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Abstract

harvested biomass goes to waste.

also called for.

Background: Landscape maintenance in Germany today requires regular and extensive de-weeding of waterways,
mostly to ensure water runoff and provide flood protection. The costs for this maintenance are high, and the

Methods: We evaluated the economic feasibility of using water plant biomass as a substrate in biogas generation.
We set up a plausible supply chain, used it to calculate the costs of using aquatic water biomass as a seasonal
feedstock to generate biogas, and compared it against maize silage, a standard biogas substrate. We also calculated
the costs of using the aquatic biomass mixed with straw silage.

Results: Although subject to estimation errors, our results do show that it is economically feasible to use water
plants as a seasonal feedstock in a biogas plant, even in markets where their disposal yields only moderate gate
fees. Ensiling water plants with straw, however, incurs the added high price of straw and thus only yields a positive
financial result if gate fees for water plant disposal are very high.

Conclusions: Water plant biomass need not remain an unwelcome by-product of de-weeding waterways. The
funds for its costly disposal can be redirected to the biomass supply chain and support the profitable use of aquatic
biomass as a seasonal feedstock in biogas plants. However, the legal status of material from de-weeding needs to
be clarified before biogas operators can act. Further development of technology for harvesting aquatic biomass is
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Background
Biogas production in Europe, and especially in
Germany, has attained levels that demand attention.
By the end of 2015, more than 17,000 plants with an
installed capacity of more than 8.7 GW were operat-
ing in Europe; of these, almost 11,000 were in
Germany [1]. The current level of subsidies and a
switch to a tendering system however have led to a
sharp decrease in the number of newly erected biogas
plants in Germany [2].

Due to special incentives in the German Renewable
Energy Act (REA), biogas plants in Germany use energy
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crops as their primary substrate. These crops repre-
sented 51% of the feedstock volume in 2015; moreover,
almost three-quarters (73%) of the energy crops
employed were maize silage [3]. However, using land to
produce energy over using it to produce food and the
environmental impact of biogas production have sparked
fierce debates [4], and these have led German legislators
to limit the percentage of maize a biogas plant may use
under the REA. This in turn has spurred increased ef-
forts to find alternative feedstock that does not compete
with food crops.

These efforts come at a time when the growth of water
plants has become a costly problem, as operators of wa-
terways face costs for de-weeding and disposing of
aquatic biomass, much of it from the Elodea species
(waterweeds) [5, 6]. The biomass from these aquatic
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macrophytes (plants large enough to be seen by the
naked eye) has swollen in volume. Many of these plants,
the so-called neophytes, are not originally domestic, so
they are not well regulated by the local ecosystem. Their
excessive growth not only upsets the local ecobalance
but also impairs the use of rivers and lakes for sports
and recreation [5]. It is hardly surprising, then, to find
that local stakeholders, such as lake owners and munici-
palities, feel compelled to have the waterways cleared
and the biomass taken to a service company such as a
composting plant for disposal, both of which incur high
costs.

A synergy would seem obvious. The biogas industry
needs alternative feedstocks; the municipalities and pri-
vate entities responsible for water body maintenance
have large volumes of aquatic biomass to dispose of.
What on the surface appears obvious, however, may not
make sense economically. While research into the eco-
nomic viability of different feedstocks has occupied a
central place in the literature on biogas [7-16], the eco-
nomics of using aquatic biomass have received almost
no attention. Some studies have considered algal bio-
mass [17-21], but algae are not comparable to the bio-
mass obtained from de-weeding waterways. Aquatic
biomass contains mainly macrophytes with long plant
stems, meaning its biodegradability and the way it can
be handled by biogas plants differ markedly from that of
algae. The parameters under which it could prove eco-
nomically viable to use aquatic biomass as a feedstock
thus warrant their own investigation.

To do so, we conceptualized a realistic supply chain by
which aquatic macrophyte biomass could be used as a
feedstock in biogas production. We proceeded
step-by-step in evaluating technologies currently used in
de-weeding and biogas production. We compared these
results to those found when using a standard biogas
feedstock such as maize silage.

Our research questions were:

1. What are the necessary steps to produce, transport,
pre-treat, and use aquatic biomass as a biogas sub-
strate and to dispose of the digestate?

2. What are the estimated costs for each step applying
current technology?

3. Is aquatic biomass, under the current
circumstances, economically competitive compared
with a standard input material like maize silage?

4. What supply chain costs impact most greatly the
economic feasibility of using aquatic biomass in
biogas generation?

We proceed as follows: In the next section, we intro-
duce our material and methods, especially the different
steps considered along the aquatic biomass supply chain.
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We then present our results, followed by a discussion
and conclusions.

Methods

We gathered data for this study as part of project
“AquaMak”—Aquatic Macrophytes Economic and Eco-
logical Ways of Use, a nationwide study in Germany to
evaluate the use of aquatic biomass. The project in-
cluded a nationwide email survey containing questions
focusing on steps in a possible aquatic biomass supply
chain. Further data was gathered by telephone and email
interview surveys that targeted experts with knowledge
of the different steps along the value chain. This in-
cluded experts for farming machinery, agricultural con-
tractors and machinery manufacturers, as well as biogas
producers. Additional data was generated by extensive
fermentation tests with regard to the potential of aquatic
biomass to serve as a biogas substrate; this testing en-
abled us to determine pre-treatment requirements.

Aquatic biomass supply chain

Our model was designed to capture seven steps along
the aquatic biomass supply chain, from cutting through
use and disposal. The model distinguishes different
existing pathways for the first two steps: cutting and col-
lecting the biomass. The full seven-step supply chain ap-
pears in Fig. 1 and is described in the following
paragraphs.

S1. Cutting

Cutting of aquatic macrophytes in German rivers and
lakes is primarily carried out in two ways. The first en-
tails use of a mowing bucket mounted to an excavator, a
method suitable only for small streams that can be com-
pletely accessed by the excavator, whose mowing bucket
is typically not more than a few meters wide. We did
not consider this case representative for our study, as
the biomass excavated in this manner contains too much
non-organic material to be usable for biogas production.
Also, in many cases, the biomass is not gathered but left
at the stream banks to degrade.

The second option uses a boat-mounted cutting device
(Fig. 2) that cuts aquatic weeds at a water depth of ap-
proximately 1.20 to 1.80 m. The biomass produced with
this process is relatively free from non-organic material
and can be used in subsequent processes.

S2. Collecting
Methods for collecting the biomass depend on the ma-
chinery used for cutting and the condition of the water

body:

a. When the boat that holds the cutting machinery is
capable of holding a reasonable amount of biomass,
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2. Collect-

4. Pre-treat-
ment

Fig. 1 Overview of the aquatic biomass supply chain

6. Fermen-
tation

7. Disposal

of residues

then direct collection is used. As the whole boat has
to be quite large, this is mostly the case in big lakes
that allow large boats to maneuver. These boats are
equipped with a two-way conveyor belt capable of
collecting the floating biomass as well as offloading
it to shore.

b. A dedicated collecting boat is used when the water
body is not large enough for a combined cutting-
collecting boat or when such a boat would be too
cumbersome to be transported to the site. The dif-
ferent tasks of cutting and collecting can also be
carried out by the same boat after changing the
tools mounted to it.

c. Stationary collecting can be used when the
waterbody has sufficient current and is capable of

Fig. 2 Boat-mounted cutting device (source: Sandra Roth)

transporting the biomass down to a stationary
gathering post. Here, a simple rake is mounted
across the stream to hold back the biomass, which
is then extracted either by a stationary machine or
an excavator.

S3. Transport

The fresh biomass has to be transported to be proc-
essed further. This poses a difficulty in the whole sup-
ply chain, as the biomass contains nearly 90% water.
Letting the fresh biomass rest at the extraction site will
reduce the water content but is not always possible.
Furthermore, the liquid in the biomass contains organic
matter with high energetic value. But fresh aquatic bio-
mass has a relative low bulk density of, on average
250 kg/cbm [22]. This mandates special transportation
vehicles that can handle low-density organic matter at a
reasonable cost (Fig. 3).

S4. Pre-treatment

Prior to being used in a biogas digester, the aquatic bio-
mass has to be cleaned of impurities and pre-treated.
This is due to the size and shape of the aquatic biomass,
which consists mostly of long plant stems. These need
to be cut into pieces for the digester and the feeding
technology, which otherwise would clog. Also, any straw
used needs to be pre-treated to avoid clogging [23]. All
such pre-treatment processes rely on machinery not spe-
cifically built for the purpose, as there are no compar-
able farm crops in use today. Experimental testing
showed that a feed mixer (Fig. 4) is capable of dealing
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Fig. 3 Stationary collecting (source: Sandra Roth)

with aquatic biomass; another experimental approach in
our project that showed promise was high-pressure
water cutting.

S5. Ensiling

Aquatic biomass is a seasonal crop best cut in the
months of June and September [24]. It has a low dry
matter content [24] and a high rate of decomposition,
making storage problematic as with feedstocks of
similar characteristics [25, 26]. To solve this problem,
as part of the “AquaMak” project, a series of ensiling
tests were carried out [27]. The results show that en-
siling of aquatic biomass consisting of mainly Elodea
ssp. is possible. The best results for ensiling were
achieved by mixing the aquatic biomass with 50%
shredded straw to act as structural material. This
practice, however, incurs additional costs for the
straw, and these have to be included when calculating
the profitability of the resulting process.

Fig. 4 Feed mixer (source: Barbara Benz)
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S6. Fermentation

This is the step where biogas is actually produced
through the anaerobic digestion of organic biomass.
Pre-treated aquatic biomass is suitable for use in stand-
ard stirred biogas digesters, where it can replace other
input material such as maize silage. The technical feasi-
bility of using aquatic biomass this way was demon-
strated in our project and also in earlier studies on
Elodea [20, 24, 28]. It is the economic feasibility of the
approach that we are interested in here. Our methods of
doing so will be explained after considering the last step
in the aquatic biomass supply chain.

S7. Disposal of residues

The material remaining after anaerobic digestion of a
biodegradable feedstock is called digestate, and though it
can serve as a valuable fertilizer, the marketing of diges-
tate is in its infancy [29] and fermentation residues often
have to be disposed of, and at considerable cost [30].
These costs are included in the last step of our calcula-
tion model. They can be higher in comparison to a
process using standard materials such as maize silage,
given the lower dry matter content of aquatic biomass,
which leads to a higher throughput of material and thus
higher quantities of residues. Disposal costs vary greatly
depending on the region where the disposal site is lo-
cated. We assume them to be 5 Euro/tonne which is
within the range that Dahlin et al. found [30].

Supply-chain cost model

To assess the economic feasibility of using aquatic bio-
mass as a replacement for maize silage in biogas produc-
tion, we modeled a 500 kW biogas plant based on
energy crops, a very common plant configuration in
Germany [29]. In designing the model, we focused on
three critical questions:

a. How much methane can be produced from aquatic
biomass?

b. How much effluent (fermentation residue) is
generated per cubic meter of methane?

c. Does a co-fermentation of mixed input materials
lead to an incomplete fermentation that impacts the
economics of biogas generation?

In thinking through these questions, we elaborated a
multi-step Excel model to capture the seven steps pre-
sented above. By varying factors along the supply chain,
we could perform a sensitivity analysis of the economic
feasibility of using aquatic biomass to produce biogas.
This allowed us to identify under what conditions it
could be profitable to do so.

Calculating costs for the first five steps, from cutting
to ensiling, is relatively simple. Costs incurred can be
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accumulated and then calculated as material costs per
tonne of aquatic biomass. Modeling the effects of using
aquatic biomass in the critical fermentation step and the
potentially expensive disposal step cannot be calculated
the same way. The processes are more complex, as the
model has to capture the impact of using water plants
on the digestion process.

Using Microsoft Excel, we built our model assuming
Elodea nuttalii as the aquatic macrophyte and consider-
ing two cases: in the first, fresh Elodea nuttalii is used
without adding other material; in the second, the ma-
terial is ensiled and the silage consists of 50% Elodea
and 50% shredded straw. For each of these two input
material options—pure Elodea or an Elodea/Straw
mix—we calculate the impact on biogas production of
using that option to replace 10% of the methane po-
tential in the digester. The remaining 90% is assumed
to be maize silage, the most important biogas sub-
strate in Germany. In calculating how mixing feed-
stocks would affect biogas production, we consider
four effects:

e First, using Elodea or a mix of Elodea and straw
drives down the hydraulic retention time (HRT), or
the average length of time that the feedstock
remains in the digester, since the energy content
(methane potential) of the material is much lower
than that of maize.

e Second, the organic loading rate (OLR) increases at
the same time because the share of organic material
in Elodea that can be digested, aka its volatile solid
(VS) content, is lower than that of maize silage.
Both factors (HRT and OLR) impact the utilization
of biomethane potential. To assess their impact, our
model makes use of past research into the effect of
increased OLRs and reduced HRTs on biomethane
potential utilization.

e A third effect is the replacement of maize silage as a
relatively cost-efficient material, with materials
showing markedly different costs per cubic meter of
biomethane potential.

e A fourth effect, albeit rather small, stems from the
existing legal framework in Germany. Under the
Renewable Energy Act (REA), the input material
used in the biogas plant affects the feed-in-tariff
(FIT) that the plant operator receives. Elodea from
de-weeding is classified as waste input material
under the German REA and so does not receive a
biogas bonus.

Table 1 displays the configuration of input variables
used in our model; the column labeled “Source” pro-
vides citations to the research from which the listed
values derive.
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We use negative cost figures to represent income re-
ceived, modeled as the equivalent cost of disposal for the
aquatic biomass that otherwise would be treated as
waste. We assume that the biogas plant operator can
charge for taking on aquatic biomass and these gate fees
will offset the fees otherwise charged for disposal. The
results from our questionnaire showed disposal costs of
up to almost 180 € per tonne, depending on the geo-
graphical region. Our survey collected a total of 29 price
points for disposal, of which 25 were under 100 Euro/
tonne. We excluded the four outliers above 100 Euro/
tonne and the average of the 25 price points under 100
Euro/tonne is 26.71 Euro/tonne, which goes up to 45.12
if all price points are averaged. Podraza et al. report 66
Euro/tonne for the Hengstey Lake [31]. Our model as-
sumes 30 Euro/tonne as disposal costs that can be
turned into a gate fee by the biogas plant operator.

In order to estimate the effect of the changes in HRT
and OLR on the utilization of the methane potential, we
sought insight from the literature. The fermentation
tests by Dahlhoff show almost no change in methane
yield between OLRs of 3.4-3.7 kg VS/cbm/day [32].
Menardo et al. show that the OLR strongly influences
the residual gas potential of plants using energy crops
and manure, but the range of OLR values tested was
much lower than Dahlhoff, from 0.85 to 2.25 kg VS/
cbm/day [33]. Gemmeke et al. show a link between HRT
and residual gas potential; however, the magnitude of
the effect in the range between 60 and 100 days is not
clear [34]. The analyses by Lehner et al. also show no
clear link between HRT and residual gas potential [35].
Taking a conservative approach, we assumed the
utilization to be 98% for pure maize silage, 96% for
maize plus Elodea, and 97% for maize plus Elodea and
straw.

Using these inputs, the Excel model calculates the
cost of input material, logistics, disposal of digestate,
and revenues for electricity production, as well as
gross profit on the operator’s balance sheet. The
model does not consider other operator costs such as
capital expenses or labor costs, since we assume those
do not vary with substrate mix.

Data collection

Questionnaire

Our first approach to collect data for steps 1 through
3 was to ask organizations dealing with water plant
management for the costs they incur in harvesting
and disposing of the aquatic biomass. The question-
naire was sent to organizations in Germany associated
with water maintenance. This included public author-
ities in all Federal States as well as private proprietors
or tenants of lakes. Additionally, the questionnaire
was sent to service providers offering water
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Table 1 Input variables
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Variable Unit Value Source

Electrical power kWe 500 2]

Full load hours h/a 8000 [56, 57]

Electrical efficiency % 40 [58-63]

Digester volume Cubic meter (cbm) 2570 [64]

Year of commissioning Year 2010 We assume that the plant

Dry matter (DM) content is in its sixth year of operation

DM of maize silage % 34 [65, 66]

DM of Elodea silage % 7 [27]

DM of Elodea-straw mix silage % 30 [27]

Volatile solids maize silage % of DM 95 [67]

Volatile solids Elodea silage % of DM 80 [24], for fresh material not silage

Volatile solids Elodea-straw mix silage % of DM 90 Estimation

Methane potential of maize silage cbm/tonne fresh 110 [3, 62, 67-70]

matter (FM)

Methane potential of Elodea silage cbm/tonne FM 15 [27]

Methane potential of Elodea-straw mix cbm/tonne FM 50 [27]

Feed-in-tariff for energy crops EUR/kWhe 0.20 [71]; we used the RESA 2009 since
the number of newly erected biogas
plants reached a peak during
2009-2011

Feed-in-tariff for waste EUR/KWhe 0.13 [71]; RESA 2009

Disposal cost for aquatic biomass EUR/tonne 30.00 Based on our survey

(biogas plant gate fee)

Disposal cost for digestate EUR/tonne 5.00 [32]

Cost of maize silage (fresh matter) EUR/tonne 40 [38, 63,70, 72, 73]

Cost of straw (fresh matter) EUR/tonne 8141 [74]

Calorific (heating) value of methane kWh/cbm 9.97 [75]

Utilization percentage of methane potential % 982 Estimations based on [34]

o7
Digestate/input ratio % 85 [76-79]

#Pure maize silage
10% of methane potential from Elodea
€10% of methane potential from Elodea/Straw

maintenance services; these were identified through
an internet search and the responses from water
maintenance authorities. A total of 1123 question-
naires were sent out, for which we received 408 an-
swers, giving a response rate of 36.3%.

The questionnaire was part of the Research project
“AquaMak” and included the following groups of ques-
tions related to this study:

1. What costs are incurred in the (yearly) maintenance
of the river/lake?
2. How are these costs distributed among

a. Cutting
b. Collecting
c. Disposal

After evaluating the first datasets, it became clear
that reported costs varied widely and, in many cases,
could not be accurate. The quantities of harvested
water plants were often no more than ballpark esti-
mates. Moreover, responses were often given as aggre-
gated maintenance costs only, with the distribution of
these costs across steps left unspecified. We realized
this was not terribly surprising, as public authorities
or recreational business proprietors often contract out
such work, the same way they contract out other
maintenance work, so only know the aggregate num-
bers. As for the service groups with the detailed
numbers, they are the contracted firms and would
likely consider their raw expense figures to be
proprietary.
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Telephone interviews

To enhance the quality of the data gathered by the ques-
tionnaire, a follow-up series of telephone interviews was
carried out. Our goal was not only to supply details
missing from the questionnaire results but also to cor-
rect inconsistent data. We did this by calling all respon-
dents who had provided cost data and asking them to
double-check their figures and break the costs down. In
the phone interviews, it became clear that in most cases
additional details simply were not available.

Additional data

To achieve a complete dataset for all parts of the bio-
mass input chain, we used desk research to solicit the in-
put of industry experts. By email and telephone contact
with experts in water maintenance and machinery con-
struction, better estimates for the capital cost of equip-
ment and use could be obtained. In the end, we were
able to develop a reasonably comprehensive business
model for water maintenance.

Results

While aquatic macrophyte biomass from de-weeding
of rivers and lakes can be used in many ways, our
focus is on its use as a biogas substrate. In modeling
the biomass supply chain, we sought to select tech-
nologies closely similar, if not identical, to those cur-
rently available for large-scale use. In this way, model
results should align well with practicable real-world
business models that can be realized by plant opera-
tors and investors. Further optimizations in harvest-
ing, handling, and processing should bring these costs
down, and so make biogas production from aquatic
biomass increasingly feasible.

Cutting and collecting

Costs for cutting and collecting were calculated based
on use of a small weed-cutting boat with front-mounted
machinery, in our example the Berky 6410 type
(www.berky.de) which is frequently used. This machine
currently rents for 54 € per working hour (www.rent-a--
berky.de). Based on calculations by Schulz [36] and ap-
plying a bulk density of 0.25, such a boat can harvest
around 3.3 tonnes of water plants per working hour
yielding cost of 1640 € per tonne of fresh matter for
renting the equipment which is equivalent to capital cost
if the boat was owned by the operator. Based on data
from [36] (2017), a machine of this type should be able
to cut 1 m® of water weed at an operating cost (human
resources, diesel) of 3.82 €, resulting in a cost of 15.28 €
per tonne of fresh matter, again assuming a bulk density
of 0.25. The total cost (capital cost of 16.40 € plus oper-
ating cost of 15.28€) is thus 31.68 € per tonne of fresh
matter. This example is calculated for a heavily grown
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lake with mostly Elodea nuttallii as water weed and
using one boat that alternates between using the cutting
and collecting tools. With larger devices, such as a weed
harvester, operating costs can be cut nearly by half [36],
but capital costs will of course also increase.

Transport

Transport of aquatic biomass can be realized in many
different ways, according to the characteristics of the
transport equipment, availability of equipment, or access
to the waterfront. We choose to model a typical
tractor-drawn, double trailer. This allows for the trans-
port of 14 tonnes per trailer, assuming the fresh matter
fits in the trailer. According to data from KTBL Field
Work calculator [37] provided by the German Associ-
ation for Technology and Structures in Agriculture, this
would result in a transport cost of 0.18 € per kilometer
per metric tonne of fresh matter (Euro/tonne FM/km) of
maize. We compare these results to other research cov-
ering transportation costs for biogas feedstock in Table 2
and the cost generated by the KTBL Work calculator
seem to be at the lower end. Bear in mind that estimates
vary widely by source, and the transport costs are all
given for maize.

We assume a distance of 20 km between the biogas
plant and the water body where the Elodea is cut. At
greater distances, the optimal transport technology
will change, e.g., to trucks instead of tractors [38],
and we wanted to develop a specific business model
that could be used to reflect local business synergies.

Since the bulk density of Elodea is only half that of
maize (0.25 versus 0.5 t/cbm), we double the
tractor-based transport cost to 0.37 Euro/tFM/km which
results in total transport cost of 7.40 Euro/tFM for a dis-
tance of 20 km. Given that the KTBL cost approach
seems to be at the lower end of cost data from the litera-
ture, actual cost for transporting Elodea could also be
higher than our estimate.

Pre-treatment
Before it can be further processed, the fresh matter
needs to be chopped to avoid clogging the biogas plant
later. This also greatly improves the digestibility of the
biomass, as has been proven for seaweed macro algae
[39]. A variety of different pre-treatment technologies
are available for biogas substrates, starting with rather
simple physical technologies such as fodder mixing ma-
chines or extruders, but also including thermal technolo-
gies and chemical as well as biological treatment, e.g.,
with enzymes [40, 41]. These treatments are used to
avoid clogging the digester, reduce the energy for stirring
the digester content, and to increase methane yield.
Podraza et al. showed [31] that a fodder mixing ma-
chine, a rather simple technology, is capable of doing
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Table 2 Transport costs for biogas feedstock

Material Transport equipment Bulk density [t/cbm] Transport cost Source

depending on water content [EUR/tFM/km]

Maize silage No details available No data 0.13 [80]
Maize (fresh matter) Agricultural tractor and trailer (25 m?) 035 048 [81]
Maize (fresh matter) Agricultural tractor and trailer (25 m?) 0.35-0.7 0.36 [82, 83]
Maize fresh matter Agricultural tractor and trailer (40 m?) 0.35-0.7 0.29 [82]
Food residues No details available 0.03 [80]

the task. Taking into account cost per cubic meter of
mixed material in various fodder mixing machine types
delivered by KTBL [42] and the prices provided by agri-
cultural machinery pools as well as the experience that
the Ruhrverband made with pre-treating water plants
using a fodder mixing machine, we set the mixing cost
at 15 Euro per tonne. Since this does not include remov-
ing impurities, such as waste dumped into lakes,
pre-treatment cost may increase.

Ensiling

Given the low dry matter content of aquatic biomass
and the fact that a biogas plant would only use small
volumes of it, we assume the operator uses pure aquatic
biomass only as a seasonal crop without ensiling and
conserves the water plant—straw mix by using tube en-
siling [43, 44], which is also used for other non-standard
biogas input materials such as sugar beet pulp. We used
a cost of 4 Euro/tonne of material, which is within the
range of costs provided in the literature (see Table 3).

Fermentation

The changes in HRT and OLR are displayed in Table 4
where you see that the HRT decreases markedly when
replacing maize by Elodea for 10% of the biomethane
potential, whereas the OLR does not increase dramatic-
ally in the two replacement cases.

The fact that water plants are considered waste leads
to slightly lower feed-in-tariffs under the German REA.
For case 2, the FIT are 4% lower than in case 1 and in
case 3, they are 1% lower. As we assumed the increased
OLR resulted in a lower methane potential yield, slightly
more input material is required to achieve the same vol-
ume of methane production. One marked difference be-
tween case 3 and case 1, however, is the cost of the
straw being used. Straw prices differ between regions,
resulting in a cost increase of 52.65 Euro/tonne Elodea
for case 3 over case 1. Case 2, however, results in a cost

Table 3 Ensiling costs from the literature

Material Ensiling technology ~ Cost [EUR/t]  Source
Sugar beet pulp Tube ensiling 2.87-3.32 [84]
Chopped sugar beets Tube ensiling 648 [85]

decrease of 0.19 Euro/tonne Elodea. The derivation of
these cost deltas is discussed in the following.

Waste disposal

The treatment of waste disposal enters into our model
calculations in two ways: as income generated for
accepting the aquatic biomass (gate fees) and as expense
incurred for disposing of the biogas digestate. As dis-
cussed in step seven (S7) of the methodology used to
construct the biomass supply chain model, we elected to
use a gate fee of 30 Euro per metric tonne in our model.

Table 5 lists the waste disposal costs so calculated for
the three cases examined. Line 3 lists the gate fee rev-
enue, while line 5 shows the additional disposal costs.
We have not assumed any recovery of costs through sale
of the digestate, although it does have fertilizer value. So
the numbers shown depict the case where all the diges-
tate must be disposed of.

In case 2, a mix of 90% maize and 10% Elodea, the
biogas plant can generate a sizeable revenue of EUR
208,333 through gate fees. In case 3, the high methane
potential of the straw drives down the amount of Elodea
used and consequently also the gate fees. Line 6 shows
that despite the higher disposal expenses incurred in
cases 2 and 3, both still yield income for the plant
operator.

Total cost of producing methane from aquatic biomass
Economic analysis of the total cost of generating me-
thane from aquatic biomass depends on the reasons for
its harvesting. In the first case, harvesting of biomass oc-
curs through the de-weeding done to maintain a water-
way; then, only the steps after transport are relevant for
economic analysis because the agency responsible for
the maintenance has to bear the costs for cutting, col-
lecting, and transport whether the biomass is used as
substrate or not.

In the second case, harvesting is done for the purpose
of obtaining biogas feedstock; then, all steps in the value
chain enter into an economic analysis and the costs of
cutting, collecting, and transport of aquatic biomass
have to be compared against those incurred for standard
input material such as maize silage. Moreover, in this
case, the biogas plant cannot generate income from gate
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Table 4 Effects on using Elodea on HRT and OLR
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[tem Case 1: maize silage 100% Case 2: maize silage 90%, Case 3: maize silage 90%,
Elodea 10% Elodea/straw mix silage 10%

HRT 101 61 89

OLR 35 367 3.74

fees. Table 6 summarizes the additional costs a biogas
plant operator would incur in these steps per tonne of
ensiled Elodea.

Under the assumptions outlined in the “Methods” sec-
tion, using a silage of a mix of Elodea and straw (case 3)
is not economically feasible. Pure Elodea (case 2), how-
ever, results in a clear financial advantage of 11.40 Euro/
tonne if necessary maintenance costs already cover cut-
ting, collecting, and transporting the Elodea. If it is cut
only for the purpose of using it in the biogas process,
the costs for cutting, collecting, and transport have to be
allocated to the Elodea silage as well and there is no gate
fee because the organization responsible for water man-
agement would not have had to dispose of it. This makes
its use 57.68 Euro/tonne more expensive than using
maize silage.

Table 7 applies the analysis to our model 500 kW bio-
gas plant, showing the gross profit potential of the two
Elodea cases considered. The calculation only shows
those positions that are affected by the change in feed-
stock. Therefore, positions such as capital cost for in-
vestments for the biogas plant or human resources are
not included. The cost of inputs listed are all in, mean-
ing the gate fee for Elodea and the ensiling costs for case
3 are included in that line. The results show that using
Elodea as a seasonal feedstock to replace 10% of the me-
thane potential of the input material leads to an increase
in gross profit for this plant configuration of EUR
79,144, whereas employing an Elodea-straw mix leads to
a decrease of EUR 67,712.

Line 6 of Table 7 replicates line 1 of Table 5 and shows
how the straw content in case 3 leads to an almost
sevenfold decrease in the amount of Elodea used as
compared to case 2. Gate fees—the principal income
driver in our business model—are cut commensurately,
and biogas generation—the fermentation step—changes

Table 5 Waste disposal cost

from a modest income source in case 2 to significant ex-
pense for straw in case 3. Line 7 of Table 7 ties the per
tonne figures in Table 6 to the figures for the model
500 kW plant. Note the contrasting sign conventions be-
tween the two.

Table 8 presents the figures from Table 7 recalculated
to per MWh, a ratio that is frequently used in energy
economics.

Discussion and conclusions

Practical implications

We sought to analyze the economic feasibility of
using aquatic macrophyte biomass as an alternative
feedstock for biogas production. Our results indicate
that feasibility depends critically on two factors: first,
the current disposal costs for the aquatic biomass,
which we have reasoned could be paid as gate fees to
a biogas plant operator for accepting the biomass as
readily as they would be paid to the current disposal
service. The second factor is the accounting treatment
of the costs for cutting, collecting, and transporting
the biomass. If these costs are liabilities that the
waterway maintenance authority already carries, re-
gardless of what is done with the biomass, then obvi-
ously the costs do not have to appear on the
operator’s balance sheet. If they represent expenses
that have to be added to the profitability equation for
the biogas plant, then an entirely different forecast
emerges.

Under no conditions analyzed does the use of aquatic
biomass from macrophytes mixed with straw (case 3)
prove economically feasible. The income from gate fees
is too low, and the added expense for biogas generation
is too high, which together amounts to a lose-lose prop-
osition for a biogas operator.

Case 1 Case 2 Case 390/10
Maize silage 100% 90/10 Maize to Elodea Maize to Elodea/straw mix
1 Amount of Elodea taken on [tFM] 0 6944 1031
2 Amount of digestate [tFM] 7885 13,147 8922
3 Avoided Elodea disposal cost = gate fee [EUR] 0 208,333 30,928
4 Disposal cost for digestate [EUR] 39,425 65,735 44611
5 Disposal cost delta (case 2 vs. 1; case 3 vs. 1) 0 26,310 5186
6 Net income/(loss) (row 3-row 5) 0 182,023 25,472




Herbes et al. Energy, Sustainability and Society (2018) 8:21

Page 10 of 17

Table 6 Cost overview per tonne of Elodea used (all figures in €/tonne)

Step Case 2 Case 3
Elodea Elodea and straw mix

1. Cutting 31.68
2. Collecting
3. Transport 740
4. Pre-treatment 15.00 30.00
5. Ensiling 0.00 8.00
6. Fermentation (negative value = cost saved) -0.19 52.65
7. Fermentation residue disposal 379 503
8. Elodea gate fee to offset disposal cost (income) —30.00 —30.00
9. Total for lines 4-8 loss/(profit) - 1140 65.68
10. Total for lines 1-7 loss/(profit) 57.68 134.76°

?In case the Elodea is harvested only for the purpose of using it in a biogas plant, the water body owner does not save disposal cost and therefore would not be

ready to pay a gate fee. Therefore, the gate fee cannot be subtracted in this case

If disposal costs, translated into gate fees, are reason-
able (30 €/tonne) and the costs for the first three line
items in the value chain are carried by the waterway au-
thority, then our model predicts using Elodea as a sea-
sonal feedstock to replace 10% of the methane potential
of the input material (case 2) can boost the profits of a
500 kW biogas plant by more than 20%.

Without gate fees, or if the costs for cutting, collect-
ing, and transporting the biomass have to be carried on
the operator’s balance sheet, then aquatic biomass from
macrophytes, with or without straw, cannot compete
with established feedstock such as maize silage.

These results point to the need for a substantial
process optimization if aquatic plants are to play a big-
ger role in the future of the biogas sector. It would only
make sense for operators to carry the costs for getting
the biomass out of the waterway and into the plant if
those costs were scaled down dramatically. To illustrate,
to offset these costs in the best of our two cases, line 10
of Table 6 shows the costs would have to come down at
least 28 € per tonne, and probably down 30. That is cut-
ting the current costs of 39.08 €/tonne by more than
75% before harvesting aquatic biomass directly for bio-
gas production becomes economically feasible. Cutting
the raw material and accessing it from land is slow and

uneconomical, and transport restrictions limit the use of
the material to the geographical region around the har-
vesting site.

To set up a complete supply chain, there are more
practical hurdles to be overcome, mainly in handling
and preparing the biomass. Ensiling aquatic biomass
without adding any material of higher dry matter con-
tent, such as straw, is technically difficult, since the bio-
mass becomes liquid when ensiled [27]. Yet, it is the
straw content of the mix that drives down the income
potential from gate fees and drives up the fermentation
costs for using Elodea.

Another practical impediment for biogas plant opera-
tors in Germany is the legal classification of aquatic bio-
mass under the German REA and waste legislation.
Depending on the commissioning year of the biogas
plant, the use of aquatic biomass may not just influence
the feed-in-tariff for the share of energy produced from
this fraction of the input material, but may also put at
risk the energy crop bonus for the remainder of the in-
put material. Moreover, the entire digestate volume may
have to be subjected to a costly hygienization process.

The legal classification under the REA could be clari-
fied by the “Clearingstelle” (clearing institution), an insti-
tution run by the Federal Ministry for Economic Affairs

Table 7 Gross profit calculation for the model 500 kW biogas plant [EUR/a]

ltem Case 1 Case 2 Case 3
Maize silage 100% 90/10 Maize/Elodea 90/10 Maize/Elodea-straw mix
1. Revenues from feed-in-tariff 797,600 768,739 793,586
2. Cost of input material, all in 371,058 236,742 429,570
3. Cost of digestate disposal 39425 65,735 44,611
4. Gross profit p.a. 387,118 466,262 319,405
5. Gross delta profit/(loss) 0 79,144 (67,713)
6. Elodea taken on [tFM] 0 6944 1031
7. Per tonne profit/(loss) (5 + 6) 0 1140 —65.68
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Table 8 Gross profit calculation for the model 500 kW biogas plant [EUR/MWh]

[tem Case 1 Case 2 Case 3
Maize silage 100% 90/10 Maize/Elodea 90/10 Maize/Elodea-straw mix
8. Revenues from feed-in-tariff 200 193 199
9. Cost of input material, all in 93 59 108
10. Cost of digestate disposal 10 16 11
11. Gross profit p.a. 97 117 80
12. Gross delta profit/(loss) 0 20 17)

and Energy [45]. Today, however, it would represent
an unjustifiable risk from any sensible risk-reward
perspective for a biogas plant operator to use aquatic
macrophyte biomass as feedstock. Therefore, future
amendments to the REA should make the classifica-
tion of this material clear; were the classification sta-
tus amended from “waste” to “landscape conservation
material,” the ensuing bonuses would certainly be
helpful in developing this promising biomass stream.

Sensitivities

The business model we have developed, and the economic
results it predicts, depend critically on three parameters
that vary widely across Germany. The first represents po-
tential income to the biogas plant, namely the gate fees an
operator can charge for accepting Elodea. This depends
on the community’s willingness-to-pay the biogas operator
instead of paying for current disposal services, a trade-off
embedded in the local community context. The second

two parameters represent business expenses: the cost of
straw, when used in an Elodea-straw mix, and the disposal
cost for digestate. While the cost for maize silage also in-
fluences our model, uncertainty here is less pronounced
than for gate fees and the costs for straw and disposal.

In Fig. 5, we show how the additional cost per tonne
of Elodea (only steps 4-8) vary depending on the gate
fees. Even the Elodea-straw mix silage would become
economically feasible were gate fees for Elodea to ap-
proach 100 Euro per tonne.

Figure 6 shows the effect of varying digestate disposal
cost on the additional cost per tonne of Elodea used.
The display distorts somewhat how different the sensi-
tivities are between the two relations, that is, how differ-
ent the slopes of the lines really are. We would have to
extend the x-axis in Fig. 6 to five times its length to scale
it (0-20) to the same range as Fig. 5 (0-100). If you im-
agine that, you can see how flat the curve in Fig. 6 would
become, showing that the model results’ sensitivity to
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disposal costs is much less than its sensitivity to gate
fees. Still, in regions with high disposal cost for diges-
tate, even the 10% replacement of silage with Elodea
(case 2) can become financially unattractive compared
to using 100% maize silage (case 1).

Figure 7 depicts the effect of varying the cost of straw.
If straw has to be purchased, regional prices apply;
however, our model uses the national average. More-
over, if the biogas plant operator also runs a farm
business, the straw can be produced in house at costs

120.00

100.00

80.00

60.00

~i— Additional cost Elodea-straw mix silage

40.00

Added cost [EUR / tonne Elodea used]

20.00

0.00
40 50 60 70 80 90 100

Cost of straw [EUR / tonne straw]

Fig. 7 Cost of using Elodea-straw mix silage compared to using only maize silage [EUR/tonne Elodea used] depending on the price for straw

110 120 130




Herbes et al. Energy, Sustainability and Society (2018) 8:21

much lower than the market will deliver. That intro-
duces the operator to an opportunity cost calculation:
is it better to sell the straw or use it locally? For the
purposes of our model, we consulted figures reported
in the literature as a basis for extrapolation. Past re-
search has calculated straw production costs, includ-
ing transport and shredding, at around 40 Euro/tonne
[46]. Figure 7 makes clear that even at production
cost of 40 Euro/tonne, the cost of using water plants
is still higher than that of using maize silage.

Figures 8 and 9 show the effects of changes in the dif-
ferent parameters for the two cases: pure Elodea (Fig. 8)
and Elodea-straw mix silage (Fig. 9). For the latter, Fig. 9
makes clear that a change in the straw mix has the high-
est relative impact, followed by the gate fee and the dis-
posal cost.

Limitations

The seven-step model introduced as the Aquatic Bio-
mass Supply Chain in the “Methods” section of this
paper serves as a realistic and useful framework for de-
veloping business plans. Nevertheless, its predictions are
no better than the data used to make them. Limitations
resulting from the use of the model in this study arise
from the limitations in both the precision and availability
of data. But the model is also to be understood as cap-
turing dynamic realities that emerge more from local
than from regional or national contexts; such is the na-
ture of a biogas plant’s relationship with its community.
This means that local factors affect each step of the sup-
ply chain, as described in the following.

1. Cutting: The costs of cutting aquatic weeds are
highly variable. Factors playing into the calculation
are:

a. Area access. This includes transporting the
equipment to the river or lake where it is
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needed as well as getting the equipment into
and out of the water. Where it is not possible to
reach the water with the trailer, specialized
equipment has to be used such as an
amphibious boat. These are generally smaller
and/or slower than standard equipment and
have higher capital costs.

b. Water-weed composition and abundance. Water
weed growth depends on the local ecosystem
and of course varies throughout the year. This
means harvest predictions are highly
unpredictable, and not simply in terms of raw
volume of fresh matter per square kilometer of
water surface. A further complication is the
multitude of different water weeds growing in
German rivers and lakes, each of which has a
different dry-matter profile that affects its per-
formance in a biogas plant [24].

c. Equipment: The cost of equipment varies widely
depending on the type of equipment. Our
model assumes that the mowing boat is
expensed through lease payments; however, an
operator may find capitalizing the cost and
amortizing it through asset depreciation to be a
more attractive business option.

2. Collecting: Collecting water weeds can be a difficult
task depending both on area and on waterfront
access. In a flowing river with adequate currents, a
simple stationary collecting device is sufficient. In
standing waters, another approach is needed, which
today in practical terms means a dedicated
collecting boat.

3. Transport: Transport costs reflect, perhaps more
than any other element in our model, the unique
characteristics of the local market and aquatic
ecosystem. First, where in the supply chain is the
biomass transported? In most cases, shredding and
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ensiling the biomass is not possible directly at the
waterfront, making it necessary to transport low-
density fresh matter with a high water content. Sec-
ond, many rivers and lakes are not accessible by
road, making it difficult for standard trucks to reach
the pickup sites, adding another variable to trans-
port costs. Third, it is transport that connects the
biogas plant to the local aquatic ecosystem; how far
that line can stretch and still remain economically
feasible defines the range of plant-ecosystem config-
urations possible in a community.

4. Treatment: The treatment of the raw material
before feeding it into the fermenter is necessary to
protect the fermenter and to ensure good
fermentation. While we were able to show through
a small-scale experiment that existing farming ma-
chinery is capable of shredding aquatic biomass, this
cannot be assumed to hold for large-scale use.

5. Ensiling: As mentioned when discussing the supply
chain, ensiling aquatic plants without adding
material with a higher dry matter content is barely
feasible. Further research could look into ensiling
these materials using cheaper materials, thereby
avoiding the costs of expensive straw. Maize straw
might prove to be an interesting approach.

6. Fermentation: Our calculations assume that using
aquatic macrophytes does not have any negative
effects on the biogas plants beyond the change in
HRT. However, using this material could result in
reduced uptimes due to more frequent clogging of
components such as feed screws or to faster wear of
components. Practical tests in real biogas plants
including a close monitoring of uptimes would be
needed to obtain a data-based assessment.

7. Disposal: The disposal costs for raw aquatic
biomass may be subject to factors almost third
world in their arbitrariness. For example, it was
reported in one municipality that disposal of
aquatic biomass at a site outside the municipality
where the trailer was registered would incur a
higher tariff than it would were the trailer
registered locally.

Avenues for further research

The uncertainties in price points that are already
known to be dynamic and vary across region should
not distract us from the potential upsides for the use of
water plants in biogas processes. The fact that many
aquatic macrophytes are rich in micronutrients opens
opportunities for further increasing the economic at-
tractiveness of this input material. Undersupply with
micronutrients, especially nickel, molybdenum, and co-
balt, can be a reason for suboptimal biogas yields [47]
and there is abundant research proving the positive ef-
fects on biogas production of adding micronutrients to
the process [48-52]. Biogas plants operating without
manure, i.e., on monofermentation of energy crops, re-
quire regular addition of micronutrients [53-55]. In
Germany, many biogas plants run on monofermenta-
tion and incur considerable cost for adding micronutri-
ents. The analysis of aquatic macrophytes has shown
that they are especially rich in molybdenum and man-
ganese, which are also required in the biogas process
[24]. It could be of great benefit to further explore the
possible benefits aquatic macrophyte biomass could
offer biogas plants running on monofermentation of
energy crops.
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