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Biogas production from manure has been proposed as a partial solution to energy and environmental concerns.
However, manure markets face distortions caused by considerable unbalance between supply and demand and
environmental regulations imposed for soil and water protection. Such market distortions inﬂuence the cooperation between animal farmers, biogas producers and arable land owners causing ﬂuctuations in manure
prices paid (or incurred) by animal farmers. This paper adopts an agent-based modeling approach to investigate
the interactions between manure suppliers, i.e., animal farmers, and biogas producers in an industrial symbiosis
case example consisting of 19 municipalities in the Overijssel region (eastern Netherlands). To ﬁnd the manure
price for successful cooperation schemes, we measure the impact of manure discharge cost, dimension and
dispersion of animal farms, incentives provided by the government for bioenergy production, and the investment
costs of biogas plants for diﬀerent scales on the economic returns for both actor types and favorable market
conditions. Findings show that manure exchange prices may vary between −3.33 €/t manure (i.e., animal
farmer pays to biogas producer) and 7.03 €/t manure (i.e., biogas producer pays to animal farmer) and thanks to
cooperation, actors can create a total economic value added between 3.73 €/t manure and 39.37 €/t manure.
Hence, there are cases in which animal farmers can proﬁtably be paid, but the presence of a supply surplus not
met by demand provides an advantage to arable land owners and biogas producers in the price contracting phase
in the current situation in the Netherlands.

1. Introduction
The rapid growth of the human population (+20% since 2000)
together with the growth in per capita energy use (+17% since 2000)
has resulted in a sharply increasing demand for energy [1–3]. Currently, around 80% of energy is produced from fossil fuels [2]. However, fossil-fuel based energy production is one of the main causes of
greenhouse gas (GHG) emissions [4]. With the growing concern about
the impact of GHG emissions on climate change [5], the demand for
renewable energy is increasing [6,7] and several technologies have

⁎

been developed to produce energy from renewable resources. A wellknown example is the production of energy from second-generation
biomass (SGB) [8–10]. SGB refers to organic wastes and residues that
are not used in food production, e.g., solid and liquid municipal waste,
manure, lumber and pulp mill waste, and forest and agricultural residues, etc. [11–15]. In particular, the use of manure for energy production may oﬀer signiﬁcant opportunities at places where intensive
livestock farming is practiced [16].
In the Netherlands, despite the fact that the amount of produced
manure is substantial (about 68.6 M t/year), the potential of manure-
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Nomenclature
GHG
SGB
SC
ABM
AD
i
F
j
B
Pi
Pj
PM
RM

DC
Q
CI
ROI
CF
R
RE
RH
RI

greenhouse gas
second-generation biomass
supply chain
agent-based model
anaerobic digestion
animal farmer
set of animal farmers
biogas producer
set of biogas producers
manure production capacity
biogas plant production capacity
total amount of produced manure
total amount of required manure

CT
CO
MEP
MK
EROI

manure discharge cost
exchanged quantity of manure
biogas plant investment costs
return on investment
cash ﬂow
actualization rate
revenues from electricity sales
revenues from heat sales
revenues from incentives to energy production from
manure
manure transportation cost
biogas plant operating cost
manure exchange price
mark-up
energy return on investment

investigated the cooperation dynamics among actors within the
manure-based biogas SC and the need for further research on such a
topic is recognized [24]. This paper aims at ﬁlling this gap by analyzing
the impact of dynamic market conditions shaped by technological,
operational, spatial, and regulatory variables on the cooperation
schemes between animal farmers and biogas producers. We design an
agent-based model (ABM) to simulate the dynamics of manure markets
for biogas production aimed at producing electricity and heat. In particular, we aim at revealing the conditions which facilitate reciprocally
sustainable cooperation between animal farmers and biogas producers.
We particularly analyze the impact of ﬁve variables on the creation of
cooperative relations between animal farmers and hypothetical biogas
producers in a case example considering 19 municipalities in the province of Overijssel (eastern Netherlands). These variables are: (i) the
total discharge cost of manure inﬂuenced by transportation distance
from animal farm to arable land and seasonality in manure-based fertilizer application to arable lands; (ii) size, number, and geographical
distribution of animal farms within the municipality; (iii) incentives for
renewable energy; (iv) the threshold return on investment (ROI) for
biogas production; and (v) the threshold cost reduction by farmers
compared to the current situation. The impact of these variables is assessed on two performance measures: (i) manure exchange prices
(MEPs) negotiated by the involved actors and (ii) the overall economic
beneﬁts created. Simulation results allow us to propose managerial and
practical solutions to overcome market distortions.
Hence this paper is a seminal and novel study for analyzing the
dynamics of manure markets for biogas production aimed at producing
electricity and heat. All the policy variables are integrated to the proposed ABM as a game changer. Thus, the combination of operational
and political conditions embedded in the ABM enables companies to
foresee the costs and beneﬁts of a potential cooperation and base their
decisions upon these insights.
The remainder of this paper is structured as follows. Section 2
provides the theoretical background. Section 3 describes the generic
ABM for the cooperation between animal farmers and biogas producers.
Section 4 applies the ABM to the case example of Overijssel. Section 5
provides the results analysis, followed by the discussion in Section 6
and conclusions in Section 7.

based energy production is currently not fully exploited because of
obstacles in the cooperation between manure producers and waste-toenergy producers [17,18]. Producing energy from manure may oﬀer
signiﬁcant opportunities for the country towards achieving the goal of
European Energy Strategy, i.e., an 80–95% cut in GHG emissions up to
2050 when compared to the 1990 levels [19]. In fact, in Q4 of 2016,
CO2 emissions by the energy sector – about 30% of the total CO2
emissions – increased by 5.5% over the previous year, due to the increase in electricity production at power stations [20]. Accordingly,
coal consumption has increased in the last years, whilst all the European countries showed the opposite trend [21].
The lack of cooperation among actors in the manure-based energy
supply chain (SC) forces animal farmers to discharge the manure as
compost in arable lands in the Netherlands [18]. However, before being
sent to arable lands, manure has to be collected from animal farmers
and treated in manure treatment units. Manure collection costs are paid
by animal farmers: the average price is 15 €/t – but the collection price
raises 23 €/t in September-February during which manure-based fertilizer application to arable lands is forbidden – excluding transportation,
which accounts for 4–6 €/t due to the high dispersion of arable lands
and animal farms. Since the manure production highly exceeds the
manure-based fertilizer demand, animal farmers have low contractual
power and face diﬃculty to aﬀord these prices [18].
Furthermore, since 2014, Dutch regulation reduced the amount of
manure-based fertilizers that can be used in arable lands, hence obliging swine/cattle farmers to take a certain percentage of their manure
out of the Dutch manure market. This regulation is enforced by limitations in the phosphate and nitrogen use (causing eutrophication). For
swine farmers, at least 50% of the manure produced should be taken
out the Dutch market by law [18]. However, with an average travel of
300 km to Germany or France, the average transportation cost of
manure is almost 50 €/t, which is considerably high for animal farmers
to sustain.
Having less contractual power caused by manure surplus and being
constrained by the regulation, animal farmers have to cope with increased manure discharge cost. This leads to distortion in manure
markets pushing animal farmers to accept the oﬀered collection price
by manure-treaters and arable land owners, i.e., animal farmers pay to
discharge manure in arable lands. In turn, this causes an increase also in
meat and dairy products’ prices, thereby creating a drawback for the
Dutch economy [18]. Such a drawback triggers stakeholders to look for
alternative solutions for manure use, one of which is the production of
biogas from manure to generate electric and heat energy.
However, implementing cooperation between animal farmers and
potential biogas producers is not easy due to the above-mentioned
market conditions. Also the spatial, operational, and technological
variables might aﬀect the potential cooperation beneﬁts between animal farmers and biogas producers [22,23]. Few studies have

2. Theoretical background
This section contains two sub-sections. The Section 2.1 provides a
detailed and thorough review of the literature on bioenergy supply
chains (SC), in particular on manure-based bioenergy production. The
Section 2.2 focuses on Agent-based Modeling and its applications in the
ﬁeld of bioenergy production.
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nearest electricity production unit to generate electricity. Their ﬁndings
show that mobile biomass processing is economically feasible for the
Overijssel region while for larger regions its economic convenience
depends on how many times the mobile plant is set-up in diﬀerent locations within the region. De Jong et al. [59] used a geography-explicit
cost optimization model to analyze the impact of four cost reduction
strategies for second-generation biofuel production: (i) economies of
scale; (ii) intermodal transport; (iii) integration with existing industries;
and (iv) distributed SC conﬁgurations (i.e. the adoption of intermediate
pre-treatment steps to reduce biomass transport cost). Furthermore,
several optimization models for bioenergy SC design have been proposed. Jonker et al. [60] designed a linear optimization model to determine the optimal location and scale of bioenergy plants given the
projected spatial distribution of the expansion of biomass production
between 2012 and 2030 in the state of Goiás (Brazil). D’Amore and
Bezzo [61] used mixed integer linear programming model to simultaneously maximize economic and environmental beneﬁts of a bioethanol
SC in Northern Italy. The model allows to optimize the variables such as
geographical location of biomass to be collected, biomass production
rate and feedstock mix, technology selection, and facility location and
scale. Babazadeh et al. [62] proposed an integrated hybrid approach
based on data envelopment analysis and mathematical programming
techniques for the strategic design of a biodiesel SC in Iran based on
jatropha and waste cooking oil. The model optimizes the numbers, locations, and capacities of feedstock cultivation centers and waste
cooking oil collection centers, as well as bio-reﬁneries and distribution
centers. Mayerle and Neiva de Figueiredo [63] developed a methodology to design a SC that maximizes the economic performance and
minimizes the biomass transportation distances from numerous smallscale farms to the AD plant serving the region. The model allows to
identify: (i) the optimal schedule for biomass collection from each farm;
(ii) the optimal logistics and transportation system; and (iii) the optimal
position of a digestion plant relative to the farm locations. Miret et al.
[64] proposed a mixed integer linear programming model for determining the optimal SC design, facility location, process selection and
inventory policy. Their model is able to account for biomass seasonality, geographical availability, biomass degradation, conversion technologies, and ﬁnal product demand.
Most of the above-mentioned optimization models assume nominal
parameter values, leading to solutions that perform well only in the
most likely scenario or in a speciﬁc location, whilst in reality unexpected changes in the market conditions can occur over time. Since
such changes can strongly aﬀect the economic performance of SCs (e.g.,
[65–67]), recently some studies claim that the optimization of biomass
SCs should take into account the uncertainty in market conditions. In
this regard, Santibañez-Aguilar et al. [68] proposed a mathematical
programming model for the optimal planning of a bioenergy SC that
considers explicitly the uncertainty associated with the SC operations as
well as the associated risk. Similarly, Hu et al. [69] developed a cyberGIS approach to optimize biomass SCs under uncertainty caused by
a number of factors such as biomass yield, procurement prices, market
demand, transportation costs, and processing technologies. In particular, 7000 scenarios are evaluated by Monte Carlo simulation to
quantify the uncertainty and sensitivity impact of the above-mentioned
factors on bioenergy production costs and optimal biomass SC conﬁgurations in Illinois (USA). However, these studies do not consider SCs
composed of diﬀerent business entities, i.e., SCs where biomass production and bioenergy production reside to diﬀerent companies. In this
regard, it is widely acknowledged that SCs composed of diﬀerent
business entities can be implemented only if all involved entities have
shown willingness to cooperate [70–72]. Such a willingness highly
depends on adequate economic gaining induced by economic agreements (e.g., the internal exchange price of intermediate products) favorable for all involved companies [73–76].
For bioenergy SCs, the feedstock supply price is recognized as the
most important factor allowing the chain to be created, along with a

2.1. Manure-based bioenergy production and supply chains
The need to reduce fossil fuel consumption and greenhouse gas
(GHG) emissions triggered the production of bioenergy from various
types of feedstock of organic origin, such as food crops, agricultural
residues, forestry residues or municipal solid waste [25]. However, the
application of food crops for energy purposes, so-called ﬁrst-generation
bioresources, has been criticized, since it is recognized to be responsible
for increases in prices of food and animal feeds. Such critics have turned
the attention to alternative organic feedstocks, the so-called secondgeneration bioresources, which are not sourced from dedicated plantations directly competing for agricultural land. The production of
second-generation biofuels has been largely investigated from a technical, environmental, and economic point of view [16,26–34]. Within
the ﬁeld of second-generation biomass (SGB) processing, the energy
production from animal manure has been particularly explored. From a
technical point of view, manure-based bioenergy can be produced in
two diﬀerent ways: (i) producing biogas by anaerobic digestion (AD)
and (ii) producing biochar, bio-oil, and gases through pyrolysis
[35–38]. AD seems to be the most used technology, since it ensures the
highest performance from both environmental and economic perspectives [39].
From an operational perspective, the technical conditions of the AD
plant (e.g., [40–42]) and the joint use of diﬀerent types of feedstocks
and manure (e.g., [43,44]) inﬂuence the stability and performance of
biogas production. From an environmental point of view, Hamelin et al.
[45] claim that producing biogas from manure causes lower CO2
emissions than producing biogas from other types of feedstocks. Furthermore, several studies explore the economic and ﬁnancial viability
of biogas production from manure in diﬀerent countries. Some examples are Sweden [46], Ireland [23], Spain [47], Portugal [48], Italy
[16], Germany and France [49], China [50], the Netherlands [38], and
Canada [51]. In particular, the economic impact of market conditions
(e.g., amount of feedstock available, renewable electricity tariﬀ) was
investigated. Whilst in some cases market conditions can ensure high
proﬁtability for bioenergy production, in other cases they have a negative impact on the economic viability of bioenergy production.
Biogas produced through AD may be used for electricity, heat and
steam generation or to produce biomethane, which in turn can be injected into the natural gas grid or be used as fuel for transportation
[52,53]. In this regard, some studies claim that, in order to maximize
GHG mitigation, production of electricity from biogas is the best option
[54,55]. The environmental beneﬁts of producing electricity from
biogas instead of from fossil fuels are widely acknowledged [53,56,57].
Recently, instead of focusing on the production phase only, several
studies started to address the bioenergy supply chain (SC) as a whole,
i.e., all processes related to biomass production, collection, transport,
conversion into energy, and ﬁnal use of the produced energy. Designing
bioenergy SCs includes technical (e.g., selection of feedstock, process
technologies, bioenergy plant size, amount of feedstock used by the
plant), operational (e.g., centralized vs. decentralized production,
bioenergy plant location, biomass collection schedule and transportation), and economic (e.g., market competitiveness of bioenergy against
fossil-based energy) variables, in order to minimize production costs or
maximize proﬁts for the entire SC. In this regard, Yazan et al. [58]
investigated the sustainable design of a regional bioenergy SC processing lignocellulosic biomass in the province of Overijssel (Eastern
Netherlands). In particular, they compared the economic performance
of four scenarios shaped by spatial and technological variables: (i) a
mobile pyrolysis plant processes the locally available biomass on-site
into pyrolysis oil which is sent to a regional biofuel production unit for
upgrading to marketable biofuel; (ii) local biomass is collected and
transported to a regional pyrolysis-based biofuel production unit for
upgrading to a marketable biofuel; (iii) a mobile pyrolysis plant performs the on-site conversion to pyrolysis oil which is transported to an
oil reﬁnery outside the region; and (iv) collected biomass is sent to the
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and provides a decision support framework to the actors of manurebased biogas SCs.

number of political and spatial factors [77]. If a market for a particular
type of biomass does not exist, the exchange price has to be negotiated
between biomass producers and bioenergy producers. However, to the
best of our knowledge, no studies have investigated the cooperation
dynamics among actors within the manure-based biogas SC to compute
the manure exchange price (MEP) under diﬀerent operational scenarios. In particular, no studies have been carried out to understand
how the supply-demand mismatch for manure inﬂuences potential
business deals between manure suppliers and biogas producers.
Therefore, this paper proposes an Agent-based Model (ABM) that considers the business strategy of each SC actor inﬂuenced by a combination of the above-mentioned variables and provides decision support to
the practitioners to reveal the conditions for an economically sustainable business practice. The ABM proposed in this paper is a globally
applicable model that takes into account multiple variables and yields
diﬀerent results for the combination of diﬀerent geographical locations,
discharge regulations, subsidies, adopted technologies, and market
conditions.

3. The agent-based model for cooperation among animal farmers
and biogas producers
Cooperation among animal farmers (manure producers) and biogas
producers (manure users) aims at exploiting the manure for biogas
production. Such a cooperation can generate economic beneﬁts for both
actors: the animal farmer beneﬁts from reduction in manure disposal
costs and the biogas producer beneﬁts from electric energy and heat
sales. However, the cooperation may arise only if characterized by a
win-win condition, i.e., both parties should achieve an economic beneﬁt
that at least oﬀsets the costs of cooperation. In particular, biogas producers have to sustain relevant investment costs [104] and the obtained
economic beneﬁts should counterbalance such costs. Moreover, monetary ﬂows might exist between animal farmers and biogas producers,
depending on the contractual clauses associated with the manure exchange. In particular, three diﬀerent clauses can be adopted [76]: (i)
biogas producer pays animal farmer to purchase the produced manure;
(ii) animal farmer pays biogas producer to dispose of the manure; and
(iii) the exchange is for free. In absence of a manure exchange market,
the manure exchange price (MEP) has to be negotiated for each speciﬁc
relationship. In this regard, cooperation between animal farmers and
biogas producers arises only if the actors reach a mutually beneﬁcial
agreement.
The ABM presented in this section simulates the interaction between
two kinds of agents, animal farmers i ∈ F and biogas producers j ∈ B ,
with F and B representing the sets of farmers and biogas producers,
respectively. Let us assume that |F| = N farmers and |B| = M biogas
producers exists in a given area. Each farmer i is characterized by
manure production capacity Pi, standing for the amount of manure
generated per year. Each biogas producer j is characterized by the
production capacity Pj, standing for the maximum amount of manure
that it can yearly process to produce electric energy and heat via
anaerobic digestion (AD). Accordingly, the total amount of produced
manure by farmers (PM), as well as the total amount of required
manure by biogas producers (RM), are computed by:

2.2. The agent-based modeling approach
Agent-based modeling is a suitable approach to study complex
systems consisting of autonomous decision-making entities, such as
production networks and SCs. Accordingly, each entity is modeled as an
independent agent, which is provided with: (i) a set of goals it has to
accomplish through the interaction with other agents and the environment; and (ii) a set of rules of social engagement, driving such
interactions [78,79]. The system behavior spontaneously emerges from
the interactions between the agents, and between the agents and the
environment, rather than to be deﬁned by the modeler [80]. The interactions between agents are often complex and nonlinear; therefore,
patterns, structures, behaviors, and phenomena that are not explicitly
programmed in the model can emerge spontaneously [80]. Accordingly, through these models, researchers are able to consider aspects
which cannot be investigated by analytical models [81]. In an ABM,
decision rules must be as realistic and accurate as possible, otherwise
simulations may lead to misconceived results [82].
Applications of ABM span a broad range of disciplines such as
marketing [83], economic systems [84,85], ﬁnance [86,87], manufacturing [88,89], SCs [90–92], and energy production and management [93–95]. The dynamic nature of ABM makes it suitable for
studying the outcomes of collaborative relationships among agents
[96]. In this regard, relationships among ﬁrms involved in the same SC
have been investigated, with the aim to design the contractual clauses
that are able to optimize the SC performance [88] or to equally share
beneﬁts from cooperation between ﬁrms [76,97].
ABM is recognized as an appropriate methodology to investigate
cooperation among actors in bioenergy SCs as it considers the heterogeneity of the actors (i.e., agents) and proposes a self-organizing system
[80,98]. Several contributions can be found in the literature. Shastri
et al. [99] analyzed the dynamics of the adaptation of Miscanthus as an
agricultural crop and its impact on bioreﬁnery capacity in Illinois.
Alexander et al. [100] modeled the UK perennial energy crop market,
including the contingent interaction of supply and demand, to understand the spatial and temporal dynamics of energy crop adoption. Sorda
et al. [101] investigated how changes in the support scheme may aﬀect
electricity generation from agriculture-based combined heat and power
biogas plants in Germany. Singh et al. [102] simulated the corn markets
in Illinois, to investigate the dynamic corn prices arising from the interactions between producers and users. Mertens et al. [103] explored
the eﬀect of market context on the purchase of local biomass for
anaerobic digestion (AD) in Belgium. Moncada et al. [92] investigated
the eﬀect of institutions on the emergence of biofuel SCs in Germany.
However, up to the best knowledge of the authors, no studies exist
adopting the ABM approach for manure-based bioenergy SCs. Our
paper ﬁlls this gap in the literature from a methodological perspective

N

PM =

∑

Pi

(1)

i=1

M

RM =

∑

Pj
(2)

j=1

In the absence of cooperation (basic scenario), each farmer has to
dispose of the produced manure. Hence, the generic farmer i pays
manure discharge cost DC (i) = dc ·Pi , where dc is the unit discharge cost
per ton of manure. Moreover, in the basic scenario, biogas producers do
not obtain revenues from selling electric energy and heat. For this
reason, the generic biogas producer j is interested in using the manure
produced by farmers to generate energy: accordingly, its ultimate goal
is to obtain economic beneﬁts from the cooperation. To achieve this
goal, j can cooperate with n ≤ N farmers; in turn, each farmer can
cooperate with m ≤ M biogas producers.
When j tries to establish cooperation with i, the quantity of manure
to be potentially exchanged is deﬁned as the minimum between the
current manure demand by j, i.e., Rj, and the current amount of manure
that i is able to send to j, i.e., Ri.

Q (i → j ) = min{Rj;Ri}
N
Pj− ∑i = 1;i ≠ j

(3)

Q (i → j ) . Accordingly, Rj is equal to Pj if
Obviously Rj =
j is currently not receiving manure from other farmers, whereas it is
lower than Pj if j is currently cooperating with other farmers. Similarly,
N
it results that Ri = Pi− ∑ j = 1;j ≠ i Q (i → j ) . Accordingly, Ri is equal to Pi if i
is not sending manure to other biogas producers, whereas it is lower
823

Applied Energy 212 (2018) 820–833

D.M. Yazan et al.

stemming from cooperation with j. These beneﬁts are computed by i in
the form of a mark-up MK(i, t) on its costs associated to the case of nocooperation (Eq. (6)). This is a comparative approach between cooperation and non-cooperation cases because if the farmers cannot
achieve business with biogas producers, then the current market conditions apply for them, i.e., DC must be paid. The ABM considers the
biogas producers as the ﬁrst proposers because animal farmers are already facing the drawback of existing regulations on DC. Relative markup values are speciﬁcally considered in the ABM as each farmer has the
autonomy of deﬁning a threshold to be engaged in business with biogas
producers.

than Pi if i is currently cooperating with other biogas producers.
In order to cooperate with i, j has to sustain investment costs CI(j →
i) [22,104], and its economic return on investment ROI(j → i), is computed as follows [105]:
15

ROI (j → i) =

CF (j → i,t )
1
⎡
⎤
−CI (j → i)⎥
· ∑
CI (j → i) ⎢ t = 1 (1 + r )t
⎣
⎦

(4)

where 15 years of investment life time is assumed [104]. The parameter
r stands for the actualization rate, while CF(j → i, t) is the cash ﬂow at
year t resulting from the cooperation with F(i). In particular, such a
cash ﬂow is computed by using the following equation [105]:

MK (i,t ) =

CF (j → i,t ) = [RE (j → i,t ) + RH (j → i,t ) + RI (j → i,t )]
−[CT (j → i,t ) + CO (j → i,t )]−MEP (j → i,t )·Q (j → i)

DC (i,t )−{dc ·[Ri−Q (i → j )] + MEP (j → i,t )·Q (i → j )}
DC (i,t )

(6)

(5)
DC(i, t) is the cost that i sustains in the absence of cooperation, while
{dc ·[Ri−Q (i → j )] + MEP (j → i,t )·Q (i → j )} is the cost sustained by i
when it is cooperating with j. This is the summation of the saved discharge costs and the MEP paid/requested by j. i is interested to cooperate with j only if it obtains a suﬃcient mark-up on its costs associated to the basic scenario, i.e., if MK(i, t) is higher than a threshold
value. In the opposite case, i will prefer to not cooperate with j and it
will wait for the oﬀer of another biogas producer, hoping to obtain
better conditions. In this case, j looks for another farmer and tries to
establish a cooperation with it, whereas i becomes available to receive
proposals from other biogas producers, hoping to obtain better conditions. The generic biogas producer j tries to establish cooperation with
farmers until it reaches the production capacity Pj.

All revenues and costs in Eq. (5) are deﬁned in Table 1 [22].
We assume that all costs, except for the MEP, are sustained by j in
case of cooperation. On the other hand, the MEP stems from contractual
clauses related to the manure exchange and is representative for how
the overall economic beneﬁts from the transaction are shared between
the agents. MEP(j → i, t) is higher than zero if j pays i to purchase the
manure. On the contrary, MEP(j → i, t) is lower than zero if i pays j to
dispose of its manure. Finally, MEP(j → i, t) is equal to zero if the
manure exchange is for free. j is interested to cooperate with i only if it
realizes a suﬃcient return on investment (ROI), i.e., if the ROI is higher
than a threshold value. In the opposite case, such an investment is
evaluated as not rewarding by j; accordingly, j is not interested to cooperate with i and it will try to cooperate with another farmer.
To reveal the role of ﬁve variables highlighted in the introduction,
scenarios are constructed based on the combination of these variables.
Hence, the Agent-Based Simulation is conducted to evaluate the conditions for forming the SGB market. When the simulation starts, j proposes to i to exchange Q (i → j ) units of manure and a MEP that would
make the relationship beneﬁcial for itself, allowing to guarantee the
threshold ROI by j. The MEP proposed by j aﬀects the beneﬁts for i

4. The Overijssel case example
This section is divided into two sub-sections, one providing the
description of the case example and the latter explaining the scenario
design.

Table 1
Revenues obtained and costs sustained by the biogas producer in case of cooperation in year t.
Revenue or
cost

Description

Formula

Parameter description

RE (j → i, t)

Revenues in year t from electric energy sales produced
from the manure obtained from i by biogas producer j

RE (j → i,t ) = by·Q (i → j )·cre·ep

RH (j → i, t)

Revenues in year t from heat sales produced from the
manure obtained from i by biogas producer j

RH (j → i,t ) = by·Q (i → j )·crh·ep

RI (j → i, t)

Revenues in year t from incentives to energy
production from the manure obtained from i by biogas
producer j

RI (j → i,t ) = by·Q (i → j )·cre·gi

CT (j → i, t)

Transportation costs in year t related to the manure
exchanged between j and i

CO (j → i, t)

Operating costs of biogas plant j in year t due to
electricity and heat production from the manure
exchanged with i

CO (j → i,t ) = by·Q (i → j )·cre·rc

CI(j → i)

Investment in the biogas plant j to process the manure
supplied by animal farmer i

CI (j → i,t ) = Q (i → j )·by·cre ·cc

by = biogas yield [m3 biogas/t manure]
cre = conversion rate electricity-biogas
[kW h/m3]
ep = electricity price [€/kW h]
by = biogas yield [m3 biogas/t manure]
crh = conversion rate heat-biogas
[kW h/m3]
hp = heat price [€/kW h]
by = biogas yield [m3 biogas/t manure]
cre = conversion rate electricity-biogas
[kW h/m3]
gi = government incentive for energy
production [€/kW h]
d(i → j) = distance from farmer i to
biogas producer j [km]
av = average velocity [km/h]
ct = transportation cost per hour [€/h]
tl = truck load [t]
by = biogas yield [m3 biogas/t manure]
cre = conversion rate electricity-biogas
[kW h/m3]
rc = running cost [€/kW h]
by = biogas yield [m3 biogas/t manure]
cre = conversion rate electricity-biogas
[kW h/m3]
cc = capital cost of the biogas plant
[€/kW h]

MEP (j → i, t)

Manure exchange price paid by j to i in year t

The value of MEP stems from negotiation between farmers
and biogas producers

CT (j → i,t ) =

Q (i → j )·di (i → j )·ct
tl·av
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4.1. Case description

Table 2
Swine manure surplus in 19 municipalities of Overijssel [106].

Overijssel is located in the eastern Netherlands (Fig. 1) and is one of
the regions where animal farming is highly intensive. In Overijssel, there
are 19 municipalities with swine manure surplus (Table 2). The Bioenergy Atlas of the Overijssel Region provides the quantities of swine
manure surplus at municipality level [106]. In this section, the potential
use of the excess manure in biogas production is evaluated. It is assumed
that each municipality employs the available surplus in one biogas plant
within the municipality and the manure is dispersed among animal farms
with diﬀerent scales. The distance between a farm and biogas plant
implemented within the same municipality is a random value between 0
and 15 km, in line with the region’s territorial size. We aim to understand
whether biogas production is economically feasible for diﬀerent scales of
hypothetical biogas plants receiving manure from dispersed farmers
within the municipality with diﬀerent distances.
To design the agent-based model (ABM), we consider a generic
municipality where N farmers produce manure and one biogas producer
is available to use it for electric energy and heat production. In line with
the current situation in the Dutch manure market as explained in
Section 1, we assume no manure transportation between municipalities
as the manure processing capacity of one biogas plant is assumed to be
equal to the manure surplus of the municipality where it is located. This
means that in each municipality, one biogas plant absorbs the manure
surplus and accordingly we can evaluate the impact of plant scale on
the sustainability of the business. Such a model allows us also to understand the eﬀect of manure regulations in case there is no manure
supply-demand mismatch. Contrary to the generic ABM, the presence of
only one biogas producer in one municipality does not allow the
farmers to receive oﬀers from biogas producers located in other municipalities. This is motivated by the fact that the capacity of a biogas
plant is designed based upon the available surplus within the municipality. Accordingly, we can also understand how the economies of scale
inﬂuence the one-to-one cooperation conditions.

Municipality

Manure surplus
[tons/year]

Municipality

Manure surplus
[tons/year]

Zwolle
Dalfsen
Ommen
Olst-Wijhe
Raalte
Hellendoorn
Wierden
Almelo
Vriezenveen
Tubbergen

11,959
60,411
39,009
26,978
117,211
52,713
29,045
34,291
1583
84,990

Deventer
Rijssen-Holten
Hof van Twente
Borne
Denekamp
Losser
Oldenzaal
Haaksbergen
Hengelo

12,768
28,441
160,709
3231
68,892
3171
1739
54,373
2143

factors that inﬂuence the cooperation among farmers and biogas producers. These factors aﬀect the economic beneﬁts for each agent in case
of cooperation as well as their willingness to cooperate. We investigate
the impact of ﬁve factors: (i) governmental incentives for energy production by manure; (ii) the threshold return on investment (ROI) by
biogas producers; (iii) manure discharge cost; (iv) the threshold markup by farmers; and (v) the geographical distribution of farmers within
the municipality.
For the biogas producers, revenues from electricity sales are aﬀected
by the subsidy provided by the government to renewable energy producers. Biogas production receives an incentive of 7–15 eurocents/kW h
depending on the eﬃciency of technology used in the plant and it is an
important economic parameter for the biogas plant to compete with
fossil energy markets [18]. Ceteris paribus, the higher the obtained
subsidy, the higher the revenues from selling electric energy will be. We
investigate cooperation for three diﬀerent levels of incentives: 0.07 €/
kW h, 0.11 €/kW h, and 0.15 €/kW h. Moreover, the economic performance of biogas producers is also aﬀected by the threshold ROI of
energy production from manure. This parameter is representative for
the minimum beneﬁt that biogas producers want to obtain from the
cooperation: the higher the threshold ROI, the higher the threshold
economic return will be. We consider three levels of ROI: 10%, 20%,
and 30%, in line with the fact that agents are autonomous in decision-

4.2. Scenarios design
In this subsection, we present the spatial, economic, and regulatory

Fig. 1. Map of the Overijssel region and manure
quantities per each municipality [106].
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processed manure quantities. Nine scenarios are evaluated and an EROI
for each scenario is computed. Table 5 summarizes the operational
parameters used for the computations. Results are presented in the next
section.

making and each of them might have diﬀerent proﬁt expectations.
For the farmers, the manure discharge cost aﬀects their economic
performance. Caused by environmental regulations for surplus manure
discharge, manure discharge cost to arable lands might reach to 30 €/t,
depending on the distance between farmers and arable lands where the
manure is discharged, as well as on the seasonality in manure-based
fertilizer application to arable lands. In fact, manure discharge cost
usually increases during the period of 1 September till 30 January when
the manure application to arable land is prohibited [107]. We consider
three levels of manure discharge cost: 0 €/t, 15 €/t, and 30 €/t. Using a
minimum discharge cost of 0 €/t helps us to understand the role of the
manure discharge regulation in the market, while 30 €/t is the extreme
case when the manure is transported over long distances during the
period of 1 September till 30 January. In turn, the manure discharge
cost is decisive for the threshold mark-up for farmers. Similar to the
threshold ROI for biogas producers, this parameter is representative for
the minimum economic beneﬁt that farmers want to obtain from the
cooperation: the higher the minimum mark-up desired by farmers, the
higher the economic beneﬁt will be if the cooperation is implemented.
We investigate the cooperation conditions when the threshold mark-up
is equal to 5%, 10%, and 15% of the discharge cost in arable lands
incurred in the no-cooperation scenario. In addition, the number and
spatial distribution of the farmers with diﬀerent scales within a municipality are also critical factors inﬂuencing the cooperation decisions.
Hence, we address the role of transportation for both non-cooperation
and cooperation cases, combined with other factors. Numerical values
of the investigated parameters are displayed in Table 3.
Referring to the spatial distribution of farmers, the manure can be
produced by only one big farm (producing all the manure of the municipality) or conversely by many small farms (each of them producing
a small percentage of the total produced manure) or by a combination
of diﬀerent scale farms within a given municipality. We consider nine
farm sizes, each of which produces a diﬀerent percentage of the total
manure generated within the municipality (Table 4).
Thus, 2909 diﬀerent combinations of farm dispersion are possible,
ranging from one farmer producing 100% of the total manure to 40
small farmers each producing 2.5% of the total manure generated
within a municipality. In particular, to simulate the spatial dispersion of
these farms within the municipality, each farm has a random distance
to the biogas plant ranging from 0 to 15 km.
By combining the above-mentioned parameters, 3 subsidy values for
electricity production from renewable sources times 3 threshold ROI
values by biogas producers times 3 manure discharge cost values times
3 threshold mark-up values by farmers times 2909 combinations of
farm dispersion results in 235,629 diﬀerent scenarios for each municipality. Within a scenario, the locations of the farms are generated
randomly, i.e., the distance between each farm and the biogas producer
is random. To provide accurate results, we perform 30 replications for
each scenario, which is suﬃcient to reach a relative error of at most
0.1% with a conﬁdence level of 99%. The simulation was coded in
Matlab and simulations were performed using Matlab R2015a. Two
outcomes are computed in each simulation: (i) the annual economic
beneﬁt (per ton manure exchanged) for animal farmer and biogas
producer resulting from each cooperation between an animal farmer
and a biogas producer; and (ii) the manure exchange price (MEP) for
each relationship. The ﬁrst outcome is representative for the overall
beneﬁts obtainable from cooperation. The overall economic beneﬁts are
computed as the sum of the beneﬁts for the biogas producer (stemming
from the gains on the investment) and the beneﬁt for farmers (stemming from the savings on manure disposal costs and additional revenues, i.e., when the biogas producer pays farmers to receive the
manure). The second outcome provides information about how these
beneﬁts are shared among the agents: the higher the MEP, the higher
the economic beneﬁt for farmers, ceteris paribus. In addition to the total
economic beneﬁts and MEP, also the Energy Return on Investment
(EROI) is computed for a combination of transportation distances and

5. Results
In this section, we provide the results under four sub-sections. In the
Section 5.1, we summarize the conditions that enable market formation
for manure destined to bioenergy production. Manure exchange price
(MEP), total economic beneﬁts created, and energy return on investment (EROI) are respectively provided in the Sections 5.2–5.4.

5.1. Conditions for the implementation of manure markets
For each municipality, the overall amount of economic beneﬁts
created by the cooperation mainly depends on the amount of manure
surplus in that municipality, ceteris paribus: the higher the exchanged
manure quantity, the higher the overall economic beneﬁts created by
cooperation. For this reason, we present the economic beneﬁts stemming from cooperation per unit of exchanged manure.
The eﬀect of diﬀerent combinations of farm dispersion varies among
municipalities, depending on their manure surplus quantities. In particular, we ﬁnd diﬀerent results for quantities lower than 10,000 t (i.e.,
small-scale plant), between 10,000 t and 20,000 t (i.e., medium-scale
plant), or higher than 20,000 t (i.e., large-scale plant). This eﬀect is due
to the economies of scale in biogas plant investments.
All the investigated factors, except for the threshold mark-up for
farmers, aﬀect at least one outcome. This means that when the cooperation takes place, the mark-up on costs obtained by farmers always
exceeds 15% (i.e., the cooperation is always convenient for farmers),
whereas when the cooperation does not occur, the mark-up is always
lower than 5% (i.e., the cooperation is never convenient for farmers).
Results (Tables 6 and 7) show that in some scenarios not even one
relationship is created, meaning that the manure market cannot be
established. In particular, the market is not created under the following
conditions: (i) manure discharge cost is 0 €/t, incentives for energy
production are 0.07 €/kW h, and the amount of available manure is
lower than 10,000 t/y; (ii) manure discharge cost is 0 €/t, incentives for
energy production are 0.07 €/kW h, the threshold ROI by biogas producers is 30%, and the amount of available manure is lower than
20,000 t/y: (iii) manure discharge cost is 0 €/t, incentives for energy
production are 0.11 €/kW h, the threshold ROI by biogas producers is
30%, and the amount of available manure is lower than 10,000 t/y. In
these scenarios, the market is not realized because the highest MEP the
biogas producer is willing to oﬀer is lower than the lowest MEP that
farmers are willing to accept. Therefore, since agents do not agree on
the MEP, no cooperation is created among them.
In all other scenarios, the manure market is created and the exchanged manure quantity is equal to the available quantity within the
municipality.
Table 3
Factors whose impact on the cooperation between farmers and biogas producers is investigated.
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Agent

Factor

Values

Biogas producers

Incentive for energy
production by manure
[€/kW h]
Threshold ROI (fraction)

0.07; 0.11; 0.15

Animal farmers

Manure discharge cost [€/t]
Threshold mark-up (fraction)
Distribution within the
municipality

0; 15; 30
0.05; 0.1; 0.15
Ranging from many small
farmers to one large farmer

0.1; 0.2; 0.3
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Table 6
Manure exchange price for diﬀerent scenarios (Gray cells display scenarios where the
market is not created; green cells display scenarios where biogas producer pays farmers;
blue cells display scenarios where farmers pay biogas producer).

Table 4
Swine farm compositions according to their contribution to the total supply in a municipality.
Dimensional classiﬁcation of farms

% of manure produced

Big farms

100
50
25

Medium farms

20
15
10

Small farms

7.5
5
2.5

Table 5
Operational parameters used for computations.
Biogas yield
Conversion rate electricity-biogas
Electricity price
Conversion rate heat-biogas
Heat price
Average velocity
Transportation cost per hour
Truck load
Running cost
Capital cost of the biogas plant

by
cre
ep
crh
hp
av
ct
tl
rc
cc

Hours of activity per year

h

36.9 [m3/t]
1.7 [kW h/m3]
0.056 [€/kW h]
2138 [kW h/m3]
0.0033 [€/kW h]
60 [km/h]
75 [€/h]
30 [t]
0.019 [€/kW h]
6510 [€/kW h]
if Q(i) < 10,000 t
4976 [€/kW h]
if 10.000 t ≤ Q(i) < 20,000 t
3441 [€/kW h]
if Q(i)≥20,000 t
7200 [h]

5.2. Manure exchange price
Table 6 shows the MEP resulting from the negotiation between
farmers and biogas producers and the variables aﬀecting the price.
Depending on the speciﬁc environmental conditions, the MEP
ranges from −3.33 €/t (farmers pay the biogas producer) to 7.03 €/t
(biogas producer pays farmers). In particular, farmers pay the biogas
producer under the following conditions: (i) manure discharge cost is
not lower than 15 €/t, incentives for energy production are 0.07 €/
kW h, the amount of exchanged manure is lower than 20,000 t/y, and
the threshold ROI by the biogas producer is not lower than 20%; (ii)
manure discharge cost is at least 15 €/t, incentives for energy production are 0.11 €/kW h, the threshold ROI by the biogas producer is not
lower than 20%, and the amount of exchanged manure is lower than
10,000 t/y; (iii) manure discharge cost is at least 15 €/t, incentives for
energy production are 0.07 €/kW h, the threshold ROI by the biogas
producer is 10%, and the amount of exchanged manure is lower than
10,000 t/y. Under all the other conditions, the biogas producer pays the
farmers. The MEP is mainly aﬀected by the threshold ROI of the biogas
producer, the incentive to the energy production from manure, and the
manure exchanged quantity. In particular:

– The higher the exchanged manure quantity, the higher the MEP is,
ceteris paribus (Fig. 2c). This is because the investment costs for the
biogas producer are aﬀected by economies of scale. Hence, when the
amount of exchanged manure is high, the biogas producer is able to
pay a higher price to farmers to receive the manure, ceteris paribus.
In particular, when the manure quantity is higher than 20,000 t, the
MEP is always positive, i.e., the biogas producer pays farmers to
purchase their manure.
Furthermore, we ﬁnd that the manure discharge cost only aﬀects the
decision of agents to start the cooperation but it does not aﬀect the
MEP. In fact, when the manure discharge cost is higher than zero
(presence of manure discharge regulation), the cooperation starts only
if the biogas producer is willing to pay farmers to receive the manure. In
the opposite case, farmers will prefer to dispose of the manure.
Moreover, no diﬀerences in the MEP are found between scenarios
characterized by manure discharge cost equal to 15 €/t and 30 €/t,
ceteris paribus.

– The higher the threshold ROI of the biogas producer, the lower the
MEP is, ceteris paribus (Fig. 2a). In fact, a higher ROI means that the
biogas producer wants to obtain higher economic beneﬁts from the
cooperation; hence, it is able to pay a lower price to farmers (when
MEP > 0), or in some cases it wants to be paid to receive the
manure (when MEP < 0);
– The higher the incentive to the energy production from manure, the
higher the MEP is, ceteris paribus (Fig. 2b). Since economic incentives increase the revenues for the biogas producer, ceteris paribus, it will be able to pay a higher price to farmers to receive their
manure;

5.3. Economic beneﬁts of the cooperation
Table 7 shows the economic beneﬁts stemming from the cooperation between farmers and biogas producers, as well as the variables
aﬀecting these beneﬁts.
The economic beneﬁts created by the cooperation mainly depend on
the manure discharge cost, the exchanged manure quantity, and the
incentives for energy production from manure. In particular:
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Table 7
Yearly economic beneﬁts created per ton of exchanged manure (the symbol “–” means that no cooperation arises in the correspondent scenario).
Economic beneﬁt generated per unit of exchanged manure [ € ]

Scenarios
Manure discharge cost
[€/t ]

Desired ROI for biogas
producers

Incentives for electricity production from
manure [€/kW h]

Q < 10,000

10,000 ≤ Q < 20,000

Q ≥ 20,000

0

0.3

0.07
0.11
0.15
0.07
0.11
0.15
0.07
0.11
0.15

–
–
€
–
€
€
–
€
€

5.07
7.58

–
€
€
€
€
€
€
€
€

5.97
8.48
4.02
5.97
8.48
3.73
5.96
8.48

€
€
€
€
€
€
€
€
€

4.35
6.86
9.37
4.35
6.86
9.37
4.35
6.86
9.37

0.07
0.11
0.15
0.07
0.11
0.15
0.07
0.11
0.15

€
€
€
€
€
€
€
€
€

17.57
20.08
22.59
17.57
20.08
22.59
17.57
20.08
22.59

€
€
€
€
€
€
€
€
€

18.46
20.97
23.48
18.46
20.97
23.48
18.46
20.97
23.48

€
€
€
€
€
€
€
€
€

19.35
21.86
24.37
19.35
21.86
24.37
19.35
21.86
24.37

0.07
0.11
0.15
0.07
0.11
0.15
0.07
0.11
0.15

€
€
€
€
€
€
€
€
€

32.57
35.08
37.58
32.57
35.07
37.58
32.57
35.08
37.58

€
€
€
€
€
€
€
€
€

33.46
35.97
38.48
33.46
35.97
38.48
33.46
35.97
38.48

€
€
€
€
€
€
€
€
€

34.35
36.86
39.37
34.35
36.86
39.37
34.35
36.86
39.37

0.2

0.1

15

0.3

0.2

0.1

30

0.3

0.2

0.1

– The higher the manure discharge cost, the higher the economic
beneﬁts generated per ton of manure are, ceteris paribus (Fig. 3a).
These beneﬁts are mainly in favor of the farmers, in form of higher
reduction in manure discharge cost, ceteris paribus;Fig. 4
– The higher the incentive for energy production from manure, the
higher the economic beneﬁts generated per ton of manure are, ceteris paribus (Fig. 3b). These beneﬁts are mainly in favor of the
biogas producers, in form of higher revenues from selling electric
energy;
– The higher the amount of exchanged manure between one farmer and
the biogas producer, the higher the economic beneﬁts generated per
ton of manure are, ceteris paribus (Fig. 3c). These beneﬁts are for
both farmers and biogas producers.

7.59
5.44
7.59

scale plant.

6. Discussion
Manure has an economic value of 8–10 €/t in terms of mineral organic value and 4–6 €/t in terms of energy value. So, unless a noticeable
supply-demand unbalance occurs, animal farmers might recover an
average value of 14 €/t from manure [18]. Our ﬁndings show that
manure can locally be priced between −3.33 €/t (farmers pay a biogas
producer) and 7.03 €/t (biogas producer pays farmers), which is in line
with the economic energy value of manure. However, in the current
situation, the huge supply-demand unbalance and regulations imposed
on animal farmers cause a double disadvantage for animal farmers who
are currently paying prices between 15 and 23 €/t for manure discharge
in the Netherlands. Indeed, we observe that regulation for manure
discharge already causes a signiﬁcant increase of manure prices that are
paid as discharge cost by animal farmers. However, if the demand can
absorb the supply, also the animal farmers may have economic beneﬁts
in terms of proﬁt rather than cost reductions.
Our case study design is implemented without considering the
supply-demand unbalance to observe what would happen in case the
demand absorbs the supply. Accordingly, we can notice the diﬀerences
between the scenarios analyzed and the current state. Summarizing the
eﬀects of the analyzed factors, the presence of incentives provides
economic contributions not only for biogas producers but also indirectly for animal farmers. In fact, when the incentive is high, also
animal farmers obtain beneﬁts in terms of cost reduction or proﬁt.
When the threshold ROI for biogas producers increases, the economic
beneﬁt for farmers reduces. However, this can be compensated by using
more eﬃcient technology, which means higher incentives (Table 3).
The exchanged manure quantity is decisive for launching the cooperation as we notice from our ﬁndings that cooperation is hardly
achieved when the manure quantity is lower than 10,000 t. Higher
discharge cost for animal farmers causes loss of power in contracting,

Finally, we ﬁnd that the threshold ROI for the biogas producer only
aﬀects the decision of agents to start the cooperation but it does not
aﬀect the total economic beneﬁt stemming from such a cooperation.
Fig. 4 summarizes the eﬀect of each investigated parameter, ceteris
paribus, on the performance measures.

5.4. Energy return on investment
Following Yazan et al. [22], the Energy Return on Investment
(EROI) is also computed. Plant scale and transportation distances are
two main factors inﬂuencing the EROI of a scenario. Hence, we apply
sensitivity analysis to these variables. Three values for transportation
distance (2, 10, and 30 km) and three values for plant-scale (5000,
20,000, and 100,000 tons) lead to nine combinations as shown in
Table 8. Expectedly, when the transportation distance increases, the
EROI decreases. On the other hand, when plant-scale increases, the
EROI increases as well. However, results ﬂuctuate in a small range with
a minimum EROI of 1.75 and a maximum EROI of 2.10. Therefore,
EROI values are satisfactory even for the worst scenario where the
farms are dispersed and provide low quantity of manure to the small828
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2.65

MEP [€/t]

€2.50

economic beneĮts created per
unit of exchanged manure
[€/t]

€3.00

2.13

€2.00

1.63

€1.50
€1.00
€0.50
€-

0.1

0.2

€40.00

35.97

€35.00
€30.00
€25.00

20.57

€20.00
€15.00
€10.00

5.41

€5.00
€-

0

0.3

15

threshold ROI by biogas producer

(a)
economic beneĮts created per
unit of exchanged manure
[€/t]

(a)
4.5

€5.00

MEP [€/t]

€4.00
€3.00

2.05
€2.00
€1.00

-0.13

€-

0.07
€(1.00)

0.11

0.15

economic beneĮts created per
unit of exchanged manure
[€/t]

4.1

€4.00
€3.50

MEP [€/t]

€20.00

€3.00
€2.50

20.79

23.48

18.07

€15.00
€10.00
€5.00
€-

0,07

0.11

0,15

incenƟves fro energy producƟon from manure
[€/kWh]

(b)

(b)

2.07

€2.00
€1.50
€1.00
€0.50

€25.00

incentives from energy production from manure
[€/kWh]

€4.50

30

manure discharge cost [€/t]

0.24

€22.50

21.86

€22.00
€21.50

20.87

€21.00
€20.50
€20.00

19.62

€19.50
€19.00
€18.50

Q<10,000

10,000чQ<20,000

Qш20,000

manure exchanged quanƟty [t]

(c)

€-

Q<10,000

10,000≤Q<20,000

Q≥20,000

Fig. 3. Average amount of economic beneﬁts created per ton of exchanged manure,
computed from all the simulated scenarios, as a function of diﬀerent levels of manure
discharge cost (a), incentives for energy production from manure (b), and amount of
exchanged manure between one farmer and the biogas producer (c), ceteris paribus.

manure exchanged quantity [t]

(c)
Fig. 2. Average manure exchange price, computed from all the simulated scenarios, as a
function of diﬀerent levels of threshold ROI by the biogas producer (a), incentives for
energy production from manure (b), and amount of exchanged manure between one
farmer and the biogas producer (c), ceteris paribus.

leading to a lower manure exchange price (MEP).
The impact of transportation on cooperation is embedded in the
manure discharge cost and in the dispersion of farmers. If there is no
supply-demand mismatch then, under the presence of environmental
regulations for manure discharge, the higher the distance to the arable
land, the higher the beneﬁt for animal farmers in case of cooperation,
i.e., other factors provide economic beneﬁts. If the other factors do not
provide an economically convenient situation, the transportation distance to the arable land has a negative impact on the implementation of
the cooperation. Furthermore, in the case of cooperation, a short distance between 0 and 15 km allows the farmers and the biogas producer
to create higher beneﬁts within a municipality. We can observe that
such short distances do not matter for the total economic beneﬁts

Fig. 4. Impact of the investigated parameters on the manure exchange price and the
economic beneﬁts generated per ton of exchanged manure. The symbol (+) stands for a
positive eﬀect whereas the symbol (−) stands for a negative eﬀect.
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higher technology levels (0.07, 0.11, and 0.15 €/kW h produced). Accordingly, any ﬂuctuations on technical outcomes or governmental
incentives in diﬀerent geographical areas do not inﬂuence the working
of the ABM proposed in this paper (but it does inﬂuence the outcomes).
In contrast, the model is applicable to any geographical and technological context to enhance the cooperation between animal farmers and
biogas producers and support the creation of second-generation biomass (SGB) markets adopting diﬀerent technologies.
Uncertainty associated to modeling. The most relevant uncertainty
issue might technically appear because of the seasonality of manure
use. However, the seasonality impact is also addressed in the ABM by
considering diﬀerent levels of manure discharge cost, i.e., 0–30 €/ton.
Considering the case- and site-speciﬁcity of SGB, we simulate all the
factors taken into account in a range, e.g., 0–15 km of transportation
distance and 0–160,709 tons of manure. Indeed, a practitioner should
ﬁrst locate itself in one of the combination scenarios and then reﬂect on
the proposed pricing strategy, which signiﬁcantly reduces the uncertainty in the negotiation phase.
The presence of natural gas in the market. As biogas is capable of
substituting natural gas, it can be a good alternative for countries that
do not possess natural gas reserves. However, producing biogas from
manure becomes economically viable only if incentives are provided
and technical issues are solved regarding the injection of biogas to
natural grids. This is an issue beyond the scope of this paper, which
concentrates on proposing a global decision support framework to facilitate the implementation of SGB markets.
Potential conﬂict of interest among actors. The ABM proposed in this
paper takes into account the competitive nature of liberal markets by
modeling each agent as autonomous. This means that, triggered by
competitiveness, each actor has the chance of accepting or declining a
MEP oﬀer based on its own interest. Such an interest is reﬂected in
mark-up values for animal farmers and ROI values for biogas producers.
Indeed, a cooperation might economically be feasible for one actor
while it does not pay-oﬀ for the other one. In fact, our ﬁndings conﬁrm
the formation of a liberal market where some potential cooperation
opportunities do not realize due to the autonomous moves of the actors
while there are also cases that pay-oﬀ for both sides leading to a mature
market. Potential conﬂict of interests might also emerge caused by the
presence of other actors in the (potential) market such as bioenergy
producers adapting pyrolysis for manure processing or the ones using
other technologies employing other types of biomass. This would
trigger further research on the regional competition of bioenergy supply
chains (SC) aimed to be conducted by the authors of this paper.

Table 8
Energy return on investment (EROI).
Biogas plant
scale [tons of
manure]

Transportation
distance [km]

Energy
output
[GJ]

Energy
input [GJ]

Energy return
on investment

100,000

30
10
2

69,087
69,087
69,087

34,969
33,506
32,921

1.98
2.06
2.10

20,000

30
10
2

13,817
13,817
13,817

7287
6887
6728

1.90
2.01
2.05

5000

30
10
2

3454
3454
3454

1978
1822
1759

1.75
1.90
1.96

created but only cause small changes in MEP. Hence, if there was no
supply-demand mismatch, transportation costs would not be a signiﬁcant obstacle to implement cooperation at a local level between
animal farmers and biogas producers. However, such a signiﬁcant
supply-demand mismatch currently causes a considerable increase in
transportation movements between the Netherlands, Germany, and
France. Although it is a serious challenge for the Netherlands to overcome such a supply surplus, our results are replicable for other geographical locations where a supply-demand mismatch does not exist,
i.e., positive revenues for both supply and demand sides are possible at
a local level.
This paper provides a novel business insight into manure-based
bioenergy production, proposing a globally applicable ABM that takes
into account the critical factors inﬂuencing the economic viability of
the case. These factors are selected based on their impact on the business-making strategy of each actor. There exist, however, several factors that might inﬂuence the technical outcomes, although they do not
directly inﬂuence the generalizability of the economic ﬁndings. These
factors are discussed below.
Properties of biomass type. Anaerobic digestion (AD) is applicable to
diﬀerent biomass types such as fruit waste, garden waste, grain silage,
olive pulp, etc. Several factors such as organic content, dry matter or
volatile solids existing in the biomass might inﬂuence the amount and
content of biogas produced. Following Yazan et al. [22], we consider a
dry content of 12% and an organic content of 85% for pig manure in
this paper. Changes in these values might inﬂuence the production
outcome and hence the economic conditions of cooperation for each
actor. However, this is simply addressable in the ABM proposed in this
paper via diﬀerent levels of mark-up for animal farmers and ROI values
for biogas producers. For example, if an animal farmer supplies manure
with higher organic and dry content, then she can expect a higher markup in the negotiation phase. Vice versa, if a biogas producer receives
manure with low organic and dry content, then she can expect a lower
ROI and oﬀer a lower MEP to the animal farmer. In this way, the ABM is
ﬂexible and able to economically take into account other factors, e.g.,
the above-mentioned biomass characteristics, which are not investigated in this paper.
Biomass conversion and biogas generation technology. As with many
biomass types, manure can also be processed by other technologies such
as pyrolysis, as an alternative to AD, and the obtained biogas can be
puriﬁed and upgraded under diﬀerent conditions. Depending on the
biomass type, various upgrading technologies can be appropriate, such
as in the case of biogas production from micro-algae [108,109]. Depending on the technology adopted, technical characteristics of produced biogas might vary, which in turn inﬂuences the energy outcome
in terms of heat and electricity. As we deal with the economic aspects of
implementing a market for manure to be used in bioenergy production,
we take into account the economic impact of diﬀerent technology levels
in the ABM via diﬀerent levels of incentives. This is perfectly in line
with a government's incentive policy reﬂecting higher subsidies for

7. Conclusions
This paper provides two novel contributions to the domain of
bioenergy production and one novel contribution to the domain of
manure-based biogas production. First, it provides a globally valid ABM
that facilitates the negotiation between suppliers and producers within
non-mature second-generation biomass (SGB) markets. 235,629 different scenarios per each municipality are analyzed via using the proposed ABM. Considering the similar nature of other SGB types, in
particular the ones emerging as the residues of forestry, agricultural, or
food-processing activities, the model has a vast ﬁeld of applicability. In
particular, the logical reasoning on negotiation phase proposed in the
ABM is globally applicable to the business models based on such SGB
types. The model is also appropriate for the bio-based businesses operating in the form of industrial symbiosis, i.e., wastes of a company are
used as substitutes of traditional primary resources of another company.
Second, it reveals the conditions that allow the creation of mature
SGB markets. This is an important issue because SGB is not produced
upon demand but emerge as a secondary output from other primary
activities, e.g., agricultural residues as a secondary output of agriculture
or manure as a secondary output of animal farming. Such a
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characteristic is a challenge to economically value the SGB and implement proﬁtable business. The case of manure is an appropriate example which is not analyzed in the literature from economic perspective by considering diﬀerent business entities. Therefore, this paper
provides a novel practical contribution to animal farmers and (potential) biogas producers about how to implement a proﬁtable business
based on manure processing.
Overall, manure can be better exploited if the supply surplus problem is solved and economic gains for all actors are possible by minimizing environmental impacts. From practical and managerial perspectives, increased quantities of manure lead to higher exchange
prices, which is an advantage for large-scale farms. In the Netherlands,
this advantage turns into a disadvantage for large scale farmers in the
current situation of manure surplus causing high discharge cost. Hence,
considering the current market situation, investing in biogas production
at locations where large scale farms are located would be advantageous
until the manure surplus is met by demand. Furthermore, existing relationships between swine farmers with arable land owners are also
critical in the contracting phase with biogas producers. If the arable
land is too distant, accordingly, the collection price requested by arable
land owners is also too high. This increases the chance of cooperation
between a swine farmer and a biogas producer to make a mutually
proﬁtable business.
This paper addresses the case of energy recovery from manure. As
mentioned before, manure has a higher added value thanks to its mineral content compared to its energy-based added value. Triggered by
market distortions and environmental regulations, the Netherlands
have been seeking to implement a manure-based reﬁnery that would
simultaneously produce biogas, heat, and electricity and process
manure into its minerals. This initiative, which is a demo-plant project,
is supported by the EU Commission [18]. The goal is to create an alternative fertilizers market in which mineral recovery, e.g., fats, trace
elements, undigested starch or protein [110], is 100% possible. The
main advantages of such a reﬁnery are the reduction of artiﬁcial fertilizers, increased crop productivity in arable lands, and added value
creation within the Netherlands. In addition, the methane reduction
and manure upgrading are strong motivations to provide incentives to
implement small-scale biogas digesters which currently do not pay oﬀ.
Future research should also address a fair distribution of incentives
through the manure-based bioenergy SCs, which in turn may be helpful
to achieve the supply-demand balance for manure in the Netherlands
without damaging the livestock farming. After discovering that mutually beneﬁcial agreements are possible between animal farmers and
biogas producers, the authors aim at extending the ABM proposed in
this paper in a manure exchange network where farmers can receive
oﬀers from multiple biogas producers. This is particularly relevant as
large-scale biogas plants might oﬀer better conditions to the animal
farmers located in locations farther than the small-scale biogas producers located nearby animal farms. Similarly, a small-scale biogas plant
adopting better technology might oﬀer better conditions to an animal
farm farther away than a big-scale biogas plant adopting less qualiﬁed
technology. Hence, an ABM analyzing M-to-N manure-biogas markets
in which animal farmers can form coalitions would better reveal cooperation conditions.
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