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Biogas production is a relevant component in renewable energy systems. Model approaches of biogas production
show different levels of detail. They can be classified as white, gray, and black box, or bottom-up and top-down
approaches. On the one hand, biogas modeling can supply dynamic information on the anaerobic digestion process,
e.g., to predict biogas yields or to optimize the anaerobic digestion process. These models are characterized by a
bottom-up approach with different levels of detail: the comprehensive ADM1 (white box), simplifications and
abstractions of AD models (gray box), or highly simplified process descriptions (black box). On the other hand, biogas
production is included in energy system models. These models usually supply aggregated information on regional
biogas potentials and greenhouse gas emissions. They are characterized by a top-down approach with a low level of
detail. Most energy system models reported in literature are based on black box approaches. Considering the
strengths and weaknesses of the integration of detailed and deeply investigated process models in energy system

models reveals the opportunity to develop dynamic and fluctuating business models of biogas usage.

biogas modeling anaerobic digestion energy system geoinformation system GIS

life cycle assessment LCA greenhouse gas emissions

| 1. Introduction

Biogas is a relevant component of an increasingly renewable energy system in many countries. Biogas plants feature
some specific properties compared to other renewable energy plants such as flexible provision of electricity and heat
by gas storage, or possible contribution of energy to the transport sector.

With anaerobic digestion (AD), the main transformation process from organic matter to biogas is a biological one. The
complex processes of hydrolysis, acidogenesis, acetogenesis, and methanogenesis are well known and described [,
AD works with various types of organic feedstock, such as municipal sludge from wastewater treatment plants,
municipal solid waste, animal waste, algae, or energy crops. Some of those are constantly available, while others are
subject to regional and seasonal restrictions. Main product of the anaerobic digestion is biogas, primarily methane
and carbon dioxide (CO,). The side product is a nutrient-rich digestate. Biogas can be converted to different energy
products, such as heat (by combustion), electricity and heat (combined heat and power plant: CHP), electricity (by
turbines), natural gas (by the separation of CO,), or fuels (e.g., by increasing the methane fraction or CO,-assisted
catalytic reforming) [. A common pathway for the energetic use of biogas is electricity and heat production in a CHP.
The focus in many countries lies on the production of electricity. In Germany, for instance, the privileged feed-in of
renewable electricity from biogas CHPs is regulated by the Renewable Energy Act . In comparison to other
renewable energy sources, electricity production from biogas is not weather-dependent. Biogas plants can produce
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electricity flexibly according to demand, by utilizing the possibility of storing feedstock and biogas . This provides a
distinguished role for biogas plants in the energy sector. Furthermore, biogas can also participate in the supply of
heat and fuel where the share of renewable energies, for example, in Germany, it is much lower than for electricity.
The shares of renewable energies for electricity, heat, and transport in Germany in 2019 were 37.8, 13.9, and 5.6%,

respectively 2!,

Biogas plant operation needs continuous monitoring and process control because the AD process is based on
microbiological activities that require a complex biocenosis of different microorganisms. This is where process

modeling comes into focus.

Biogas process modeling was originally developed for the prediction of possible biogas yields and optimization of the
AD process (e.g., BIIE)  as well as for process control and staff training (e.g., 2I1%). Those models—often assigned
to the water sector—focus on a very detailed description of microbiological transformation. Early papers on AD
modeling, for instance, go back to the 1970s 212131 Since 2002, the anaerobic digestion model (ADM1) has been

a commonly used tool to model physical and biological processes within biogas fermenters.

Biogas plants in energy systems are mostly investigated from an agricultural or energy economical point of view.
Energy system modeling often regards biogas plants as black box models. They basically tend to be included as gas
storage combined with a CHP unit (e.g., 14)). The modeling of biogas plants within future energy systems with high
shares of renewable energies needs to look further into the biological process, though, in order to answer new

questions due to the dynamic nature of energy supply and demand, such as:
-How can electricity productionbe adjusted to electricity demand profiles?

-How can biogas plants contribute to energy sector coupling?

-Which pathway of biogas exploitation is most beneficial for the energy system?
-Which pathway of biogas exploitation offers a business model for the operator?

Goal of the transition from fossil to renewable energies is the decarbonization of the energy sector, which aims to
address the question of the environmental impact of biogas plants, i.e., their carbon footprint (e.g., [12). Renewable
energy production is often much more decentralized than fossil energy production. Biogas production is widely

applied in rural areas. This also poses new questions, such as:
-What is the carbon footprint of biogas-based energy products?
-What feedstock mixture is most sustainable and are there regional limitations?

-How can biogas plants be included in regional energy systems?
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Such regional aspects of substrate availability and energy-related infrastructure are commonly modeled with geoinformation
systems (GIS; e.g., [18]).

The integration of biogas plants in energy systems thus links water or agricultural economies with the energy economy. This
requires information transfer between the different sectors. Figure 1 shows possible system boundaries for different views

on biogas plants from energy systems to microbiological processes in the AD process.
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Figure 1. System boundaries for different views on biogas plants.

| 2. Biogas Plants in Renewable Energy Systems

Substantial research and development of models for biogas production was carried out in the last 18 years. Regarding
biogas modeling on a process level (anaerobic digestion), these models differ substantially from modeling biogas for
potential analysis, GHG emissions and in an energy system. This is reflected in Table 1 and Table 2: Table 2 (top-down)
contains biogas model on process level that are not reflected in Table 1 (bottom-up) with models of potential analysis, GHG
emissions and energy systems. This different modeling approach of the energy system and the AD perspective can broadly

be regarded as top-down and bottom-up approaches, respectively.

Dynamic biogas models contain detailed information about AD processes, technical systems and time-dependent conditions
and, thus, generate a complexity that is not to be disregarded. This bottom-up modeling approach differs from the top-down
modeling approach used in energy systems, LCA and GIS models. In these models, holistic effects are modeled on a

national or regional level a7

Figure 2 shows the complexity of the mathematical mapping of biogas production within the discipline or view on the biogas

system that the different studies represent.

https://encyclopedia.pub/entry/9691 3/9



Modeling Approaches of Biogas Production | Encyclopedia.pub

white box

gray box

energy
system

top-down ———
regional

green-

house gas potential

biogas

energy
process production control

bottom-up

AD

[92]
[10]
[o1]

[97,98]

(84]
[86] [10]
1]

[101]

[97,98]

[77] [79] [81]
[76] [80] [78] [82]
[31] [75] [90]

black box

Figure 2. Classification of the references regarding their respective level of detail and field of application.

Table 1. Biogas top-down modeling (energy systems, regional impact, greenhouse gas (GHG) emission).

View on
Ref. Biogas Coding/Software Biomass Modeling Region Additional Modeling
Plants
energy annual chemical northwestern L
system L biogas potential Germany productlp G
photovoltaic) and demand
energy annual chemical northwestern LI S I G )7
system oemof biogas potential Germany prOdUCtI.O n (wind and
photovoltaic) and demand
daily chemical electrical energy production
Engineering biogas potential (wind, photoyoltalc), therma]
[21] energy Equation Solver based on chicken i energy productlon (photovolltalc),
system 122 manure and maize chemical energy production
. hydrogen), electrical and
silage
g thermal energy storage
different waste to energy
[24] annual energy Denmark, . e
Balmorel . technologies (e.g., gasification,
23] energy . N potential (stable and Germany, .
linear optimization . . . co-combustion) and other
system increasing 1.3% per  Finland, Norway, .
(CPLEX-solver) car) Sweden technologies (e.g., heater, steam
y turbine), all with fixed efficiencies
ener annual chemical electrical energy production
[14] o EnergyPLAN 23 . ) Denmark (wind, photovoltaic, wave, CHP,
system biomass potential . e
power plants), biogas purification
[26] energy Sifre annual energy Danlsh =
system potential of manure municipality
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View on
Ref. Biogas Coding/Software Biomass Modeling Region Additional Modeling
Plants
and straw
annual energy
27] energy TIMES potential of reland i
system degradable
feedstock
[16] regional i electrical energy Northwestern i
potential potential of manure Portugal
_ en
SR Ll chronological sequence since t
i i sysiem
(28] reglon.al - potentlallof manure Greece 1970; contemplation of regional ysy
potential (cattle, pigs, sheep, .
gas grid
poultry)
time-dependent / Supply
. (seasons) biogas . .
[29] reglon'al i potential of Croatia reS|dge to-product ratios,
potential . : sustainable removal rates
agricultural residues | and
and municipal waste
nergy
regional me::z:srgmer;zzl of Maximum feasible use of
201 o?ential - silage m’u%ici al Finland regional feedstock due to 30-day
P s P HRT, optimizing GHG emissions lbruary
waste
municipal waste,
[31] regional i sludge, manure, . L . . 2011, 36,
potential silage and crop Finland optimizing biogas plant placing
residues
_ i essed on
(131 GHG GaBi 2 methang e Germany regional methane yield
emission maize
methane yield of 100%
GHG manure, maize
23] o GaBi 24 silage and grass - CHP size and efficiency
emission : o
silage with different
mixture ratios wergy
methane yield of demand-oriented energy
[34] GHG SimaPro (28] mglze, gra;s, rye i production by |
1 emission silage, chicken HRT for mass flow calculation in >upply
manure digester Energy
(=6l GHG - mass-specific - influence of grass treatment
emission energy of grass
1
4
B GHG Umberto biogas yield of - emissions of farming, digestion,
emission cultivated crops purification and upgrading to energy

system. Energy Policy 2013, 53, 169-189.

12. Silva, S.; Algada-Almeida, L.; Dias, L.C. Multiobjective programming for sizing and locating biogas
plants: A model and an application in a region of Portugal. Comput. Oper. Res. 2017, 83, 189-198.
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1 View on n:AGIS
Ref. Biogas Coding/Software Biomass Modeling Region Additional Modeling
Plants
(maize, triticale, rye, biomethane, transportation )
1 hemp) sessing
. al
(3] GHE Sl dynamic AD model German :)ZT;?:rjvni?:tdednzrr]ri(rngD
emission MATLAB® (AMOCO) y P o de“né

electricity production: A case study from a Finnish province. Appl. Energy 2013, 102, 676—686.

Table 2. Biogas hottom-up modeling (Process dynamic g
16. H6hn, J.; Lehtonen, E.; RaS| S.;Rintala, J. A Geographlcal nformation System (GIS) based

c £

Vlew on Ener Additional
Ref. Biogas AD Model Coding/Software Feedstock 9y Region
Production Models
Plants
1 (39] AD ADMl.: physiochemical gy-
24 species, - - - - .
process . digester model .115.
19 reactions
1 AD SIMBA#:
[40] ADM1 ' 5 . 5 .
process C#-based
1 heat and
[41] AD ADM1 SIMBA# pig manure - - - 12,
process
AD AQUASIM:
[42] B} B B} }
s process ADM1 C++-based mnent of
AD echnol.
[43] ADM1 AQUASIM sludge = = =
process
2 e AD ADM1 AQUASIM water thyme - - -
process
2 rent
MATLAB®
[45] AD Simulink-code: 1
ADM1 - - - -
process C-based S- 25 M ay
Function
AD ADMS 1.0:
2 vl ADM1 Python GUI and - - ) ;
process MATLAB® ADM1
mass
47 AD ADM1 MATLAB®-code - - - -
process
2 luation
AD . . .
[48] 9] B B B .
process ADM1 BioOptim bio waste itat
(8] AD modified MATLAB® pig manure & _ ) _
2 process ADM1 Simulink glycerin lodel No.

1 (ADM1); IWA Publishing: London, UK, 2002; ISBN 9781780403052.

26. ifak—Institut fur Automation und Kommunikation. SIMBA#Biogas. Available online: (accessed on 10
February 2021).
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2 View on Ener .-
: . gy . Additional
Ref. Biogas AD Model Coding/Software Feedstock Production Region Models ir
Plants
[ MATLAB®
(49] A z spec.les, . maize silage - - -
process 2 reactions Simulink
2
AD heat flow,
2 (50 process 1 reaction not known manure - - thermodynamics jester
of digester
° 1545,
. - heat flow, .
3 U AD 13 species, MATLAB® fictive waste - - thermodynamics deling of
process 10 reactions composition .
of digester 211
ANN: .
= r(f;:[;ss Sl il MATLAB® W:Stfécag::ﬁ:”) i i i
3 & digester Jartment
) manure,
(53] AD ANN' NeuroSolutions banana stem, - - -
2 process 25 digesters es:
e sawdust -
. -115.
MATLAB®: fictive
2 = rcf(\:?ess i’\I;NI\/I(if ADM1 and (result of - - - ir's
P Python: ANN ADM1)
electricity power
2 ® i i
3 sy energy A MATLAB anure (micro gas ) electronics of vailable
production Simulink . micro gas
turbine) .
turbine
1 \
~ 56 energy ADM1 MATLAB® Multiole electricity thermodynamics ~ Proc.
production Simulink P (CHP) of digester
2 synchronous
electrical
electricit S ETE]
[57] energy 4 species, MATLAB® . y micro gas
q X i . manure (micro gas - .
3 production 4 reactions Simulink turbine) turbine, gas lant for
storage,
thermodynamics
of digester
3
heat storage
electricit domestic (water tank),
2 [58] energy . MATLAB® household y use electrical gas
S ; 1 reaction - (CHP), )
production Simulink garbage heat profile compressor,
(China) gas storage, CtS.
battery (buffer)
(59 energy 1 time- MATLAB® manure electricity - gas storage
4 - from a
production  dependent Simulink (CHP)
vwaslic UIQCDLCI UDIIIU aldlivial ricuial ITCLWUIKN allu UCIICLIL aIgUIILIIIII. MnCcoOuUuUl. LUIIdDCl V. F‘CLYCI. 2010,
54, 359-363.

41. Gueguim Kana, E.B.; Oloke, J.K.; Lateef, A.; Adesiyan, M.O. Modeling and optimization of biogas
production on saw dust and other co-substrates using Artificial Neural network and Genetic
Algorithm. Renew. Energy 2012, 46, 276—281.
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4 View on iti lles
Ref. Biogas AD Model Coding/Software Feedstock Prlf):z:g?on Region A:’n‘i'gglgal
Plants L4-15
function Vienna,
digestate
. ) storage
) BioOptim: . i
4 [10] Ecl)ongi?; ADM1 MATLAB® i eIeC(:;tHnI(D:lty i pumspss,tzriatmg fan
Simulink (CHP) Y. 5t Educ.
energy sinks
and sources
“ biogas DyBiM: c%rt{talzsr:ﬁgfé electricity Energy
(601 MATLAB® ' -
control ADML . agricultural (CHP) Slital gasstorage  qviron.
Simulink
substrates
4 maize silage, ‘em. Int
rye, T
(61] . ADM1 MATLAB® Ll - Germany Pl controller
control beets, potato
4 pieces, potato system
peel
(9] 19 FORTRAN and
4 62] biogas equations WinErs for GUI ) ) ) tanks, Plant
[63] control 2 reactions and ' valves, pumps of the
automation
—4
- Py simAIIi‘i'\éI;tion not known not known Cissilely Germany as storage
65 control P (CHP) (EPEX) g 9
4 ition. In
biogas linear eh(aétl—r:FC’Ity India TEEL SRS, | 2011
= con%rol equation FOTER” HhSlliiR = hotovolt,aic (off-grid) energy storage
4 g P ’ 9 (battery) rom
fuel cell) I
5—-4075.
maize silage electricit biogas to CNG
€ eg biogas 1 species, MATLAB® and ''age, ¥ Germany  upgrade plant ol for a
control 1 reaction Microsoft Excel® YCESRlE (CHP), (EPEX) (black box)
manure fuel (CNG) . 19,42,
vehicle fleet
biogas fixed gas electricity Germany gas storage
[69] i .
=
- control rone RedSim characteristics (CHP) (spot (mass balance) Thesis,
market)
[ electricity r?:zitsstt?) r;gt:;,
(ol biogas ® real data gas (CHP), g,
71 none IPSEpro 2 - tanks, gas
control characteristics fuel
upgrade (black
(methane)
[ box) .
g ration. In

Proceedings of the IV CMP International Conference on Monitoring & Process Control of Anaerobic
Digestion Plants, Leipzig, Germany, 26—27 March 2019.

54. Mauky, E.; Weinrich, S.; Nagele, H.-J.; Jacobi, H.F.; Liebetrau, J.; Nelles, M. Model Predictive
Control for Demand-Driven Biogas Production in Full Scale. Chem. Eng. Technol. 2016, 39, 652—

664.
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moé&%g is well penetrated in terms of both highly detailed and highly abstracted models, including the thermal behavior of

SHIRKRIAIORIPIB PR FPOBRASZINY BiGg A8 Plamtarmithi BRI, HovAEP sttt ARACSRiIy 8% IRGHFSH on studies
InclufegrRIAIARD EOMRONTESeAAEThREIRL 875 HHUASRIER BRYPLBI A @HCS 25 Byinits.

SthSRIBGH ifp-BowViaeasisihaf g laAne MibHIar pinPXBERI6S eatiPBr i G BiRaas, BlamkRIRYHAR, contains a
ver- AIfiob B P REHRAVe o% NRBUnERENd RBardY 4nBdsoBR1ni388s production. No publications that model the
eeEedRIVriogas Wrkidiop dyfaliralyiveern fsad) WANIMANA die R e FHBYeRIoE FEI9RAE¥R Shtihenergy
YSRGS EGntFBFRBIES e SORIQEGRAR AT BibERE OIASCHTEIR. EamBHE aof fHEenaiasess Pieggs7raientials via

ag{ngglaefa %L%?tlo?lsen-lé%lgbcé re bsuB/mrq?y)Rgt]c?r?f%ac)W/%_l@ emissions. The prediction of GHG emissions was modeled
mostly by including simple dependencies of biogas production. Only one publication was found that used a dynamic AD

model (AMOCO) and is backed by LCA data to be able to reduce GHG emissions within a dynamic model.
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