayama,
Japan (2006). Available at: http://www.ipcc-nggip.iges.or.jp/
public/2006gl/ [January 5, 2017].

Giuntoli J, Agostini A, Edwards R and Marelli L, Solid and
gaseous bioenergy pathways: input values and GHG emis-
sions. European Commission, Joint Research Centre, Science
and Policy Reports, version 1a. Publications Office of the
European Union, Luxembourg (2015).

Maillard E and Angers DA, Animal manure application and
soil organic carbon stocks: a meta-analysis. Global Change
Biology 20:666-679 (2014).

Mantovi P, Baldoni G and Toderi G, Reuse of liquid, dewa-
tered, and composted sewage sludge on agricultural land:
effects of long-term application on soil and crop. Water Res
39:289-296 (2005).

Mantovi P, Baldoni G, Dal Re L, Piccinini S and Rossi L,
Effects of 15 years sludge application on cropland. Water
Pract Technol 2:29-31 (2007).

Wellinger A, Murphy J and Baxter D, The Biogas Handbook.
Science, Production and Application. Woodhead Publishing,
Oxford, UK (2013).

Dressler D, Loewen A and Nelles M, Life cycle assessment of
the supply and use of bioenergy: impact of regional factors on
biogas production. Int J Life Cycle Assess 17:1104-1115 (2012).

Fabbri C, Garuti M, Soldano M and Piccinini S, Biogas, I'analisi
del digestato svela I'efficienza dell'impianto. L'Informatore
Agrario 4:37-40 (2016).

Riva C, Orzi V, Carozzi M, Acutis M, Boccasile G, Lonati S et
al., Short-term experiments in using digestate products as
substitutes for mineral (N) fertilizer: agronomic performance,
odours, and ammonia emission impacts. Sci Total Environ
547:206-214 (2016).

Moeller K and Mueller T, Effects of anaerobic di gestion on
digestate nutrient availability and crop growth: A review.
Eng Life Sci 12:242-257 (2012).

Brenna S, Acutis M, Tabaglio V, Grandi M, Bregaglio S and
Fumagalli M, Life+ Project “Helpsoil”: Promoting Conservative
Agricultural Techniques. Book of Abstracts, 13th Congress

of the European Society for Agronomy, August 25-29, 2014,
Debrecen, Hungary, pp. 295-296 (2014).

Pellerin S, Bamiére L, Angers D, Béline F, Benoit M, Butault
JP et al., Quelle contribution de I’'agriculture frangaise a la
réduction des émissions de gaz a effet de serre? Potentiel
d’atténuation et colt de dix actions techniques. Rapport
d’étude, INRA, France, pp 454 (2013).

Fusi A, Bacenetti J, Fiala M and Azapagic A, Life cycle envi-
ronmental impacts of electricity from biogas produced by
anaerobic digestion. Front Bioeng Biotechnol DOI: 10.3389/
fbioe.2016.00026 (2016)

Bacenetti J, Sala C, Fusi A and Fiala M, Agricultural anaerobic
digestion plants: What LCA studies pointed out and what can
be done to make them more environmentally sustainable. App/
Energy 179:669-686(2016).

Agostini A, Battini F, Jacopo Giuntoli J, Tabaglio V, Padella

M, Baxter D et al., Environmentally sustainable biogas? The
key role of manure co-digestion with energy crops. Energies
8:523-5265 (2015).

Bacenetti J and Fiala M, Carbon footprint of electricity from
anaerobic digestion plants in Italy. Environ Eng Manag J
14:1495-1502 (2015).

L Valli et al.

30. Borjesson P, Prade T, Lantz M and Bjornsson L, Energy crop-
based biogas as vehicle fuel—the impact of crop selection on
energy efficiency and greenhouse gas performance. Energies
8:6033-6058 (2015).

31. European Commission, State of play on the sustainability of
solid and gaseous biomass used for electricity, heating and
cooling in the EU. Commission Staff Working Document, SWD
(2014) 259 final, European Commission, Brussels, Belgium
(2014).

32. European Union, Directive 2009/28/EC of European
Parliament and of the Council of 23 April 2009 on the
Promotion and the Use of Energy from Renewable Sources
and Amending and Sustainability Repealing Directives
2001/77/EC and 2003/30/EC. European Union: Brussels,
Belgium (2009).

33.van den Bos A and Hamelinck C, Greenhouse gas impact of
marginal fossil fuel use. Project number: BIENL14773, Ecofys,
Utrecht, The Netherlands (2014).

34. Gas Infrastructure Europe, Storage map 2016. [Online].
Available at: http://www.gie.eu/download/maps/2016/GIE_
STOR_2016_A0_1189x841_FULL.pdf [January 23, 2017].

35. Eurostat Statistic Explained: Electricity and Heat statis-
tics. [Online]. Available at: http://ec.europa.eu/eurostat/
statistics-explained/index.php/Electricity_and_heat_
statistics#Production_of_electricity [January 23, 2017].

Laura Valli

Laura Valli is consultant at the Envi-
ronment Department of CRPA, co-op-
erating in research works on am-
monia, greenhouse gases, and odor
emissions from animal production
\ . and in LCA studies on environmental
~  impact assessment of livestock and
agro-industry production chains.

Lorella Rossi

Lorella Rossi is group leader and
coordinator for agronomic research
and sustainable biogas production
at the Italian Biogas Consortium. An
agronomist graduate of the Univer-
sity of Milano, Italy, her main focus
of activities are livestock effluents
managements, feedstocks for the biogas production
and sustainable farming practices.

Claudio Fabbri

Claudio Fabbri works as a senior
researcher in charge of the CRPA
Environment Department on air pollu-
tion control from livestock husbandry,
air quality and gaseous emission,
efficiency assessment of abatement
techniques, anaerobic digestion.

859







L Valli et al. Modeling and Analysis: Biogasdoneright™ Greenhouse gas emissions

Fabrizio Sibilla Seungdo Kim

Fabrizio Sibilla is currently working in
the field of Power to Gas with Krajete
GmbH. He is also scientific advisor
to the Italian Biogas Consortium. He
graduated as a food technologist in
Milan, Italy and then earned his PhD
in Industrial Biotechnology at the
RWTH-Aachen University, Germany.

Seungdo Kim is an associate profes-
sor in the Department of Chemical
Engineering and Materials Science at
Michigan State University. His main
research interest is LCA of bioenergy
systems.

e\

Rebecca Garlock Ong

Piero Gattoni Rebecca Ong is an assistant profes-
sor in the Department of Chemical
Engineering at Michigan Techno-
logical University. Her work focuses
on sustainability of lignocellulosic
biofuels, biomass characteristics that
influence digestibility, and develop-
ment of novel co-products for the biofuel and pulp
and paper industries.

~ Piero Gattoni He is currently President
. of the Italian Biogas Consortium and
Vice-president of the Parmiggiano
Reggiano Consortium. He graduated
as an economist from the Cattolica
University in Milan, Italy. He is also
a Parmiggiano Reggiano producer
and a farmer who has integrated Biogasdoneright™
principles in his farm.

Stefano Bozzetto

Dr Stefano Bozzetto is investor and
manager of six agricultural biogas
plants of 1 MW electricity output
each. He is one of the early develop-
ers of the Biogasdoneright™ plat-
form technologies and he constantly

Bruce E. Dale

Professor Dale is University Distin-
guished Professor at Michigan State
University and the Founding Editor of
Biofuels, Bioproducts and Biorefin-

F3

o V) ing. He is a Fellow of the American developing new, improved techniques
W\; ; 3// Institute of Chemical Engineers and for mitigating GHG emissions from agriculture. He is
- the American Institute of Medical and also on the advisory board of the ltalian Biogas Coun-
Biological Engineers. He is interested in how prosper- cil and an executive member of the European Biogas
ity can be based on renewable energy systems. Association.

86@ © 2017 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 11:847-860 (2017); DOI: 10.1002/bbb









