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A B S T R A C T   

The aim of the article is to develop a methodology for the creating decision support system by the integration of 
spatial, demographic and economic data and their processing with the use of game theory and spatial infor-
mation modeling methods. The article proposes a novelty method for applying the mathematical theory of 
cooperative games to analyze the use of different types of public policy and shows which one is most profitable 
locally for a modern smart city and its three main stakeholders: Authorities, Business, and Citizens. The devel-
oped method supports effective cooperation in the “ABC triangle” – with EU funds reasonably. The research 
conducted on the illustrative construction of a local biogas plant in the commune of Żuromin showed the eco-
nomic and social potential of the proposed model. Without loss of generality of the solution, the model may be 
used to support decision-making systems in the context of EU Policy Objective 5the thematically and spatially 
diverse CLLD instruments (Community-led Local Development, in regional development as well as the creation of 
smart cities and communities). According to our newest information within the commune of Żuromin, they are 
going to build two biogas plants. This situation is compliant with our findings.   

1. Introduction 

The issue of using decision support systems and operations research 
to create policies, both EU and national, in the field of regional devel-
opment is essential not only from the economic development of indi-
vidual regions but also the formation of an information society. Social 
progress, determined by changes in the ICT (information and commu-
nication technology) availability, may lead to the development of an 
information society with an "open" profile, in line with Karl R. Popper’s 
idea, or with a "closed" one, whose members use available technologies 
only as passive recipients of civilization changes. One of the European 
Union’s priorities is the development of smart cities and communities. 
The European innovation partnership on smart cities and communities 
(EIP-SCC) is an initiative supported by the European Commission that 
brings together cities, industry, small business (SMEs), banks, research 
and others (European Commission, 2020). 

One of the most promising instruments planned for the new EU’s 
financial framework for 2021–27 is the Community-led Local 

Development (CLLD), which makes use of the LEADER experiences 
applied to the European Union’s 2007–2013 financial approach under 
the second pillar of the common agricultural policy and common fish-
eries policy as "sustainable development of fisheries-dependent areas." 
The new EU financial perspective for 2021–27 plans on using this in-
strument on a much larger scale. It is an excellent opportunity for using 
the "dormant" potential for the social activity of local groups of resi-
dents, as well as for the regional development of many regions with 
diverse problems or needs. Unlike two other tools planned under PO5, 
CLLD is implemented using a specific bottom-up method, targeted at 
local areas of greatest need. It combines various types of activities in 
different sectors into a coordinated Strategy, finding innovative ways of 
addressing local challenges and opportunities. 

The conducted analysis of the literature and public policy currently 
applied in the EU indicates a research gap in this area. The currently 
used methods and approaches to support regional development in 
Europe focus on supporting cooperation between local authorities and 
business. The research hypothesis put forward by the authors of this 
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article is: the use of game theory in the spatial context allows for 
effective implementation at the regional level of the idea of Community- 
led Local Development (CLLD), as well as the creation of smart cities and 
communities. The developed method enables the effective use of oper-
ations research tools to support regional investments - implemented in 
cooperation in the "ABC triangle": local authority (A), business (B) and 
citizens (C). Such cooperation ensures not only improved economic 
development but also the formation of an open geoinformation society. 
One of the approaches to be used as a method of operations research 
analysis in this regard is cooperative game theory, where agents can 
form coalitions: subsets of the set of all agents. 

The article presents the optimization of the general model for 
regional development policy in economic and social terms, using the 
construction of a local biogas plant in the commune of Żuromin (Wiki-
pedia, 2020) as an example. 

The contributions of the paper are (i) an analysis of four types of 
public policies regarding the financing of the construction and subse-
quent operation of a biogas plant in the commune of Żuromin; (ii) an 
analysis of the results obtained as the cooperative game theory’s solu-
tion concepts; (iii) a detailed decision support model for the construction 
of a biogas plant, including a detailed profit and loss model for indi-
vidual coalitions under the assumptions of four types of public policy. 

The first part of the article presents the issue of public policy and the 
bases for the game theory with particular emphasis on cooperative 
games. Chapter 2 deals with the concept of four types of public policy 
considered in the paper as a starting point of further analysis that apply 
the game theory. Chapter 3 describes the tools of the cooperative game 
theory, with consideration of three solution concepts - the Shapley 
value, the nucleolus, and the Gately point. Subsequently, Chapter 4 
embeds the analyzed problem in the context of global research. Then, 
Chapter 5 discusses the proposed research methodology, i.e., the general 
model for the optimization of regional policy using game theory. The 
game theory tools were used to determine the decision-making scenarios 
for selected groups of players – municipal authorities, business, and 
citizens. Chapter 6 presents the problems of the local community of the 
Żuromin commune, and the potential solution – the construction of the 
biogas plant. To investigate the problem comprehensively, several cal-
culations and analyses were made, including economic model, and GIS 
analyses. Chapter 7 shows the possibilities for implementing the 
authorial model in this case study and analyzes the results obtained. The 
final part of the article comprises a discussion of the proposed solutions, 
conclusions, and future works. 

2. Public policy 

The idea of the public policy comes from the USA, and actions taken 
there since the first half of the 20th century. This new area of research 
meant to lead to a better understanding of the policy-making process 
while linking political decision-making with scientific knowledge 
(Fischer, 2003), which is also the creation and conduct of regional 
development policy. Harold D. Lasswell is considered the father of this 
new scientific discipline who laid its foundation in the early 1950s. 
However, public policy is neither a new phenomenon, nor does it mean 
new institutions or ways of governance (DeLeon, 2006). Generally, this 
term means specific methods of public authorities to solve problems of 
collective (public) significance (Chrabąszcz and Zawicki, 2014). The 
scope of public policy and variety of public policies is very broad, and 
there are a lot of theories concepts which differentiated types, models or 
approaches towards the public policy (Steinberger, 1980; Sabatier and 
Weible, 2017; Birkland, 2015; Araral et al., 2013; Immergut, 2011). 

Therefore, taking into account achievements in the field of public 
policy research on policy and politics, including policy-making and the 
delivery of its products, identified public policy models are a starting 
point for further analysis that employs game theory. For our research, 
the authors have chosen the concept of the public policy model proposed 
by Lowi (1972), which differentiated public policy into four types. This 

concept, developed to help political scientists and scientists in research 
and building theories of policy-making that can be generalized beyond 
the area of specific issues, is used inside the economic model of the in-
vestment in the biopower plant, from different perspectives. The concept 
is theoretical. Lowi made a starting assumption that policies (public 
policy) determine politics (political/governing actions). His approach 
focuses on decisions regarding the application of public authority and 
choices about the use of power and consensus building to support public 
or individual goals. 

Moreover, Lowi stated that authorities use coercion to implement 
public policies into politics. The probability and "target" for using public 
coercion is part of this model, and it makes it possible to distinguish four 
different types of policies: distributive, constituent, regulative, and 
redistributive, considered as ideal ones. Distributive policy benefits to 
specific individuals, companies or corporations and the likelihood of 
coercion is very low. A similar degree of coercion has a constituent 
policy, but it creates more rules of conduct for entities such as citizens or 
businesses. The regulative policy regulates behaviors to benefit wider 
groups or collectives, but in the same moment is associated with a high 
degree of coercion, as redistributive policy, which fulfil much more the 
idea of equal possession for everyone. Important is that according to 
Lowi, political choices are independent variables in the political process. 

Based on Lowi’s concept, it is possible to distinguish policies, stra-
tegies, and programs that are examples of four types of public policy. A 
great example that fits into the distributive policy is participatory 
budgeting used in many cities around the world, mostly in capitalist 
states with liberal democracy (Shah, 2007). Several cities introduced it 
into schools, universities, social housing, and cultural institutions. The 
mechanisms for applying participatory budgeting differ from each other, 
adapting to the local context, and the percentage of the city’s budget at 
the residents’ disposal is also different. Within this tool, there is almost 
no coercion associated with the policy introduction, and decisions are 
made individually. Socially and psychologically, individuals also gain 
more than in other types of public policy. 

The concept proposed by Lowi is a general qualitative model. The 
aim of the authors of this article is to develop a quantitative model 
which, based on general assumptions of public policy and game theory, 
allows for quantitative analysis of various spatial development scenarios 
and the selection of the optimal variant. 

3. Game theory 

One may describe the game theory as a method of making decisions 
under specific and interactive conditions in which the consequences of 
actions taken by individual participants (in the further parts of the paper 
called agents) depend on the actions of other agents (Straffin, 1993). 
Because of the normative and, simultaneously, explanatory nature of the 
agents’ decision-making process under conflictive or cooperative con-
ditions, many areas make use of game theory. According to Płatkowski, 
game theory is a science of strategic actions under the conditions of 
conflict and cooperation (Płatkowski, 2009). While Woźniak defines 
game theory as the name for a multi-agent theory of decision-making 
that examines the decision-making processes in a situation in which at 
least two connected agents make decisions when their connection results 
in that one agent’s decisions depend on the decision of at least one of the 
others, i.e., they are in a competitive situation (Woźniak, 2013). This 
theory is a tool that facilitates the understanding of phenomena and 
interactions between various entities; it constitutes a formalized and 
universal language that unifies behavioral sciences. Game theory 
formally describes situations in which agents compete or cooperate, thus 
enabling the use of a strict mathematical method not only to describe the 
interaction between various entities but also to seek a solution concept 
in the process of their cooperation and their participation in "payoffs" 
that result from this collaboration (Fudenberg and Tirole, 1991; Gib-
bons, 1992). Particularly interesting decision problems are related to 
n-agent games in which there are so-called side payments (Von 
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Neumann and Morgenstern, 1944) transferable between agents. Most 
economic concepts assume that money is the medium that makes it 
useful for players to transfer the benefits. 

The use of mathematical game theory to optimize decision-making 
processes, e.g., in the context of regional development policy, requires 
accepting certain assumptions directly derived from formal mathemat-
ical considerations. One such assumption is that the agents having ac-
cess to knowledge makes rational decisions. Another assumption is that 
agents enjoy complete freedom in the establishment of coalitions and 
the transferability of the so-called side payments. Most deliberations on 
the application of game theory adopt Von Neumann’s and Morgen-
stern’s model of games in the so-called characteristic function form. 
Among them, multi-agent cooperative games are particularly important, 
as searching for the solution concepts of such a game is paramount. The 
assumption in cooperative games is that agents can form different "co-
alitions"; the prerequisite for joining this type of partnership is the 
assumption that the total "payoff" for the entire coalition will not be 
smaller than the sum of individual payoffs; this is a condition of col-
lective rationality. In the analysis of cooperative games, the issue of 
dividing the "payoff" for the so-called grand coalition, comprising all the 
agents, plays a unique role. In this approach, unlike the so-called 
strategy games, there are many general solution concepts, such as the 
core, the Shapley value, the nucleolus, or the Gately point (Shapley, 
1964; Schmeidler, 1969; Shubik, 1982):  

• The core – it is assumed that in addition to individual rationality, 
there is also coalitional rationality, i.e., the coalition is willing to 
"expand" by adding a new member only if it gains from it (or, at least, 
does not lose).  

• The Shapley value (Woźniak, 2013) – seeking a "fair" distribution of 
gains. In Shapley’s approach, the rewards of each agent are pro-
portional to her/his contribution to a given coalition. It results from a 
payoff analysis and explains how agents will join the coalition by 
analyzing all the possibilities for joining the coalition. We shall as-
sume that ϕi(N, v) is the agent-i’s share in the value of the grand 
coalition and that this is the average value that the agent i adds to it. 
We calculate this value by considering all the options for creating the 
grand coalition from an empty coalition. Agent i may join the coa-
lition in |S|! ways (assuming different sets of agents before joining), 
while other agents may enter the coalition in (|N| − |S| − 1 )! ways. 
The Shapley value is calculated according to Eq. (1): 

ϕi(N, v) =
1

|N|!

∑

S⊆N− {i}

|S|!(|N| − |S| − 1 )![v(S − {i} ) − v(S) ] (1)    

• The nucleolus (Schmeidler, 1969)– when determining this value, the 
goal is for "the least satisfied coalition" to be "dissatisfied" as little as 
possible. It is an iterative reduction of the imputation set, which is 
the core, to a point. By introducing the concept of the nucleolus, 
Schmeidler capitalized on extending the concept of the core, which is 
the ϵ-core, where ϵ specifies the value at which agents do not depart 
from the core condition (see Eqs. (2)–(3)), although they could. In 
other words, the ϵ value determines the difference between what 
agents from the S coalition could gain from being in the coalition and 
individual payoffs, i.e., the degree of dissatisfaction with being in the 
coalition. Schmeidler proposed to minimize the value of dissatis-
faction to arrive at the ϵ-core. The iteration of this process leads to 
the point that is called the nucleolus. The nucleolus can be calculated 
using a series of mathematical programming models O1, …, ON, 
where ϵi− 1is the solution of the Oi− 1 problem, and Si is a set of 
coaltions, for which in the solution of the Oi− 1 problem, the con-
straints are realized equationally. 

O1

{ min ∈∑

i∈S
xi ≥ v(S)− ∈, ∀S⊂N (2)  

Oi

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

min ∈
∑

i∈S
xi = v(S) − ∈0, ∀S⊂S1

⋮
∑

i∈S
xi = v(S) − ∈i− 1, ∀S⊂Si− 1\Si− 2

∑

i∈S
xi ≥ v(S)− ∈, ∀S⊂N\Si− 1

(3)    

• The Gately point (Shubik, 1982) – an imputation that minimizes the 
tendency to disrupt the grand coalition. The disrupt value for i-th 
agent is given in Eq. (4). Imputation means such a distribution of the 
coalition’s "payoffs" that meets the criterion of individual and col-
lective rationality. It is the point at which each agents’ inclination to 
disrupt the coalition is the smallest possible, so to calculate the point, 
one have to minimize the largest disruption. 

di(x) =
∑

j∕=ixi − v (N − i)
xi − v(i)

(4) 

In the remainder of this paper, the authors will use three solution 
concepts: the Shapley value, the nucleolus, and the Gately point. The 
choice of these solutions is dictated by the universality of their appli-
cation and a relatively simple methodology for determining these 
values. These three concepts are based on different possible approaches 
to solving the value distribution problem. The Shapley’s Value based on 
a fair share proportional to the value contributed, the share most ad-
vantageous from the point of view of the grand coalition (nucleolus), 
and finally the most favorable division from the point of view of each 
participant of the grand coalition (Gately point). Thus, these concepts 
characterize different approaches to the fairness of distribution. 

4. Literature research 

Starting with the famous Nash equilibrium for non-cooperative 
games in the 1950s, different theoretical fields have been researching 
game theory (Van Der Laan and Tieman, 1998). Game theory can 
mathematically analyze and stimulate conflicts between 
decision-makers. It provides a framework for conflict resolution be-
tween, for instance, city authorities, citizens, and businesses, and 
simulate the interactions amongst different stakeholders with conflict-
ing preferences. In cooperative games, all kinds of agreement among the 
players are possible (Moretti and Vasilakos, 2010). The benefit of any 
individual (the highest payoff) depends on the behaviors of others. 
Game theory will find a solution when all of them reach an agreement 
(Straffin, 1993; Aumann et al., 1992; Basa̧r and Olsder, 1998; Myerson, 
1991). D’Amours and Rönnqvist studied the issue of building coalitions 
and sharing the costs among partners (D’Amours and Rönnqvist, 2010). 
Both cooperation and competition simultaneously (the so-called coo-
petition) can involve and benefit actors (agents). The relationship 
emerges when two groups of actors cooperate in some activities, such as 
strategic alliance and, at the same time, compete with each other in 
other activities (Bengtsson and Kock, 2000; Brandenburger and Nale-
buff, 1997). 

The origins of the special attention that game theory receives in 
decision support systems and social science lie in its ability to provide 
solid micro-foundations for the study of collective decision-making 
processes and structures and social change (Aumann et al., 1992). 
Game theory can support policy-making, e.g., in environmental man-
agement or spatial development. As Ball noticed, the game theory could 
be promising methodology in this field of research, although it is not 
very common, possibly because spatial planning is characteristically 
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very much context-driven (Ball, 1998; Lai et al., 2008; Samsura et al., 
2010). Game theory may help depict the interaction between local 
governments and land developers (Knaap et al., 1998). Lin and Li used 
game theory to resolve the conflicts between eco-protection (local 
government) and urban expansion (for the benefit of land developers) 
(Lin and Li, 2016). Samsura, van der Krabben, and van Deemen devel-
oped a game model for the case study of the development of a greenfield 
residential area. They analyzed the strategic behavior of private de-
velopers and municipalities concerning the implementation of new 
legislation (Samsura et al., 2010). da Silva Rocha and Salomão applied 
the game theory approach to studying the interplay between corporate 
environmental compliance and enforcement promoted by the policy-
maker in a situation where the vast majority of companies do not 
internalize their pollution negative externality, and auditors do not 
inspect the companies (da Silva Rocha and Salomão, 2019). Chen and 
Monahan used a stochastic model to derive the optimal policies of 
production planning and inventory control under regulatory and 
voluntary pollution control approaches, investigating their operational 
and environmental effects (Chen and Monahan, 2010). White studied 
how a system of enforceable fines can ensure full participation (White, 
2003). Sun and Gao proposed a model for urban transit assignment 
based on game theory (Sun and Gao, 2007). Skovsgaard and Jensen used 
a mixed integer programming model to find the optimal biogas value 
chain and used the cooperative game theory to understand real-world 
observations compared to the study’s result (Skovsgaard and Jensen, 
2018). Luo and Miller used a game theory approach to determine an 
appropriate biorefinery capacity and the corresponding incentives pro-
vided to the farmers by balancing the impact and the risk of the public 
good (Luo and Miller, 2017). They proposed a behavior (Camerer, 2003) 
incentive model to describe an individual farmer’s decision-making 
process as they assumed that classic game theory modelling has a 
limited ability to capture individual risk (Luo and Miller, 2017). 

Kose, Erbas, and Ersen used an integrated approach based on game 
theory and geographic information systems (GIS) to handle military 
decision problems (Kose et al., 2017). Anantsuksomsri and Tontisirin 
analyzed traffic congestion from a micro-behavioral foundation 
perspective, integrating a spatial agent-based model with GIS (Anant-
suksomsri and Tontisirin, 2016). Power presented a spatial agent-based 
model of an N-person prisoner’s dilemma to examine the cooperation 
among a socio-geographic community, based on GIS (Power, 2009). 

The conducted literature studies showed that the use of game theory 
and multi-agent systems is increasingly used in modeling the behavior of 
residents, but also the effects of potential actions and investments 
planned by the authorities. 

5. Proposed methodology 

According to the methodology proposed by the authors of the article, 
the process of creating decision support systems and mathematical 
analysis will use cooperative games theory as well as various versions of 
supporting regional development that employ Lowi’s concept of four 
types of public policy. The research aimed to develop, and later test, a 
real example of a regional development policy model that employs OR 
tools to stimulate social activity. EU instruments, such as the CLLD tool 
defined in Policy Objective 5, may stimulate the development process of 
smart cities and communities. However, the extent of their use signifi-
cantly depends on the potential beneficiaries’ conviction about the gains 
from the cooperation. The authors of the article attempted to use game 
theory tools to determine the decision-making scenarios for significant 
groups of players, i.e., local authorities, citizens living and working in a 
given region, and entrepreneurs with significant influence over the 
decisions. 

The authors make the following model assumptions: we shall assume 
a cooperation game with side payments. Cooperative game theory is not 
concerned with what decisions are made within the coalition, nor with 
the coordination of agents. On contrary, the theory considers how the 

value of individual coalitions is shaped as a result of an agent joining it. 
The side-payments assumes that the coalition’s value can be freely 
distributed among the agents that belong to this coalition. The authors 
did not assume that the game must be superadditive. 

A set of agents participates in such a game, where A stands for 
Municipal Authorities, B stands for Local Business, and C stands for 
Citizens. These agents may decide to join the coalition, understood as 
giving consent to certain activities, e.g., building or not a biogas plant in 
a given commune. Such an undertaking means incurring investment 
costs. However, it also brings real gains: making use of agricultural 
waste, reducing the offensiveness of the odor, as well as cheaper energy, 
and, naturally, monetary gains. The construction of a biogas plant can be 
additionally supported with EU funding, which significantly varies 
depending on how many entities participate in the cooperation. Symbol 
S⊆N marks the coalitions that are subsets of the agent set. N is the grand 
coalition to which all the considered agents belong. The set of all 
possible coalitions for the considered case is 
{{∅}, {A}, {B}, {C}, {A,B}, {A,C}, {B,C}, {A,B,C} }. To analyze partic-
ular cases, the assumption that individual players must participate in the 
coalition had to be resolved for each occurrence of the coalition struc-
ture. Firstly, it was assumed that one-entity coalitions could not 
participate in the construction of a biogas plant. Secondly, some two- 
entity coalitions may participate in coalition building, for example, 
the {B, C} coalition may carry out the construction without having the 
Authorities support, incurring additional costs. The decision on the 
possibility of construction by particular two-entity coalitions was made 
individually. 

We assign specific payoffs to each coalition; it is the so-called char-
acteristic function, denoted by v(S). The v(S) values depend on, among 
others, the considered models of ownership, the extent of co-financing 
for the biogas plant construction, pricing policy, and the formed coali-
tion S in the investment. The calculated values will be presented in detail 
later in the paper. Analysis of these values will determine which coali-
tion is the most beneficial for all the entities. Then, having determined 
the characteristic function, the solution concepts are used to divide the 
value among the Authorities, Business, and Citizens. 

The ascertainment of the value of the coalition does not provide 
explicit information on how this value will be divided among its agents, 
because, assuming there are transferable side payments, the coalition 
participants can make various divisions deemed "fair." Further on, the 
Shapley value, the nucleolus, and the Gately point, described in the 
previous Chapter, will be determined. 

The authors used the theory of coalition games and various types of 
public policy to create a general model for establishing and functioning 
of the coalition between local Authorities, Business, and Citizens. The 
Shapley value, the nucleolus, and the Gately point for different policies 
were obtained. As a result, it was not only possible to analyze the 
"fairness" of a given coalition’s division, but also to determine the 
dissatisfaction with the division (nucleolus) and the tendency to disrupt 
the coalition (the Gately point). In model considerations, shares of actors 
A, B, C were assumed in line with the idea of 4 types of public policy 
developed by Lowi. Due to the quantitative nature of the proposed 
method, specific (numerical) values of the shares of individual actors 
(their percentage sum is 100) were adopted in accordance with the as-
sumptions of individual policies. 

The sketch of decision support system implemented in Excel sheet is 
provided in Supplementary Materials. It provides data in spreadsheet, 
and the model implemented using Excel equations. It provides the de-
cision maker data on the earnings for each agent (authorities, business, 
and community), profitability of the investment, and details concerning 
e.g. costs structure, profits for selling the energy on the balancing 
market, to microgrid, or to local community. The decision to be made is 
the model of investment, and the coalition that will participate in bio- 
gas power plant building. In further considerations, these values were 
parameterized, and the developed tools available in the Supplementary 
Materials allow for any modification. 
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5.1. Measures used and their presentation 

Based on such characteristic functions, the Shapley value, the 
nucleolus, and the Gately point were determined using an application 
written in C language (its source code is in Supplementary Materials).  
Fig. 1 shows the method of presenting the results used later in the paper. 
The height of an equilateral triangle is 100 units; the geometric inter-
pretation of the Shapley, nucleolus and Gately values is the distance of 
the points S (Shapley), N (Nucleolus), and G (Gately) from the side of the 
triangle opposite the given vertex, where individual vertices represent 
the respective agents (A, B, and C). For example, the distance of the S 
point (the Shapley value) from the side that is opposite to vertex A 
means the Shapley value for agent A. Individual values, e.g., the Shapley 
value for (Fig. 1) for agents A, B, and C, also add up to 100 units. The 
determined values indicate "fair" (in the sense of the Shapley value, the 
Gately point, or the nucleolus) participation in the "winning." For a fair 
distribution in the Shapley sense, it means (see Fig. 1) 55 units for B, 31 
units for A, and 14 units for C. This means that "fair" distribution may be 
a long way from the concept of "equally for everyone" and that it may 
result both from the expenditure incurred, the partner’s importance for 
the coalition, the desire to maintain the coalition, as well as many other 
factors. 

6. Case study: a biogas power plant in the commune of Żuromin 

The example of the commune and town of Żuromin in central Poland 
served as a means for the analysis of the general model, proposed by the 
authors of the article, for using game theory for the useful application of 
public policy with CLLD instruments. Żuromin’s specific problem is the 
troublesome neighborhood in the form of a massive number of pig and 
poultry farms in its immediate vicinity. The largest poultry "hub" in 
Poland, with annual production exceeding 20 million chickens and 600 
thous. pigs, surrounds a town of 10 thous. residents. Such intensive 
agricultural production, forming a circle of a few kilometers around 
Żuromin, causes an extremely offensive odor. As a result, there appear 
social conflicts between agricultural producers, residents, and town 
authorities; the local community accuses the authorities of being passive 
towards environmental degradation. There is an additional, and 
extremely crucial in this context, problem of creating and developing a 
smart city and community in Żuromin, namely the residents’ low level of 
engagement in the process of co-deciding about the town’s development 
and their low activity in social consultations, civic shaping of the spatial 
order, or responsibility for the environment. 

The construction of the biogas plant may solve the problems of soil 
degradation and the offensiveness of the odor. It will also enable modern 
agricultural waste processing and the generation of significant amounts 
of energy, as well as ensure the commercialization of this project. 
However, there are many ways to accomplish the construction of a 

biogas plant: it may be a private business investment made by local 
producers, an investment made by municipal authorities, or it may be 
the outcome of implementing such instruments as CLLD. However, this 
approach requires the engagement of residents, which, in turn, requires 
a clear definition of the model to facilitate gaining economic, social, and 
environmental benefits for all the participants in the biogas plant crea-
tion process. 

6.1. Analyzing the costs of abandonment 

When considering the construction of a biogas plant in Żuromin, the 
first stage included the calculation of the costs of forgoing the con-
struction of this type of investment. For the sake of clarity, the method of 
determining the costs of inaction is discussed in detail in Supplementary 
Materials. The calculations took into account: the number of inhabitants 
directly exposed to the odor (within 200 m from the breeding farms: 
6.3% of the population; within 500 m: 22% of the population; see  
Fig. 2), the degree of degradation of meadows and arable fields, decrease 
in the real estate value, a decline in tax revenues caused by residents 
moving out of the commune, costs of waste disposal covered by local 
producers, and so on. (Fig. 3). 

The estimated costs of abandonment add up to PLN 3.5-12.3 million 
for local authorities, PLN 32-106 million for residents, and PLN 60 
million for agricultural producers. The analysis clearly shows that the 
construction of a biogas plant is in the interest of all the parties, players 
A, B, and C in the game theory terminology. 

Supplementary Materials include the economic model, in the form of 
a spreadsheet, presented in the further part of the paper. The data 
supporting its development are related both to the analysis of spatial 
information and the processing of data from Statistics Poland’s [Central 
Statistical Office of Poland], data obtained directly from the City Hall of 
Żuromin, as well as the results of calculations regarding detailed studies 
on the construction of a biogas plant, and wholesale and retail prices for 
various entities consuming electricity and heat, and guarantees of origin 
(colloquially known as green certificates). 

6.2. Data sources 

The study by Biogaz Inwest company (Calculation examples Przyk-
łady obliczeniowe Biogaz Inwest, 2020) provided the information on the 
profitability of a biogas plant construction, and its size, operating costs, 
the power of installed electric and thermal systems, energy and heat 
generation in a year in Poland. Information on energy prices on the 
balancing market comes from the Polish Transmission System Operator, 
PSE SA [Polish Power Grid company] (https://www.pse.pl/home), and 
data on the prices on guarantees of origin are from CIRE’s [information 
centre for the energy market] website (https://towarowanigielda 
-energii.cire.pl/). The authorities of Żuromin (http://zuromin.info/) 
provided the authors with information on the City Hall and Commune of 
Żuromin’s energy consumption. Additionally, the authors found infor-
mation on the G11 (electricity tariff for households: with one electricity 
rate per day) and C11 (electricity tariff for companies: with one elec-
tricity rate per day) tariff rates in the north of the Mazowieckie Voivo-
deship in the documents of the local Distribution System Operator 
(https://enerad.pl/energa/taryfy-pradu/). Also, the authors used in-
formation on the average household energy consumption from Statistics 
Poland (https://stat.gov.pl/en/). Mihułka’s work was the source of in-
formation on waste production, liquid manure production, the average 
energy consumption on farms, and the average number of animals on a 
farm. The official Topographic Object Database BDOT 10k was the 
source of information on the population, the number of farms, and en-
trepreneurs. Supplementary Materials contain all the data used. 

While analyzing the construction of biogas plants, the authors 
considered four types of public policy (distributive – CLLD, redistribu-
tive, regulative, and constituent) for three primary groups of stake-
holders: Authorities of the town and commune of Żuromin (A), poultry Fig. 1. Explanation of the symbols used.  

R. Olszewski et al.                                                                                                                                                                                                                              

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24

https://www.pse.pl/home
https://www.towarowanigielda-energii.cire.pl/
https://www.towarowanigielda-energii.cire.pl/
http://www.zuromin.info/
https://www.enerad.pl/energa/taryfy-pradu/
https://www.stat.gov.pl/en/


Land Use Policy 108 (2021) 105485

6

Fig. 2. Settlement and road network in the commune of Żuromin with 200 m and 500 m buffer zones around farms (the enlarged fragment, see Fig. 3).  

Fig. 3. Breeding farms in the commune of Żuromin, and their impact on the offensiveness of the odor within 200 m and 500 m.  
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and pig farmers – local Business in the commune of Żuromin (B), and 
Citizens living in the commune (C). For each of these groups, a profit and 
loss account was made for individual types of policies and variants of 
individual groups’ participation (direct or indirect) in the investment. 

The following partial models provided the bases for the creation of a 
decision support systems and mathematical model for the construction 
of a biogas plant: (i) an economic model of revenues and costs, (ii) a 
model of reselling produced energy in a microgrid, (iii) models of pol-
icies to obtain financing. According to the calculations (see Supple-
mentary Materials), to utilize animal faeces fully and to eradicate the 
odor, it would be advisable to build thirty-two biogas plant modules 
with 1-MW capacity in the commune of Żuromin, meaning an invest-
ment of PLN 500 million (around EUR 125 million). For both economic 
and social reasons (a lack of mutual trust between potential partners), it 
is impossible to implement such an option. Nevertheless, an investment 
of PLN 15 million (around EUR 4 million), would make it possible to 
build one biogas plant with 1-MW capacity; its operation would enable: 
deriving specific economic benefits, reducing the odor, and, above all, 
increasing the mutual trust between local authorities, business, and 
residents, and creating a smart community. The selection of a location 
for this biogas plant is, however, key to achieving these goals as it re-
quires the optimization of a multidimensional objective function (e.g., 
reducing the offensiveness of the odor for as many inhabitants as 
possible; the proximity of farms, which reduces costs of transport; social 
consensus; local law provisions for the place of investment). 

The selection of potential places for the construction of a biogas plant 
required performing multivariate analysis of spatial data using GIS tools 
(Figs. 4,5). The authors developed a so-called population distribution 
dot map: every inhabitant of the commune is represented as a dot whose 
distance from particular farms (odor generators) has been determined 
with an authorial geoinformation application. Analogously, using an 
original functionality implemented into the GIS application, 192 farms 
have been aggregated (using the forward-stepping method), creating six 
centroids (potential locations of a biogas plant). Voronoi diagrams have 
been created around these centroids, enabling the designation of 6 zones 
in the commune (Fig. 6). For each zone, the number of its inhabitants, 
residential buildings, and farms with their usable area, and the per-
centage share of particular measures, and the sum of the distance from 

the centroid of the zone to individual farms were determined (Table 1). 
The map (Figs. 4,5) also shows the 10.5 ha area, designated by the local 
authorities, adjacent to the beltway, which is a sub-zone of the Warmia- 
Mazury Special Economic Zone (http://www.wmsse.com.pl/). It is an 
administratively separated area where investors can conduct business 
with regional aid in the form of income tax exemption (corporate taxes, 
CIT or personal income taxes, PIT) on the income obtained from the 
activity specified in the permit. 

The GIS analyses carried out at this stage enabled the initial selection 
of 7 regions (and their centroids as potential locations of the biogas plant 
construction), for which the authors determined several parameters 
affecting the economic efficiency and the social purpose of the potential 
biogas plant construction. Additionally, the application of the mathe-
matical game theory that employs four types of public policy and a set of 
parameters required by the economic model enables analyzing the 
profitability of construction in distinct locations. One should emphasize 
that, in this context, the term "profitability" does not only refer to strictly 
economic parameters but social as well. Ultimately, besides revenue 
from energy generation, the goal of the investment is also the reduction 
of the odor, an increase in the public trust, and the cooperation between 
local authorities, business, and residents. 

When performing the analyses, the authors considered two variants:  

1. construction of a biogas plant in one of six regions that would involve 
local authorities, the agricultural producers from the region, and the 
residents of this region only;  

2. construction that would also involve the inhabitants of Żuromin 
(central region marked in yellow, Fig. 5). 

It is crucial to consider these two options separately, because the 
inhabitants of Żuromin (8 900 people) constitute around 60% of the 
population of the commune and their participation (or lack of thereof) 
significantly affects both the economic outcome and, above all, the so-
cial engagement of the inhabitants. 

The authors analyzed the construction of a biogas plant based on 
corn silage and liquid manure with a capacity of 0.86 MWel and 0.97 
MWt. A biogas plant sells 6.26 GWh of electric energy annually; it also 
sells so-called green certificates, as well as yellow certificates for 

Fig. 4. Map of the commune with the location of buildings and farms, the special economic zone, designated regions, and their centroids.  
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Fig. 5. Map of the commune with the location of buildings and farms, the special economic zone (blue), designated regions, and their centroids (red) (with the 
selected region enlarged). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. The total value of the grand coalition in distinct regions and its percentage share according to the Shapley value criterion (the variant taking into account the 
participation of Żuromin’s residents; distributive policy). 
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cogeneration up to 1MWt (Calculation examples Przykłady oblicze-
niowe Biogaz Inwest, 2020). 

6.3. The economic model 

The basis for this model is the analysis of costs and revenues of the 
three stakeholders who are the agents (A, B, C) in an investment period 
of 12 years (Calculation examples Przykłady obliczeniowe Biogaz 
Inwest, 2020). The authors took into consideration financing (in most 
cases) or solely using personal funds (only in the case of additional 
funding from the EU in the amount of 80%). The costs included: pre-
paring CLLD documentation, total construction costs, land lease costs, 
operational costs of depreciation and distribution of the 
post-fermentation residue, financing costs, and, for every group of 
stakeholders, the cost of participating in the construction of a biogas 
plant, i.e., their financial contribution. The calculations considered the 
following data when working out the contributions: the number of in-
habitants of a given district, the number of breeders, and the number of 
existing farms. Supplementary Materials include the list of parameters 
taken into account and the method used to convert them. 

6.4. The model of reselling produced energy in a microgrid 

The assumption is that the biogas plant in the microgrid can sell 
energy in the following two ways: (i) on the energy balancing market, 
the energy is later resold via the Distribution System Operator (DSO); (ii) 
to local customers in the microgrid, without DSO’s intermediation. The 
energy produced by the biogas plant will be sold:  

• Citizens (C) at a price lower than the tariff rate (a variable energy 
tariff for G11 retail customers serves as a reference point). Consid-
ering the data obtained from the City Hall of Żuromin, a single 
person annually consumes 830.2 kWh (Dobry, 2020); the number of 
people in a given district comes from Tables 2 and 3.  

• Local Businesses/Breeders (B) at a price lower than the tariff rate (a 
variable energy tariff for C11 business customers serves as a refer-
ence point). Considering that a single farm annually consumes 111 

MWh (Mihułka et al., 2003). The number of farms in a given district 
is based on the data from Tables 3 and 4.  

• City Hall and Commune of Żuromin (buildings: schools, offices, and 
infrastructure) (A), (a variable energy tariff for C11 business re-
cipients serves as a reference point). Public utilities consume 
1429,787 kWh per year (information for 2019, provided by the City 
Hall and Commune of Żuromin; details in Supplementary Materials). 

6.5. Models based on specific types of policies 

According to the classification of public policies discussed in Chapter 
2, analyzing variants of the biogas plant construction in distinct six 
zones brought about four ways of the biogas plant co-ownership that 
correspond with Lowi’s public policy concepts:  

• Community-led Local Development – Distributive Policy: in this 
approach, all entities (in the baseline situation) enter into coopera-
tion. Their contribution (of 20%) is calculated as follows: the dis-
tribution of shares is 45% for Citizens, 25% for Business, and 30% for 
Authorities. Citizens and Business contribute proportionally. The 
biogas plant satisfies 25% of the residents’ energy demand, reselling 
them energy for 50% of the G11 rate, meets 30% of the farms’ energy 
demand at 50% of the C11 rate, satisfies 75% of the town’s energy 
demand, resells energy to municipal buildings at 50% of the C11 
rate. Entities profit from cheaper energy (A, B, and C), CIT (A), and 
an annual dividend (A). As an entity, the biogas plant earns by selling 
energy to entities (A, B, and C), selling the guaranties of origin on the 
stock exchange, and selling surplus energy on the balancing market.  

• Constituent policy: this approach assumes that producers cooperate 
and invest in a biogas plant. They contribute proportionally (25%), 
and profit, firstly, from cheaper energy and, secondly, from the 
dividends. The biogas plant satisfies 25% of the residents’ energy 
demand, resells energy for 95% of the G11 rate, satisfies 30% of the 
farms’ energy demand at 75% of the C11 rate, satisfies 65% of the 
town’s energy demand, resells energy to municipal buildings at 95% 
of the C11 rate. Entities profit from cheaper energy (A, B and C), CIT 
(A), and an annual dividend (B). As an entity, the biogas plant earns 

Table 1 
A snippet of data used in the calculation process.  

Region 
number 

Characteristics of particular regions 

Number of farms/ 
number of chicken 
coops (pigpens) 

Farm 
surface 
[m2] 

Residential 
buildings 

Population 

1  8 (36)  65 527  190  735 
2  2 (6)  9 602  79  298 
3  8 (33)  40 034  278  1207 
4  7 (24)  29 776  279  993 
5  17 (79)  111 474  289  1063 
6  2 (9)  8 935  362  1452 
Żuromin  1 (3)  4 559  1416  9053  

Table 2 
Review of the number of inhabitants, farms, and producers in distinct regions, 
for regions without the town of Żuromin included.   

Regions (without the town of Żuromin included) 

region 
1 

region 
2 

region 
3 

region 
4 

region 
5 

region 
6 

Number of 
citizens  

735  298  1207  869  1063  1452 

Number of 
farmers  

8  2  8  7  17  2 

Number of 
farms 
(chicken 
and pig)  

36  6  33  23  79  9  

Table 3 
Review of the number of inhabitants, farms, and producers in distinct regions, 
for the region that includes the town of Żuromin (region 7), each region 
considered separately.   

Regions (the town of Żuromin included, each separately) 

reg. 
1 þ 7 

reg. 
2 þ 7 

reg. 
3 þ 7 

reg. 
4 þ 7 

reg. 
5 þ 7 

reg. 
6 þ 7 

Number of 
citizens  

9788  9351  10,260  9922  10,116  10,505 

Number of 
farmers  

9  3  9  8  18  3 

Number of 
farms 
(chicken and 
pig)  

39  9  36  26  82  12  

Table 4 
List of the supposed levels of satisfaction of the needs of individual stakeholders 
and the relative price of the analyzed policies. Regions without the town of 
Żuromin included.   

Realized demand Relative price 

A B C A 
(C11) 

B 
(C11) 

C 
(G11) 

distributive policy – 
CLLD  

75%  50%  50%  50%  50%  50% 

constituent policy  65%  50%  100%  95%  75%  95% 
regulative policy  50%  50%  50%  95%  95%  95% 
redistributive policy  50%  50%  100%  50%  95%  95%  
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on the sale of energy to entities (A, B, and C), the sale of guaranties of 
origin on the stock exchange, and the sale of surplus energy on the 
balancing market.  

• Regulative policy: this approach implies public-private partnership 
(PPP); in the competitive procedure, the authorities select a company 
that will invest in the biogas plant construction. As such, it will be an 
external company. The biogas plant sells energy to residents, meets 
25% of their demand for 95% of the G11 rate; satisfies 30% of farms’ 
energy demand at 95% of the C11 rate; satisfies 50% of the municipal 
buildings’ demand, resells them energy for 95% of the C11 rate. 
Entities derive profits from cheaper energy (A, B, and C) and CIT (A). 
The biogas plant as an entity earns on the sale of energy to entities (A, 
B, and C), the sale of guaranties of origin on the stock exchange, and 
the sale of surplus energy on the balancing market. This model is the 
safest for all the groups as they do not take the risk individually; 
however, it also brings them the lowest profits.  

• Redistributive policy: in this approach, the construction of biogas 
plants falls on municipal authorities that pay their contribution. The 
biogas plant sells energy to residents, meets 25% of their demand for 
95% of the G11 rate; satisfies 30% of farms’ energy demand at 95% 
of the C11 rate; satisfies 50% of the municipal buildings’ demand, 
resells them energy for 50% of the C11 rate. Entities profit from 
cheaper energy (A, B, and C), CIT (A), and dividends (A). As an en-
tity, the biogas plant makes a profit on the sale of energy to entities 
(A, B, and C), the sale of guaranties of origin on the stock exchange, 
and the sale of surplus energy on the balancing market. 

Because of the inability to provide complete satisfaction in each 
analyzed situation, the presented levels of satisfaction of individual 
agents are suppositional. Tables 4 and 5, as well as Supplementary 
Materials, show detailed data. 

The calculations were carried out in two stages. The first stage 
consisted of calculating the profits of each entity (A, B, and C) for various 
ownership policies and different regions in the commune of Żuromin. 
This procedure involved the economic model, included in Supplemen-
tary Materials. These calculations brought about the values of the 
characteristic functions v({A,B,C} ), v({A,B} ), v({A,C} ), v({B,C} ). It 
was assumed that the values v({A} ) = v({B} ) = v({C} ) = v(∅) = 0, 
because for formal and social reasons, no entity would have been able to 
build and utilize a biogas plant on their own. 

Subsequently, with these values, the authors employed the mathe-
matical theory of cooperative games, and, using the authorial program 
in C language, calculated the Shapley, nucleolus, and Gately values. 

7. Discussion 

The method of financing the construction of a biogas plant in the 
commune of Żuromin and the participation in both costs and profits 
arising from its construction serves as an inspiring illustration of con-
ducting local, regional development policy. One should note that the 
construction of a biogas plant is possible in each of the four public policy 
scenarios, but the economic and, primarily, social feasibility of this 

solution significantly varies depending on the variant adopted. 
The assumption underpinning constituent policy is that the con-

struction of a biogas plant is, mainly, a task for the business. The au-
thorities make relevant provisions for the construction of a biogas plant; 
local entrepreneurs bear the costs; residents and authorities benefit from 
cheaper energy and an increase in tax revenues. The adoption of a model 
based on regulative policy leads to the PPP arrangement. In this variant, 
the authorities ensure, in the competitive procedure, the selection of an 
entity that will build the biogas plant. The local business can provide the 
biogas plant with waste products. All the entities profit from cheaper 
energy. It is also possible to apply the redistributive policy in which the 
local authorities take on the responsibility for the construction of a 
biogas plant. In this variant, it is the local government that solves the 
problem of odor, providing entrepreneurs with the opportunity to sell 
the waste products, while all the entities benefit from cheaper energy. 

All the variants above enable the reduction of the odor problem by 
building a biogas plant. None of them, however, leads up to stimulating 
the development of the local community’s activity. Due to the immense 
significance of developing smart cities and communities and shaping a 
lively and open information society, the direct involvement of the resi-
dents of the town and commune in the biogas plant construction process 
is paramount. Thanks to the distributive policy (with calibrated pa-
rameters of the CLLD tool), it is possible to achieve synergy between the 
social and economic development of the local community. In this 
variant, Local Action Groups (LGDs) initiate the CLLD. Building the 
biogas plant is done by a company whose shareholders are representa-
tives of all the stakeholders: local authorities, agricultural producers, 
and residents. All shareholders make payments to build a biogas plant. 
Consequently, not only do they manage to reduce the offensiveness of 
the odor, but they also receive payments from shares and profit from 
cheaper energy. 

The key to optimizing this process is the appropriate parameteriza-
tion of the payoff matrix and the selection of the most advantageous 
option of "payoff" distribution. The following analysis shows different 
variants of the biogas plant construction using four types of policy and a 
method for optimizing the process of CLLD with a variant of distributive 
policy. 

The numerical calculations showed that the public policy distribu-
tive variant brings by far the most substantial value of the grand coali-
tion (Table 6). Additionally, spatial analysis indicates that the highest 
value of the grand coalition is obtained for Region 5. Fig. 6, in the form 
of a structural proportional symbol map, shows both the total value of 
the grand coalition for distinct regions and the percentage share in the 
"payoff" for three "players": local authorities (A), agricultural producers 
(B) and residents (C). The Shapley’s value on the map serves as the 
criterion of participating in the payoff in the grand coalition. Supple-
mentary Materials contain values determined according to the Gately 
point and the nucleolus. 

Zero values in Table 6 result from the adopted methodological as-
sumptions; the value of the grand coalition would be equal to zero in the 
following cases: (i) if the value of the grand coalition is less than or equal 
to zero, (ii) if the value of the investment is higher than the value that the 

Table 5 
List of the supposed levels of satisfaction of the needs of individual stakeholders 
and the relative price of the analyzed policies. Regions include the town of 
Żuromin (region 7), each region considered separately.   

Realized demand Relative price 

A B C A 
(C11) 

B 
(C11) 

C 
(G11) 

distributive policy – 
CLLD  

75%  30%  25%  50%  50%  50% 

constituent policy  65%  30%  25%  95%  75%  95% 
regulative policy  50%  30%  25%  95%  95%  95% 
redistributive policy  50%  30%  25%  50%  95%  95%  

Table 6 
The value of the grand coalition {A, B, C} for the variant without the inhabitants 
of Żuromin.  

Region 
number 

The value of the grand coalition {A, B, C} for the variant without 
the inhabitants of Żuromin 

distributive 
policy – CLLD 

constituent 
policy 

regulative 
policy 

redistributive 
policy  

1  20,317  4421  752  1876  
2  15,425  0  0  0  
3  20,140  4304  746  1966  
4  18,393  1642  578  173  
5  27,150  14,533  1389  8355  
6 16586 0 424 0  
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investment will return. The second situation determines whether the 
investment is profitable for the grand coalition {A, B, C} in a given re-
gion. The investment is not profitable, e.g., for Region 2 for three public 
policy variants. 

7.1. CLLD-policy analysis 

The analysis indicates that employing distributive policy produces 
the most successful outcomes of the construction of a biogas plant in the 
commune of Żuromin; this means the application of the CLLD in-
struments. However, it is also essential to analyze the place (region) 
where the biogas plant is to be built. The results obtained (Table 6) 
indicate that Region 5 receives the highest value of the grand coalition. 
This result is also satisfactory because of the special economic zone in 
this region. Given this region’s great investment potential, both variants 
for Region 5 received an in-depth analysis of results that shows both the 
value of the grand coalition for the four policies, as well as measures for 
the distribution of payments, such as the core, the Shapley value, the 
nucleolus, and the Gately point. (Fig. 7). 

The analysis carried out for Region 5 (see Fig. 8) shows that the 
distributive policy brings incomparably higher (total) payoffs than other 
policies. For payoffs, the regulative policy is the worst, with payoffs 
about 20 times smaller when compared to the distributive policy. 
Additionally, constituent and redistributive policies bring about 3–4 
times lower payoffs. 

A deeper understanding of the CLLD policy model used for Region 5 
required the analysis of the model’s parameters; the analysis assumes 
variants in which the share of two agents in the values of the charac-
teristic function is increased. The value by which it will be increased 
should be assumed. Our proposition is to increase the value of v({x, y})
of the average Shapley value for x and y, i.e.: (Shp(x)+Shp(y))/2 (see 
Eqs. (2)–(4)). If the value is less than zero, we assume zero. Our 
assumption can be interpreted as additional benefits for the coalition, 
resulting from the possibility of additional financing at the national 
level. 

v({A,B}←max(0; v({A,B})+ (Shp(A)+ Shp(B))/2) (2)  

v({A,C}←max(0; v({A,C})+ (Shp(A)+ Shp(C))/2) (3)  

v({B,C}←max(0; v({B,C})+ (Shp(B)+ Shp(C))/2) (4) 

The variation analysis shows how the configuration of the game 
solutions changes when favoring different pairs of agents (binary co-
alitions) with respect to the baseline solution. Thus, by favoring the 
Business and Citizens pair (BC) and the Authorities and Business pair 
(AB), the game solutions lose their "fairness" because of a significant 
shift towards profits for the favored agents. On the other hand, favoring 

the Authorities and Citizens (AC) pair gives a solution that seems the 
closest to a "fair" one, from the social point of view. It is also interesting 
that the Gately, nucleolus, and the Shapley values in this variant are the 
most similar to each other. One should stress that the application of any 
of the variants discussed does not change the value of the grand coali-
tion; what changes is the distribution of benefits derived by the three- 
player coalition. 

7.2. Regulative and constituent policy analysis 

In the previous section, the authors presented the concept of using 
game theory to support regional development policy in the spirit of 
cooperation in the "ABC triangle": local self-government authorities - 
business - citizens. The proposed methodology allows for the develop-
ment of the local community, social activation and effective use of EU 
funds, while focusing on the profitability of the project. Of course, the 
described approach is not the only one possible in terms of creating a 
vision of regional development. Other decision support methodologies 
have been described in the literature for example, mathematic pro-
gramming model, linear programming model, mixed-integer model. 
However, even the use of the proposed approach, i.e. the use of game 
theory with different determination of the validity of parameters, leads 
to radically different results (Maleki et al., 2020; Wu et al., 2021). The 
comparison of the potential regulative policy application for six research 
regions in the commune of Żuromin (Fig. 9) gives exciting results. The 
value of the grand coalition is (as in the case of the distributive policy) 
the largest for Region 5. However, an investment implemented using 
this type of mechanism would prove unprofitable for two regions (Re-
gions 2 and 6). Also, the coalition in which the inhabitants of Żuromin 
participate has a lower value for most regions. It is because of the 
assumed parameters of the characteristic function that are appropriate 
for the regulative policy. 

8. Conclusion and future works 

The model of decision support systems developed by the authors of 
the article, along with research and numerical simulations has all shown 
that the proposed approach can be an effective method for the optimi-
zation of operational research in the field of regional development 
policy, especially in the context of optimizing the CLLD-type of in-
struments. Thanks to the use of the mathematical theory of cooperative 
games and the search for such solution concepts as the Shapley value or 
the nucleolus in the games’ solutions, it is possible to develop innovative 
OR tools with effectiveness verified through mathematical calculations. 
The number of entities involved (citizens, local business, and author-
ities), the degree of their independence in the decision-making process, 
and their access to information are all crucial to the game solution. The 
conducted research is multidisciplinary and interdisciplinary; the results 
obtained may be of interest to specialists in regional development pol-
icy, spatial planning, revitalization, ICT implementation, as well as 
applied social sciences. 

The authors described the methodology of using the game theory on 
the example of a biogas plant, because for the area of the Żuromin 
commune this problem is of key importance due to the odor nuisance of 
poultry and pig farms. However, it is not the biogas plant that is of key 
importance, but the economically effective cooperation in the "ABC 
triangle". The aim of the article is to show that the tools for conducting 
the EU local development policy, such as CLLD, can serve both economic 
benefits and social justice. 

The obtained results clearly show that the application of a decision 
support systems based on the distributive policy that utilizes CLLD in-
struments enables receiving the highest rate of return, all the while 
stimulating social activity. Thanks to the fact that the proposed tools 
make use of the cooperative games theory, they also facilitate the sup-
port of mechanisms for the division of the obtained value among groups 
of stakeholders. The analysis of the results may appeal not only to those 

Fig. 7. Comparison of the grand coalition values ({A, B, C}) for the distribu-
tive policy. 
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involved in the coalitional theory of games but also to decision-makers 
and legislators. 

One should stress that the decision model created for this research 
can be used to analyze other regions with plans to build biogas plants or 
similar investments. There are several dozen large clusters of poultry 
farms and piggeries in Poland alone, which provides many opportunities 
to use the proposed solutions and gives the chance to create a sustain-
able production system. The proposed economic model, included in 
Supplementary Materials, is adaptable to changes, which enables ana-
lyses in other locations. 

This methodology – developed through a comprehensive approach, 
including analysis of spatial data using GIS tools, and social or economic 
parameters/needs – can also be used to analyze "difficult" investments in 
cities. Therefore, it can contribute to resolving conflicts between 
decision-makers, show the potential outcomes of considered efforts, and 
bring long-term benefits to shaping spatial order. 

The use of a sequential game with three types of graphs may be an 
exciting alternative to the approach discussed in this article, namely the 
use of cooperative games with the characteristic function. City author-
ities, local businesses, or residents may initiate the construction of a 
biogas plant construction. After determining individual graphs by 
backward induction, the so-called Nash equilibrium is sought. The au-
thors will conduct separate research on this approach. 

One should emphasize that the developed model originated in the 
analysis of the local community’s needs and the generalization of this 
problem. At the request of the Polish Ministry of Regional Development, 
the authors of the article have been implementing the Human Smart City 

project for Żuromin; they have been cooperating with both the town and 
commune authorities, and with various social organizations and entre-
preneurs. The implemented efforts significantly influence the shape of 
the local public policy regarding not only the construction of a biogas 
plant in the commune but also other aspects of the commune’s life. 

Summing up the conducted research, one should state that the 
objective of analyzing complex social and economic interactions is not 
to find a simple answer to complex questions, but rather to search for 
new methods of analysis. To paraphrase Anatol Rapoport, it is the 
dogma that signifies the greatest threat to social research; it is the cer-
tainty that we know the correct and simple answer to the question to 
which there is no correct or simple answer (Rapoport, 1986). The article 
proposes a research methodology that contradicts such a dogma. The 
application of game theory is a handy optimization tool in the process of 
making decisions about regional development policy with such tools as 
CLLD. However, the parameterization method, the criteria selection, 
and, finally, the assessment of the "fairness" of the distribution of "pay-
offs" must become the subject of analysis, not a mathematical or eco-
nomic analysis, but rather a social one. 

Three solution concepts, based on fairness (Shapley Value), coali-
tional rationality (nucleolus), and individual rationality (Gately point) 
was analyzed in the paper. However the fairness is a wider abstract 
socio-political concept assuming impartiality, justice and equity 
(Ogryczak, 2007; Rawls, 1958). One of the aspects of the fairness is a 
concept expressed by the equitable efficiency, and calculated using 
multicriteria optimization techniques. It can be a interesting subject of 
the further research. 

One of the critical challenges facing the developed model is the 
question of the transferability of side payments. Is using money as the 
exchange medium sufficient to acknowledge that the formation of the 
grand coalition is the best solution, as it ensures the maximization of the 
participants’ profits? What also remains crucial in the case discussed in 
the article, besides obtaining cheaper electricity from renewable sour-
ces, is, for the residents—a significant reduction in the offensiveness of 
the odor; for municipal authorities—social satisfaction. To achieve these 
goals, one can (and the authors of the article believe that one should) use 
policy instruments such as CLLD supported by mathematical analyses 
based on game theory. However, one should bear in mind that the 
overriding goal of this process is to develop a local community in the 
spirit of an open information society. The goal of Policy Objective 5 – 
Europe closer to citizens, is not only the sustainable development of 
urban, rural, and coastal areas and local initiatives but, above all, the 
creation and operation of smart cities and communities. 

Fig. 8. Graphical representation of the Gately, the nucleolus, and the Shapley values for four different policies (Region 5, the variant taking into account the 
participation of the residents of Żuromin). 

Fig. 9. Comparison of the grand coalition values ({A, B, C}) for regula-
tive policy. 
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Additional information 

According to our newest information from October 2020, within the 
commune of Żuromin (Chamsk village council on the southern outskirts 
of Żuromin city), they are going to build two little biogas plants. This 
situation is compliant with our findings discussed above. 
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Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.landusepol.2021.105485. 
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Bjørndal, M., Pardalos, P.M., Rönnqvist, M. (Eds.), Energy, Natural Resources and 
Environmental Economics. Springer, pp. 395–409. 

da Silva Rocha, A.B., Salomão, G.M., 2019. Environmental policy regulation and 
corporate compliance in evolutionary game models with well-mixed and structured 
populations. Eur. J. Oper. Res. 279 (2), 486–501. https://doi.org/10.1016/j. 
ejor.2019.05.040. 

DeLeon, P., 2006. The Historical Roots of the Field. In: Moran, M., Rein, M., Goodin, R.E. 
(Eds.), The Oxford Handbook of Public Policy. Oxford University Press, pp. 39–57. 

Dobry Prąd, “Electricity consumption per m2 in Poland (Zużycie energii elektrycznej na 
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