Self-heating of anaerobic digesters using energy crops
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Abstract

With the increasing application of energy crops in agricultural biogas plants and increasing digester volumes,
the phenomenon of self-heating in anaerobic digesters appeared in some cases. Until now this development
was just known from aerobic systems. To get an idea of the thermodynamics inside an anaerobic digester, a
detailed analysis of all heat fluxes in a full scale agricultural biogas plant was carried out. Several
experiments were realised to quantify the influences of different internal and external energy sources. To
estimate the impact of self-heating in anaerobic systems, data of other full scale agricultural biogas plants in
Austria were collected. Alternatives to the cooling of the digesters are discussed basing on individual
experiences of several plants. A connection between carbohydrate rich substrates, especially with high
starch contents, and the self-heating could be shown. But from the results it can be assumed that heat
enthalpy due to anaerobic microbial metabolism plays a key role in self-heating, which is in contrast to the
current thermodynamic knowledge.
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Introduction

In Austria the number of agricultural anaerobic digesters using energy crops is increasing
considerably. This is to a certain extent the result of governmental promotion of renewable
energies. On the other hand, the use of crops for biogas production seems to be a promising
alternative for farmers in regions with sufficient agricultural land available.

Although anaerobic digestion is a quite experienced technology, some new technical problems in
the anaerobic process performance appeared with the application of new substrates. One of these
problems is the self-heating of digesters. This phenomenon appears mainly in digesters using
energy crops, especially grains from maize or wheat, and in plants with mesophilic process
performance.

Investigation period
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Figure 1: Digester Temperature, loading and cooling rate of the energy crop digester in Reidling
(Austria), representative period march 2004.
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In Austria, approx. 40 % of the interviewed operators of agricultural biogas plants report that
phenomenon. In figure 1, the initial problem leading to this work is demonstrated. A continuously
rising temperature curve leads to a process breakdown connected to immense drops in the biogas
yield, due to thermal inhibition of the microbial community. The usage of cooling systems, usually
with water, results in an immense consumption of fresh water. The construction companies still do
not provide economic cooling systems in their new plants, since the effect of self-heating in
anaerobic digestion processes is in contrast to the current thermodynamic knowledge.

To investigate that phenomenon, a detailed analysis of the heat fluxes was carried out in an
agricultural digester situated in Lower Austria. All heat energy in- and outputs were recorded and
quantified. Furthermore, several tests were realised, e.g. to investigate the influence of oxygen input
via solid substrates loading and the role of different substrates. Further research on the influence of
the prevailing microbial community and on microbial metabolism is still conducted.

Material and methods

The period in which the thermodynamic calculation was carried out is shown in figure 1, marked in
grey. It was fixed in a phase without digester cooling or heating and with a continuous rise of the
temperature of 0.15 K daily. In the following part the different heat fluxes in anaerobic full scale
digesters are quantified. To follow the balance, the way of calculation is presented as well. The
digester in which the research was realised is a mesophilic, continuous stirred tank reactor (CSTR)
with a main digester volume of 2000 m®, a second digester step (1850 m®) with gas storage and an
open storage tank (6000 m®) for the residual manure. The substrates applied were pig manure (50
%) and solid energy crops (50 %) like silages from maize and rye, grinded grains from maize and
wheat, Corn-Cob-Mix (CCM) and residues from vegetable processing. The mean process
temperature was 39 °C, the mean content of total solids was 7-8 %.

Most of the data used for calculations was provided by the owner of the plant (substrates, input,
temperature, cooling and gas data) and the constructing company AAT, Bregenz, Austria
(insulation data, heat transfer from stirring). Most formulae were taken from LANGHANS (2000) and
LESCHBER & LoLL (1996).

To exclude the influence of oxygen supply via solid substrates input, the solid substrates were
added in a CO, atmosphere during two periods, each one of 5 days. For that purpose, a gas supply
with a continuous CO,-flow was installed at the lower end of the spiral pump which transports the
solids into the digester. To estimate the influence of different substrates on the digester temperature,
defined changes of the substrate mix and the loading rate were realised during 2004.

Results and discussion

Total energy content of the input substrate

Based on calorimetric results from HARTMANN & LEWANDOWSKI (1999) and OECHSNER (2005), the
energy content of energy crops can be estimated at 17 MJ.kg™ TS. The average content of volatile
solids in the used substrates was 96 % of the total solids content. The input of total solids,
composed of manure and energy crops, averaged out at 8.35 t TS.d’. Therefore the total
calorimetric energy content of the input substrates results in 141950 MJ.d of which 94183 MJ.d™
were converted into 2632 Nm®>.d™ of methane. This corresponds to 73 % of the total energy content.
The residual sludge contains about 10.5 % of the energy in the form of non degradable organic
substances like lignin or cellulose or bacterial biomass. The rest of the energy are probably heat
losses.

Heat energy consumption/losses

Substrate warming-up. The energy to warm up the input substrates (Qs ) was calculated using
formula (1). The daily input of substrates (Ms) in the investigated period was 30 t, the temperature
difference (AT) between the substrate and the digester content was approximately 22 K (input



substrate 290 K, digester 312 K) . The other factors are concerning the conversion of the unit (kcal
to kJ). This results in an energy consumption to warm up the input substrates (Qs ) of 2764 MJ.d™.

Qs = Ms *AT *1000+4.1868 [kJ*d™] 1)
Ms:  Mass of the substrate [t]
AT:  temperature difference [°K]

Radiation. The heat energy which is lost through radiation (Qa) was calculated using formula (2).
The surface of the investigated digester was 584 m? (above ground) and 660 m? (subterranean). The
specific heat transfer coefficient was 0.383 [kcal*m™*h™**K™] (Fa. AAT), the temperature inside
the digester was 312 K, the average outside air temperature was 277 K and the subterranean
tempelrature was estimated as 279 K. This results in an energy loss through radiation (Qa) of 1625
MJ.d™.

Qa=Axk*(Tr—Tu)*4.1868 [kJ*h™] (2)
A:  Surface digester [m?]
k: Heat transfer coefficient [kcal*m?*h™*K™]
Tr:  Temperature digester [K]
Tu:  Temperature surrounding [K]

Heat discharge connected to the produced biogas. The heat discharge connected to the output of
hot, water saturated biogas (Qgas ) from the digester to the gas storage was calculated using the
formulas (3) and (4) and approximated values (5) — (7) from LANGHANS (2000). In the investigated
period the average gas production was 6030 m® (312 K) with an percentage of approximately 50%
CHy, which result in 7070 kg of daily produced dry biogas. The proportional mass of water with
100 % steam saturation in the biogas (xi20) at 312 K is 0.03988 kg +20.KGbiogasary* (48.65 g.m™
steam, 1171 g.m™ biogas). The loss of heat energy due to the discharge of hot biogas (Qgas ) results
in 4545 MJ.d ™.

@as wet= rn)iogasdry*(CP, biogask (T + 273 + XH20 * hstean) [del] (3)
Cp, Biogas = cH 4 * Cp,cH4 + (1 — wcH4) * Cp,co2 [kJ.kg™.K™] 4)

¥ :  Volume of CH,/ CO; in the biogas [m%]
Cp:  Specific heat capacity [kJ.kg™t.K™]
T:  Temperature of the biogas [K]
h seam : Enthalpy of evaporation [kJ.kgyz0™]
M giogas - Mass of the dry/wet biogas [kg]
X0 - Steam fraCtion[kg HZO-kgbiogas,dry_l]
With (LANGHANS, 2000):

Cpcha=0.0097 * t + 2.1659 [kd.kgt.K™] 5)
Crco2=0.0037 *t + 0.8161 [kd.kgt.K™] (6)
h steam =2505-2.388* T [kJ.kQh20™] @)

Heat discharge connected to the residual sludge. The hot digester sludge discharged into the
residual storage tank has to be regarded as a loss of heat energy as well. In the investigated digester
77 % of the mass input was discharged from the digester. This results in a daily output of 23.1 t.
The difference of the temperatures is calculated using the same temperature levels as in the
calculation of the input energy demand, 312 K inside and 290 K in the surrounding. The energy loss
due to the residual sludge (Qg) was calculated using formula (8) and results in 2183 MJ.d™.

Qr = Mr* AT #1000+ 4.1868 [kJ*d™] (8)
Mg:  Mass of the residual sludge [t]
AT:  Temperature difference [K]



Heating up of the digester sludge. During the investigated period there was still an additional self-
heating inside the digester of 0.15 K per day. This means another energy release (Qsn) which can be
calculated using formula (9). The sludge volume in the investigated digester was 2000 m®.

Qsn =Vb *AT #1000+ 4.1868 [kJ*d™] (9)
Vp:  Sludge Volume in the digester [m®]

AT:  Daily temperature difference caused by the
heating up [K]

Heat energy supply

Heat generation due to stirring. Due to the stirring of the digester there is a heat energy release
from the engine which could be transferred through the axis inside the digester. The constructing
company (Fa. AAT) specified this energy as 7.6 kW per hour. This results in a daily heat energy
input from the stirrer (Qst) of about 657 MJ.d™.

Biological desulphurisation. To reduce the H,S in the biogas produced during the fermentation
process, fresh air is pressed into the headroom of the digester. The H,S is oxidised in an exothermic
reaction (10) to elementary sulphur. The amount of the fed air is connected to the produced biogas.
In this case 4 vol% of air was used for the desulphurisation. An average gas production of 6030
m>.d™, led to an air supply of about 240 m*.d*, with a load of 50,4 m®.d* of oxygen or 2117 mol O,
(17 °C). This results in a heat energy release from desulphurisation (Qp) of 1118 MJ.d™.

2H,S + 0, — 2H,0 + S, AHg® = -528 kJ/Mol (10)

Oxygen input via solid substrates input into the digester. Due to the technical input equipment for
solid substrates, a certain input of air together with the solids can be estimated. The oxygen in the
air leads to an oxidation of organic compounds in the digester like it is shown in equation (11) for
glucose degradation. Since the air which is entering is not quantifiable, the enthalpy data were
generated via oxygen exclusions experiments (cf Material and methods).
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Figure 2: Oxygen exclusion experiment. Heat energy release was calculated on the amount and
the temperature increase of the cooling water.



In figure 2 the period in which CO, atmosphere was installed is marked in grey. The mean value of
the heat energy release due to oxygen input (Qo) basing on two experiments was 810 MJ.d™.

1 CHp0g + 60, N 6 CO, + 6 H,0 AHR® = -1767 kJ.mol™* (11)

Heat release from neutralisation. Inside the digester there is a pH value of about 7.8. The silages
that are used as solid substrates show a pH value of about 4.25. After Meier-Schneiders et al.
(1996), the acidic substrate which is brought in will be neutralised in an exothermic way (12). But
since there are just 10 mol.I'* of H* ions in the input substrates the heat energy release caused by
neutralisation is just 235.6 kJ.d™*, which is very low and has no influence on the thermodynamics of
the investigated digester.

OH +H" - H,0 AHg =-55.9 ki.mol* (12)

Heat enthalpy (microbial heat). Gallert & Winter (2005) indicate a heat energy release of 4.6 % of
the calorimetric energy content of the substrate glucose. In this case that would result in an heat
release of 6530 MJ.d" if the substrate would consist just of glucose. Since the agricultural
substrates consist of more substances, the heat release in this example was calculated basing on the
reaction enthalpies of the stoichiometric degradation of reference substances for carbohydrates
(glucose), fats (palmitic acid) and proteins (alanin). A Hg° values were calculated on A Hg® values
of the educts and products which were taken from D'Ans & Lax (1983). To control the results, the
theoretical biogas yield was calculated using the specific biogas yields for fats, carbohydrates and
proteins according to Baserga (2004) and compared with the real biogas yield.

As it can be seen in the equations (13) — (15), the total heat enthalpy in the degradation of organic
materials is strongly related to the composition of the biomass. In the anaerobic degradation of fats
and proteins, A Hg® > 0, which means that their anaerobic degradation is endothermic, at least in
some cases. Due to the simultaneous exothermic degradation of the carbohydrates included in the
substrates, the microbial heat production (Qu) resulted in 2603 MJ.d™.

Since the control calculation of the biogas yield just differs 5.6 % from the real biogas yield (6389
m?® theoretical, 6030 m® real), the calculated heat enthalpy value appears to be in a right dimension.

1 CeH1205 — 3CO,+3CH, AHg® =-138,5 kJ/Mol (13)
2C3H,NO,+2H,0 — 3 CO, +3 CHy + 2 NH; AHR® =+ 198,5 ki/Mol (14)
2 CygH106 + 14 H2O  — 9CO,+22CH, AHg® =+ 544,5 kJ/Mol (15)

Table 1: Composition and heat enthalpies of the input substrates.

carbohydrates fats proteins
Input mass [t.d™] 6.83 0.24 0.96
Input mol [mol.d™] 37917 931 10787
Fraction [%] 85.1 2.9 11.9
AHg [MJ.d™] - 5251 + 507 +2141

Summary heat energy balance

All the heat energy releases (Qc) in the investigated period can be summarised in the form

Qc = Qr+Qa+QcastQr+ Qsp. This results in a daily heat energy consumption of 12540 MJ.d™. The
energy supply (Qs) can be summarised in the form Qs = Qst+Qp+Qo+Qn+Qwm in the regular
digester processing. This results in a daily heat energy supply of 4750 MJ.d™. Compared to the



calculated heat losses, there is still a heat deficit of about 7790 MJ.d™. In figure 2, an overview of

the heat fluxes in the investigated digester is shown.
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Figure 3: Thermodynamics of the main digester, biogas plant in Reidling (Austria), representative

period march 2004.

Influence of substrates

As already mentioned, some experiments were carried out to isolate possible causes for the detected
heat energy deficit. The analysis of the process data accompanying the realised substrate changes
showed a strong effect of some substrates on the digester temperature. As it can be seen from the

example in figure 3, the course of digester temperature

and the cooling rate follow the input of

corn/maize (silage of whole plant and grains). In this case the corn was substituted by silage from

lucerne. The input of total solids was the same.
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Figure 4: Impact of substrate change on digester temperature and cooling rate.



This increase in temperature connected with a substrate change was observed in other digesters as
well, especially after the application of corn-cob-mix or grains from wheat and maize. The increase
of the loading rate in general results in the raise of the digester temperature as well, as you can see
in figure 4. After the increase of the input of total solids into the digester to 2 t.d™}, the temperature
and the cooling rate raised enormously.To compare the results of the experiments, 37 operators of
agricultural digesters in Austria were interviewed. Fourteen of them, mostly running digesters with
a volume bigger than 1000 m®, and all of them using maize or other ceraels as one of the main
substrates, observed the self-heating in their plant. 17 operators usually with smaller digester
volumes didn’t observe self-heating (five didn’t give information about this). But like there are
exceptions in all directions the causes can not be focussed on one or two parameters.
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Figure 5: Impact of the increase of the loading rate (total solids) on digester temperature and
cooling rate.

Discussion

Within the concerned parties (operators of biogas plants, constructing companies and involved
scientists), there exist different theories concerning the self-heating of digesters. The majority
believes that the input of oxygen via solid substrate input is the main cause. But calculating the
additional amount of air that is needed to generate the necessary heat energy through aerobic
degradation of glucose (11), you would end at about 2200 Nm? of fresh air which had to be added
every day, which is obviously impossible. Furthermore, one digester is using a liquid input system
in which solid substrates are first mixed with recyclate and then pumped into the digester. This
digester shows the same thermodynamic behaviour as those feeding solid substrates directly.
Another theory is the influence of solar radiation, but considering the facts that the self-heating
appears all the year in some plants and that this balance was carried out in the beginning of march
with an average surrounding temperature of 4 °C, this theory can be excluded as well. As
previously found out, the percentage of carbohydrates in the substrate plays a key role in the
thermodynamics of an anaerobic digester. Mainly substrates with a high starch content as potatos,
maize and other cereals, show great influence on the self-heating of digesters. Still, the maximum
theoretical heat enthalpy based on literature data for anaerobic degradation of glucose is not enough
to explain the self-heating. Additionally there is still no explanation for the fact that some digesters
show this phenomenon, while others do not.

All these facts lead to the conclusion that the real cause for the self-heating of digesters is
associated with the bacterial metabolism. That would implicate that the anaerobic metabolism could



be much more exothermic than supposed so far in the main microbiological literature. However, a
few studies did already obtain similar results. Gallert & Winter (2005) mention a potential self-
heating capacity in anaerobic digesters of waste water treatment plants. Von Stockar & Liu (1999)
presented data of so called enthalpy versus entropy driven growth of methanogenes, which partly
show very high heat enthalpies. Finally Meier-Schneiders & Schafer (1996) demonstrated that
experimental enthalpy data could vary enormously from calculated enthalpy data.

As long as this phenomenon is not explained, the operators of anaerobic digesters are forced to
either cool down their digesters further on or to let them heat up and thus risk a maybe significant
temporary reduction of the biogas yield caused by thermal inhibition of the microbial community.
At least two biogas plants realised that step and operate now in a temperature range between 38 °C
and 45 °C without heating or cooling, controlled by the substrate input and the surrounding
temperature. If the digester construction and chemical parameters inside the digesters allow it, the
change to thermophilic processing at 55 °C could be an interesting alternative. Especially new
digesters could start up directly with a temperature level higher than 40 °C, to avoid a change from
a mesophilic to a thermophilic microbial community. Research on the specific biogas yield with the
way of processing mentioned above and a controlled change to a thermophilic microbial
community, with a minimum collapse of the biogas yield, are conducted.

Conclusions

The phenomenon of self-heating in anaerobic digesters using energy crops can not yet be entirely
explained. In the present work, a detailed analysis of the heat energy fluxes in an agricultural
digester was carried out. In combination with first results of the realised experiments concerning
oxygen input and substrate effects, it can be assumed that the self-heating has to be traced back to
microbial activity, which is in contrast to the current thermodynamic knowledge. But, data and
experiences of other digesters in Austria give indifferent results. An interaction between
carbohydrate rich substrates, especially with high starch contents, to the self-heating could be
shown, but still there are exceptions. Biogas plants with small digester volumes will never have this
phenomenon, since heat losses are higher than their self heating potential. To elucidate the
phenomenon, more research has to be focussed on dynamics in the microbial community of
anaerobic systems.
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