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Abstract: 

The location of undesirable facilities involves economic, environmental and social impacts. The 

costs associated and the rejection of facilities by nearby population are crucial concerns. This 

paper introduces a Multiobjective Mixed-Integer Linear Programming (MMILP) approach to 

identify locations and capacities of biogas plants to treat animal waste from dairy farms, and 

assign each farm to a subset of the opened biogas plants. Three objectives were considered in 

the mathematical model: minimizing initial investment, operation and maintenance costs; 

minimizing transportation cost; and minimizing social rejection. The proposed model was 

applied to the Entre-Douro-e-Minho Region in Portugal. The approach provided as output a set 

of Pareto optimal solutions, represented by maps using a Geographic Information System, 

each one achieving a unique combination of economic and social performance. 
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1. Introduction 

Animal waste has the potential to become an important renewable energy resource, 
since methane gas is produced naturally by manure. An Anaerobic Digester (AD) energy system 
promotes methane production, captures and converts it into electricity and heat, and also 
yields a fertilizer. There is growing interest in installing AD Biogas Plants in order to use animal 
waste as a biomass resource. This yields economic value and environmental benefit by 
improving the quality of the fertilizer, reducing odours and pathogens and producing a 
renewable energy (Taleghani and Kia, 2005 and Ma et al., 2005). On the other hand, given the 
nature of these facilities, it is nearly always the case that opposition is encountered where they 
are sited, which is often dubbed as the ‘‘not in my backyard’’ (NIMBY) phenomenon. NIMBY 
refers to the well-known fact that residents tend to oppose the location of undesirable 
facilities near their homes, citing health and safety risks, depreciation of property value, 
degradation of the "quality of life" of nearby population centres, and environmental damage. 

The complexity of finding a location for undesirable facilities lies mostly in the existence 
of at least partially conflicting objectives concerning total cost, potential risk, risk equity, social 
rejection, security, and so on. During the decision-making process, many conflicting objectives 
of different stakeholders need to be considered in the search for good compromise solutions 
(Samanlioglu, 2013). Tools based on multiobjective mathematical programming are well suited 
to tackle this problem, as they allow a rigorous and systematic screening of a large number of 
alternatives. Erkut and Neuman (1989) further emphasize the need for multi-objective 
approaches to the siting of undesirable facilities when they state that “the multiple 
constituency, multiobjective nature of the problem severely limits the usefulness of single 
objective models”. The inclusion of multiple, conflicting objectives, enhances the analysis and 
leads to model formulations where the concept of an optimal solution is replaced with that of 
an efficient solution, also referred to as non-dominated, non-inferior, or Pareto optimal 
solution (Cohon, 1978). The final goal is to find solutions in the set of Pareto optimal 
alternatives, that is, solutions with the property of being impossible to improve one of the 
objectives without necessarily worsening at least another objective. 

In the last three decades, researchers have been interested in the multiobjective 
location problem (Farahani et al., 2010). Examples include the location of undesirable facilities 
such as hazardous material (Wyman and Kuby, 1993 and 1995), sanitary landfills 
(Melachrinoudis et al., 1995), municipal solid waste management facilities (Erkut et al., 2008), 
incineration facilities (Alçada-Almeida et al., 2009), semi-desirable urban facilities (Coutinho-
Rodrigues et al., 2012) and semi obnoxious or obnoxious facilities (Fonseca and Captivo, 1996). 
Other researchers developed a model for the problem of not only locating undesirable 
facilities, but also routing the undesirable materials (Giannikos, 1998; Cappanera et al., 2004, 
Rakas et al., 2004, Caballero et al., 2007; Alumur and Kara, 2007; Samanlioglu, 2013). 

Siting, particularly bioenergy plants, is a challenging task. There are various studies 
related to biogas plants concerning different aspects that can influence location decisions, 
such as the current situation and potential in production and utilization of biogas (Holm-
Nielsen et al., 2009; Tricase and Lombardi, 2009; Gómez et al, 2010; Salomon and Lora, 2009 
and Ulusoy et al, 2009), economic and environmental sustainability of biogas (Maeng et al, 
1999; Jingura and Matengaifa, 2009; Murphy et al, 2004; Taleghani and Kia, 2005, Neves et al, 
2009; Madlener et al, 2009), or supply chain management at the strategic and tactical decision  
level in bioenergy industry (Melo et al, 2009; Meyer et al., 2015). 

There are also studies on the role of Geographical Information Systems (GIS) in the 
mapping and evaluation of locations for biogas plants (Church, 2002; Dagnall et al., 2000; 
Batzias et al., 2005; Voivontas et al., 2001; Madlener and Schmid, 2009; Panichelli and 
Gnansounou, 2008; Sultana and Kumar, 2012). GIS can assist the location modelling and 
analysis process by helping to gather, structure, filter, and analyse input data and by 



3 

 

presenting model outputs in a way that helps decision makers understand spatial 
consequences (Alçada-Almeida et al., 2009). 

In this research we address the problem of locating biogas plants that use manure from 
dairy farms, simultaneously defining the size of the plant at each location and the amount of 
manure from each dairy farm to be processed at each plant. We formulated a Multiobjective 
Mixed-Integer Linear Program (MMILP) considering three objectives: two economic objectives 
and a social objective.  Several factors are considered in the model: location of the basic 
resource, physical and practical constraints on our ability to harness it, environmental and 
regulatory restrictions, and economic and social considerations. We used this model to solve a 
problem with real data from Entre-Douro-e-Minho Region in Portugal, assisted by the use of a 
GIS to collect and process georeferenced data. 
 
 
2. Multiobjective model for location of Biogas Plants 
 

The objectives considered take into account economic aspects as well a social concern. 
The economic objectives are two: the minimization of implementation, operation and 
maintenance costs, and the minimization of transport costs. These two types of cost are in 
conflict, since implementation costs favour fewer and larger facilities (economies of scale), 
whereas transport costs favour more and hence smaller facilities. For this reason, and also 
because these costs may be incurred by different entities, we considered each of them as a 
distinct objective. The social objective considered is the minimization of social rejection, since 
biogas plants cause opposition from nearby population. The economic and social objectives 
are potentially conflicting. Social rejection is often in conflict with transport costs: the greater 
the distance between the candidate sites and the places where people live, the lower the 
social rejection but this increases the cost of transport. On the other hand, social rejection and 
maintenance and operation cost are also likely to be in conflict: smaller plants lead to lower 
rejection from nearby populations but this implies an increase in costs. Thus, we present a tri-
objective mixed-integer linear programming formulation. 

In our model, we assumed that we have a discrete problem, in which several candidate 
sites for the facilities have already been selected using for instance the approach described by 
Silva et al. (2014). Identifying an initial set of potential locations corresponds to a common 
practice in real-world applications because environmental and social concerns impose 
constraints on the location of undesirable facilities. We have selected a set of adequate sites 
for the location of biogas plants by performing a land-use suitability analysis, through a 
combination of GIS and a multicriteria sorting method (Silva et al., 2014). A variety of logistic 
constraints, as well as economic, environmental and social factors were integrated in the 
suitability analysis to exclude areas which contain or are too close to water lines, protected 
areas, urban areas, or are too far from the electricity grid, for example. 

There are different types of biogas plants, which can be categorized according to the 
type of digested substrate, used technology, or size (Holm-Nielsen et al., 2009). Al Seadi et al. 
(2008) classified biogas plants based on their relative size, function and location in three 
groups: family scale biogas plants (very small scale); farm scale biogas plants (small or medium 
to large scale) and centralised/joint co-digestion plants (medium to large scale). Dagnall et al. 
(2000) refers that two options are being seriously considered by industry in Europe: 
centralised anaerobic digestion (AD) and direct combustion. In our study, we considered that 
biogas plants are centralised. This means that animal manure and slurries, collected from 
several farms, are digested in a biogas plant centrally located in the manure collection area. 
The central location of the biogas plant aims to reduce costs, time and manpower (Al Seadi et 
al., 2008).  

Biogas plants have some characteristics related to operation, type of substrate (in this 
case study, only manure from dairy farms), technical structure, dimension, etc., that needed to 
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be modelled. We assume that the total manure produced in a dairy farm was treated, and 
could be associated with more than one biogas plant (i.e., if the volume of each fraction 
justifies it, part of the manure from a farm could go to a plant, and another part could go to 
other plants). 

We considered that each plant could have one of three sizes, according to the amount 
of manure processed and amount of electricity produced. The three types of biogas plant are 
named Mini, Base and Large. Based on the literature, we defined the minimum and maximum 
amount of manure for each type of plant to ensure that it would be economically and 
technically feasible. According to the type of plant to be installed, it is also necessary that the 
potential site has a required minimum area. Finally, we require that the distance between 
dairy farms and plants cannot exceed a fixed maximum distance (a parameter of the model) 
for the manure to preserve its properties and also to reduce the risks associated with 
transportation. 

In our model, we assumed that the three types of plant (Mini, Base and Large) have 
different values for the initial investment and maintenance costs. The initial investment and 
lifetime maintenance costs of the biogas plant are subject to economies of scale (Nielsen et al., 
2002; Baldwin et al., 2009), so it may be economically preferable to build larger-scale plants.  

The transportation cost of manure from dairy farms to biogas plants is a key aspect to 
consider in the location of these facilities. The transport costs considered in this study are 
based on the amount of manure transported, the distance transported (round trip), and the 
unit transport cost. To avoid impractical solutions, we considered a minimum amount of 
manure to justify the transportation from dairy farm to plant, as well as an upper limit to the 
number of plants associated to each dairy farm. 

Finally, we sought to minimize the opposition of the population near a biogas plant 
(social rejection). We can find different definitions of social rejection in the literature. Erkut 
and Neuman (1992) based the opposition on the notion of disutility, which is assumed to 
depend on the distance between a facility and the surrounding population, and the scale of 
the facility. Callabero et al. (2007) defined the social rejection from towns near an incineration 
plant as an increasing function of town size and a decreasing function of distance from the 
plant to the nearby town. In the present work, the collective disutility was defined as a 
function of the population located in a radius of 𝜃 km from potential sites and the type of 
biogas plant. 

 
 

 
2.1. Model formulation 
 

 Having described the main assumptions and modelling options, we now present in 
detail the tri-objective MILP model developed for this application: 

 
Indices: 

𝑖 - index referring to the dairy farms (𝑖 = 1, 2, … , 𝑚); 
𝑗 - index referring to the potential sites for the location of biogas plants 

(𝑗 = 1, 2, … , 𝑛); 
𝑘 - index for biogas plant types (𝑘 = 1, … , 𝑙); 
ℎ - index referring to the parishes in the region (ℎ = 1, … , 𝑝). 

 
Parameters: 

 𝑚𝑖 amount of manure (𝑚3/day) produced by dairy farm 𝑖; 

 𝑚𝑖
𝑚𝑖𝑛 minimum amount of manure (𝑚3/day) that justifies the transportation from 

dairy farm 𝑖 to any biogas plant; 
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𝑚𝑝𝑚𝑖𝑛 minimum percentage of manure produced by any dairy farm that justifies the 
transportation to any biogas plant; 

 𝑚𝑚𝑎𝑥 maximum amount of manure (𝑚3/day) possible to transport between any 
dairy farm and any biogas plant; 

 𝑡𝑚𝑖𝑛 minimum amount of manure (𝑚3/day) that can be transported from any single 
dairy farm to any biogas plant; 

 𝑐𝑘
𝑚𝑖𝑛 minimum amount of manure (𝑚3/day) required  to install a biogas plant of 

type 𝑘; 
 𝑐𝑘

𝑚𝑎𝑥 maximum amount of manure (𝑚3/day) that can be processed by a biogas plant 

of type 𝑘; 

 𝑏𝑚𝑎𝑥 maximum number of biogas plants serving a dairy farm; 

 𝑎𝑗 area of site 𝑗; 

 𝑎𝑘
𝑚𝑖𝑛 minimum area (ha) required for the installation of a biogas plant of type 𝑘; 

 𝑑𝑖𝑗  road distance (km) between dairy farm 𝑖 and site 𝑗; 

 𝑑 maximum allowable distance (km) from a dairy farm to a biogas plant; 
 𝑣 lifetime of biogas plant (years); 
 𝑡 cost of transportation (€) of 1 𝑚3 of manure per km; 
 𝑓𝑘 initial investment  cost (€) of a biogas plant of type 𝑘; 

 𝑔𝑘 annual operation and maintenance costs (€/year) for a biogas plant of type 𝑘; 

 𝜃 radius (km) from any potential site, of concern to the population due to its 
proximity to the biogas plant (fixed distance); 

 𝑟ℎ𝑗𝑘 social rejection at parish ℎ, if a biogas plant of type 𝑘 is located at site 𝑗; 

 𝑝ℎ population in parish ℎ; 
 𝑎ℎ area (ha) of parish h; 

 𝑎ℎ𝑗
𝜃  area (ha) of the parish h that is contained in the buffer of 𝜃 km from site j; 

 𝑝𝑗
𝜃 number of persons who are at a distance of 𝜃 km from site j; 

 𝑠𝑘 social penalty of population according to the type of biogas plant k. 
 
 
Variables: 

   
 𝑥𝑖𝑗  binary variable: 𝑥𝑖𝑗=1 if a transportation link between dairy farm 𝑖 and site 𝑗 is 

established; 𝑥𝑖𝑗=0 otherwise. This variable is considered null (parameter) for 

pairs (𝑖, 𝑗) such that 𝑑𝑖𝑗 > 𝑑 (i.e., the model imposes a maximum distance 

from biogas plants to assigned dairy farms); 
      𝑞𝑖𝑗  real variable: amount of manure to transport daily (𝑚3) from dairy farm 𝑖 to 

site 𝑗. This variable is considered null (parameter) in the same circumstance as 
𝑥𝑖𝑗. 

 𝑦𝑗𝑘  binary variable: 𝑦𝑗𝑘=1 if a biogas plant of type 𝑘 is located at site 𝑗; 𝑦𝑗𝑘=0 

otherwise. This variable is considered null for pairs (𝑗, 𝑘) such that  𝑎𝑗 < 𝑎𝑘
𝑚𝑖𝑛 

(i.e., the potential location of a plant of type k on site j is not allowed if the 
area of site 𝑗 is less than that required by a plant of that type). 

 
The following objective functions and constraints are formulated: 

𝑀𝑖𝑛        𝑍1 =   ∑ ∑(𝑓𝑘 +  𝑣𝑔𝑘)𝑦𝑗𝑘

𝑙

𝑘=1

𝑛

𝑗=1

                          (1) 
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𝑀𝑖𝑛         𝑍2 =  ∑ ∑ 2𝑡𝑑𝑖𝑗𝑞𝑖𝑗

𝑛

𝑗=1

 

𝑚

𝑖=1

                                    (2) 

𝑀𝑖𝑛      𝑍3 =  ∑  ∑ ∑ 𝑟ℎ𝑗𝑘𝑦𝑗𝑘

𝑙

𝑘=1

= 

𝑛

𝑗=1

 

𝑝

ℎ=1

  ∑ ∑ 𝑝𝑗
𝜃𝑠𝑘𝑦𝑗𝑘

𝑙

𝑘=1

 

𝑛

𝑗=1

                           (3)   

 
 

Subject to: 

∑ 𝑞𝑖𝑗 = 𝑚𝑖, ∀𝑖                                                                  (4) 

𝑛

𝑗=1

 

∑ 𝑦𝑗𝑘 ≤ 1, ∀𝑗                                                                    (5) 

𝑙

𝑘=1

 

 

∑ 𝑐𝑘
𝑚𝑖𝑛𝑦𝑗𝑘

𝑙

𝑘=1

≤ ∑ 𝑞𝑖𝑗 ≤ ∑ 𝑐𝑘
𝑚𝑎𝑥𝑦𝑗𝑘

𝑙

𝑘=1

 , ∀𝑗 

𝑚

𝑖=1

                  (6) 

 

                                               𝑚𝑖
𝑚𝑖𝑛𝑥𝑖𝑗  ≤ 𝑞𝑖𝑗 ≤ 𝑚𝑚𝑎𝑥𝑥𝑖𝑗 ,        ∀𝑖, 𝑗                                     (7) 

 

                                                𝑞𝑖𝑗 ≥    𝑚𝑝𝑚𝑖𝑛𝑚𝑖𝑥𝑖𝑗 ,                ∀𝑖, 𝑗                                          (8)  
 

∑ 𝑥𝑖𝑗 ≤ 𝑏𝑚𝑎𝑥, ∀𝑖                                                               (9) 

𝑛

𝑗=1

 

 

                                               𝑥𝑖𝑗 , 𝑦𝑗𝑘 ∈ {0,1},     ∀𝑖, 𝑗, 𝑘                                                          (10) 

 
 The first objective (1) was to minimize investment and lifetime operation and 

maintenance costs (reported in euros). The second objective (2) was to minimize transport 
costs (also reported in euros). The model does not go into detail concerning the type of 
truck, considering instead a fixed cost per m3, per km (this could be defined in a contract 
with a transportation company). The third objective (3) took into account the social 
rejection from the population within a buffer of 𝜃 km from each potential site j, measured 
in number of equivalent persons. The population included in the buffer of 𝜃 km for each 

site j (𝑝𝑗
𝜃) was determined by the ratio of the area of intersection with the parish in the 

buffer (𝑎ℎ𝑗
𝜃 ) and the total area of the parish (𝑎ℎ), which was multiplied by the total 

population in the respective parishes (𝑝ℎ), as follows: 

𝑝𝑗
𝜃 = ∑ 𝑝ℎ ×

𝑎ℎ𝑗
𝜃

𝑎ℎ

𝑝

ℎ=1

 

 In addition, a penalizing factor (𝑠𝑘) was introduced, which is related to the type of 
plant implemented in accordance with the area occupied by it. The impact of a particular 
type of plant among populations is considered to be proportional to the area that the 

infrastructure occupies: 𝑠𝑘 = 𝑎𝑘
𝑚𝑖𝑛, ∀𝑘 = {1,2,3}. The measurement of objective 𝑍3 is 

admittedly a simplification based on this assumption and the additional assumption that 
the population of a parish is uniformly distributed in its area. In future applications this 
MILP formulation can be implemented without changes using a different method to assess 
the 𝑟ℎ𝑗𝑘 parameters. 
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 The constraints presented above ensure that: (4) the daily amount of manure 
transported from any dairy farm to the associated set of biogas plants is the same as the 
amount of manure produced in that dairy farm; (5) only one biogas type can be 
implemented (if any) at each site; (6) the capacity of manure treatment per day lies 
between the minimum and maximum capacity of manure treatment (in 𝑚3) of each 
(opened) biogas plant type; (7)  the daily amount of manure transported from any dairy 
farm to a given associated opened biogas plant must be greater than or equal to a 

minimum amount that may depend on dairy farm (𝑚𝑖
𝑚𝑖𝑛) and cannot exceed a fixed 

maximum amount (𝑚𝑚𝑎𝑥); in this application we consider 𝑚𝑖
𝑚𝑖𝑛 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 (𝑡𝑚𝑖𝑛, 𝑚𝑖), 

i.e. in cases where the amount produced by the dairy farm, 𝑚𝑖, is less than the minimum 

amount to justify transportation (𝑡𝑚𝑖𝑛, a fixed value defined by the decision maker for all 
the farms), then the minimum amount to be transported is decreased to 𝑚𝑖; (8) the daily 
amount of manure transported from any dairy farm to a given associated biogas plant must 

be greater than a relative percentage amount of the manure (𝑚𝑝𝑚𝑖𝑛) produced by dairy 
farm; (9) the number of biogas plants associated with each dairy farm is less than or equal 
to a given maximum (𝑏𝑚𝑎𝑥); (10) the variables that represent allocations of biogas plants 
and transportation links are binary (1=chosen, 0=not chosen). 

 
 
2.2.  Application of MILP in EDM Region 

 
 The Entre-Douro-e-Minho (EDM) Region the northwest of Portugal consists of a set of 

10 counties (Figure 1) with an area of 1,584 km
2
. These counties have in total 294 parishes 

(𝑝 = 294). This region has 1,705 dairy farms (𝑚 = 1705) with more than 100,000 animals, 
which produce approximately 1.5 million 𝑚3/year of manure and slurry, i.e. about 4,017 
𝑚3/𝑑𝑎𝑦. The database of dairy farms considered in this application was obtained from a 
survey developed during the implementation of the Basin Plan Land Dairy Primary Entre 
Douro and Minho (POBLPEMD, 2007). 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

 
Figure 1:  Map of the spatial distribution of dairy farms and potential sites.  
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In a previous suitability analysis study, we have identified 41 plots as being the most 

suitable for locating biogas plants (Silva et al., 2014). By aggregating contiguous plots, we 
obtained 27 sites (𝑛 = 27), with areas ranging from 1.038 to 6.674 ha (Figure 1), which were 
considered as potential locations for biogas plants in this study. Biogas Plants with different 
capacities were defined (𝑙 = 3) based on the energy produced (Table 1): Mini, requiring 1 ha 
and producing up to 200 kWe/day (k=1); Base, requiring 1.5 ha and producing up to 500 
kWe/day (k=2); and Large, requiring 2.5 ha and producing up to 1000 kWe/day (k=3). These 
minimum required areas for installation should be interpreted as indicative, since the actual 
area may depends on the technology chosen and other site specific topological characteristics. 

The production of biogas assumed in this study was based on several technical, 
environmental and economic studies (Murphy et al., 2004; Dagnall et al., 2000; Ciborowski, 
2001; Caslin, 2009), which indicated the amount of electrical energy in kWh obtained from 1 
𝑚3 of biogas effluent and the number of animals needed for the production of 1 𝑚3 of biogas. 
The capacity of biogas plants is subject to logistical difficulties, mostly associated with the 
transportation of waste, and waste handling, according to ADENE (2003). To be economically 
and technically viable to install an AD system it is necessary to have a minimum number of 
cows: Ma et al. (2005) refers at least 400 milk cows and Ciborowski (2001) refers a range of 
500 to 800 cows. In this study we consider the bounds in Table 1 for the different types of 
plant. 
 The initial investment includes the anaerobic digestion units: tanks for digesters, tanks 
for cleaning, separate tanks for product, purification of biogas, gasometers, gas boiler, 
cogeneration plant and pipework. Based on studies in the United Kingdom and Italy (AEBIOM, 
2009), we defined the initial cost associated with the three types of biogas plants (defined 
similarly to our study) as a function of electrical output. Costs of operation and maintenance 
refer primarily to staff costs, administrative costs and consumptions. This work, like other 
studies (Demuynck et al., 1984; ADENE, 2003; Naskeo Environnement, 2009) considered that 
the annual operation and maintenance costs of a biogas plant represent on average 2% of the 
investment cost. Operation and maintenance costs were calculated for a plant with a lifetime 
of 20 years (i.e., 𝑣 = 20), based in Stucki et al. (2012). 
  

    

Minimum 
amount 

of manure 

(𝒎𝟑/day) 

Maximum 
amount of 

manure 

(𝒎𝟑/day) 

Cost (€) to 
initial 

investment 

Operation 
and 

maintenance 
cost (€/year) 

Minimum 
area (ha) 
required 

Name Type 
Electricity 
produced 
(kWe/day) 

Number 
of 

animals 
𝑐𝑘

𝑚𝑖𝑛 𝑐𝑘
𝑚𝑎𝑥 𝑓𝑘 𝑔𝑘   𝑎𝑘

𝑚𝑖𝑛 

Mini 
200 
kWe 

100 - 200 
800 -
1,600 

42 84 980,000 19,600 1 

Base 
500 
kWe 

200 -500 
1,600-
4,000 

84 210 1,900,000 38,000 1.5 

Large 
1,000 
kWe 

500 - 1,000 
4,000 – 
8,000 

210 420 3,200,000 64,000 2.5 

 
Table 1: Types of Biogas Plants and their characteristics: electricity produced, number of 

animals, minimum and maximum amount of manure, costs and minimum area. 
 
 
 The transportation cost of waste from dairy farms is a key aspect to consider in the 
location of biogas plants. We considered the road distance obtained by the Google Distance 
Matrix API. The information returned is based on the recommended route between origins 
(dairy farms) and destinations (potential sites), as calculated by the Google Maps API, and 
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consists of rows containing distance and duration values for each pair. An automated 
procedure was developed to obtain this data, since there are 46035 pairs between start and 
end points and the Distance Matrix API has limits per query.  
  It was assumed that the transport of manure and slurry would be made on a vacuum 
tank truck and that the collection of manure on dairy farms would be performed daily, given 
the need for a continuous supply of feedstock and also to prevent its degradation. The 
production of manure in the farms studied ranges from about 0.06 𝑚3/day in smaller farms to 
approximately 26 𝑚3/day in larger farms. The cost of transporting manure from farms to 
biogas plants was determined considering an average unit cost per volume and distance 
travelled. We considered an average unit cost for the transport of manure of 0.12 €/(𝑚3. 𝑘𝑚) 
according to Durão (2009), i.e., 𝑡 = 0.12. 
 The maximum distance considered in manure collection varies from author to author 
and is often associated with the concentration of organic matter. ADENE (2003) advocated 
distances up to 15 km between the dairy farms and biogas plants. Durão (2009) admitted a 
maximum distance of 25 km for transporting waste, Unal et al. (2011) considered a distance of 
40 km and Dagnall et al. (2000) considered the transport distances to biomass-to-energy 
facilities lie in the range 10 to 40 km. The maximum distance to transport the manure in this 
study was considered to be 30 km (𝑑 = 30), a value in-between those suggested by different 
authors, noting that all dairy farms in the area had at least one potential site available within 
this distance. An analysis to assess the sensitivity of results to this parameter was performed 
later. 
 Another concept of distance used is related to social rejection. We considered that a 
parish is in the vicinity of a biogas plant if it is at a distance less than or equal to a 3 km radius, 
i.e., in our study 𝜃 = 3. 
 We considered that the maximum amount of waste to be transported from a dairy farm 
to a biogas plant is the maximum transport capacity of the tanker, 30 m3, i.e., 𝑚𝑚𝑎𝑥 = 30. As a 
minimum value of transport between a dairy farm and a biogas plant we considered 2 m3, i.e., 

𝑡𝑚𝑖𝑛 = 2. This minimum value was defined considering the average amount of waste 
produced on farms and also for representing a value between 5% and 10% of the maximum 
transport capacity. The minimum percentage of waste to be transported from a given dairy 

farm was defined as 20% of its daily production, i.e., 𝑚𝑝𝑚𝑖𝑛 = 20%. Finally, we considered a 

maximum of three biogas plants associated with each dairy farm, i.e., 𝑏𝑚𝑎𝑥 =  3, so that the 
associated logistics do not become impracticable. 
  
 

 
3. Results  

 
 The MMILP model presented contains 3 objective functions, 93,230 constraints and 
59,875 variables (29,962 of which are binary). The results were obtained using CPLEX 12.6.3 as 
a solver. 
 The purpose of the analysis was to calculate a few contrasting Pareto optimal (efficient) 
solutions. To find a subset of efficient solutions we used two approaches: (1) Weighting 
Method - to construct an aggregate objective function by taking a weighted sum of the 
objectives and (2) Distance Method - to compute an efficient solution that is as close as 
possible (according to a given metric) to the aspirations of the decision maker. A particular 
case of the latter is compromise programming, where the (normalized) distance to the ideal 
point is minimized (Zeleny, 1973).  
 In a first step, each objective function was individually minimized, considering very small 
weights (𝜀) on the other two objectives to ensure the identification of an efficient solution 
(Ehrgott, 2005) and optimal solutions for each objective functions were obtained: 𝑂𝑝𝑡1, 𝑂𝑝𝑡2 
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and 𝑂𝑝𝑡3. The objective function values of these three solutions are presented in Table 2, 
where the individual optimum values are highlighted in bold. The “ideal solution” or utopia 
point 𝑧∗ = (46,032; 7,604; 263,909) is given in the row labelled “Ideal”. Usually, this solution is 
not feasible unless a single solution is optimal for all of the objectives, which was not the case 
in this problem. The nadir point, derived from the worst (i.e., maximum) values observed in 

𝑂𝑝𝑡1, 𝑂𝑝𝑡2 and 𝑂𝑝𝑡3 was identified, 𝑧𝑛𝑎𝑑 = (55,832; 10,980; 542,178), represented in the 
row labelled “Nadir” in Table 2.  
 In the weighting method (Approach 1) the three objective functions were scaled 

(normalized) and combined in one objective using weights (𝜆1, 𝜆2, 𝜆3, such that ∑ 𝜆𝑖 = 13
𝑖=1 ), as 

follows: 𝜆1 ×
𝑍1

𝑂𝑝𝑡1
+ 𝜆2 ×

𝑍2

𝑂𝑝𝑡2
+ 𝜆3 ×

𝑍3

𝑂𝑝𝑡3
. Here, 

𝑍1

𝑂𝑝𝑡1
  represents the percent deviation from 

𝑂𝑝𝑡1 in the first objective, etc. Normalization is useful since the objective functions have 
different units/scales. This ensures that the solutions are in compliance with the specification 
of the underlying preference weights, and avoids giving more relevance to the objectives of 
greater magnitude. 
 To determine representative efficient solutions from the Pareto frontier using the 
Weighting Method, a group of seven weight vectors were generated - Solution 5: Weighted 
(0.33; 0.33; 0.33), Solution 6: Weighted (0.30; 0.40; 0.30), Solution 7: Weighted (0.25; 0.50; 
0.25), Solution 8: Weighted (0.20; 0.60; 0.20), Solution 9: Weighted (0.15; 0.70; 0.15), Solution 
10: Weighted (0.10; 0.80; 0.10) and Solution 11: Weighted (0.05; 0.90; 0.05) in Table 2.  For 
each solution, the relative distances (%) of each objective value to their respective optimum 
are given in columns “∆Opt1”, “∆Opt2”and “∆Opt3” (Table 2). 
 In the Distance method (Approach 2), the distance of each solution to the ‘‘reference 
point” (considering the objectives’ space) was evaluated using two frequently adopted metrics 
(Bowman, 1976; Steuer, 1986): the Rectilinear or Manhattan metric (L1) and the Chebyshev 
(L∞) metric. We used the ideal solution as reference point to identify two additional non-
dominated solutions using goal programming, where the ‘‘goals’’ are the ideal solution value 
for each objective. Solution 4 (Table 2, row “Goal L∞ (Norm)”) measures the relative 
(normalized) distances from the goals using the L∞ metric. Using the L1 metric led to Solution 
5 named “Goal L1 (Norm) (0.33;0.33;0.33)” in Table 2, because minimizing the L1 distance is 
equivalent to minimizing a weighted sum with equal normalized weights.  
 Considering the capacity of each biogas plant type, to process all the manure produced 
in the 1705 dairy farms (about 4017 𝑚3 per day) it is necessary to open, at least, 13 sites 
(solutions 1, 5 and 6 in Table 2). By minimizing investment, operation and maintenance costs 
we obtained a solution with 13 biogas plants (Solution 1), favouring opening larger plants of 
Base and Large types as they are cheaper per unit (𝑚3) processed. By minimizing 
transportation costs, the number of plants increased, reaching its maximum value (26 biogas 
plants, most of them of type Mini - Solution 2). This causes an increase in investment, 
operation and maintenance costs. By minimizing social rejection, we obtained 15 biogas plants 
(Solution 3). This solution favours the implementation of Base and Large biogas plant types to 
process large quantities of manure in a few locations and therefore avoiding opening plants in 
other places with more population. This increases significantly transportation costs. As a result, 
the first and third objectives suggested similar solutions, both favouring configurations with 
few but larger facilities, in conflict with the second objective which suggested opening a large 
number of smaller facilities. Solution 4 opens 15 biogas plants and solution 5 opens 13 plants. 
In other weighted solutions with increasing weight on the second objective function, the 
number of biogas plants to be installed also increased, as expected. 
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Solutions 

Objectives  Biogas Plant Types 
Percentual distance to 

individual optimum 

Percentual 
distance to ideal 

solution 
  

 
Designation 

 

Z1 – Invest, 
Oper. and 

Maint. Costs 
(thousands €) 

Z2 – 
Transp. 
Costs 

(€/day) 

Z3 - Social  
rejection 

(number of 
equivalent 
persons) 

Number 
Biogas 
Plants 

 

 
Mini 

 

 
Base 

 

 
Large 

 
∆Opt1 

 
∆Opt2 

 

 
∆Opt3 

 

 
∆L1 

 

 
∆L∞ 

 

Execution 
time of 

iterations 
(sec.) 

Iterations 
 

#1 Opt 1 (1 − 2𝜀; 𝜀; 𝜀) 46 032 9 324 285 716 13 1 5 7 0,0% 22,6% 8,3% 30,9% 22,6% 83,9 1 122 790 

#2 Opt 2 (𝜀; 1 − 2𝜀; 𝜀) 55 832 7 604 542 178 26 16 6 4 21,3% 0,0% 105,4% 126,7% 105,4% 1,0 2 508 

#3 Opt 3 (𝜀; 𝜀;  1 − 2𝜀) 46 956 10 980 263 909 15 3 6 6 2,0% 44,4% 0,0% 46,4% 44,4% 2,1 8 671 

#4 Goal L∞ (Norm) 46 956 8 860 307 494 15 3 6 6 2,0% 16,5% 16,5% 35,0% 16,5% 15,3 55 585 

#5 
Goal L1 (Norm) 
(0,33;0,33;0,33) 

46 032 9 324 285 716 13 1 5 7 0,0% 22,6% 8,3% 30,9% 22,6% 4,3 17 268 

#6 
Weighted 
(0,30;0,40;0,30) 

46 032 9 324 285 716 13 1 5 7 0,0% 22,6% 8,3% 30,9% 22,6% 3,2 7 312 

#7 
Weighted 
(0,25;0,50;0,25) 

46 956 8 732 311 140 15 3 6 6 2,0% 14,8% 17,9% 34,7% 17,9% 2,3 6 470 

#8 
Weighted 
(0,20;0,60;0,20) 

46 956 8 570 322 866 15 3 6 6 2,0% 12,7% 22,3% 37,0% 22,3% 2,6 6 304 

#9 
Weighted 
(0,15;0,70;0,15) 

49 336 8 062 369 669 19 8 6 5 7,2% 6,0% 40,1% 53,3% 40,1% 2,1 5 347 

#10 
Weighted 
(0,10;0,80;0,10) 

50 176 7 788 434 713 20 8 8 4 9,0% 2,4% 64,7% 76,1% 64,7% 2,8 4 923 

#11 
Weighted 
(0,05;0,90;0,05) 

51 632 7 641 482 066 22 11 7 4 12,2% 0,5% 82,7% 95,3% 82,7% 2,8 3 865 

 
Ideal 46 032 7 604 263 909     0,0% 0,0% 0,0% 30,9% 16,5%   

 
Nadir 55 832 10 980 542 178     21,3% 44,4% 105,4% 126,7% 105,4%   

 
                            Table 2: Summary of eleven representative non-dominated solutions 
generated. 
 
 

        The eleven solutions obtained and the ideal and nadir solutions are represented in a 

representation that allows 3D viewing some of the points belonging to the Pareto front (Figure 

2(a)). To have a clear perception of distribution of points, we also present three projections in 

2D in Figures 2(b), 2(c) and 2(d).    

 

 

(a)                                                                                              (b) 
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(c)                                                                                              (d)    

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2: Pareto front considering the eleven solutions obtained as well as the ideal and nadir 

solutions: (a) 3D representation with 𝑍1, 𝑍2 and 𝑍3; (b) 2D projection of 𝑍1 and 𝑍2; (c) 2D 

projection of 𝑍2 and 𝑍3; (d) 2D projection of 𝑍1 and 𝑍3. 

 

 The comparison among a particular subset of solutions may be accomplished through a 

graphical representation in the objective space, the BAGAL (Alçada-Almeida et al., 2009; 

Coutinho-Rodrigues, et al., 2012). This diagram displays the quality of each solution as a 

triangle in relation to the ideal and nadir solutions (Figure 3). The inner triangle corresponds to 

the ideal solution; solutions closer to it are the best ones. The outer triangle corresponds to 

the nadir solution. The solutions Opt1, Opt2 and Opt3, as well as solutions “Goal L1 (Norm) 

(0.33;0.33;0.33)” and “Goal L∞ (Norm)” are also depicted as triangles in Figure 3. BAGAL has 

an intuitive interpretation: the closer a line is to the centre, the better is the associated 

solution. In Figure 3 we can observe that the two goal solutions “L1 (Norm)” and “L∞ (Norm)” 

offer a significant improvement over Opt3 on transportation costs, without worsening much 

the two remaining objectives. Comparing the two goal solutions “L1 (Norm)” and “L∞ (Norm)” 

with Opt2, we observe a huge improvement in the first and third objectives, while the second 

objective lies about midway between the nadir and the ideal value. 

 Solution “Goal L1 (Norm)” would open 13 biogas plants (1 of type Mini, 5 of type 
Medium and 7 of type Large), whereas solution “Goal L∞ (Norm)” would open 15 plants (3 of 
type Mini, 6 of type Medium and 6 of type Large). Thirteen of the sites coincide in these 
solutions and the type of plant and the amount of manure treated is similar for most of them, 
but the dairy farms assigned to each site are different (Table 3). Only one biogas plant does not 
use the total capacity in both solutions: Site 15 in “Goal L1 (Norm)” uses 86% of the maximum 
capacity for type Large and Site 22 in “Goal L∞ (Norm)” uses 92% of the maximum capacity for 
type Medium. It is possible to analyse the minimum, maximum and average distance between 
biogas plants and dairy farms: the minimum distance is 0.3 km in both solutions and the 
maximum distance is a little more than 29 km.   
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Solution “Goal L1 (Norm)” Solution “Goal L∞ (Norm)” 

 
Parish County Type 

Manure 
Treated 

(𝑚3/𝑑𝑎𝑦)  
 

Dairy Farms  
Associated 
(number) 

Maximum  
Distance 

(km) 

Minimum  
Distance 

(km) 

Average 
Distance 

(km) 

Type 

 

Manure 
Treated 

(𝑚3/𝑑𝑎𝑦)  
 

Dairy Farms  
Associated 
(number) 

Maximum  
Distance 

(km) 

Minimum  
Distance 

(km) 

Average 
Distance 

(km) 

Site 2 GALEGOS 
(SANTA MARIA) 

BARCELOS 3 420 205 23,0 0,8 10,0 3 420 203 22,2 0,8 9,8 

Site 4 GAMIL BARCELOS ----- ----- ----- ----- ----- ----- 1 84 42 14,6 2,0 8,7 

Site 5 BARQUEIROS BARCELOS 3 420 179 16,5 0,9 6,4 3 420 181 15,0 0,9 6,5 

Site 6 LAUNDOS POVOA DE 
VARZIM 

3 420 192 18,3 0,8 11,0 3 420 183 20,9 0,8 11,6 

Site 7 LAUNDOS POVOA DE 
VARZIM 

2 210 82 15,3 0,3 6,8 2 210 82 15,8 0,3 7,4 

Site 12 FAJOZES VILA DO 
CONDE 

3 420 147 24,7 0,8 10,2 3 420 143 17,0 0,8 8,2 

Site 13 FAJOZES VILA DO 
CONDE 

3 420 139 27,2 0,5 12,6 3 420 147 18,0 0,5 10,8 

Site 14 GIAO VILA DO 
CONDE 

3 420 161 20,2 0,5 8,3 2 210 83 19,9 0,5 8,2 

Site 15 GIAO VILA DO 
CONDE 

3 363 142 24,3 0,5 8,1 3 420 156 24,3 0,5 7,4 

Site 17 MURO TROFA 2 210 95 25,7 2,0 10,5 2 210 95 25,7 2,0 9,8 

Site 20 NEIVA VIANA DO 
CASTELO 

1 84 56 29,1 0,9 14,0 1 84 57 29,1 0,9 13,6 

Site 22 ANTAS ESPOSENDE 2 210 142 19,7 3,0 10,1 2 195 131 19,7 3,0 9,7 

Site 23 LAUNDOS POVOA DE 
VARZIM 

2 210 93 15,8 1,0 6,1 2 210 90 21,7 1,0 6,3 

Site 24 TERROSO POVOA DE 
VARZIM 

----- ----- ----- ----- ----- ----- 1 84 36 6,3 1,1 4,1 

Site 27 BOUGADO 
(SANTIAGO) 

TROFA 2 210 84 26,6 2,1 14,6 2 210 90 26,6 2,1 13,6 

 
Table 3:  Location, Type, amount of manure of the biogas plant on two representative efficient 
solutions of the Pareto frontier: “Goal L1 (Norm)” and “Goal L∞ (Norm)”. 

 

1- Invest., Oper. and
Maint. Costs

2 - Transportation
Costs

3- Social Rejection

Opt 2

Opt 3

Goal L∞ (Norm) 

Opt1 and Goal L1
(Norm)
ideal

Figure 3: BAGAL – Comparisons of solutions #1, #2, #3, #4 and #5. 
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The solutions obtained were exported to a GIS in order to produce color-coded maps to 
facilitate the comparison in the ‘‘decision’’ (i.e., ‘‘geographic’’) space (Cohon, 1978). Figure 4 
represents the dairy farms assigned to each site, for the “Goal L1 (Norm)” and “Goal L∞ 
(Norm)” solutions, where each biogas plant is mapped with the respective dairy farm´s colours.  
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Dairy farms assigned to each biogas plant obtained for the (a) Goal L1 solution 

and (b) Goal L∞ solution. 

 

    We developed a sensitivity analysis regarding the maximum distance value, considering 
the maximum distance of 40 km (the maximum value for Unal et al. (2011) and Dagnall et al. 
(2000)) and we verified that we obtained the same number of open biogas plants and the 
same type of plant for each solution. Thus, the approximately 7,000 dairy farm/biogas plant 
combinations added to the problem did not lead to significant changes in the solution, only 
slight changes in the dairy farm to plant allocations. Only two different solutions, Opt3 and 
Goal L∞ , were obtained, and only the objective function (2) changed, saving respectively € 
2218 and € 211 when considering a distance of slightly more than 30km (more specifically 
32km).The use of longer distances in the routes could benefit objectives 𝑍1 and/or 𝑍2. 
However, it is not possible to reduce the number of open biogas plants since the fraction of its 
capacity used by each of them is already close to 100%. We have also observed that even if no 
maximum distance is considered (i.e. any route is can be used), the plants that were opened 
were the same as the ones obtained for a limit of 40 km. Finally, we observed that the value of 
the maximum distance must be greater than 29.5 km, otherwise the problem had no solution.  
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4. Conclusions 

 Complex decision problems are frequently encountered in the location of undesirable 
facilities, typically involving the consideration of a wide range of incommensurable and 
conflicting objectives. To answer to key questions as: “How many biogas plants should be 
located?”, “How large should each biogas plant be?” and “How much manure should be 
assigned to each biogas plant?” we proposed a MMILP model that seeks to optimize 
simultaneously the economic and social performance.  
 The capabilities of our approach were tested through its application to a case study 
based on the Entre-Douro-e-Minho region. Numerical results show how it was possible to find 
efficient compromises between social performance, investment, operation and maintenance 
costs, and transportation costs. In this analysis, eleven efficient solutions were generated, 
using different methods, to offer the decision-maker a general understanding of the trade-offs 
among the objectives. The final choice should be made by a panel of experts according to their 
experience, and should ideally represent the views of the society or a group of stakeholders. 
This can be supported by informative graphical representations, namely the BAGAL and the 
GIS maps corresponding to different solutions. 
 This model has been developed mainly with the purpose of studying the number and 
type of plants to be sited, as well as to have an idea of the trade-offs involved among the 
different objectives. In future research a more accurate model can be developed, 
acknowledging that: 

– It was not the purpose of this paper to optimize the routes of manure collection 
(locating-routing problem). Indeed, this would require making assumptions on who 
would organize the manure collection and how its costs would be distributed. 

– The data concerning manure production do not account for possible expansion or 
reduction plans by the farmers. 

 A much more comprehensive model would be quite expensive in terms of data 
collection and larger in terms of variables and constraints. Despite its limitations, the model 
presented is general enough to be purposefully applied to other regions and other undesirable 
facilities, after performing a careful adaptation to the local features of the region and type of 
facility. 
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