Supporting Tables and Figures

Table 1

Regional average substrate mixture per power class in the state of Baden-Wuerttemberg based on (Hardtlein, Eltrop, Messner, & Dederer, 2013)

Power class (kW yue)

<150 >150 & <325 > 325 & <500 >500 total
Cow liquid manure 35.0% 32.2% 24.9% 12.1% 22.6%
Pig liquid manure 24.3% 9.0% 7.2% 11.4% 9.8%
Cow solid manure 4.3% 6.7% 5.3% 5.3% 5.6%
Pig solid manure 2.9% 0.0% 0.0% 0.0% 0.0%
Maize silage 18.5% 34.7% 45.9% 54.0% 43.5%
Whole-crop-silage 0.0% 54% 5.8% 6.5% 5.6%
Grains 1.6% 0.0% 0.0% 0.0% 0.0%
Grass silage 10.2% 12.0% 11.0% 10.7% 11.0%
Forage grass 3.1% 0.0% 0.0% 0.0% 0.0%
SMY (No’ CHA 50.84 66.90 76.95 84.84 75.69

tFM! inputmix)

Table2 Statistical distributions for plant design over all plants in the state of Baden-Wuerttemberg based on (Hérdtlein et al., 2013)

Digester Type CSTR concrete roof CSTR membrane roof Horizontal plug flow reactor
66.3% 30.43% 3.26%
Secondary digester type CSTR concrete roof CSTR membrane roof
if digester = CSTR with concrete roof 54.76% 45.24%
if digester = CSTR with membrane roof 10% 90%

Roof type (if membrane roof)

Single layer membrane

(spherical cap) Double layer membrane (cone)

Digester 58.93% 41.07%
Secondary digester 31,58% 68,42%




Table3 Temperatures distribution over all plants in the state of Baden-Wuerttemberg based on (Hardtlein et al., 2013)

Digester temperature (mean 372 4123 43 .86 48.39 52.19
values of certain range)[°C] ' ] . ' .

Percentage of all plants 2.86% 28.57% 26.29% 25.71% 16.57%

Table 4: Specific diesel consumption for different handling machines assigned according to yearly substrate amount (KTBL, 2014)

Power Loading volume Diesel consumption Yearly substrate amount

Handling machine typ W e 1 hl FM a-!
37 0.65 4.30 300
Farm loader 45 0.75 5.30 600
54 0.8 6.30 800
67 1 7.80 2500
Standard tractor 102 2 11.90 4500
140 3 16.10 6500
65 1 7.60 2500
Telescopic handler 70 2 8.10 4500
80 3 9.30 7000
45 0.8 5.30 1000
54 1 6.50 2000
wheel loader 67 1 7.90 3000
83 2 9.70 4000
102 2 12.20 5000




Table5 Statistical distributions for technologies, components, process parameters and plant design according to the power class in the state of Baden-Wuerttemberg based on (Hérdtlein et al., 2013)

Power class (kW.; rueq)

<150 >150 & <325 >325 & <500 > 500
Process fvpe Single-staged 27.78% 29.82% 15.38% 21.92%
P Two-staged 72.22% 70.18% 84.63% 78.08%
. Spark-ignited gas engine 70.37% 80.95% 58.21% 66.13%
k
Type of CHP unit ignition oil engine 29.63% 19.05% 41.79% 33.87%
g
One unit 50% 85.96% 25.64% 18.75%
Mumber of CHP Two units 50% 12.28% 64,1% 59.38%
Three units 0% 1.75% 10.26% 21.88%
Aucxiliary el. share (used in substrate analysis) 9.5% 6.4% 7.3% 6.7%
submersible 19.23% 30.43% 30.38% 20.00%
paddle 7.69% 6.09% 12.66% 2.50%
Agitator type central 46.15% 43.48% 44.30% 53.75%
1 o 0, 0, 0, 0,
digester long axis 7.69% 0.00% 1.27% 1.25%
rod 15.38% 20.00% 11.39% 0,21.25
Reel mixer 3.85% 0.00% 0.00% 0.00%
submersible 50.00% 62.71% 51.22% 50.00%
paddle 0.00% 0.00% 7.32% 2.50%
Agitator type central 25.00% 25.42% 29.27% 35.00%
secondary digester long axis 0.00% 0.00% 0.00% 0.00%
rod 25.00% 10.17% 12.20% 12.50%
Reel mixer 0.00% 0.00% 0.00% 0.00%
Horizontal mixer 50.00% 33.33% 47.06% 44.44%
Solid feed tvpe Vertical mixer 10.00% 22.92% 23.53% 14.81%
P Push-off trailer 30.00% 18.75% 8.82% 22.22%
Push floor 10.00% 25.00% 20.59% 18.52%
ORL Digester (single-staged) [kg VS d' m™] 1.93 276 3.00 2.90
ORL Digester (two-staged) 3.18 344 4.10 5.52
ORL digester + secondary digester 1.40 1.69 228 291
HRT Digester (single-staged) [d] 100 88 82 92
HRT Digester (two-staged) [d] 73 72 68 63
HRT digester + secondary digester [d] 118 121 109 103
Maximal digester size [m’] 871 1,858 1,821 2473

*adjusted if size of single CHP unit is larger than the range of available units



Table6 Modell sections, components and technologies in the reference state of existing BGP

Section in
the Component Technologies Determined parameters for th.e reference state External data/sources used
process S /Purpose of function
chain
y Iftlandim%macthmgs: i ° Dimensions: height, length, width, number of cells
Silage silo arm loadet, Sandar@ o ol silo volume (KTBL, 2013, 2014)
tractor, telescopic Tve & diesel tion loadi hi
handler, wheel loader ~ ® 1YP€ & diesel consumption loading machine
e Pump types: e Pretank volume
Preliminary centrifugal - rotary - ¢ Dimensions: height, length, width, number of cells, Various manufacturer shecifications
p
manure tank & progressive cavity e Manure pump type
pump ® Pel pump[ kW]
Substrate
provision e Daily dosage volume . .
¢ Horizontal mixer ° Egﬁl erznoef solid feed depending on the daily dosage (H. Bachmaier et al., 2011; Besgen,
Solid feed * Vertical mixer e Number screw conveyors (less for concrete roofs with 2005; Dachs & Rehm, 2006; Gerber,
e Push-off trailer solid feed on top) y w 2009; Hérdtlein et al., 2013; Héring et
1.,2011; KTBL, 2013
e Push floor o P conitteed [KW] al,, ; , )
1 Wel,solidfeed,Spec [kWh/t FM]
Liquid feed ® Pel liquidfeed [KW] Various manufacturer specifications +
(optional) e Demand of recirculate for mixing (KTBL, 2013)




Digester /
Secondary

digester

e continuous stirred
tank reactor (non-
/embedded into the
ground)

e horizontal plug flow
reactorthe

¢ Assignment of target HRT/ORL according to BGP
class

e Net & gross volume single digester

e Number of digesters

¢ Dimensions of digester: height, radius / length &
width, surface

e Actual HRT/ORL after determination of volume

e Demand of recirculate for mixing

e Gas composition (CHs & CO; fraction according to
yield, H»0 (saturated gas))

¢ Digestate (TS, VS composition after mixing and
biogas formation, density)

(Bayerisches Landesamt fiir Umwelt
(LfU) & LfL, 2007; Eder, Krieg, &
Huba-Mang, 2012; Gerber &
Schneider, 2015; Hérdtlein et al., 2013;
Liebetrau, Pfeiffer, & Thréan, 2016;
Reinhold, 2005; Stenull, 2017)

Gas
production o CHyleakage by installations (agitators, etc.)
e concrete roof
Digester roof * single layer . ¢ Dimensions: height, surface
membrane (spherical
(subcompon cap) ¢ Headspace volume (gas phase) -
ent) . dolljlble layer ¢ CH4 permeation rate
membrane (cone)
Avitat : Szzl(ﬁzrflble N ¢ Type (Combination of types if more than two)
gtiators p ’ . e Number of agitators . .
(subcompon e central or long axis -, o Patsuicons [KW] (Hardtlein et al., 2013)
ent) ° I'Od - el,agitators
e Reel mixer L4 Wel,agitators,d [kWh/d]
(Cielejewski, 2014; Drosg, Fuchs, Al
o Demand for separation Seadi, Madsen, & L1r‘1'k§, 2015; M.

. Digestate e Stationary or mobile separation Effenberger, 201.5 ; Haring et al., 2011;
Digestate separation e Screw press separator e Volume Capacity [m*/h] KTBI?’ 2013; Leitker, 2012; Thequen
treatment . & Kroger, 2016; TU Braunschweig,

(Optlonal) L4 Pel,separator [kW]

e [iquid and solid digestate (TS, VS composition)

Bauhaus-Universitit Weimar, &
UMSICHT, 2013; Waelkens & Zetzl,
2015; Wetter, 2016)



¢ Type of cover (open, gastight)

e Storage volume capacity

e Number of storage tanks

¢ Dimensions of tank: height, radius, surface

¢ Volume headspace (gastight only, gas phase)

(J. Bachmaier, 2012; Bohner, Loch, &
Schleicher, 2011; Ebertsch et al., 2012;
Edwards, Giuntoli, Agostini, &
Marelli, 2014; FNR, 2013; Hérdtlein et
al., 2013; KTBL, 2013, 2014; Lehner,

Digestate ¢ Open storage tank ) ! Effenberger, & Gronauer, 2010;
. ¢ Residual gas formation . R .
storage e Gas tight storage tank . ) Liebetrau et al., 2010; Ministerium fiir
* CH, permeatlon'rate (gqstlght OI.IIY) Erndhrung und Léndlichen Raum,
o CH4leakage by installations (agitators, etc.) 2008: Reinhold. 2012: Reinhold &
e Digestate (TS, VS composition after residual biogas Godeke, 2010; Sax, 2014; Vogt et al.,
formation) 2008; Weillbach, Engler, & WeBeling,
e Overall HRT/OLR for gastight system 2011)
. : Length of i .
¢ GGas pipe cooling :Nf;lsito ; co%lajeilspe Z water (Héaring et al., 2011; Ramesohl, Arnold,
Gas drying e External cooling . . Althaus, & Urban, 2005; Weidenaar,
. ¢ Changes in gas composition
(electric) 2014)
b Wel, gas cooling [kWh/d]
Gas . e H>S fraction in relation to manure content
upgrading  Degulphurisa « Biological desuloh. i e Desulph. rate Various manufacturer specifications +
tion (digester thlo Oglc?l esuf];t) h' M4 Air flow into digester (Besgen, 2005; M. Effenberger, Zolsmann,
subcompone d.e geés phase ot the ¢ N and O; vol./mole fraction Mielke, Fischer, & Marx, 2013; Haring et
nt) tgester @ P gesuiphblower [KW] al., 2011; Ramesohl et al., 2005)
i Wel, desulphblower [kWh/d]
External gas (Aschmann et al., 2013; Hahn,
storage - o Gas storage capacity [m’] Ganagin, Hartmann, & Wachendorf,
G?‘S. . (optional) 2014; Holzhammer et al., 2014)
utilisation Gad Lautenbach. Fischor. &
Gas flare - o Gas flare loss [%] (Gaderer, Lautenbach, Fischer,

Ebertsch, 2007; Koch, 2009)




e Ignition oil consumption [1/d]
e Combustion air demand [t/d]

Various manufacturer specifications +

o CHP coefficient (ASUE, 2014; ASUE & Stadt
¢ Thermal efficiency rate [%] Frankfurt am Main, 2005, 2011;

o Spark-ignited gas e Thermal capacity [kW] Hardtlein et al., 2013; Lucas, Gebhardt,

CHP units engine o Capacity engine cooling [kW] Kohl, & Steinrétter, 2002; Reinhold,

e ignition oil engine o Capacity exhaust gas [kW] 2017)(Dachs & Rehm, 2006; Héring et
e Methane slip [%] al., 2011; Lemmer, Négele, &
¢ Exhaust gas composition Oechsner, 2012; Naegele, Lemmer,
e Auxiliary CHP demand (Cooling, Circulation pump, Oechsner, & Jungbluth, 2012)

Container fan, gas blower) [kWh/d]
Transformer - e Transformer capacity Pe ransformer [KW] -




Table 7 Financial parameters (Source for price rates: destatis.de)

Parameter Value
Period of review 10a
Interest rate 5%
Inflation rate 1.88 %
Price increase rate investment (construction) 215%
Price increase rate investment (technical installations) 1.43%
Price increase rate maintenance 1.95%
Price increase rate electricity 2,70 %
Price increase rate diesel 1.67%
Price increase rate wages 1.50 %
Price increase rate insurance 1.50%
Price increase rate agricultural supplies 1.81%
Price increase rate district heat 3.88%

CHPs optimal schedule
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Fig.1  Optimisation of a CHP unit over a period of 72h; showing from top down: CHP dispatch, energy price, heat load and
usage, heat and gas storage level for each hour.
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