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Abstract

This study examines whether vapothermal pre-treatment is technically feasible and brings economic advantages for a sub-
sequent anaerobic co-fermentation of reeds together with sewage sludge. This is illustrated by the example of remote sites
located close to constructed wetlands in the Persian Gulf states. Thus, eight different biogas plant configurations with an
installed electric power between 75 and 450 kW, each with and without vapothermal pre-treatment, are investigated in
detail related to technical and economic figures. Within the technical assessment, suitable plant components are chosen and
overall plant layouts are designed and dimensioned. Furthermore, the requirements on the substrate by means of quantity,
pre-treatment and storage capacities are investigated. Based on this, an economic evaluation following the annuity method is
performed in order to calculate the respective electricity production costs. The results show that the thermal energy required
for vapothermal pre-treatment can be obtained completely from the residual heat of the combined heat and power unit used
in each case. Additionally, the specific electricity production costs can be reduced by a vapothermal pre-treatment up to 7 %
related to the systems without pre-treatment. Furthermore, a comparison shows that vapothermal pre-treatment can compete
with other pre-treatment methods such as steam explosion and hydrothermal pre-treatment for plants with higher installed
electric capacity. In addition, it is shown that the considered cases can compete with the production of electricity using diesel
as a fuel at a fuel equivalent price of 1.00 €

Graphic abstract

Conversion

(Pow’e‘r and Heat) \ Gas Purification
-~ S,
=" Heat \\
Vapothermal o “ /

-
Anaerobic
Substrates f \ /v IS \A Phase Separation

pre-treatment "’
Comminution

Keywords Biogas - Co-fermentation - Vapothermal pre-treatment - Energy system design - Cost accounting

Introduction

Despite all efforts to achieve defossilation in order to miti-

gate anthropogenic climate change, the level of crude oil

54 Marvin Scherzinger production was at an all-time high with an average produc-

marvin.scherzinger@tuhh.de tion of around 95.2 million barrels per day in 2019 (BP p.I.c.

‘ ‘ 2020). Even if the substitution of crude oil based petroleum
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within the Paris Agreement, as many parts of our globalized
industrial sector are still heavily dependent on it. Therefore,
the production of crude oil realized within different produc-
tion phases will continue in the years to come. Neverthe-
less, due to the slow exhaustion over time of the well-known
crude oil resources under production, more and more water
is produced from these reservoirs; e.g. in some crude oil
reservoirs already 99 % water and only 1 % oil is produced
(Neukirchen and Ries 2016).

Subsequent to the extraction of such an oil-water emul-
sion carried from the underground, the oil phase must be
separated from the water phase (e.g. using phase separa-
tors) to allow for a further processing of the crude oil to
products marketable to the final customer. The remaining
wastewater usually still contains crude oil components and
is therefore harmful to the environment. For instance due to
techno-economic constraints given during separation, the
residual oil content sums up typically to around 500 ppm oil
in this wastewater prohibiting a subsequent disposal. Thus,
this wastewater is often pressed back into the crude oil reser-
voir to contribute to the respective pressure level and to help
maintaining the mass balance. But, this procedure requires a
lot of energy and it is not always necessary from a reservoir
engineering point of view (Baeuerle 2012).

A possible alternative is the treatment of this wastewater
within constructed wetlands. The wastewater purification
thereby relies on the combined action of the used wetland
plants (hydrophytes), naturally occurring microorganisms
and aggregate materials. Usually, the investment costs for
constructed wetlands are clearly lower compared to conven-
tional wastewater treatment plants and the costs for opera-
tion are very low since the water flow through plant beds is
typically realized by gravity. Nevertheless, the hydrophytes
have to be pruned at regular intervals in order to ensure a
continuous and undisturbed water flow. Furthermore, the
space required for such plants is much larger compared to
conventional wastewater treatment plants (Stefanakis et al.
2014).

In the Persian Gulf states, high space requirements are
typically no problem in onshore production of crude oil
since desert areas are predominantly very scarcely popu-
lated. Nevertheless, if such a constructed wetland will be
erected and operated at a specific site, a concept is needed
to use or dispose the hydrophytes residues. Another factor to
consider at such a remote location in the desert is the power
supply. Due to a site typically far away from a well-devel-
oped infrastructure, a connection to the public power grid
is not necessarily guaranteed at such remote sites. Instead,
electricity is often produced by diesel generators.

Against this background, this publication examines
selected techno-economic criteria of an electricity produc-
tion from biogas provided from the anaerobic digestion of
above ground reed biomass from a constructed wetland. Due
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to the C:H:N:S ratio of common reed being unfavourable
for an exclusive anaerobic digestion (Roj-Rojewski et al.
2019), a co-fermentation with sewage sludge coming from
the wastewater treatment plant of a nearby container village
for oil workers is assumed. As common reed has a relatively
low biogas formation potential due to its high amount of
recalcitrant substances such as lignin, a vapothermal pre-
treatment step is also included in this study. The effects of
such a pre-treatment on the biogas yield have extensively
been assessed, e.g. on the example of wheat straw (Rajput
et al. 2018). During such a pre-treatment, a solubilisation
of thermal unstable organic constituents and a change in
the structural composition of the organic matter takes place,
allowing for an easier conversion into biogas during the sub-
sequent anaerobic digestion (Scherzinger and Kaltschmitt
2021). Thus, one aspect is to show whether such a pre-treat-
ment can also be advantageous from an economic point of
view.

Currently, there are only few publications on this topic
available. However, one study demonstrated that a low tem-
perature thermal pre-treatment (i.e. < 100 °C) could have a
positive impact on the energy production costs in the anaero-
bic digestion of sewage sludge (Mirmasoumi et al. 2018).
Furthermore, positive economic effects were achieved when
applying steam explosion pre-treatment before anaerobic
digestion of wheat straw and paper tube residuals (Shafiei
et al. 2013). With regard to the severity of reaction param-
eters such as temperature and pressure, the vapothermal pre-
treatment process considered in the present study can be
classified between the earlier mentioned processes (i.e. low
temperature thermal pre-treatment and steam explosion pre-
treatment). Other studies dealing with vapothermal or simi-
lar pre-treatment to enhance anaerobic degradability of lig-
nocellulosic biomass highlight the urgent need for research
concerning the implementation of such pre-treatment tech-
niques in a larger scale (Rajput et al. 2018).

In order to close this gap, in this study first a biogas plant
is designed both with and without vapothermal pre-treat-
ment. Then, different cases are examined, differing regarding
the installed power. The specific electricity production costs
are determined by means of annuity-based cost accounting
and compared to electricity provision costs for decentral
production via fossil fuel energy. Furthermore, vapothermal
pre-treatment is compared with other pre-treatment tech-
nologies in order to determine its economic competitiveness.

Material and methods
Design of the biogas system

In this study, four different size classes of biogas plants
with an electric power output of 75, 160, 360 and 450 kW,
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respectively, are considered. These size classes were selected
based on the product spectrum of a CHP manufacturer (2G
Energy AG 2020) and are typically representative for small
and medium-sized biogas plants. For each size class, two
different biogas plants are investigated: one realizing co-
fermentation of untreated reeds with sewage sludge and one
realizing co-fermentation of vapothermal pre-treated reeds
with sewage sludge (Table 1). The ratio between reed and
sewage sludge (based on dry matter) is 3 to 1.

The characteristics of the substrates assumed here are
shown in Table 2. Data for untreated reeds and sewage
sludge originate from a previous study (Scherzinger et al.
2021), data from literature (Qiao et al. 2011) and unpub-
lished investigations performed by the authors of this study.
Results for pre-treated reeds are obtained assuming an
increase of 20 % in biogas respectively methane yield. This
assumption is considered conservative, as in different stud-
ies even higher additional yields were achieved for similar
lignocellulosic substrates (e.g. (Menardo et al. 2012)). How-
ever, the possible additional yield depends strongly on the
composition of the initial biomass, which is why different
results can be achieved even for plants of the same species
(Scherzinger and Kaltschmitt 2021).

Among different wetland plant species, Phragmites
australis investigated here is known as the most promis-
ing potential biogas substrate due to its high aboveground
biomass yield and the resulting high methane production per
area (Roj-Rojewski et al. 2019).

In order to design a biogas system to convert the afore-
mentioned substrates into usable energy, suitable plant
components are chosen and dimensioned. The basic plant
setup shown in Fig. 1 differs only in the pre-treatment
and is the same apart from that. Furthermore, the require-
ments on the substrate by means of quantity, pre-treatment
and storage capacities are investigated. The need for aux-
iliary materials as well as the respective heat demand are

evaluated additionally. This overarching approach of this
study is illustrated in Fig. 2. The underlying assumptions
are explained in more detail below.

The input materials are transported to the biogas plant
with a tractor and trailer. Before this input material is
transferred into the digestion system, it is stored on site
of the biogas plant. For this purpose, simple driving silos
consisting of a concrete floor slab were designed with the
following specifications.

e The size for the reed storage is sufficient to store ca. 50
% of reeds needed in each plant in one year. The reeds
are delivered as bales with a bulk density of 200 kg m™
(Granéli 1984). The stacking height is 5 m.

e Sewage sludge is available continuously in the form of
dried material due to the dry and hot climate. Therefore,
the sludge storage is designed to be sufficient for the
storage of the needed input material for 14 days or two
weeks. The bulk density of dried sewage sludge is 1,600
kg m™ (Duennebeil 2021). The stacking height is again
Sm.

A vapothermal pre-treatment of the reed can be realized
before the introduction into the digestion system. In cases
applying vapothermal pre-treatment, a cylindrical reactor
with the same size is used (diameter 2 m; length 10 m in
Case I and IT and 20 m in Case III and IV; width 6 mm).
This reactor was designed to meet the requirements for
temperature and pressure, i.e. 150 °C and 4.8 bar, respec-
tively. Such reactors are already available on the market,
e.g. for vapothermal carbonization (Quicker and Weber
2016). The calculation of the necessary reactor thickness
was carried out according to Equation 1, where stainless
steel (Type 304) was assumed as reactor material. The
needed key data were taken from the literature (Towler
and Sinnot 2013).

Table 1 Cases considered

o . Case 1 Case 11 Case 111 Case IV
within the techno-economic
assessment a b a b a b a b
Installed electric power 75kW 75kW 160kW 160kW 360kW 360kW 450kW 450 kW
Vapothermal pre-treatment no yes no yes no yes no yes
Table 2 Substrate characteristics
Input material Dry matter (DM) content in Organic matter (OM) content  Biogas yield in Methane
wt% of fresh mass (FM) in wt% of dry matter Ly keys ! yield in
Ly kgvsi1
Reeds (Phragmites australis) 94.0 954 220 110
Reeds after vapothermal pre-treatment 94.0 95.0 264 132
Sewage sludge 94.4 67.3 410 205
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Fig. 1 Schematic setup and bal- Transportation
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digestibility of common reed could be achieved (Scher-
zinger et al. 2021). In each batch, 8 (Case I and II) or 16
(Case III and IV) round bales (Diameter = 1.8 m; Length
= 1.2 m) can be pre-treated. As a result, the vapothermal
pre-treatment assumed to be a batch process is carried out
more frequently for the larger size classes (with the same
equipment). Furthermore, in all considered cases, the reed
material has to be comminute. For this purpose, a wet
milling system with a maximum input capacity of 25 t h™!
is used, in which the substrate is simultaneously crushed
and mashed to the desired water content (Kratky and Jirout
2011). Here, 1 kg dry matter has to be mixed with 10 kg
water to receive a pumpable mixture.

Biogas is produced in a fully stirred fermenter. Mixing
within the digester is carried out with electrically operated
propeller agitators. A relatively short hydraulic retention
time of 25 days is assumed and the digestion takes place
at mesophilic conditions (i.e. 37 °C). The fermenter sizes
were calculated by multiplying the amount of substrate
input (density of the mashed substrate = 1,000 kg m™)
needed to produce the required quantity of gas with the
chosen hydraulic retention time.

The provision of heat for ensuring mesophilic condi-
tions in the fermenter as well as for vapothermal pre-
treatment should be covered as completely as possible by
residual heat from the CHP-unit operated with the pro-
duced biogas. To do this, the heat demand is first calcu-
lated as follows.

e The ambient temperatures used as a calculation basis are
the average monthly temperatures at the Marmul site in
Oman (WorldWeatherOnline 2020). These temperature
profiles are comparable to temperatures measured at dif-
ferent other oil fields within the gulf region.

e The calculation of the thermal energy needed for fer-
menter heating is subsequently carried out. For this, it is
assumed that each fermenter consist of a floor plate made
of concrete (thickness 0.2 m) covered with polyethylene
foil (thickness 0.2 mm) and polystyrol rigid foam (thick-
ness 5 cm). The wall consists of concrete (thickness 0.2
m) covered with polystyrol rigid foam (thickness 0.1 m)
and the cover is made of EPDM roofing foil (thickness
2 mm) and polyethylene foil (thickness 0.2 mm). This
allows to calculate the heat transfer coefficient U for the
individual building components (i.e. floor plate, wall and
cover) using Equation 2.

1
Iidyd 1 (@)
a,»+11+/l+a

a

n

o Ais the thermal conductivity of the respective material, d
is the component layer thickness and « is the heat transfer
coefficient of the surrounding atmosphere.

e The overall heat flow through the fermenter QT’ Ferm Was
subsequently calculated using Equation 3.

QT,Ferm = Z( UAAT) (3)

e A s the component surface and AT is the temperature
difference.

e The needed values for Egs. 2 and 3 were taken from
the literature (Stephan et al. 2019). Moreover, care was
taken to ensure that the fermenter size did not exceed
3500 m>, as larger fermenters are likely to have diffi-
culties with mixing and heating (Scholwin et al. 2007).
For cases 3 and 4, this means that 2 fermenters are
required for the implementation of anaerobic digestion.

e The calculations of the thermal energy need for vapo-
thermal pre-treatment are based on heating both dry
biomass fraction and water content within the biomass
to the desired pre-treatment temperature of 150 °C,
heating and evaporation of water needed in the pro-
cess and superheating the steam to 150 °C. Heating
was calculated by multiplying the specific heat capacity
of reed (1,200 J kg! K'!) (FNR 2021), water (4,366 J
kg K1) and steam (2,572 J kg'! K'!) with the respec-
tive quantities and the respective temperature delta.
Evaporation was calculated by multiplying the amount
of needed vapothermal pre-treatments (batches) with
the required energy for evaporation (2,257 kJ) and
the required amount of water (whereby the required
amount of water was calculated using the ideal gas
equation). The specific energy requirements calculated
on this basis serve only as an approximation, since heat
losses and heat recovery are not taken into account.
Depending on the process engineering implementation,
deviations may occur.

Since the heat demand of the overall biogas provision
system varies greatly over the course of the year due to the
different ambient temperatures, it is quantified separately
in addition to the mass and energy balances presented
below. The emerging heat during electricity generation
within the engine-driven CHP-unit assumed here is avail-
able at two different temperature levels. It is assumed that
40 % of the produced heat is waste gas heat with a tem-
perature of around 300 to 500 °C and 60% of the pro-
duced heat originates from cooling water and motor oil at
a temperature level of around 90 to 120 °C (Kaltschmitt
et al. 2016). The high temperature heat is used to realize
vapothermal pre-treatment at 150 °C while the low tem-
perature heat is used for heating the digestate within the
fermenter. The remaining heat (i.e. the surplus heat not
needed within these two system elements) is considered
as a loss. In all cases, continuous heat and electricity pro-
duction is assumed during 8,500 h a™! (operating hours
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per year). Inter alia, the steps described in chapter 2.1 and
2.2 are illustrated under the heading “Technical Analysis”
in Fig. 2.

Before the produced biogas is converted into electricity
and heat within a CHP-unit, it is stored in an aerial roof on
top of the fermenter. The size of this gas storage is designed
to cover the biogas produced within one day (i.e. 24 h). After
storage, a gas purification takes place. This includes coarse
desulfurization by air injection and gas drying by condensa-
tion (Kaltschmitt et al. 2016).

The digestate remaining after fermentation can be used
as a fertilizer for the surrounding reed beds. However, in
order to both save transportation costs and water, there is
a fermentation residue separation step using a screw press.
The digestate is thereby separated into two fractions: a solid
fraction with a dry matter content of 50 wt% and a liquid
fraction. The liquid fraction is used for mashing fresh sub-
strate. This also has the advantage that microorganisms (i.e.
active biomass) are returned to the system helping to make
the process more stable.

Mass and energy balances

For the biogas systems designed according to the aforemen-
tioned procedure, corresponding mass and energy balances
are drawn up. The mass balances are determined using the
substrate data (Table 2) and assumptions presented in chap-
ter 2.1. For the preparation of the energy balances, the char-
acteristics shown in Table 3 are used. The amount of elec-
tricity required during operation is thereby assigned to each
of the designed plant components. In addition, the efficiency
losses during conversion of biogas into electricity and heat
are taken into account.

1 kg dry matter of the respective substrate mix is defined
as the reference value within the mass and energy balances.
According to Table 3, a maximum amount of methane that
can be formed via anaerobic digestion from this substrate
mix is then assigned to this value. Building on this, it is
shown exactly what percentage of the energy stored in this
form is required for the respective process steps. Further-
more, the amount of additionally needed water is shown.

Economic Assessment

An economic evaluation was carried out on the basis of the
annuity cost assessment in accordance with VDI guideline
6025 (VDI 2012). In this methodological approach, various
cost categories, namely capital-based costs, consumption-
based costs and operational costs are first defined and sub-
sequently determined. Then, the so-called annuity of the
respective costs is calculated. Therefore, an annuity factor
(a) depending on both the assumed economic lifetime of
the considered system (7) and the interest rate (g) is calcu-
lated Equation 4. The interest rate is assumed to be 4 % a™!
and the considered economic lifetime is 20 a for the over-
all treatment plant. Some system components must already
be replaced during this time due to their shorter lifespan
(Table 4).

qg-—1
R “

The annuity of capital-based costs (ANy) is calculated
based on the previously determined investment costs (4,)
according to Equation 5. The calculation also takes into
account a component-specific residual value factor (R), a
factor for inclusion of repairs (fx) and a price-dynamic annu-
ity factor for repair payments (ba,y). These factors were cal-
culated based on the guideline VDI 6025, assuming a price
change of 2 % a™! for capital-linked payments and 3 % a™' for
consumption-linked payments.

Table 4 Key parameters of the economic assessment

Table 3 Key data for the
preparation of energy balances

Parameter Value Parameter Value
General frame conditions Technical lifetime
Observation period 20a Substrate storage 20a
Availability 8500 ha! Vapothermal reactor 20a
Requested rate of 4% Wet milling system 10a
interest

Base year 2019 Fermenter 20a
Costs Gas storage 20a
Diesel 0.5 €kg' Screw press 10a
Lubricating oil 2.5€kg! Gas purification system 20 a
Enzyme mixture 300 € kg'! CHP-unit 10a
Staff 15€h’!

Plant component Power consumption Source

Comminution + Substrate input 1.2 kWh m Vogelsang GmbH & Co. KG (2020)

Fermenter mixing 20 W m? Dachs and Rehm (2006)

Gas purification 0.12kWhd'/m’h'! Hiring et al. (2010)

Phase separation 1.6 kWh m™ Bacenetti et al. (2013)
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AN, = Ay(1 = R)a + fiAgbayy (5)

Subsequently, the annuity of capital-based costs (AN)
was summed up with the annuity of consumption-based
costs (C) and operational costs (C,) in order to calculate
the overall costs. The overall procedure is illustrated in
Fig. 2.

Purchase costs of the individual system compounds
were estimated from literature (Delzeit and Kellner 2013;
MLUK 2006), from open access reports (FNR 2020; Fueb-
beker 2018; Laub et al. 2015; Polster and Brummack 2004)
and from statements made by plant manufacturers (Rueck-
ert 2020; Vogelsang GmbH & Co. KG 2020). Since vapo-
thermal pre-treatment is not state of the art yet, costs for
the reactor were estimated by material requirements (see
(Towler and Sinnot 2013)). As, in the latter, the underlying
data refer to the year 2010, a conversion to the year 2019
was performed using the chemical engineering plant cost
index (CEPCI) according to (Equation 6). If a conversion
from US$ to € was necessary, the average exchange rate of
the respective year has been used.

CostinyearA = CostinyearBM (6)
CEPClyearB

Furthermore, various additional costs are taken into
account occurring during the installation of such a system.
Expenses for planning, approval and installation as well as
expenditures for the development of land are assumed to be
10 % of the total costs for equipment () AOg). Addition-
ally, overhead costs of 10 € kW, ! installed power and costs
for working capital of 15 % of the total investment costs
(X AOp,) are assumed.

The consumption-based costs are composed of auxiliaries
such as lubricating oil for the CHP-unit (consumption 0.2 g
kWh! (MWM 2021)), Diesel fuel for substrate transporta-
tion on site (consumption 25 L h™") and additives for fermen-
tation such as enzyme mixtures and nutrients (consumption
1.9 kg tys! (FNR 2011)). It is assumed that reed and sewage
sludge used as substrates are free of charge available at the
plant gate.

Operational costs are calculated as the sum of the costs
for staff, insurance and maintenance. Staff costs are assumed
to be 15 € h™' and 8.5 h of a worker are required per kW,
installed power. Filling and unloading of the vapothermal
reactor takes 0.5 h each. Insurance costs are assumed to be
0.5 % and maintenance costs 2 % of Y AOg.

The overarching goal of the calculations is to determine
the electricity production costs for biogas plants operated
with and without vapothermal pre-treatment. Simultane-
ously, this allows evaluating whether anaerobic digestion
could be competitive with the conventional production of
electricity via Diesel generators on sites as described in

chapter 1. Calculation of the electricity production costs
(LCOE) was done according to Equation 7, taking into
account the own power demand of the system.

(ANg + C-+ Cyp)
Power,

LCOE =

Power. )

roduced — consumed

The key parameters of the economic assessment are sum-
marized in Table 4. Due to uncertainties originating from
the assumptions made as well as the variety of the assumed
prices, additionally a sensitivity analysis is performed.
Therefore, the investment costs, the economic lifetime of
the plant, the rate of interest and the availability are varied
in a range of + 50 %, respectively.

Diesel equivalent prices are calculated by multiplying the
price per kWh stored energy in the generated biogas with the
heating value of diesel (10.4 kWh L™!). It is thereby assumed
that the conversion of Diesel fuel takes place in a CHP-unit
at the same efficiency levels as the conversion of biogas to
electricity and heat. Finally, using the CO, emissions during
combustion of Diesel fuel (2.65 kg L), a CO, price to reach
the diesel equivalent costs is determined.

Lastly, by means of a literature research, a comparison
with other thermal pre-treatment methods aiming to improve
the anaerobic digestibility of different substrates is drawn. In
the context of this comparison, the results of this study are
compared with the results of investigations on steam explo-
sion and hydrothermal pre-treatment.

Results and Discussion
The following chapter is divided into 3 parts.

e At first, the results of the design of the biogas systems
concerning the size of fermenters, the amount of sub-
strate to be used and the demand for water, electricity and
heat are presented. In addition, it is checked whether the
required heat can be provided via the waste heat of the
CHP-unit.

e Based on this, in the second part the mass and energy bal-
ances are presented for biogas systems with and without
the implementation of a vapothermal pre-treatment using
a selected example case.

e  Within the subsequent economic assessment, the results
of the annuity cost accounting are presented and dis-
cussed. The same is true for the results of the parameter
variations defined in chapter 2.3.

Design of the biogas system

Some of the most important parameters concerning the plant
configurations considered here are shown in Table 5. Due to
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Table 5 Specifications for the
considered scenarios

Case | Case II Case III Case IV
b a b a b A b
Input in kgyg d*
Reeds 2,681 2302 5247 4,505 11,595 9955 15,020 12,897
Sewage sludge 894 767 1,749 1,502 3,865 3,318 5,007 4,299
Fermenter volume in m? 1,182 982 2,314 1,923 5,113 4249 6,624 5,504

Electricity consumption in kWh d°!

Comminution + Substrate input
Fermenter mixing

Gas purification

Phase separation

Heat consumption in kWh d-!

@ Fermentation

Vapothermal pre-treatment

Water consumption in m®d!

716 597

57 47 111 92 245 204 318 264
189 157 370 308 818 680

1060 881
4 9 9 19 19 25 25

76 63 148 123 327 272 424 352

1,299 1,121 2,679 2,302 3,208 2,741
177 - 347 - 676 - 875

43 3.6 8.4 6.9 18.6 15.5 24.1 20.0

the higher biogas yield after vapothermal pre-treatment, both
the required quantity of substrate and the fermenter volume
decrease compared to the case without a pre-treatment. The
vapothermal pre-treatment also has a positive influence on
the demand for electricity and on water consumption for
mashing the substrate. However, naturally the heat demand
increases in this case.

Within a CHP-unit heat at different temperature ranges
is provided (chapter 2). In order to allow for a vapother-
mal pre-treatment all year round, always sufficiently high
temperature heat is needed. Therefore, the amount of heat
provided by the CHP-unit is compared to the quantity of heat
required; this is realized in Fig. 3 exemplarily for Case IV.
A similar picture results in each other case.

Fig. 3 indicates that the thermal energy provided clearly
exceeds the consumption in the case shown for biogas pro-
duction without vapothermal pre-treatment. Thereby, in
the coldest months, 1.7 times as much energy as required
is provided while in the hottest months the heat production
exceeds the demand by a factor of 199. In Case I a, IT a and
III a (for definition see Table 5), the ratios of heat provision
to heat consumption in the coldest months are 1.4, 1.4 and
1.5, respectively. The ratios for the hottest months are 59,
66 and 146, respectively.

From Fig. 3 it also becomes obvious that in the shown
case implementing vapothermal pre-treatment, high tem-
perature thermal energy is sufficiently available to perform
the pre-treatment in all months. In parallel, enough low tem-
perature heat is provided from the CHP-unit to heat up the
digestate. This is also true for other considered cases, with
the exception of Case II. There, in the coldest months of
the year, the ratio between provided low temperature energy
to required high temperature energy equals 0.98. However,
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Fig.3 Required and provided thermal energy in Case IV (for defini-
tion of the cases see Table 5)

this could easily be compensated by the remaining surplus
of high temperature thermal energy. A feasibility of the
selected system in the mesophilic temperature range (i.e. at
37 °C) is accordingly possible in all cases considered.
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Mass and energy balances

Fig. 3 makes it also evident that particularly in the hot sum-
mer months still substantial quantities of thermal energy
remain. To avoid an overheating of the CHP-units, this ther-
mal energy has to be discharged to the surrounding atmos-
phere. Technically, this can be realized by the use of cooling
water. However, it could also be advantageous to use this
thermal energy even further. One possibility therefore is the
integration of absorption chillers. Here, an absorption fluid
is evaporated by removing heat from the chilled water. Thus,
cooling can be provided, e.g. for (operating-) buildings and/
or for removing moisture from the biogas stream. Such a
configuration is not subject of the investigations realized
here, but might be an option to further optimize such sys-
tems (e.g. (Bruno et al. 2009)).

To show more precisely what amounts of energy can be
made available as electricity and heat (and how much heat
then still has to be dissipated), mass and energy balances are
given in Fig. 4 exemplarily for Case IV (for definition see
Table 5) as average values of one year. Similar results are
also obtained in the other cases considered. For an easier

comparison, the results are related to 1 kg of dry matter
(substrate mix of reed and sewage sludge).

The assumptions made in Chapter 2 result in a reduction
of dry matter of 30 and 34 % by anaerobic digestion in Case
IV a and b (for definition see Table 5), respectively. Both
the highest thermal and electrical energy consumption are
attributed to anaerobic digestion. Electrical energy is thereby
needed for fermenter mixing while thermal energy is neces-
sary to ensure mesophilic conditions and compensate the
occurring heat losses. Fig. 4 also shows that vapothermal
pre-treatment reduces energy consumption both in absolute
terms (due to the smaller fermenter volume) and in relative
terms (due to the higher proportion of degradable dry mat-
ter). Thus, after deduction of the energy required for all nec-
essary parts of the biogas plant and after taking into consid-
eration the efficiency losses during conversion of the biogas
within the CHP-unit, 66.9 and 68.6 % of the energy stored
in the generated biogas can be made usable in Case IV a and
b, respectively (for the definition of the cases see Table 5).
In Case IV b, however, parts of the thermal energy are
again required for the vapothermal pre-treatment. Thus, the
implementation of vapothermal pre-treatment leads to higher
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amounts of usable electrical energy but lower amounts of
usable thermal energy. If there is no further possibility of
using the generated heat, less residual heat would have to
be dissipated in this case.

Economic Assessment
Costs of electricity

The technical design of all plants allows for a continuous
operation with the installed capacity to cover base load
(Table 6) (Lauer et al. 2020). Therefore, the quantity of the
provided electrical energy is equal in each case a and b. The
differences within the electricity consumption between case
a and b are mainly due to a varying energy consumption dur-
ing stirring (caused by different fermenter sizes) and during
feeding and dewatering.

The results show that the specific electricity provision
costs can be reduced by a vapothermal pre-treatment under
the assumptions made here. However, this only applies if the
plant exceeds a certain size. In the cases considered here,
this is true for all plants with an installed electric power
above 75 kW, while in Case I (installed electric power 75
kW) the specific electricity production costs are lower with-
out the implementation of a vapothermal pre-treatment.

Furthermore, an increase of the plant capacity reduces
the costs more significantly than the implementation of a
vapothermal pre-treatment. The highest electricity produc-
tion costs are incurred in Case I b with 0.186 € kWh™!, while
the lowest costs of 0.120 € kWh'! are given in Case IV b.
Such a cost reduction with an increase in plant size is in line
with the findings from other studies. An increase of plant
size initially causes large cost reductions followed by low
cost reduction at comparatively larger plant sizes (Walla and
Schneeberger 2008).

The electricity provision costs (LCOE) calculated here
are within a similar range as other studies investigating
biogas production from similar feedstock in plants with com-
parable sizes. For instance in Southern Italy, the electricity
production costs applying co-digestion of giant reed (Arundo
donax L.) silage and livestock waste are calculated to be
between 0.13 and 0.17 € kWh'! (Sgroi et al. 2015). In the
case of using rice straw (Oryza sativa) as a biogas substrate
in South-East Asian countries, even lower electricity provi-
sion costs (LCOE) of around 0.07 € kWh! were estimated
(Baetge and Kaltschmitt 2018).

In plants of a similar size range between 75 and 500 kW
installed electric power operated with substrates originat-
ing from specially cultivated energy crops, the electricity
production costs (LCOE) are between 0.17 and 0.29 € KkWh!
and thus unequally higher. Substrate costs thereby account
for between 16 and 42 % of the electricity generation costs
(FNR 2016). Compared to this, within this assessment it is
assumed that the substrates are free-of-charge by-products.
This constitutes a major economic advantage, although the
specific methane yield of reed is significantly lower com-
pared to energy crops resulting in a need for larger ferment-
ers and thus higher investment costs.

Comparison with electricity generation from Diesel fuel

In the geographic areas covered by this study, Diesel fuel is
almost always available at very low cost because it is sub-
sidised by the respective governments. Therefore, biogas
plants are not competitive in most cases when only the
electricity provision costs are considered. For example, the
electricity production costs (LCOE) of a Diesel generator
located at remote locations in Iran with a capacity of 800 kW
are 0.09 € kWh™! (Baneshi and Hadianfard 2016). Electric-
ity provision costs (LCOE) in the same order of magnitude
are reported for remote locations in Saudi Arabia for Diesel

Table 6 Results of the economic assessment (for definition of the cases see Table 5)

Case | Case I Case III Case IV

A b A b a b a b
Annuity in € a’!
Capital-based payment 51,357 50,896 97,212 93,245 179,676 168,921 207,749 192,314
Consumption-based payment 6,919 8,912 9,230 10,948 14,904 15,940 17,890 18,558
Operational payment 36,540 40,542 72,178 78,329 147,200 149,900 178,824 181,497
Total 94,816 100,350 178,621 182,522 341,780 334,761 404,463 392,369
Produced electricity in kWh 637,500 637,500 1,360,000 1,360,000 3,060,000 3,060,000 3,825,000 3,825,000
Consumed electricity in kWh 119,009 99,158 232,920 194,068 514,688 428,836 666,747 555,531
Electricity production costs (LCOE) in € kWh'! 0.183 0.186  0.158 0.157 0.134 0.127 0.128 0.120
Diesel fuel equivalent costs in € L™ 1.47 1.51 1.21 1.19 1.08 1.01 1.09 1.00
CO, price to reach the Diesel fuel equivalent costs 366.2  380.0 266.9 259.3 218.8 191.1 221.4 189.7

in€t!
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generators with a capacity of 342 kW (Al-Shamma’a et al.
2020).

For the case considered here, however, in interaction with
wetlands for water purification, there are also further advan-
tages such as savings on disposal costs for the reed grass.
Thus, it is interesting to understand at what Diesel fuel price
a biogas plant would be economically competitive under the
chosen assumptions since Diesel fuel prices could increase
in the years to come due to dwindling oil reserves, a chang-
ing local / regional policy on subsidies and / or a pricing of
CO, emissions.

Therefore, Diesel fuel equivalent costs were calculated
and are displayed in Table 6. Furthermore, the Diesel fuel
equivalent costs were assigned to necessary CO, prices
required to achieve this value at the assumed current price.
Highest Diesel fuel equivalent costs of 1.51 € L™ were found
in Case I b (for definition see Table 5). By the implemen-
tation of vapothermal pre-treatment and the investigated
increased plant size, the Diesel fuel equivalent costs could
be decreased to 1.00 € L! in Case IV b. This would reduce
the necessary penalties on CO, emissions from Diesel fuel
combustion from 380.0 € t! to 189.7 € t'!. Currently, it is
not expected that such a high CO, price will be introduced.
However, to limit global warming to 2 °C, the CO, price
would have to rise globally to 44-88 € t' by 2030 (World
Bank Group 2017). To achieve the more ambitious increase
limit of 1.5 °C, the CO, price would have to be 130-350
€ t'! and thus in the range of the penalties required here
(Edenhofer et al. 2018).

Sensitivity analysis

With the approach used here, results show typically uncer-
tainties of approximately + 30 % (Peters et al. 2003). There-
fore, a sensitivity analysis is performed as described in chap-
ter 2.2. To estimate their effect on the electricity provision
costs (LCOE), investment costs, plant lifetime, rate of inter-
est and plant availability (yearly full load hours) are varied
in a range of + 50 % based on the initial case. The results of
this parameter variation are exemplarily shown for Case I b
and IV b (for definition see Table 5) in Fig. 5, since these
cases are characterized by the highest and the lowest spe-
cific electricity provision costs of all cases considered here.
It turns out that in this range and with the selected starting
point, varying the interest rate has the smallest effect on
the electricity production costs, followed by plant lifetime
and investment costs. The variation of these parameters
has a linear course. For the plant availability (yearly full
load hours) showing a very large effect on the electricity
production costs (LCOE), this is not the case. Here, the
variation has an exponential course. For instance, in Case
Ib, a 10 % decrease of the plant availability (i.e. 8,500 h to
7,650 h) results in an increase of the electricity production
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Fig.5 Sensitivity of the electricity production via biogas from anaer-
obic digestion in Case I b and Case IV b in respect of investment
costs, plant lifetime, rate of interest and availability (for definition of
the cases see Table 5)

costs (LCOE) of 0.03 € kWh'.. Compared to this, the other
parameters assessed here are only marginally influence the
electricity production costs (LCOE) in the chosen range of
variation. Therefore, it is very important to ensure the high-
est possible plant availability (high yearly full load hours).

Comparison with other pre-treatment options

Currently, there are numerous different techniques to pre-
treat substrates to make them more readily degradable
under anaerobic conditions. With regard to the functioning
mechanisms of the respective pre-treatments, reference is
made to existing reviews (e.g. (Scherzinger and Kaltschmitt
2021)). However, there is actually only a very limited num-
ber of studies available dealing with the economic effi-
ciency of these pre-treatment technologies on an industrial
scale, although such investigations are essential for a broad
application.

In order to compare the vapothermal pre-treatment with
other pre-treatment processes, some studies dealing with
the economic viability of pre-treatment methods to enhance
anaerobic digestibility are compared with the results of this
study. Due to the limited data availability, studies dealing
with different quantities of biomass to be pre-treated as well
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Table 7 Comparison of the obtained results with data from other studies investigating different pre-treatment options

Type of pre-treat-  Considered sub- Method of biogas  Size Production costs ~ Savings compared Source
ment strate production to production
without pre-treat-
ment
Vapothermal Reeds Wet fermentation 160 — 450 kW, 0.12-0.19 € up t0 6.7 % Current work
with sewage kWh'!
sludge as co-
substrate
Steam explosion ~ Wheat straw Solid state fermen- 200,000 ta! (raw  0.18 € m'3Bioga> 357 % (Shafiei et al. 2013)
tation material based
on dry mass)
Hydrothermal Microalgae Wet fermentation 9,125 ta™! (raw 0.15-0.20 € 36.4-76.5% (Xiao et al. 2020)
material based m‘3Biugas
on dry mass)
Thermal-acid Cow manure Wet fermentation ~ Approx. 240,000t No specification =~ Not profitable (Passos et al. 2017)
al (raw material
based on fresh
mass)
Thermal-alkali Cow manure Wet fermentation ~ Approx. 240,000t  No specification Not profitable (Passos et al. 2017)

a’! (raw material
based on fresh

mass)

as different types of biomass had to be included. The cor-
responding results are displayed in Table 7.

For steam explosion pre-treatment of wheat straw at 180
°C, areduction of the biogas production costs of roughly 36
% can be realized (Shafiei et al. 2013). However, the study
considers a treatment of much higher quantities of substrate
(200,000 t a”! based on dry matter) compared to the pre-
sent study (< 10,000 t a”' based on dry matter for Case IV
(for definition see Table 5)). Following the 0.6-rule stating
that doubling the size of a plant results in 60 % increase in
equipment costs (Tribe and Alpine 1986) steam explosion
for plants with similar sizes as considered here could have
also a lower cost advantage. Steam explosion is a treatment
option most similar to the vapothermal pre-treatment con-
sidered here. It also takes place in a steam atmosphere, but
uses higher temperatures (180 to 240 °C) and higher pres-
sure (1 to 3.5 MPa). At the end of this process, the pressure
is suddenly released causing the treated substrate to tear.
Due to the higher requirements on the reactors in terms of
temperature and pressure resistance as well as the need for
a pressure-relief vessel, this technology is more technologi-
cally demanding than vapothermal pre-treatment.

Another possible option for substrate pre-treatment is
hydrothermal pre-treatment. Here, the substrate is surrounded
by liquid water, mostly at elevated temperatures above 100 °C
and a pressure above ambient pressure. This option is espe-
cially suitable for biomass available with a high water con-
tent. For microalgae pre-treated in this way at 160 °C, it was
shown that the biogas production costs via subsequent anaero-
bic digestion can be reduced by 36 up to 77 %, depending on

@ Springer

whether the heat for pre-treatment is provided by conventional
burners or solar heating (Xiao et al. 2020). Although algae
cultivation is typically relatively expensive, the biogas produc-
tion subsequent to hydrothermal pre-treatment lies in the range
of biogas produced from wheat straw after steam explosion.

Hydrothermal pre-treatment can also be extended by the
addition of chemicals such as acids or alkalis. For the exam-
ple of cow manure as a substrate, the specific methane for-
mation potential during subsequent anaerobic digestion can
be increased by more than 20 % due to such a pre-treatment
(Passos et al. 2017). However, an economic analysis showed
that fermentation is carried out more cost efficient without
such a pre-treatment because the high costs for these chemi-
cals make this type of pre-treatment not economically viable.
However, other advantages, such as a better suitability of the
fermentation residues as fertilizer, could change this picture.

Overall, the vapothermal pre-treatment can also prevail
from an economic point of view and could be competitive
compared to other pre-treatment options. However, it can
only exploit its cost advantages with larger installed capaci-
ties. Nevertheless, it must always be borne in mind that each
type of substrate and each location requires an adapted mode
of operation to achieve the best results.

Conclusion

Eight different biogas plant configurations with installed
electric power from 75 to 450 kW, each with and without
vapothermal pre-treatment, were investigated. In all cases, a
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co-fermentation of reeds with sewage sludge was assumed.
By applying such a process, energy could be provided in
an environmentally friendly way by using residual materi-
als. The electricity provision costs (LCOE) were calculated
using the annuity method, considering newly built plants at
remote locations nearby a constructed wetland in the Persian
Gulf states.

The electricity generation costs in the considered biogas-
based system decrease clearly with increasing plant size; i.e.
for the capacity range assessed here it is valid that the larger
the biogas system the lower the electricity provision costs.
The availability of the whole installation was found to be the
most important parameter affecting the electricity genera-
tion costs; i.e. the better the biogas system is maintained to
achieve the desired operation hours the lower the electricity
provision costs.

In this work it was demonstrated for the first time that
vapothermal pre-treatment of the vegetable part of the sub-
strate mix (i.e. the reed grass) prior to anaerobic digestion
leads to lower electricity generation costs exceeding a certain
plant size; i.e. above a certain threshold the increased biogas
yield due to the vapothermal pre-treatment overcompensated
the additional expenditure of the treatment. Thereby, it was
shown that the thermal energy required for vapothermal pre-
treatment can be obtained 100 % from the residual heat of
the combined heat and power unit (CHP-unit).

However, compared with other purely thermal pre-treat-
ment, the positive effect of vapothermal pre-treatment on
the cost of electricity seems to be lower. However, the rela-
tive advantage of the different pre-treatment options rela-
tive to each other might also be influenced by the feedstock
characteristics. In this study, no comparison could be made
for identical substrates due to the limited literature data
available. It might be possible that the positive effects of
the vapothermal pre-treatment are higher for other types of
lignocellulosic substrates. Nevertheless, it could be clearly
demonstrated that vapothermal pre-treatment is economi-
cally superior to other pretreatment processes that require
additional chemicals such as acids or bases.

Ultimately, however, it must be noted that if no further
resulting advantages are also taken into account, in the geo-
graphical regions considered here (i.e. MENA-region), the
generation of electricity from biogas as carried out in this
study is not yet economic viable compared to an electricity
generation via Diesel fuel combustion. In the most favorable
case, the corresponding Diesel fuel equivalent price is 1.00
€L’
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