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Abstract: In our paper we examine the economics of a technological process which utilizes the
separated biogas plant digestate as the primary material and, as auxiliary material, the waste heat
produced by the cogeneration process, to produce a marketable pellet which can be used in two ways
(to supply soil nutrients and heat energy). Using multivariate linear regression model we developed
an equation for the biogas yield from the modelled production recipe and expected nutrient pellet
prices, and sensitivity analysis were also performed for the substrate dry matter content. We found
that pellets can be produced at a cost of 88-90 EUR/ton with a 6 to 10% dry matter substrate content
and that, primarily, sales of pellets for heating justify pelleting; producer’s own use and use for
nutrient purposes can only be justified in exceptional cases. In the case of dry solid content above 5%,
the process does not require the total amount of waste heat; some of this can be used to cover other
heat requirements.

Keywords: biogas; manure; economics; pellet; waste heat

1. Introduction

The planned targets of the European Union (EU) for 2020 are aimed at reducing emissions of
harmful gases and, in addition to increasing efficiency, promoting the production of renewable energy
sources. Among renewables, the number of biogas plants in the EU has already exceeded 17,000
and their number has grown dynamically over the past few years [1]. The longer-term goals of the
EU are even more ambitious: by 2030, a 40% reduction of greenhouse gases (GHGs) is projected
compared to 1990, and a 27% reduction compared to 2021 [2]. This objective is unattainable without
a significant increase in renewable energy consumption, of which biomass accounts for 45% in the
EU and almost 90% in Hungary [3]. The most dynamically growing segment of biomass-based heat
(possibly electricity) production is the use of heating pellets.

At present, most biogas plants are equipped with combined heat and power (CHP), but the use of
heat generated by gas engines (especially in the summer) is problematic, and its improvement is of
decisive importance in environmental and economic terms. In addition, the 35-40% efficiency gains
from the production of green electricity can be increased up to 40-50% with the use of waste heat, which
can result in a 85% overall efficiency of CHP units [4,5]. This is more doubtful in larger plants, but if it
is achieved, it will increase the corresponding plant size and is closely linked to the improvement of the
break-even point [6]. Typical heat utilization areas in the biogas plant include: fermentation heating,
hygiene, and biogas upgrading and, according to Lindkvist et al. (2017), the typical proportions for
these areas are 62%, 37% and 1% respectively [7]. Upgrading biogas is the only technological option
for eliminating waste heat generation which also helps to improve the calorific value and marketability
of biogas [8].
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In agricultural biogas plants, where much of the feedstock is derived from liquid manure
from animal breeding (with typically less than 10% dry matter content), wet processes and
mesophilic fermentation are used most often in Europe [9], while fermentation technology based on
psychrophilic conditions has a decisive role among agricultural digesters globally, mainly in developing
countries [10-12]. The latter (psychrophilic) technology typically operates without artificial heating
and at a low cost level, but our present research focuses on those plants which are dominant in the
developed countries under moderate climatic conditions, so we analyze later only these types of biogas
factories. Hydraulic retention time (HRT) is typically less than 30 days in mesophilic conditions, when
using a high proportion of manure and few energy crops [13,14].

This paper examines the economics of a technological process using the separated biogas plant
digestate and as auxiliary material the waste heat from the cogeneration process to produce a
marketable pellet, which can also be used in two ways (soil nutrient supply and thermal energy
utilization). As a basic case, we consider the actual technological parameters of a biogas plant in
Hungary, which can be considered typical in the literature, but our results can be used in other
operating conditions with our sensitivity analyses.

2. Literature Review

2.1. The Characteristic Technological Parameters of Cogeneration Biogas Plants and the Resulting End Products

While the economical aspect of biogas production can be most easily improved by increasing the
organic load [15] or by optimizing the recipe [16], the use of waste heat also significantly influences
operational results.

Onthong-Juntarachat (2017) investigated the biogas yield of five different plant-derived
by-products in mesophilic conditions with 15-35 days of hydraulic residual time, resulting in three of
the five feedstocks having the highest biogas yield at a 25-day residual time, and two at a time of 15
and 30 days [17]. In Aramrueang et al.’s (2016) examination algae substrate (Spirulina (Arthrospira)
platensis) received the highest yield of biogas and biomethane at 25 days of HRT and 1.0 (g VS) L~ d !
OLR (0.342 and 0.502 L (g vS)~1, respectively) [18]. At the same time, due to economic considerations
it may be advisable to increase the organic loading rate (OLR), the economic optimums in the same
experiments of 2.0 (g VS) L~! d~! OLR and 25 d HRT were recommended for achieving biogas and
methane yields of 0.313 and 0.490 L (g VS)~!, respectively. It should be noted, however, that the heat
demand and investment requirement of biogas production from algae is significantly higher than that
of traditional biogas feedstocks [19] and can be limited by the low C/N ratio of high protein content
algae species which may lead to ammonia inhibition [18].

Typically, 90% of the energy produced in CHP units can be utilized, 35-40% of which is
electricity and 50-55% heat energy. On average, however, 25 to 30% of the total heat produced
is used to heat fermenters in biogas plants which use mesophilic technology (3743 °C fermentation
temperature) [20-22]. It is advisable to divide the heating of the fermenters into summer and winter
periods, as in the summer 25 kWh of heat is needed to heat up a ton of incoming substrate, while in
winter this figure is 36 kWh. On the basis of other results, a 1 MW capacity biogas plant generates an
average of 1000 kWh of heat per day, of which 250 kWh in winter and 100 kWh of heat in summer is
needed to heat the fermenters at 38 °C, i.e., using 25% and 10% of the generated heat energy [23-25].
The seasonal fluctuations in its own heat consumption play a significant role in the fact that a total heat
utilization solution is quite problematic, since in the case of heat utilization the heat generated during
the summer period is lost, and so the technological (daily evenly uniform) use of waste heat available
in different amounts in winter and summer makes the purchase of external heat energy necessary.
In theory, the pelleting we examine can (with the right quantity of raw materials) be used to solve total
heat utilization, because the raw material to be pelletized (the solid phase of the separated organic
fertilizer) and the final product (the pellet) can both be stored well.
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The use of waste heat is one of the most effective solutions for sustainable heat utilization. Among
the many alternative uses for biogas plants—such as heating of buildings, greenhouses, aquaculture
installations, absorption cooling or crop drying—separated fermentation drying is a process which can
be carried out throughout the year, so that a substantial part of the generated waste heat can also be
used for agricultural purposes [20].

Biochars (including digestate pellets) can be considered a promising material for the continuously
developing biogas purification industry, especially when CO, and H;S are successfully captured [26].

One of the major challenges for biogas plants is the utilization of circulated fermentation liquid
for agricultural use, since nutrient supply in the EU is restricted to a limited amount (typically
170 kg N /ha/year) and can only be carried out over a specified period [27]. At the EU level the relevant
regulatory framework is provided by the Nitrate Directive (91/676/EEC). In addition, transport to
nutrient-poor areas and the typical half year storage period can have a very negative impact on the
profitability of bio-fertilization [28,29].

The organic content of the organic matter introduced, however, is significantly reduced during
anaerobic fermentation. Digestate can contain 50-80% less TS compared to the incoming substrate [30],
and the organic part of the TS content of digestate can be up to 70%. Oenema and Tamminga (2005)
found that 55-95% of N (nitrogen) and large proportions of phosphorus (P) and potassium (K) in
animal diets were excreted [31]. Animal herbs and slurries are accordingly rich in plant nutrients.

2.2. Potential Markets for Pellet Production

For the production of a marketable product, biogas plants need to conduct further stages of
processing (such as separation, drying, pelleting), following which fermentation sludge can be directly
used for nutrient supply, bedding material or even burning [28,32].

All these workflows, combined with the costs of storage, shipping, or delivery, result in significant
investment and operating costs due to the large amount of material and low nutrient content. A study
conducted by the Association for Technology and Structures in Agriculture (KTBL) (Darmstadt,
Germany) [33] considered a model biogas plant (50% manure and 50% corn silage) with an electrical
capacity of 500 kWe and an annual digestate production of 30,000 m? and investigated 6 differential
digestate management models. The results showed that the specific net cost varied from 1.94 €/m3
(direct land application) to 6.80 €/m? (separation using a screw press before dehydrating the solids
with a belt dryer) [34]. Due to the multiple cost increases, further processing of organic fertilizer can
be recommended mainly for sales purposes and when there is a significant quantity of the producer’s
own waste heat.

2.2.1. A Possible Market for Heating Pellets

A heating pellet is pressed at high pressures, and mostly held together by its own material.
Due to the strict standards, its heat value depends mainly on the raw material used: wood pellets
average 18.5 MJ/kg, while agripellets typically have a calorific value of 16.5 MJ/kg. In terms of the ash
content, the difference is even greater, with wood pellets having 0.5-1%, and agripellets 7.5-11% [35].
The bio-fertilizer pellet we tested was similar to the latter value.

In 2016, of all pellets worldwide, the EU produced half (14.8 MMT (million metric tons)), but used
75% (22.2 MMT), of which about one third (6.4 million tons) were imported [36]. Both home produced
and imported pellets must comply with sustainability requirements [2]. The total utilization of
production capacities is 76%, with Germany the largest producer accounting for 57% of the total.
In Hungary, pellets are produced in a small quantity (about 5000 t/year). The largest consumers are the
United Kingdom (2016: 7.3 MMT) and Italy (2016: 3.4 MMT). The latter country also has the highest
proportion of imports.

Households and small public institutions (e.g., hospitals, swimming pools) currently dominant
pellet use, but in the near future, with the tightening of environmental regulations, the role of
heating pellets in power plant use will also increase in co-firing, mainly for coal substitution [37].
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Power plant utilization is not expected to require new pellet plants, but can be achieved by better
utilizing existing capacities.

By 2020, a further dynamic growth in use in the EU (mainly due to power plant use) is expected,
with use predicted to reach up to 28 million tons. The widespread use of organic fertilizer pellets
could also help reduce import expenditures, which in 2016 accounted for expenditure of 920 million
euros just to the USA. Prices in 2015 in the EU are typically around 228-240 €/t, while the price of
imported pellets is considerably lower (2016: 188 €/t, [38]). The most important competitor to the
pellet is natural gas (12-20 €/GJ) in the domestic sector, wood waste in smaller public institutions
(19 €/t) and wood pulp (25 €/t) in the power plant sector [35]. By 2020, the EU’s current 60 ML of
cellulose-based bioethanol production capacity is expected to grow to 200 ML, which may also bring
significant demand to the European pellet and wood chip markets [39].

In summary, the spread of fermentation sludge pelleting technology and the use of the
end-product for heating fuels can, in the long run, contribute to meeting the renewable energy,
environmental, or new generation fuel targets of the EU’s Renewable Energy Directive (2009/28/EC).

2.2.2. The Market for Upgraded Organic Manures

Managing the biogas origin of digestate products and especially their marketization is one of
the major challenges for the biogas sector because of the large quantity involved and the variable
fertilizer value.

Almost all (95%) of the digestate produced in the EU is used for soil management purposes, as an
organic fertilizer on cropland [40]. Direct application on the producer’s own land is typically the best
option [41], because of savings on nutrient purchases and improvements in soil quality [42]. Because
of the upgrading technologies and the developing markets, less than 3% of the digestate is currently
being upgraded to different products.

Solid digestate (compost and pellets) has wider possibilities for the non-agricultural market, unlike
fluid digestate. 17 percent of the solid digestate was sold to private gardeners and soil manufacturers,
while in the case of liquid digestate, the proportion sold to conventional and organic farmers was
99% [43].

However if the density of livestock farming and biogas plants is huge, this can result in a scarcity
of land for digestate and lead to high land rental prices.

Currently pellet prices vary between 0-200 €/t, while digestate pellets are usually sold at an
average price of 20 €/t, but can have a fertilizer value of 90 €/t. Prices depend mainly on the packaged
amount, the content and the season. In the case of plant soil for domestic use, a 9 €/L shelf price can
also be reached, but increasing prices do not automatically result in higher margins, due to other costs
emerging related not only to manufacturing, but to packaging and marketization, too.

Digestate as raw material, with mid-level Nitrogen-Phosphorus-Potassium (NPK) values could
be an optimal solution for most home gardeners who over-fertilize [44].

All in all, the factors which can be considered an advantage when selling organic fertilizer pellets
are; bionutrients, upgradability (organic farming) and new applications. The disadvantages are, above
all, marketing barriers including transport costs and negative perceptions by customers [32].

2.3. Technological Processes of Biogas Fuel Pellet Production

The first step in the processing of the fermentation sludge is separation, during which the solid
and liquid fractions are separated. Various separation methods can be used with mechanical means
such as decanting centrifuges or screw separators [45].

According to Bauer et al.’s (2009) data, the mass of the starting material after separation was
79.2% liquid and 20.8% solid, but the total dry matter was 61.8% in the solid fraction [46]. In addition,
according to Moller et al. (2010), the amount of solid separated mass makes up 22.5% of the starting
material after separation [47].



Energies 2018, 11, 1135 5o0f 21

During the separating operation, a solid fraction of 0.5-2% liquid matter and 25-35% dry
matter is formed [48]. Similar results have been presented by Moller et al. (2002) [49] and
Tambone et al. (2017) [50], since after separating the 4-6% dry matter content fermentation liquid,
a solid separation of 30-32% dry matter is produced, with a volume of 0.5 t/m? [51].

Tambone et al. (2017) investigated pig and cow liquid manure and fermentation sludge using
different separators, on the basis of which it can be stated that the dry matter content of the feedstocks
was between 3.74% and 6.37%, and during separation the share of the dry matter of the solid fraction
increased to between 24.97% and 36.47%, increasing by an average of 25.4% relative to the starting
material when using a screw press separator [50].

After separation, the solid phase is typically dried on a belt dryer at 70-80 °C during which the
heat energy from the CHP plant passes through the belt and the material on it from bottom to top in
the form of hot air. During the drying, the specific heat energy required to extract one ton of water is
1-1.1 MWHh [25,52].

2.4. Ingredients and Fertilization Effects of Separated Biodiesel

According to Awiszus et al. (2018) [53], after drying the separated fermentation liquid with its
24% dry matter content at 70-80 °C, it can provide as much as 91-93% dry matter content. However,
during the process, total nitrogen content is reduced by 47-48%, ammonium nitrogen by 82-87%,
phosphorus by 6-8%, and sulphur content by 6-12% in comparison with the separated material. After
drying, the total nitrogen content in the dry matter is 1.5%, ammonium nitrogen is 0.2%, phosphorus
is 1.0-1.1%, and potassium is 2.0-2.1%. Other results showed a higher value in the pelletized final
product since the ratio of nitrogen in the dry matter was 1.5-2.9%, the phosphorus ratio was 1.1-1.3%,
while the ratio of potassium was 1.4-1.6% [54].

Vanden Nest et al. (2015) [55] investigated the use of different fertilizer types in comparison with
four different inorganic fertilizer cultures. Two dried fermentation residues were also used among the
manure types, derived from organic waste, energy crops and fermented liquid animal manure. On the
basis of the results, after drying the fermentation residue is suitable for use as nutrient replenishment,
and without loss of yield to replace fertilizers and liquid cow manure.

Thomas et al. (2017) investigated not only organic fertilizer, matured fermentation liquid, and
solid separated matter, but also supplemented this with the already pelletized fermentation residue,
during which the effects of the individual fertilizer pulp on autumn barley were measured for four
years. On the basis of their results, during the fermentation and processing, the material undergoes
substantial internal changes in content until it becomes pellet. The dry matter content increased by an
average of 50% in relation to the mature fermented liquid, and the total amount of carbon in the dry
matter by 4%. By contrast, the total nitrogen content is reduced by 42%, the proportion of ammonium
nitrogen by 90% and the total phosphorous content by 44%. Based on the yields of autumn barley,
the yield of the plant treated with fermented liquid exceeded the yield of other barley treated with
manure by 30-50%. In the case of pellets, the yield was only 4.5% lower than that of organic fertilizers.
Nitrogen absorption was the lowest in the case of pellets, at only 2%, while it was highest in the
matured fermentation liquid, at 41%. In addition, it was argued that pellet from fermented sludge
could be an effective, but slow-release nutrient source, while also providing carbon replenishment [56].

According to Ross et al. (2018), the pellet or granule derived from fermented sludge can improve
the transportability and storage of the fermented liquid. They found that products derived from
fermented sludge treated in different ways (composted, pelletized and granulated) only slowly break
down during nutrient supply and the release of nutrients is low, especially for nitrogen. The effect of
fertilizer on plant growth was observed only after the first week after application. On this basis, the
nutritional utility of the processed fermented sludge should be considered limited, irrespective of the
actual nutrient content. However, the previously mentioned fertilizers, as a result of increasing carbon
content, are well suited to improving the humus content of soil poor in organic matter [57].
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Ball et al. (2004) also found that pelletizing is a useful method for preserving the nutrient content
of organic materials and that nitrogen is slowly and permanently released during application of the
organic fertilizer pellet [58].

In relation to the fattening of growing broiler chickens, Hammac et al. (2007) [59] formulated the
problems of the disposal and utilization of manure, the solution to which could be pelleting, given that
while the application of bedding fertilizer is economical only to a certain extent, pelleting increases
bulk density, particle size uniformity and economical delivery distance. This can reduce pressure in
areas where large amounts of fertilizer can cause nutrient and heavy metal contamination, similar to
fermented sludge. In the investigation of pellets from poultry manure, it was found that the nitrogen
and phosphorus uptake of different plants is lower than with inorganic nitrogen and phosphorus
fertilizer. Dry biomass production from pellets was lower than from ammonium nitrate, but showed
similarity to calcium phosphate. Finally, it can be stated that the pelletized broiler litter can serve
primarily as nitrogen and phosphorus fertilizer, but its nutrient content and supply do not match that
of inorganic fertilizers.

Table 1 shows pellets derived from different fermented organic fertilizers, which show that they
typically have a lower proportion of dry matter, nitrogen and phosphorus content, and a higher
proportion of ammonium-N than poultry fertilizers.

Table 1. Characteristics of different types of digestate and poultry pellets.

Pellet Types Dry Matter Total N NH4-N Total P Total K Total C
P (%) (%/DM)  (%/DM)  (%/DM)  (%/DM)  (%/DM)
Digestate from cattle manure 72.0 2.0 0.07 0.6 nd. * 41.6
Dlgestate‘from household 80.0 20 017 04 17 nd *
bio-waste
Digestate from maize silage, grass 90.8 29 nd. * 13 14 453
and grass silage, potatoes
Digestate from maize silage, sugar
sorghum, poultry manure, corn 90.1 15 nd. * 1.1 1.6 43.2
cob mix
Interval from different digestates 72.0-90.8 1.5-2.9 0.07-0.17 0.4-1.3 1.4-1.7 41.6-45.3
Poultry manure 90 4.5 0.46 1.8 nd. * nd. *

* No data. Source: Thomas et al. (2017) [56]; Ross et al. (2018) [57]; Kratzeisen et al. (2010) [54];
Haggard et al. (2005) [60].

2.5. Properties of Heating Pellets Made from Separated Organic Fertilizer

Shirani and Evans (2012) carried out studies on the drying and pelleting of the fermentation
residue, which found that a combustible product from cattle liquid manure could be produced.
The moisture content of the pellet produced was 9.9% and the amount of organic dry material was
74.6%. The ash content of the entire combustion process was 5.4%, while the gross calorific value was
17.6 MJ/kg. During the combustion, there was some smoke, unpleasant smell or slag, at different
intensities of boiler operation. Their investigations were supplemented with others into additional
fuels, in which the fermented separated solid matter was mixed into different biomass combinations,
with the results for combustion of the solid separated matter, bovine liquid manure and sawdust
shown in Table 2. It was found that the separated matter from anaerobic fermentation could serve as a
raw material for high quality pellets. Their calorific values and mechanical durability are similar to
softwood pellets [61].

On the basis of Kratzeisen et al.’s (2010) [54] investigation, it can be said that pellets from biogas
plant fermentation sludge can be used as heating fuel, as despite their high ash content, their physical
and chemical properties were found to be adequate; these are also summarized in Table 2. In addition,
the energy demand for pellet production (3.24 kWh/kg) did not exceed the value of the energy output
(4.56-4.81 kWh/kg), so the pellet production energy balance is also positive.
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Table 2. Characteristics of different pellet types.

Parameter Unit Digestate ®  Digestate *® Straw @ Wood @
Diameter mm 5.82-9.97 - 6.0 6.0

Moisture content Y% 9299 12.3 9.40 7.14
Ash content % 14.6-18.3 5.7 9.10 0.65
Sulphur content % 0.33-0.86 0.2 0.13 0.01
Fine fraction % 2231 - 1.6 0.34
Nitrogen content Y% 1.54-2.86 1.03 091 0.40
Gross calorific value MJ/kg 16.4-17.3 16.9 18.25 20.31
Net calorific value M]/kg 15.0-15.8 15.6 15.15 17.38

* Pellet raw materials: fermented solid separated matter, beef cattle manure and sawdust. Source:
(@) Kratzeisen et al. (2010) [54]; @ Shirani-Evans (2012) [61]; ® Verma et al. (2012) [62].

3. Material and Methods

3.1. Introduction of the Model Biogas Plant and of the Utilized Feedstocks

The most important characteristic of the Hungarian cogeneration (637 kWe capacity) biogas
plant we examined is that the majority of the substrate components are produced within the farm,
thus ensuring continuous operation in the long run. Plant cultivation is currently carried out on
4000 hectares of arable land, and the basic objective of this activity is to provide the livestock and
forage feed needs of the livestock sector, although it also participates in the fermentation process by
providing a certain amount of maize silage and grass silage.

The livestock sector includes the dairy cattle sector with an average cow herd size of nearly
2000, while the pig breeding operation has 1200 breeding sows, and approximately 20,000 porkers are
released annually. The types of fertilizer produced at the livestock farm provide more than 90% of the
pellet ingredient, and there is also whey and dairy sludge from the nearby cheesery ready for disposal.
The primary objective of the operation of the biogas plant is to manage these continuously generated,
unmarketable and environmentally problematic by-products. In order to improve the fermentation
processes, its own raw materials with a significant dry matter content (maize silage, grass silage, litter
fertilizer) will also be used. The amount of raw materials used daily in the biogas plant recipe over the
last 3 years is shown in Table 3. The HRT used corresponds to the 25 days considered typical of the
mesophilic technique in the literature.

Due to the available fermentation capacity and the applied organic matter load, the amount of
substrate fed daily was relatively stable during the period examined (2015-2017), averaging between
174 and 183 mS. Its composition can be characterized by minor seasonal and annual changes (Table 3).

Table 3. Daily feedstocks of biogas plant in different years.

2015 2016 2017
Used Feedstocks

Average +SD Average +SD Average +SD
Cattle liquid manure (m3/d) 98.7 +8.9 96.3 +8.7 103.8 +12.0

Pig liquid manure (m3/d) 48.1 +7.5 45.7 +7.2 46.3 +7.3

Silo maize (m3/d) 3.4 +24 2.6 +2.7 21 +2.1

Grass haylage (m3/d) 3.5 +£25 1.6 +1.5 1.2 +1.6

Solid fraction of cattle liquid manure (m3/d) 8.0 +3.7 11.3 +4.9 11.0 +5.2
Solid fraction of pig liquid manure (m3/d) 0.0 +0.0 1.1 +1.8 1.0 +0.9
Whey (m3/d) 9.1 +1.1 9.2 0.9 78 +10.6

Dairy sludge (m?/d) 11.0 +2.2 12.7 +2.1 0.6 +2.8

Cattle manure (m3/d) 1.0 +1.5 04 +1.6 0.0 +0.0
Feed substrate (m3/d) 182.9 +12.1 181.0 +8.2 173.9 +12.2

Source: processing plant data (Hajduboszormény, Hungary). SD: standard derivation.
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There is currently no built-in technology for the use of heat, which results in a low overall
efficiency of the cogeneration unit. The utilization of the fermented liquid for agricultural purposes
entails high costs (mainly during storage and transport), but further processing (separation, drying
and pelleting) is also required for the production of a marketable product. The foregoing factors largely
justify the introduction of pelleting for the efficient use of significant waste heat and the marketing of
organic fertilizers.

3.2. Material Flow and Formulas Used in the Model

The process of treating the electricity and heat energy produced in the biogas plant and its related
fermentation sludge is based on the quantities of the various substrate components (SQ'-") and their
specific dry matter (DM%!+") and the organic content (OM%!-™), which are summarized in Table 4.

Table 4. The quality of different raw materials.

C.atﬂ'e .Plg. Silo Grass Solid Fraction Solid Fraction Dairy Cattle
Liquid Liquid . of Cattle s e . Whey
Parameter Maize Haylage L of Pig Liquid 6 Sludge  Manure
Manure Manure SQ% (SQ%) Liquid Manure (SQ) (SQ°) (sQ) (SQ%)
(sQH (5@ Manure (SQ%)
I()];}l(/[“/‘al“f; 36%@  4%M  261%@  248%@ 21.6% @ 21.9% ® 35%@  2%@  212%@
Organic
matter 75% @ 75% M 729 @ 85% @) 85% &) 81.1% © 80% @  85% @  85%®
(OM% 1..n)

Source: M Al Seadi (2001) [63]; @ Mézes (2011) [51]; © Moller et al. (2000) [64]; @ Al Seadi (2001) [63] and
Meézes (2011) [51]; ©® Séez et al. (2017) [65].

The amount of daily substrate (S5%) and outflow fermented liquid (AD9Y), as well as the daily
dry matter (DMY), the organic load (OM9), and the amount of organic matter contained in the raw
material (SO'-") used can be determined for all substrate components with the following formulas:

ss?=Y7SQ! +SQ?, ..., SQ" and ADY =S54 ey

DM = Y (SQ' x DM%!) + (SQ* x DM%?), ..., (SQ" x DM%") ()
OM“ = Y (SQ' x DM%! x OM%!) + (SQ* x DM%? x OM%?), ..., (SQ" x DM%? x OM%") (3)
SO =SQ! x DM%! x OM%! (4)

In the course of our analysis we used multi-variable linear regression calculations to determine
the coefficients of the amount of raw material used in the various organic matter models. Using
the database available, we investigated the most suitable model, based on the composition fed at
different times (1-25 days). For this we applied R? values of the functions and we examined the
residue from the models. After comparing models with different dates, the 25-day feed model was
selected (R? = 0.412; F = 27.429; p < 0.001). For the parameters of this model, the absolute values of
t-tests are 2.034-8.157; the p values are 0.001-0.043; the variance inflation factor values varied from
1.127 to 2.100. Residues showed a normal distribution, as the one-sample Kolmogorov-Smirnov test
was not significant (p = 0.215). In our opinion, it was appropriate to use the values of this model in the
simulation Excel model, and it suits the optimal HRT as measured by Onthong—Juntarachat (2017) [17]
and Aramrueang et al. (2016) [18].

From the daily organic load, the biogas yield (BY?) can be determined and, using the two-variable
regression equation (R? = 0.938, F = 5257.247, p < 0.001), we estimated electricity production (EPY).
The small difference between the biogas and the electricity volume may be due to the slight differences
in biogas quality (methane content) at different periods.

The production of heat (WHY) was derived from all electricity used, which, on the basis of
Rutz et al. (2015) [20], is 157% of the electricity produced (35% of the electricity produced, and
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55%—the previous figure multiplied by 1.57—of the waste heat). The amount of waste heat available for
pellet drying is calculated separately for winter and summer, as the amount of heat required to heat the
fermenters is significantly different. In the winter (DHW) this was 36 kWh/tonne, and in the summer
(DHS) 25 kWh/tonne, calculated with substrate specific values, according to Pullen’s (2015) data [24].
Based on the above, the equation used for the amount of biogas produced is:

BY9 = 10879 — 1037 x SO! — 1020 x SO? + 135 x SO% — 260 x SO* — 168 x SO* + 83 x SO + 1874 x SO° — 3514 x SO7 — 718 x SO8  (5)

For the equation for the amount of green electricity produced, the t-values were 2.301 and 72.507
and the p values were <0.001 and 0.022. Residues showed a normal distribution, as the one-sample
Kolmogorov-Smirnov test was not significant (p = 0.302):

EPY =363 + 1.858 x BYY (6)
The equation for the quantity of waste heat produced:
WH? = EP? x 157 @)

Finally, the equation for waste heat that can be used for pelleting (drying) during winter
and summer:
DHY =36 x SS9 and DHS =25 x Ss¢ (8)

The dry matter content (ADPM%) of the matured fermentation liquid (ADY) can be determined as
the ratio of dry matter load to daily substrate volume. After the separation, the amount of matured
fermented liquid decreases by an average of 77.5% and the volume of the solid fraction is 0.5 t/m?,
which can be used as a permanent value to determine the amount of daily solid fraction (SF9) expressed
in kilograms [47,51].

According to Tambone et al.’s (2017) results, the dry matter content of the solid fraction (SFPM%)
for screw press separators increased by an average of 25.4% compared to the starting material [50].

Based on the above,

e the dry matter content of the circulated fermentation liquid:

DPM% = (DM? = 554) €
e  daily amount of solid fraction:
SFd = AD? x 0.225 x 0.5 x 1000 (10)
e solid fraction of dry content:
SFPM% — ADPM% . (254 (11)

Factors taken into account in the quantities of winter dried solid fraction (DDW) and the summer
dried solid fraction (DDS):

e moisture which can be removed in addition to the heating performed by the fermenters
(1.1 kWh/kg of water),

e the dry matter content of unit separation (SFPM”%),

e the dry matter content (DDPM”%) required for pelleting, which is in this case is constant at 90.0%.

To calculate, we applied the IF function of the Microsoft Excel program, which allowed us to
ensure that the material flow rates cannot be negative. The IF function performs a certain logic test
which, after the test is completed or not completed, solves the predetermined formulas, or even issues
a fixed value. Based on the IF function, the partial results of the applied simulation method can modify
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the changes of the following other calculated model parameters. Accordingly, the calculations are
as follows:
DDW = using the IF function, where:

_— { SFd x (1 — (DDPM% _ SEPM%)). WidilD}‘INW /(DDPM% _ GEDM%) > GEDMY%
(SFd - NDSFW) x (1— (DDDM% . SFDM%))I. (wH ;lDH ) /(DDDM% _ SFDM%) < SFPM%

e the logic test: (WHY-DHW) = 1.1 = (DDPM% _ gEPM%) > GRd. j e the quantity of available
material dried by heat energy is greater than the amount of solid separated matter

e if true: DDV = SFd x (1 — (DDPM% — GFPM%)); j e, the mass of the dried solid fraction is equal
to the product of the weight of the solid separated matter and the percentage of the extracted
moisture content,

e if false: DDW = (SF4 — NDSFW) x (1 — (DDPM% — SEPM%)). the mass of the dried solid fraction
is equal to the product of the entire available separated matter and the percentage of the extracted
moisture content subtracted from the non-dryable separated matter.

Accordingly, the amount of DD® was calculated, during which the logical test is (WHY — DHS) +-
1.1+ (DDDM% — SFDM%) > SF4. If the logical test is true, it computes the value of Spd x 1- (DDDM%
— SFPM%)) otherwise the value of (SF4 — NDSF®) x (1 — (DDPM% _ gpbM%)

For the purpose of carrying out the logical tests, we determined the difference between the
potentially dryable quantity of separated matter with waste heat and the actual (moist) separated
matter, i.e., the non-dryable separated matter, which may differ in winter (NDSFW) and summer
(NDSF®) periods depending on the thermal energy used for the fermenter heat exchanger.

NDSFW = using the IF function, where:

0, WdelDHW /(DDDM% . SFDM%) > gpd
NDSEW = (wad - paW) ’
1,1

wHd— pHW % o
SFd - (DDDM% ,_SFDM%); ( 11 ) /(DDDM/ - SFDM/ ) < SFd

o thelogictest: (WHY — DHW) = 1.1 = (DDPM?% _ SEPM%) > GFd j e the amount of decompressed
separated matter is greater than or equal to the available quantity

e if true: NDSF"W =0, i.e., the total separated matter has been dried by the heat energy

e if false: NDSFW = SFd — (WHY — DHW) + 1.1 = (DDPM% _ SFPM%)) j e, the amount of
undried separated matter is equal to the difference between the available separated matter and
the potentially dryable separated matter.

Accordingly, the amount of NDSF® was calculated, with the logical test (WH — DHS) =+ 1.1
+ (DDPM% _ gFDM%) > GEd [f the logical test is true, the NDSF® value is zero, and if false, then it
calculates the value of SF4 — (WHY — DHS) = 1.1 = (DDPM% _ GEDM%)

The amount of waste heat not used in winter (UWHW) and summer (UWHS) was also calculated
using the IF function, whereby the function is as follows:

UWHWY = using the IF function, where:

WHdl—lDHW 4
UwHY — DDDPM% _gpDM% SF

d 0, o,
0; (WH 1—/1DHW) /(DDDM % _ ggDM /o) < Spd

> x1,1; WHd;lDHW /(DDDM% . SFDM%) > SFd

e logic test: (WHY — DHW) + 1.1 = (DDPM% _ GEPM%) > gd

e if true: UWHW = (WHY — DHWY) = 1.1 = (DDPM% _ SEPM%) _ GRd) 3 11, i.e., the difference
between the potentially dryable and the actually available separated matter multiplied by the
1.1 kWh/kg constant value.
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e if false: UWHW =0, i.e., in this case the total waste heat is used.

Accordingly, the UWHS quantity was also calculated, with the logical test (WHY — DHS) + 1.1 +
(DDPM% _ GEDM%) > GRd [f the logic test is true then the UWHS can be calculated using the (WHY —
DHS) + 1.1 + (DDPM% — SFPM%) _ GFd) x 1.1 formula, while if the logical test is false, UWHS is zero.

The total amount of separated matter dried during the winter and summer months was calculated
and expressed in pellets (DP) per tonne per year, calculated by using the formula (DDW x 182 + DDS
x 183)/1000, where 182 days is the period between the first of October and the end of March (winter),
and 183 days the period between the first of April and the end of September (summer).

The calculations were carried out for the year 2016 because we found the closest correlation
relationship between the biogas yield calculated by our regression equation and the actual biogas yield
(R? 5015 = 0.830; R? 5016 = 0.938; R? 5917 = 0.571).

Figure 1 shows the daily values of the material flow and energy demand of the biogas plant, from
the arrival of the raw material to pelleting.

DM (m’/d) ss? (m’/d)
0.7/ 1809 ADY (m¥/d)  180.9
‘ ADPM* 5.3%
oM (m’/d)

Separately

SF4(kg/d)| 20351.3
BY? (m’/d) EP? (kWh/d) SFPM™[ 30.7%

6149.4 11741.8

NDSF" (kg/d)|  1758.7 | guen
NDSF*® (kg/d) 0.0

WH? (kWh/d)
| 18451.0]

Dr;ving

0.0|[UWH" (kWh/d) DD" (kg/d)| 7574.8
1 118.1|UWH® (kWivd) DD® (kg/d)| §291.3
DD 90.0%

» | 6331.5|DH" (kWh/d)
Heat digester 4522.5|DH® (kWh/d) Pelletizing

DP (va)_2895.9]

Figure 1. Biogas plant material flow based on the average raw material consumption of the year 2016

(Source: authors’” own calculations).
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3.3. Substrate Dry Matter Content Optimization

Using the material flow model, we investigated how the increase in the dry matter content of
the substrate influences biogas yield and hence thermal energy production. It is expected that an
increase in the dry matter content of the substrate will result in an increase in the dry matter and
organic content of the separated solid fraction, thus increasing the amount of waste heat generated
and at the same time reducing the amount of heat required for pellet drying.

To optimize the dry matter content of the substrate, a linear programming (LP) model was used,
similarly to our previous study [16]. Additionally, LP has been used as a model by several authors in
biogas plant testing [66,67].

The values of our target function in the LP model are fixed, i.e., sensitivity analysis of the
amount of pellet produced from raw material with a 6%, 7%, 8%, 9% and 10% dry matter content.
The range is justified by the 5.3% in our basic model and the 10% suggested as an ideal model in
Stolze et al. (2015) [9]. The variable cell of the model is the quantity of feedstocks (SQ!™) determined
as a limiting condition so that the SS9 value corresponds to the actual data of the plant (180.9 m3
substrate per day). In the composition of the feedstocks, we have further limitations in that the amount
of liquid manure can be changed by +50% and other feedstocks by —90% and +50% compared to the
data from 2016. In the case of maize silage and grass silage which play a significant role in increasing
dry matter content, the upper limit is 10 times the 2016 average. In establishing the values of the
limiting factors, due to the constant livestock numbers, almost the same internal and highly variable
external base raw material was taken into account, and as regards the growth of energy crops at the
farm, the maximum coverage area of was also taken into account.

3.4. Methodology of Cost and Income Calculations of Pellet Production

The economic evaluation of the processes used in the material flow model was carried out using
cost and income calculations based on our calculated and secondary basic data. Table 5 shows the
special invested assets for the processing of mature fermented liquid and their investment costs,
amortization (permanent) and operating costs for 3000 to 3500 t pellet production capacity per year.
The total investment cost of the equipment is €381,380, the vast majority of which (79%) is the cost
of the belt dryer. The amortization cost of the assets was calculated using a 10-year (10% annual)
linear depreciation. Within the variable costs, the cost of personnel was 3.4 € per hour, as well as the
associated costs which can be considered typical in the agricultural sector in Hungary.

Table 5. Equipment in pellet production and their operating costs.

Name of the Equipment Investment Cost (€) Fixed Cost (€/Annual) Variable Cost (€/t)
Screw press separator () 11,370 1137 0.09
Belt dryer @ 300,000 30,000 1.65
Pelletizer ®) 63,000 6300 37.41
Bagger @ 7010 701 33.70*
Total 381,380 38,138 -

* Labour hourly rate: €3.4 + 28.5% personal contributions. Source: ) Moller et al. (2000) [64];
@ Bolzonella et al. (2017) [25]; ® Kroger et al. (2016) [68].

In the case of cost and income calculations, separate calculations were made for the mode of
utilization (nutrient or heat energy target), marketability (own use or sales), and—for the purpose of
demonstrating the significance of waste heat utilization—calculations were made relating to the use of
waste heat or natural gas as auxiliary material during the drying.

The composition of organic fertilization pellet was calculated on the data of Thomas et al. (2017) [56],
Ross et al. (2018) [57], Kratzeisen et al. (2010) [54] and Haggard et al. (2005) [60]. Since the nitrogen content
significantly reduces during drying, we considered only its phosphorus- (0.8%) and potassium-content
(1.5%) for pricing.
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Regarding calculation of the value of heating pellet, we considered the prices of agripellets
with similar composition. Heating value of digestate pellets: 15 MJ/kg, ash content: 17%, based on
Kratzeisen et al. (2010) [54].

In the case of organic fertilizer pellets, two values were taken into account for economic evaluation:

o 224¢€/t, calculated on the Hungarian and German market prices of different quality pellets, with
multivariation linear regression, depending on PK content. (R? = 0.870; F = 20.054; p = 0.02)

Equation of the price:
—9.54 +43.345 x P — 12.08 x K (12)

e We used 90 €/t as a proportional value for accounting the price, which, according to
Dahlin et al. (2015) [32] reflects the true economic value when it is used by the producer. In this
case, this value can be determined as the product of the nutrient content of the pellets (NPK) and
the fertilizer prices.

For heating pellets two prices were also considered:

e 1438 €/t as the lowest and the most affordable domestic market price of Hungarian
agri-food pellets.

e  Although we did not take other market prices into account in our calculations, bearing the future
in mind, we used a price comparison of 250-318 €/t as the comparison price for straw pellets
prices in the UK, which is relevant for export sales.

4. Results and Discussion

Calculations made in this study were based on the results of the case study we discussed in
Section 3.1, however, due to the sensitivity analysis, our results can be considered as typical for
medium-sized cogeneration plants in general.

4.1. Cost and Income Calculation of Organic Fertilizer and Heating Pellets

Based on the actual data of the biogas plant under investigation (181 m?, 5.3% dry matter content
of fermented liquid per day), according to our calculations, after separation and pelleting, 2896 tons
of marketable final products can be produced annually. The sales price of the organic fertilizer
pellet according to our statistical tests is based on the internal parameters of 22.4 €/t, which is close
to Dahlin et al.’s (2015) [32] calculated market value (20 €/t), which can be expected to reflect the
expected price well.

The annual turnover is very different in the case of use of pellets for nutrient or for burning for
heat, as is the case with pellets produced for the producer’s own use or for sale. Since the annual
cost of production and the cost of the final product are independent of the previous four cases,
the expected income is also primarily a function of utilization and marketability. At the same time,
it would significantly increase the final cost of the final product (by about 46%) if natural gas were
used instead of waste heat in the technological process. According to Fiirstaller et al. (2010), the use of
natural gas can increase the cost of pellets by up to 25% compared to drying with free waste heat [28].
The difference is probably attributable to the price and technological changes which have occurred in
the meantime, but we agree with the significance of the decisive importance of waste recovery.

The proportion of fixed costs is relatively modest (10-15% of the cost of production),
therefore—while of course efforts should be made for continuous operation—pelleting is less sensitive
to capacity utilization than the biogas plant (Table 6).
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Table 6. Cost and income calculation of waste heat and natural gas pellet production.

Teoe Drying with Waste Heat Drying with Natural Gas
P Organic Manure Pellet Heating Pellet Organic Manure Pellet Heating Pellet

Yield (t) 2896 2896 2896 2896
Sales price (€/t) 22.4 143.8 224 143.8
Revenue (€) 64,915 416,361 64,915 416,361
Fixed costs (€) 40,152 40,152 40,152 40,152
-Heat energy used (MWh) 4550 4550 4550 4550
-Heat energy used (MWh/t pellet) 1.6 1.6 1.6 1.6
-Heat energy used (€) - - 123,402 123,402
Variable costs (€) 223,736 223,736 347,138 347,138
Production costs (€) 263,888 263,888 387 290 387,290
Producer’s costs (€/t) 91.1 91.1 133.7 133.7
Income (€) —198,972 152,473 —322,374 29,071
Winter waste heat utilization (%) 100.0% 100.0% - -
Summer waste heat utilization (%) 93.9% 93.9% - -

Source: authors’ own calculation.

In the basic scenario presented, profitable operation is expected only in the case of heating
pellet sales:

e  using waste heat: 52.7 EUR/t income
e  using natural gas: 10.1 EUR/t income

In the United Kingdom, the use of fire pellets for their producers’ own use is largely supported,
and savings on natural gas, together with subsidies can reach a combined total of 621 €/t [61]. Within
this, the natural gas savings from the burning of one ton of pellets are 167.5 €/t, which is lower than
the sales prices (250-318 €/t) in the UK, but far exceeds the cost of pellet production (8890 €/t),
which means that thanks to the support available it is more economical when used by the producer.
In Hungary, in the absence of a subsidy for the same purpose, use by the producer can only be
recommended in the following cases:

e if the application of leftover fermented liquid to arable land presents problems (the biogas plant
has little arable land) or

e if the winter energy demand of the agricultural enterprise exceeds the amount of waste heat
available in this period, i.e., in this case the waste heat from the summer can be converted into
winter fuel.

In the case of producers using their own pellets produced by waste heat, the producer’s cost
(91.1 EUR/t) and the value-based price calculated in the literature (EUR 90/t) [32] are nearly the same.
The production of nutrient pellets with natural gas and the sale of nutrient pellets will inevitably lead
to aloss (-69 + 111 EUR/t).

Taking account of the use of waste heat, the sale of heating pellets can lead to a profit of €152,473
per annum for the biogas plant, and in addition to the sale of green electricity under guaranteed
purchasing, the by-products (waste heat, bio-fertilizer) can further improve the profitability of the
plant. In the case of nutrient pellets, however, the price differential of more than six times results in a
loss of almost €200,000 per annum.

With respect to the organic fertilizer and heating pellets, it was found that 4550 MWh waste
heat per year can be used to dry the solid fraction. In winter, waste heat consumption may reach
100%, while in summer the figure is 93.9%, which could be further increased by improving stock
management (the undried amount during the winter period is 1.7 t/day). All in all, in a basic case
pelleting is suitable for virtually all waste heat.

When comparing drying by waste heat and by natural gas, it can be stated that the use of natural
gas is recommended in plants where:
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e  waste heat from the combustion of biogas is used throughout the whole year (e.g., as technological
heat) or is fed to gas pipelines after purification (in these cases there is no usable heat energy
generated), and

e  when the product is intended to be sold on the fuel heating fuel market.

4.2. The Effect of the Dry Matter Content of the Substrate on Economic Indicators

Further calculations were made to determine the potential for increasing substrate dry matter
content (using the LP programme), the results of which are shown in Table 7.

Based on our results, the increase in the dry matter content of the substrate by one percent
(between the 6% and 10% interval) increases the amount of pellets which can be produced by 2.5%
(74-75 t/year), i.e., the spread fertilizer is able to produce ever greater numbers of pellets.

The reduction in the producer’s own cost, although only in the case of a unit increase in dry
matter content, is 0.4%, but due to the higher number of pellets, the annual income growth is higher.

Increasing dry matter production does not only affect the demand for drying energy, but also
increases the production of heat and electricity in cogeneration units. Based on our calculations, the
increase in unit solid content increases thermal energy production on average by 1.05% and reduces
the specific heat consumption of pellet production by 0.1 MWh/t. With the reduction of the specific
heat consumption, the winter and summer quantities of waste heat that can be used for other purposes
also increase significantly. While in the basic case pelleting (or the drying which occurs beforehand)
uses practically the total amount of generated waste heat, a one percent increase in dry matter content
decreases the available amount of waste heat by 5.0-5.5% in both the winter and the summer. With
10% dry matter, half of the waste heat in the summer and one third in the winter is available for other
heat energy utilization, which can increase the biogas plant’s profit (mainly in winter).
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Table 7. Revenue from pellet sales depending on the different sales directions and substrate dry matter content.

Dry Matter of Substrate (%) 6.0 7.0 8.0 9.0 10.0
Utilization Fertilizer Fuel Fertilizer Fuel Fertilizer Fuel Fertilizer Fuel Fertilizer Fuel
DP (t/a) 3075 3075 3150 3150 3224 3224 3298 3298 3372 3372
Income (thousand €) 277 442 283 453 290 464 297 474 304 485
Production cost (th. €) 277 277 282 282 288 288 293 293 298 298
Unit cost (€/t) 90.1 90.1 89.7 89.7 89.2 89.2 88.8 88.8 88.4 88.4
Profit (th. €) —0.0 165 1 170 2 176 4 181 5 187
Thermal energy production (MWh/annual) 7 396 7396 7477 7477 7557 7557 7638 7638 7710 7710
Waste heat use in winter (%) 90.0 90.0 84.6 84.6 79.1 79.1 73.5 73.5 68.2 68.2
Waste heat use in summer (%) 71.6 71.6 66.6 66.6 61.7 61.7 56.6 56.6 51.7 51.7
Specific heat utilization (MWh/t pellet) 1.41 1.41 1.31 1.31 1.21 1.21 1.11 1.11 1.01 1.01

Source: authors” own calculations.
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According to the results of Fiirstaller et al. (2010) [28], the pellet production costs will typically be
in the range of 70-90 €/t, which was also confirmed by Shirani-Evans’s (2012) [61] estimate of 89.9 €/t.
The results of our calculations do not differ significantly from the aforementioned author, as the cost
we calculate is between 88.4 and 90.1 €/t in the case of 6-10% substrate dry matter content.

5. Conclusions

The cost of pellet production can be reduced by approximately 46% through the use of waste
heat, but even natural gas drying is profitable for heat-energy sales, which is why this is the primary
reason for pelleting bio-fertilizer. It should be noted that Western European firewood prices (e.g., UK:
250-318 €/t) are considerably higher than in Hungary, so it is advisable for Hungarian producers to
even consider sales in the EU. The economics of producer’s own use can be doubtful, since waste heat
(without pelleting) is a much cheaper way to meet local heat demands.

The investment cost of about €381 thousand (Table 5) is expected to be recovered in the case
of heating pellets produced by waste heat over a period of 3 years if the total quantity is sold on
the market.

Pelleting is not only suitable for the full or near recovery of the waste heat in the winter period,
but is also capable of utilizing the bulk of the waste heat in the summer period, and thus helps to
produce marketable products from bio fertilizer that would otherwise only be used locally. 10% of the
substrate dry matter content already delivers a significant amount of waste heat savings, which can be
used for biogas and linked farm processes and can be a source of considerable savings.

In the case of sales for nutrition, the substitution value for the producer’s own use instead of sales
is much higher (about 90 €/t) and is approximately the same as the producer’s own costs, but this
does not justify its use compared to when it is used without pelleting (as spread fertilizer). In addition
to pelleting it might be used for precision cultivation technology and for better storage. All in all,
utilization for nutrition can only be considered as a kind of “necessary evil” in the absence of thermal
energy utilization/sales or land available for fertilization.
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Abbreviations

ADd daily quantity of anaerobic digestate (m3/ day)

ADDM% dry matter of anaerobic digestate (%)

BYd daily biogas yield (m3/day)

CHP combined heat and power

DDDM% dry matter of dried digestate (constant value: 90%)

DDS quantity of dried digestate per day in summer period (kg/day)
DDW quantity of dried digestate per day in winter period (kg/day)
DHS daily heating demand of digester in summer period (kWh/day)
DHW daily heating demand of digester in winter period (kWh/day)
DM% dry matter (%)

DMd daily quantity of dry matter loaded into the digester (m>/day)
Dpr quantity of digestate pellet per year (tons/year)

EPd daily electricity production (kWh/day)

GHG greenhouse gases

HRT hydraulic retention time (day)
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MMT million metric tons

NDSFS quantity of non-dried solid digestate per day in summer period (kg/day)
NDSFW quantity of non-dried solid digestate per day in winter period (kg/day)
NPK Nitrogen-Phosphorus-Potassium

OLR organic loading rate

OM% organic matter (%)

OoMd daily quantity of organic matter loaded into the digester (m®/day)

SFd quantity of solid fraction of digestate per day (kg/day)

SFDM% dry matter of solid separated digestate (%)

SQ daily quantity of substrate component (m3/day)

SSd substrate fed into the digester (m?/day)

UWHS quantity of unused waste heat per day in summer period (kWh/day)
UWHW quantity of unused waste heat per day in winter period (kWh/day)
WHd daily thermal energy production (kWh/day)
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