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ment. The model incorporates co-production by households and firms and introduces a private collector as
a municipal competitor in waste management. Households can only dispose of recycled waste through the
municipal system, while firms can choose between municipal waste management and selling recycled waste
to the private collector. The model resolves a sequential game between the municipality and firms, with the
municipality setting rules on recycling capital and tax incentives, while firms and households decide on their
optimal waste disposal practices.

The aim is to explain the decision-making process of municipalities, the impact of tax incentives on firms’
waste management choices, and the implications of citizens and firms involvement in co-production activities.
Findings contribute to the development of sustainable waste management practices towards the achievement

Citizens and firms
Co-production
Tax incentives

of sustainable goals.

1. Introduction

Municipal waste, often referred to as urban waste, is defined as
“waste from households and waste from other sources, such as retail,
administration, education, health services, accommodation and food
services, and other services and activities, which is similar in nature and
composition to waste from households” (Directive 2018/851/EU). It
represents about 27% of the total waste generated within the EU. Waste
management covers the handling of waste generated by individuals and
businesses, involving collection, transportation, monitoring, disposal,
and recycling. This process ensures that waste is managed safely from
its origin until it is either recycled or properly disposed of, preventing
harm to the environment and human health.

Waste management represents a core responsibility of local gov-
ernments and holds a prominent position on the urban policy agenda
due to its critical implications for the environment, public health, and
public investments. It presents also one of the major challenges for EU
institutions. Recent EU directives have established ambitious targets
for municipal waste collection and recycling, necessitating substantial
investments in infrastructure, technologies, capacities, and processes in
the near future.

* Corresponding author.

Effective waste management is a multifaceted challenge influenced
by a complex interplay of policies, regulations, socio-cultural con-
texts, environmental conditions, economic factors, and available re-
sources [3-6]. Numerous stakeholders are involved in waste manage-
ment, each with unique interests and concerns. Local governments
are responsible to manage urban waste and coordinate the complex
interactions among processes and stakeholders, with the goal of safe-
guarding the environment and conserving resources. It involves the
careful balancing of costs and revenues, adherence to EU regulations,
public education, and strategic investments in infrastructure and tech-
nology to meet ambitious recycling objectives. They implement various
measures/policies to reduce waste, increase recycling, and minimiz-
ing landfill to ensure an efficient management of waste (The Waste
Framework Directive 2008/98/EC). Another stakeholder in waste man-
agement are private waste management companies that handle waste
collection, transportation, and disposal services. They offer services that
complement or, in some cases, compete with municipal or government-
run waste management programs. These companies often operate inde-
pendently of government waste management agencies, although they
may also engage in public—private partnerships (PPPs) or compete
for service contracts awarded by municipalities through a bidding

E-mail addresses: f.fiorillo@univpm.it (F. Fiorillo), e.merkaj@univpm.it (E. Merkaj).
1 The EU encourages the involvement of private operators in waste management but leaves the organization and division of responsibilities between the public
and private waste management sectors to the discretion of member states. Private waste management companies in EU countries typically operate within the
industrial and commercial sector and secure contracts for municipal waste management [1].
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process.! Households generate waste and are concerned about timely
and convenient waste collection services. They may have an interest
in recycling programs and actively engage in co-production activ-
ities to reducing waste and minimize environmental impact [8,9].
Firms produce waste, and their interests may include cost-effective
waste disposal and adherence to waste management regulations. Some
businesses may also aim to improve sustainability and reduce waste
generation [10,11]. Government agencies at various levels (local, re-
gional, and national) are responsible for setting and enforcing waste
management regulations. Their interest is to protect public health and
the environment by ensuring compliance with waste laws (The Waste
Framework Directive 2008/98/EC).

Theoretical research has shown that government measures, like
penalties and incentives, significantly influence the willingness of var-
ious participants to engage in waste recycling efforts. Previous studies
have explored various aspects of waste management, using partial
equilibrium approach, focusing on specific waste types or individual
stakeholder behaviors. Du et al. [11] use an evolutionary game the-
ory model to analyze how construction firms and the public behave
with regard to illegal dumping of construction waste. They find that
well-structured penalties and incentives can effectively reduce ille-
gal dumping and encourage household participation. However, their
analysis solely considers construction waste and does not account for
other operational factors of the actors. In contrast, Choe and Fraser
[12] develop a model for household waste management policies that
addresses waste reduction efforts by firms and households, as well as
the issue of illegal waste disposal by households. They conclude that
government policies should adapt to varying levels of household waste
reduction efforts, sometimes requiring explicit monitoring of illegal
waste disposal. Other studies have considered waste management as
a generic concept but often treated municipal decisions as exoge-
nous. Tan and Guo [13] models a manufacturer, retailer and consumer
decision-making under the impact of 4 exogenous government poli-
cies (no policies, incentive promotion, strong regulation, joint policy).
They find that the government’s policy can improve product recycling
quality and remanufacturing technology, and therefore influence the
effectiveness of the trading market. Other studies explore the influence
of municipal policies on consumer or firm behavior related to recycling
or co-production [9,14], without exploring the intricate interactions
among all stakeholders.

Our research bridges this gap by taking a comprehensive approach,
considering the entire waste management ecosystem and the interde-
pendent decision-making strategies of households, firms, and munic-
ipalities. This novel perspective allows us to evaluate the strategies
employed by municipalities in waste disposal and analyze the signif-
icant role played by tax incentives and co-production in achieving
sustainable solutions for all actors.

An additional aspect of the model is the inclusion of a private
waste management entity, which is a competitor of the municipal
waste collection services, concerning the disposal of waste generated
by firms. Citizens must decide how much time to allocate to recycling
versus leisure and work to maximize their utility, while firms choose
between municipal waste management and selling their recyclables
to private collectors based on profit optimization. Municipalities play
a pivotal role in managing waste by deciding on capital allocation
and tax incentives to influence firms’ choices while ensuring cost and
target constraints are met. Co-production of citizens and firms is a
critical aspect, involving various activities aimed at reducing waste,
minimizing environmental impact, and conserving resources.

By solving a sequential game with three players, we can exam-
ine how changes in citizens’ and firms’ behavior regarding recycling
efforts and their cost-benefit considerations influence municipalities’
optimal solutions. We assess the municipality’s behavior concerning the
inclusion or exclusion of firms from the municipal waste system and
discuss the redistributive implications of this behavior. We analyze the
strategies employed by municipalities in waste disposal management
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and the roles played by tax incentives and co-production in achieving
sustainable optimal solutions.

This research enhances the understanding of optimal strategies for
municipalities in waste management systems. The insights derived from
this theoretical model can provide guidance to policymakers and stake-
holders in formulating effective fiscal strategies for waste management
that harmonize economic, environmental, and social objectives.

2. Literature review

2.1. The role of the municipality in urban waste management in EU coun-
tries

In European Union (EU) countries members, local governments are
responsible for waste management with the objective of safeguarding
the environment and conserving valuable resources. This multifaceted
role encompasses various critical functions, including waste collection,
recycling program, and eco-friendly disposal practices. Through their
efforts, municipalities contribute significantly to the well-being of their
communities and the preservation of our planet’s ecological balance.
(Waste Framework Directive 2008/98/EC).

Municipalities are obligated to align their waste management prac-
tices with EU directives and regulations.> They are bound to achieve
specific recycling targets. Waste policies and targets established by the
EU consist of fundamental standards for the management of specific
waste categories. In 2015, the European Commission proposed new
targets for municipal waste of 60 percent recycling and preparing for
reuse by 2025 and 65 percent by 2030 [19].

The design of waste management programs, tailored to meet EU
recycling rate objectives, exhibits variation among countries, high-
lighting the decentralized structure of waste management in Europe.
According to the European Parliament [20] in 2021, nearly half of
all municipal waste in the EU was recycled or composted. Countries
such as Germany, Bulgaria, Austria, and Slovenia have already met or
exceeded the 60 percent recycling target. However, Portugal, Romania,
Malta, and Greece are currently lagging in terms of performance in this
regard.

Local governments use a variety of policy instruments to prevent
waste generation and encourage recycling and material reuse. Accord-
ing the European Environmental Strategy, the main policies used by EU
Countries are landfill tax, pay-as-you throw taxation or other tax incen-
tives, incineration tax, landfill ban on organic waste or non-pretreated
waste and Mandatory Separate collection of bio-waste fractions [19].
Studies emphasize the positive impact of policies like taxation and unit
pricing systems on waste reduction, though the outcomes vary across
countries. For instance, in Sweden, a tax of approximately 0.2 USD/kg
resulted in a 35 percent reduction in waste [21]. Bueno and Valente
[22] highlighted the success of the unit pricing system in Trento, Italy,
leading to a substantial 38 percent reduction in unsorted waste. In the
canton of Vaud in Switzerland, the introduction of a tax on unsorted

2 The EU has progressively enriched the waste management legislation
in the aim to accelerate the transition towards a circular economy. There
are five directives that set the targets for municipal waste collection and
management: (i) (The Landfill Directive 1999/31/EC), which sets out strict
operational requirements for landfill sites limiting the municipal waste that can
be landfilled from 2035 to 10%. (ii) (Waste Framework Directive 2008,/98/EC)
lays down waste management principles, defines the waste hierarchy empha-
sizing the importance of municipal waste management and sets some ambitious
target for municipal waste recycling. (iii) The Single-Use Plastics Directive
2019/904/EU (amended in 2018) sets separate collection targets for plastic
waste. (iv) The Packaging and Packaging Waste Directive 94/62/EC (amended
in 2018) focuses on the management of packaging waste. (v) In 2020 the EU
released the new Circular Economy Package [18] which seeks to accelerate
the transition towards a circular economy containing targets on sustainable
products, circular textile and new regulation regarding construction waste.
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waste, ranging from 0.24 to 1.95 CHF in 2013, increased the price of
a 35-liter bag from 0.24 to 1.95 CHF, resulting in a roughly one-fourth
decrease in yearly unsorted household waste per inhabitant [23]. These
studies underscore the importance of complementing such policies with
accessible recycling facilities to further enhance their effectiveness in
waste management.

Municipalities are responsible also for educating and raising aware-
ness among citizens and businesses about responsible waste manage-
ment, recycling practices, and adherence to local waste regulations
(The Waste Framework Directive 2008/98/EC). Educational initiatives
and awareness campaigns play a significant role in achieving these
objectives [24,25] leading to long term behavioral-changes [26].

Waste management carries various costs for municipalities, includ-
ing those associated with waste collection, transportation, and recy-
cling. These costs include expenses related to labor, fuel, maintenance
of waste collection vehicles and organizational cost [27]. Municipalities
also invest in recycling facilities to enhance the effectiveness of waste
management [28] and to comply with fast changing EU and national
waste management regulations. Expenses arise from conducting public
awareness campaigns, educating residents about proper waste disposal,
and promoting recycling and waste reduction [29].

Municipalities often charge residents and businesses for waste col-
lection services. The fee structure can vary, including flat rates, volume-
based charges, or “pay-as-you-throw” models. While specific fee struc-
tures are not outlined in EU directives, the principles of cost recovery
and incentives are encouraged in The Waste Framework Directive
2008/98/EC. The specific fee structure can vary by region or munic-
ipality within a country. For example, different region in the same
country may use various fee structure, including flat rates and pay-
as-you-throw model as in UK, Germany and Italy among others. Some
municipalities generate revenue from other sources, such as the sale of
recyclable materials, energy production from waste-to-energy facilities,
government subsidies, fines for non-compliance, and grants to support
waste management initiatives.

Balancing costs and revenues is essential for municipalities to main-
taining an economically sustainable and environmentally responsible
waste management system. Achieving financial equilibrium in waste
management allows municipalities to provide consistent and high-
quality services, meet regulatory requirements, invest in environmen-
tally responsible practices, and reduce the financial burden on their
constituents. The Waste Framework Directive 2008/98/EC promotes
cost-effective waste management and resource efficiency.

2.2. Co-production in waste recycling

Co-production, defined as the “involvement of citizens, clients,
consumers, volunteers and/or community organizations in producing
public service” [30], has gained significant attention in recent years.
The literature suggests that public services can be provided more
efficiently by adopting a co-producing approach involving service re-
cipients [31]. Co-production can have various influences on public
services, such as enhancing citizens’ involvement, facilitating more
targeted and responsive services [32], and improving the efficiency and
effectiveness of service delivery [33].

In the context of waste management, co-production can involve
various activities such as sorting and separating recyclable materials,
participating in recycling programs, and engaging in waste reduction
practices. Co-production can influence the cost and efficiency of waste
management. If citizens are actively involved in waste management
activities, it can lead to cost savings for the entire society. For ex-
ample, if citizens sort waste properly, it can reduce the cost of waste
treatment and disposal. Overall, the benefits of co-production in waste
management can include a reduction in the overall volume of waste
that needs to be handled by municipal waste management systems,
a decrease in environmental pollution, conservation of resources, and
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potential economic benefits through the recovery of valuable materials
from waste refer to (see Landi and Russo [34], Alonso et al. [35]).

Co-production in waste recycling can be seen as a common good
due to its potential benefits and value to society as a whole. It is a
shared resource or activity that benefits everyone, regardless of their in-
dividual contributions. The collective action of firms and households in
co-producing waste management services contributes to the well-being
and sustainability of the community, making it a common good.

The literature highlights the potential benefits of co-production in
public services and its relevance to waste management. It emphasizes
the role of citizen participation in waste reduction, sorting behaviors,
and the importance of creating convenient waste management practices
through tax policies [36]. Di Liddo and Vinella [9] demonstrates that
citizen engagement in waste management could expand the production
possibility frontier if the municipality implement tax policies that
make sorting more convenient relative to work. Wang et al. [37]
describe a game that focuses on government strategies to encourage
cooperation between consumers and waste collectors. Their findings
suggest that appropriate incentives and penalties can make collectors
and recyclers to engage more actively in recycling and reusing plastic
waste. However, these policies are less powerful when citizens are less
concerned about environmental preservation and particularly when the
associated costs are high [38]. This implies that participation in co-
production is influenced not only by public policies but also by various
economic, environmental, and social factors. Cohen et al. [14] reached
a similar conclusion while modeling the voluntary participation of cit-
izens in recycling within the framework of specific government policy
schemes. Their research underscores that effective waste management
necessitates trust and cooperation between residents and the munic-
ipality. Czajkowski et al. [39] find that factors like social pressure,
moral motivation and effort exert an impact on pro-environmental
behaviors. These theories find evidence in various countries, including
France [36], Serbia [39], and across the entire European Union [40].

In our model, we consider the effort invested in co-production
activities, which include sorting and recycling, by both households and
firms. We use two measures to assess household co-production. The first
measure reflects their preference for civicness, which is determined by
the importance they attach to the cleanliness of the city. The second,
considers recycling productivity, evaluated based on the quality of the
recycled waste they generate. Conversely, the extent of firms’ involve-
ment in recycling is assessed by the productivity of recycled waste.
Firms that are more productive allocate greater effort to co-production,
resulting in a higher quality of recycled waste. We contribute to the
co-production literature by assessing its impact on the optimal choices
made by households, firms, and municipalities in their interconnected
interactions. Our findings underscore the critical role played by waste
productivity, due to the co-production efforts of both citizens and firms,
in determining the optimal waste management solutions for all the
stakeholders. This underscores the intricate and interdependent nature
of co-production behavior.

The implications of our research extend to policymakers, as we offer
insights that can inform the development of effective policy initiatives.
By recognizing the importance of co-production and its potential bene-
fits, policymakers can design strategies and interventions that promote
sustainability and facilitate the transition to a more circular economy.

3. The model

In our economic model, waste recycling is conceptualized as a co-
produced service involving citizens and firms. There exist two possible
collectors of waste: the municipal government and a private competitor
company specializing in waste recycling and disposal. Different rules
and considerations govern the recycling practices of citizens and firms.
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Citizens. Households, who prioritize the cleanliness and tidiness of
their city, choose to dedicate their time to earning a wage (w) for
purchasing consumer goods (X). Simultaneously, they allocate a portion
of their non-working time to actively participate in waste reduction
and recycling activities, aligning with the principles of co-production
theory. They exclusively dispose of their waste through the urban waste
management system operated by the local government. Recycling plays
a vital role in maintaining a clean environment, and citizens actively
consider the cleanliness of their city when making decisions regarding
their recycling efforts. This recognition of the intrinsic link between
recycling and the overall cleanliness of the city underscores the im-
portance of waste management co-production practices in ensuring
environmental sustainability of the territory.

Firms. Firms operate within the municipality to produce consumption
goods (Y) using the available local labor force. These consumption
goods are then distributed to residents both within and outside the
municipality. In our analysis, we assume that these consumer goods
are perfectly identical, leading to a state of perfect competition among
firms in the consumer goods market.> Moreover, firms are subject to
more stringent waste production regulations. A portion of their waste
is categorized as special and non-urban waste W ST, necessitating
specialized and costly treatment methods. This particular waste falls
outside the purview of the municipal waste management system. The
remaining portion of firms’ waste can be disposed of through either the
municipal waste management W .S Fp, referred to as Non-Autonomous
Recycling (NAR), or private recycling collector (W ST,g), defined as
Autonomous recycling (AR). Unlike citizens, firms have the autonomy
to choose between these two competing waste management service
providers.

Municipality. The local government is responsible for organizing ur-
ban waste services to achieve recycling targets while simultaneously
determining the tax burden on citizens and firms to cover the costs
associated with municipal waste management.

The municipality has the ability to differentiate the fiscal treatment
between the two regimes, leading to different tax rates (‘L’?R + lerv ARy,
Let us define the difference in fiscal treatment between the two waste
management regimes as: D = tpR — ¢ V4R,

The value of D reflects the fiscal policy implemented by the munici-
pality to promote or discourage certain waste management practices. If
D > 0, it indicates that there is a fiscal incentive for firms to opt for the
municipal waste system (NAR). Conversely, if D < 0, firms receive by
the municipality an incentive to dispose of waste through autonomous
recycling (AR).

Waste. The total waste generated in the city can be defined as follows:
WST = WSTg+WSTyg+WSTyag +WSTp + WSTy, (1a)

where W STy, WSTyr, WSTysr and W STy represent waste pro-
duced by firms and considered as special waste (W STy), waste recycled
through private collectors (W ST,g), waste recycled through urban
waste collector (W STy 4r), and waste that is accounted as not recycled
urban waste (W STy), respectively. W STy represents the waste em-
bodied in the goods produced by firms and consumed by citizens, both
within and outside the municipality. Consequently, the overall amount
of waste produced in the city (W .ST) exceeds the waste resulting solely

3 The assumption of perfect competition, coupled with the mobility of goods
across different regions and the immobility of the labor force, results in the
wage rate (w) adjusting endogenously to maintain a zero-profit condition for
businesses. This implies that, in the absence of income distribution considera-
tions, our model is equivalent to a scenario where a fixed value for w is set,
and all incomes, including profits, are distributed to the residents within the
municipality.
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from consumption.* Note that the total waste to be disposed through
municipality waste management is W.ST — W.STy + W STy, since a
quote of consumption goods is exported out of the municipality and a
quote is imported. If municipality is a net importer of goods X —Y > 0,
it imports also waste W.STy — W.STy > 0, the converse is true when
municipality is a net exporter of goods. For simplicity we assume that
each unit of consumption good consumed equal to a unit of waste, thus
X =WSTy and Y = W STy.

3.1. Timing of the sequential game

The problem under consideration can be conceptualized as a se-
quential game. Initially, the central government establishes the criteria
for classifying waste as urban waste and determines the recycling tar-
gets for municipalities. These factors are treated as exogenous variables
in our model.

Next, the municipality decides on the allocation of resources to
be distributed among citizens and firms for recycling purposes. The
primary objective of the municipality is to minimize the cost associated
with waste collection services while meeting the recycling targets set
by the government. Consequently, the municipality must carefully set
the taxation levels imposed on both citizens and firms to cover the costs
in order to achieve the optimal solution. Additionally, taxes determine
fiscal incentives influencing the decision-making of firms.

In the subsequent step, citizens and firms make their respective de-
cisions. Citizens are responsible for choosing their consumption levels,
labor supply, and the effort they will dedicate to waste co-production
and recycling as an alternative to work and leisure. Firms, on the other
hand, decide the level of production and whether to allocate waste to
the municipal waste collector or a private waste management entity.

To solve this game, we employ a backward induction approach. Ini-
tially, we determine the optimal choices made by firms and households.
Subsequently, we establish the municipal instruments and examine
the impact of government measures on the optimal behavior of the
municipality.

4. Production side

The production side of each municipality involves multiple firms
that are considered collectively. These firms employ one unit of labor
to produce a unit of consumption goods (Y) and b units of waste (W ST)
which, if not properly managed, can reduce the city’s cleanliness.

Firms generate waste, but they are not responsible of the one
embodied in the consumption of citizens (W ST — W.STy = (b — 1)Y).
Here, bY represents the total production of waste, and Y corresponds to
the waste generated by citizens within and outside the municipalities
through their consumption.

The waste on which firms are responsible can be classified into
special and normal waste:

(b—1)Y = WSTg + WSTyg+WSTy4p + W STy (1b)

Special waste. Special waste (W STg) refers to waste that requires
special treatment and processes for proper disposal. Examples include
hazardous chemicals, construction materials, and heavy waste. Special
waste is expressed as W STy = sY, where s < b — 1 represents
the percentage of special waste generated by firms during production.
Special waste does not contribute to urban waste and is not subject to
taxation. However, the special treatment required for this type of waste
incurs a cost for the firms, denoted as yW STy = ysY, where y is the
unit cost of special waste.

4 Further elaboration on this aspect will be provided in subsequent sections.
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Urban waste. Urban waste, also referred to as normal waste can be
managed through two different approaches: the municipal waste man-
agement and private waste management. When firms choose to dispose
of their waste through the municipal waste collector, it is categorized
as urban waste or non-autonomous recycling (i = NAR). On the
other hand, if firms opt for private waste management collectors, it is
considered autonomous recycling (i = AR), usually it not considered
within waste recycled by municipality.

The recycling activity of firms depends on the production factors
used. We define the aggregation of all production factors used for
recycling activity as capital (K;). More properly, capital includes all
equipment used for collection of waste, such as bins, trucks, sorting
bags for recycling, as well as the organizational measures required for
recycling. In particular, we assume that the quantity of recycled waste
produced by firms is W ST, = (1 + «)K;. Where K; is the quantity of
production factors used in recycling.” 1 + a represents the marginal
productivity in recycling of capital used by firms, or for shortness the
recycling productivity of the firms.®

In the context of autonomous recycling, firms have the option to
sell their recyclable materials (W ST ,) to private waste managers at a
unit price of pg. In this case, the decision on the amount of capital K,
is made by firms. Hence, engaging in autonomous recycling activities
incurs a cost for firms, represented by yK 4. The quantity of recycled
waste destined for private waste management providers is determined
by the capital required for recycling and recycling productivity, given
as WSTyg = rY = (1+a)K g, where r denotes the rate at which
firm dispose of their waste through AR. In the case of non autonomous
recycling, the amount of capital Ky, is provided by municipality,
not by firm. In this case, the amount of recycled waste is W.STy g =
(I +a) Ky 4z

Obviously, the amount of recycled waste cannot exceed the maxi-
mum amount of waste produced, leading to the constraint:

WST,=(1+a)K; <(b-1-5)Y, i=AR,NAR. 2)

4.1. Maximization problem of firms

This section focuses on the maximization problem faced by firms
in the context of waste management. The assumptions made include
the restriction that firms can only hire labor from within the munic-
ipality, the assumption of perfect substitution between consumption
goods produced within the municipality and those produced elsewhere,
coupled with free entry of firms, ensures perfect competitive market
of consumption goods with zero-profit condition; it is clear that since
workers are not mobile while goods are, the wages in each municipal
could be different.

The objective is to determine the optimal choices of waste manage-
ment and labor demand that maximize firm profits.

The joint production function of firms is expressed as follows:

Y =L;WST =bY =bL.

Here, % represents the constant input of labor required to produce
one unit of waste. Firms can hire labor (L) only within the municipality

5 We assume that the quantity of waste recycled by firms is independent of
the labor force they employ for the production of consumption goods. Instead,
it relies on additional factors, which we have define as “capital” for brevity.
It is essential to note that the possibility of allocating both labor and capital
to the production of consumption goods and recycled waste does not alter the
core results of our model. We discuss this aspect in our concluding remarks.

® The assumption of constant returns to scale is justified by our definition of
capital, which includes all the production factors used by firms. Furthermore,
we consider that a unit of capital generates the same quantity of recycled
waste, regardless of whether it is acquired by companies (AR) or provided by
the municipality (NAR).
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but have the flexibility to sell consumption goods both within and out-
side the municipality. The price of consumption goods (py) is assumed
to be given and equal in all municipalities, with p, = 1.

The firms’ maximization problem can be formulated as follows:

maxH:maxL+(pR— )rL+ 3)
r,L r,L

)4
1+a
—wL—ysL—(b-1-=s)tpL.

In the objective function (3), L+ pgrL represents the revenues gen-
erated from production and selling waste to private waste management.
wL denotes the cost of the production input, yK 5 = rHLaL represents
the costs incurred in the case of autonomous recycling, ysL represents
the cost of special waste, and (b — 1 — s)z L is the tax that firms must
pay for waste production.

To find the optimal solutions, we aim to determine the values of r
and L that maximize the objective function. In this case, the objective
function is linear with respect to r and L, indicating that the optimal
solutions will be corner solutions.

Maximizing with respect to r allows us to determine the optimal
level of waste disposal through autonomous recycling () in alternative
to NAR. This decision depends on the relative profitability of the two
options. If the price received for selling waste is greater than the cost of
waste disposal through autonomous recycling (pg > ﬁ), it is optimal
for the firms to dispose all their waste through autonomous recycling,
which corresponds to the maximum value of r (i.e., r = b— 1 —5). On
the other hand, if py is lower than IJ%&, it is optimal for the firms to set
r to its minimum value of 0.

Maximizing with respect to L allows us to determine the optimal
level of employment for the firms that maximize revenues generated
by production and waste disposal while considering the associated
costs of labor and other inputs. Additionally, we impose a zero profit
condition to allow free entry of firms and ensure that firms operate in
a competitive environment, where the entire value added is allocated
as wages. The wage rate adjusts accordingly to satisfy the zero profit
condition’:

w=1-ys—(b-1-91p (4a)
4
+(pr- =)
Pr l+a r
Here, (pR - 1+La) represents the profit (or loss) per unit of waste

obtained by selling normal waste to private waste management (in the
case of autonomous recycling, AR). The zero profit condition ensures
that the entire value added produced by firms is distributed to citizens
as wages. It means that firms do not retain any profits for themselves,
but instead allocate the entire value created by their activities to
compensate their employees. By imposing the zero profit condition,
the decision-making process focuses on maximizing the distribution of
value added to citizens rather than accumulating profits for the firms.
This approach is aligned with the idea that the profit generated by
firms should directly benefit the local community. In this way, the zero
profit condition emphasizes the role of firms in contributing to the local
economy.

7 If we do not consider free entry, we can achieve the same outcomes by as-
suming that all the value added, which comprises wages and profits generated
by the firms, is distributed among the workers. In this scenario, the right-hand
side of Eq. (4a) would be equal to w+1IT, where IT represents the profits earned
by the firms. However, when we take into account distributive aspects, profits
need to be allocated to consumers distinct from the workers. We discuss briefly
some redistribution extension of our model in the concluding remarks.
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4.2. The choice of firms between municipal (NAR) or private waste man-
agement (AR) and fiscal incentives

In the context where all firms’ profits are allocated to the citizens
through wages, firms’ objective becomes the selection of the waste
management regime (AR or NAR) that maximizes the value added
distributed as wages to the citizens. The value added represents the net
economic gain or the contribution of the firms’ activities to the local
economy.®

When considering autonomous recycling, the value added produced,
which takes into account various parameters such as the waste collec-
tion cost, the fiscal premium, and the quantity of waste disposed, is
given by:

AR

w = l—xs—(b—l—s)rAR

b (- ) 6-1-5. 0

On the other hand, when waste is disposed to the municipal waste
management system (NAR), the value added produced is:

wNAR  —

1—xs—(b—1-sTN4R (40)

Firms will choose the disposal regime by comparing the value added of
AR (w”R) with the value added of NAR (w™4R). This can be expressed
as the difference between (4b) and (4c¢):

Koo (b= 1-5) ®)
—D] (b=1-5).

If this difference is negative (wAR —wNAR < ), firms will prefer the
NAR regime when py — T < D. In other words, if the fiscal premium
offered by the municipality (D) is higher than the potential profit from
the private waste collector (pg— m), firms will choose the NAR regime.
Conversely, if the difference in wages between AR and NAR regimes is
positive (wR — wNAR > (), firms will prefer the AR regime.’

The derivatives with respect to various parameters show how
changes in those parameters affect the difference in value added
between the two regimes providing additional insights into the firms’
decision-making process.

iti d AR NAR d AR NAR
Proposition 1. T (wAR — wNAR) > 0, — (wAR — wNAR) >

ddl (wAR — wNAR) <0 and diD (wAR — wNAR) <,

Proof. Proof is straightforward. []

The derivatives demonstrate that a decrease in the revenue for
recycling (pg) or the firm recycling productivity («), an increase in the
recycling cost (y), or an increase in the fiscal premium (D) would make
firms more likely to choose the municipal waste collector. Conversely,
a decrease in these variables favors autonomous recycling.
Proposition 2. Ifs<b—1, % (wAR — wNAR) Z 0 if wAR —
Moreover wNAR = AR if s = b —1.

wNAR <
; 0.

Proof. Proof in the appendix []

Proposition 3. £ (wAR — wNAR) 2

AR _ , NAR >
s 0if w™ —w Z0

Proof. Proof in the appendix []

Propositions 2 and 3 state that the amount of special waste (s) and
the total waste production (b), exogenously imposed by the govern-
ment, does not influence firms’ decision in choosing the collector, but
they does affect the economic advantage associated with that choice.

8 Details in the appendix.
9 This is true since b—1—5 > 0.
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An increase in the amount of special waste (s) and a decrease in
total waste production (b), diminishes the economic advantages of the
preferred waste management regime compared to the alternative. This
relationship arises because in both cases firms will need to dispose of a
lower volume of urban waste through their chosen waste management
regime (either AR or NAR). Conversely, the opposite holds. Moreover,
when s = b — 1, firms become indifferent between the two regimes, as
they cannot dispose of waste through the municipal collector.

The government and municipality can shape the decision-making
process of firms towards more sustainable waste management practices,
promote waste recycling and create a favorable environment for a
circular economy.

5. Households

In this section, we aim to investigate the behavior of households
considering their preferences and waste taxation. In our model, we
assume that each citizen possesses one unit of time that can dedi-
cate to labor, leisure or recycling [8]. Citizens collectively “own” the
cleanliness of the city and pay waste taxes.

The utility of each citizen, denoted as ', with i = AR, NAR, is
positively influenced by their consumption (x), by the fraction of time
dedicated to leisure (1—/'—h'"), where (/') represents the fraction devoted
to work, and by the level of recycling activity, where (h’) represents
the fraction devoted to recycling. Let X' = x'N, L' = I'N and
H' = W' N denote the aggregate quantities of consumption, labor, and
recycling time, respectively, where N represents the total population.
The aggregate citizens’ income gross of taxes is M/ = w/L'.

Following Di Liddo and Vinella (2020), we consider households as a
whole, maximizing their aggregate utility function in two steps. In the
first step, households decide how to allocate their time between labor
(L) and consumption (X). Subsequently, they allocate the remaining
time between leisure and recycling.

In the first step, the objective is to maximize the utility U’ with
respect to consumption X and labor input L, subject to the budget
constraint:

IEaLxU’ =0lnX +(1-0)In(N -L" (6a)
st. (1+70)X = M*

The parameter 0 captures the preference for consumption over other
activities, while z represents the waste taxation rate payed by citizens
and M' represents the citizens gross income in scenario i.!° Taxation
on citizens reduces consumption and, consequently, waste.

The solutions to this optimization problem are straightforward:

L'=6N,N-L =(1-6)N and X, = l+r ON.

Moving to the second step, citizens maximize their utility by deter-
mining the optimal level of recycling activity H. The objective is to
maximize:

max BRL +In[(1 - )N — H'] (6b)
s..Ry = KL(1+ H')

In this equation, f represents the preference for civicness, which reflects
the willingness of citizens to participate in recycling and restoring the
cleanliness of the city.'!

10 1t is important to remind that waste and consumption are jointly produced
in a 1-to —1 relationship. Therefore, a tax on waste increases the relative price
of consumption compared to leisure.

1 In contrast to Di Liddo and Vinella [9], who model citizens’ behavior
using a quasi-linear utility function in the first stage and a Cobb-Douglas
function in the second, our approach employs a Cobb-Douglas function for
the first stage and a quasi-linear utility function for the second. This choice is
driven by the properties of the Coob-Douglaus that permits internal solutions
and of the quasi-linear utility function, which allows for a potential corner
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Higher is g, higher is the engagement of citizens in co-production
activities in waste management. Ric represents the quantity of waste re-
cycled by citizens which is co-produced using K’., the capital provided
them by municipality, and the time of citizens. It is evident that the pro-
ductivity of capital provided depends by citizens time used in recycling
activity (1+ H'). N represents the total available time for citizens. The
term (1 — )N — H' represents the remaining time that citizens allocate
to leisure activities after considering their preference for consumption
and the time devoted to work and recycling (considered in the first
step). This formulation captures a plausible behavior of citizens, where
their level of civicness and willingness to engage in recycling activities
are not solely determined by the waste taxation they pay. Instead, it is
influenced by the labor supply conditions.

The solution of (6b) is the optimal level of recycling activity given
by:

i 1
H' =(1-6)N m (7a)

Therefore, the time devoted to recycling by citizens is increas-
ing with the capital provided them by municipality (Ké) and with
their civicness (f), while decreases with consumption preferences (0).
Therefore the optimal quantity of waste recycled is determined by the
equation:

R, = KL[(1-0)N +1] - % (7b)

where (1 — §)N + 1 is the marginal productivity in recycling of the
capital used by citizens, or for shortness the productivity of citizens
in recycling.

dR! dR! dR!
H'S] C C C
Proposition 4. T >0, e > 0 and -5 < 0

Proof. Proof is straightforward []

The model suggest that the quantity of waste recycled by citizens,
denoted as Ric, increases with the capital destined by the municipality
to citizens’ recycling (K). This means that increasing the availability
and accessibility of recycling infrastructure can encourage citizens to
participate in recycling activities and contribute to the cleanliness of
the city. Moreover, the preference for civicness (f) plays also a signif-
icant role in determining citizens’ willingness to engage in recycling
and co-production activities. As # increases, citizens are more likely to
allocate their time and resources towards recycling and co-production,
even in the presence of waste taxation or other factors that might
discourage participation.

Conversely, the waste recycled decreases with the citizens’ prefer-
ence for consumption (6),'? highlighting the trade-off between con-
sumption and waste generation. As 6 increases, indicating a stronger
preference for consumption, citizens allocate more of their time and
resources towards consumption and less towards recycling activities.
Therefore, a higher value of 0 leads to a decrease in the quantity of
waste recycled by citizens.

Overall, the model suggests that waste taxation can be an effective
policy tool for reducing waste production and promoting recycling. By
increasing the relative price of consumption compared to leisure, waste
taxation can incentivize households to allocate more time and resources

solution where no consumption occurs, which may not be realistic. Indeed,
the use of the Cobb-Douglas utility function ensures that an internal solution
exists for both consumption and time allocation. In this case, the time allocated
to work is represented as a share of the total available time, denoted by 6 < 1,
which is a more reasonable outcome.

12 1t is worth noting that the net amount of waste produced, accounting for

recycling, is given by: WSTy — R, = (# - KC) ON + Ko(N + 1)+ lii This
e

expression represents the remaining waste after the recycling process has taken
place.
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towards recycling activities. Additionally, as waste taxation reduces
citizens’ preference for consumption (6), it can indirectly increase the
quantity of recycled waste.

6. Municipality

The objective of the municipality is to minimize the cost of recycling
under two constraints. The first constraint is that tax revenues should
cover the costs of recycling. The second constraint is imposed by the
government, which sets a recycling target for the municipality, as a
percentage o of recycled waste relative to the total waste generated.
Thus we may write:

RL + R.

o= i i i’ ®
WSTL + R, + W ST

where we recall that W.ST, = X' and Ric = K¢ (1 + h). Moreover,
we can define R as the recycled waste collected by municipality from
firms and W ST, is the non recycled waste collected by municipality
from firms in scenario i. Recalling that R4® = 0 since in this sce-
narios no waste is dispose throughout municipal waste management
and WSTR = 0 since in case of opting for autonomous recycling,
all waste is recycled. On the contrary the quantity recycled through
municipal waste management depends on capital provided and firm
productivity RNAR = W STy g = Ky4g(1 +a) < (b—1—5)0N, hence
WSTNAR = (b— 1 - 5)0N — RNAR. Recycling waste cannot be greater
of the total normal waste of which firms are responsible (that is equal
to(b—1-15)0N).

To achieve its objective, the municipality needs to make decisions

regarding the allocation of capital to firms and citizens for recycling,
taxes on waste for both citizens and firms, and incentives provided to
firms. The municipality aims to minimize its cost function, which can
be expressed as:
TCngARTglvr’leKNAR Ko eRyar = rC’T[-,YARTgl’E*KNARvS <@ ®
where ¢ represents the average unit cost of capital for the municipality,
K- and Ky,g denote the capital for waste recycling provided to
citizens and firms, respectively, @ is the total capital provided by
municipality.

6.1. Cost coverage constraint

The cost coverage constraint can be expressed in terms of capital to
be provided. There are two scenarios to consider:

AR regime. In the scenario where firms choose the private collector
(AR), the constraint is given by:

DD

o= N [1 - (10a)
C

y XAR

+(pr- =) b-1-9] - =

AT APR l+a ( 5) c
—AR

where @ is the maximum capital that can be provided in the AR

scenario in order to cover the costs.

NAR regime. In the scenario where firms dispose of their waste to the
municipal waste manager (NAR), the constraint for the municipality is
given by:

—NAR NAR
D<D ZB_N[I—Is]—X (10b)
C
—NAR
Here, @ represents the maximum capital that can be provided in

the NAR scenario. In both scenarios, the cost of providing capital to
citizens is negatively influenced by the consumption level.'

13 passages in Appendix A.
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6.2. The recycling target constraint

The second constraint imposed on the municipality is to achieve the
recycling target set by the government, represented by the percentage
o of recycled waste in relation to the total waste generated (8).

The specific form of the constraint depends on the chosen scenario
by the firms.

AR regime. 1If the firms choose the AR scenario, the target constraint in
terms of capital can be expressed as follows'*:
~ 1

0> HAR = o AR

- (1-6)N +1 [(1-0)N +1]p
This equation represents the minimum capital that should be allo-

cated to achieve the recycling target. It depends mostly on variables

such as the recycling rate (c), the total waste generated by citizens

(XAR), the preference for consumption compared to leisure or recycling

(6), the preference for civicness (f), the proportion of special waste.

(11a)

NAR regime. In case firms choose NAR scenario, the recycling target
constraint is slightly more complex:

O>@NARZ O xNaR g ON
= [(1-6)N +1] [(1-ON +1]
(1-6)N —a 1

[(1—9)N+1]K1‘““‘Jr [(1-—6)N +1)8 (11b)

with (1 + @)Ky g < (b—1—5)ON.

In this scenario, the recycling target constraint takes into account
various factors, including the waste generated by citizens (X N4R), the
proportion of waste generated by citizens (6), the proportion of firms’
special waste (s), the productivity difference between firms and citizens
(a), and the capital allocated to firms (K 4z), the citizens’ preference
for civicness (#), among others.

To minimize costs, the municipality aims to allocate the minimum
amount of capital required to satisfy the recycling target constraint. The
decision regarding the allocation of capital to firms becomes crucial. Al-
locating capital to firms may be wasteful if they choose the AR regime,
where the entire waste is collected by private collectors. Therefore, it
may be optimal to allocate capital to firms only in the NAR scenario.

It is important to note that the decision-making process of the
municipality depends on the slope of the target constraint in the
NAR scenario. The slope, represented by ZiNAR = %), can be
positive or negative depending on whether Mrms are less or more
productive than citizens (¢ < (1 —6)N or a > (1 —§)N). This influences
the municipality’s decision on capital allocation.

In this context, we further analyzing Eq. (11b) that describe the
recycling target constraints for firms that are less productive or more
productive than citizens.

NAR regime when firm are less productive than citizens. In this case,

(e < (1 =0)N), we have:

Nar . (b—1—$)0ON
[(1=0)N +1]

HNAR _ o
[(1-6)N +1]
1
o
[(1-0)N +1]p
NAR regime when firm are more productive than citizens. In a context
with firms more productive than citizens: « > (1 — )N the target
constraint is expressed:

(11¢)

Nar . (b=1=5)ON (1-0)N
[(I-ON+1] l+a

HNAR _ o
[A-0)N +1]
1
o
[(1-6)N+11p
for the optimal solution of municipality, if firms are less productive
than citizens, the capital allocation to firms (Ky 4z) does not play a

11d)

14 See the Appendix for more details.

Socio-Economic Planning Sciences 92 (2024) 101817

significant role in the recycling target constraint therefore it is set to
zero. The focus is mainly on factors that depend on citizens like waste
generation (X V4R), the preference for consumption (), preference for
civicness (), and other exogenous factors set by the government like
the target of recycling and the definition of urban waste. In the case
when firms are more productive in waste recycling than citizens, the
capital allocation to firms (K 4z) becomes a more crucial factor in
the recycling target constraint. Moreover, the recycling target depends
not only on, same as before, factors characteristic to citizens like
waste generation (XV4R) and the proportion of waste generated by
citizens () or preference for civicness (), but also on the productivity
difference between firms and citizens («).

These additional results highlight the importance of the productivity
comparison between firms and citizens in the decision-making process
of the municipality. The municipality needs to carefully consider the
productivity levels of firms and citizens when determining the capital
allocation strategy to achieve the recycling target set by the govern-
ment. The optimal allocation of capital depends on whether firms are
less productive or more productive than citizens, as reflected in the
recycling target constraints.

6.2.1. Graphical representation of the second constrain

The graphical representation in Fig. 1 provides an intuitive under-
standing of the second constraint and its implications for the munici-
pality’s decision-making process regarding the allocation of capital for
recycling.'®

The figure consists of two graphs, each representing a different
productivity comparison between firms and citizens in recycling. The
x-axis represents the capital allocation to firms (K 4z), while the y-axis
represents the total recycling capital (®).

The left side presents the case when firms are less productive than
citizens regarding recycling. Whereas the right graph considers the case
of firms more productive than citizens. The dashed lines represent the
cost that needs to be minimized (9), which decreases with an increase
in capital allocation (K). The solid line represents the recycling target
constraint when firms choose municipal collectors (11b). The constraint
is a straight line that starts from point A (where Ky,z = 0) and
intersects the cost curves. At point E, the municipality provides firms
with the amount of capital (Ky 4z = (b—1—s)) required to recycle all the
waste they produce. This point corresponds to the intersection of the
cost curve and the recycling target constraint for municipal collectors.

The dotted line represents the recycling target constraint when firms
choose private collectors. The constraint is parallel to dashed lines but
shifted upwards. At point E, the municipality provides firms with the
optimal amount of capital (K 4z) required to recycle all the waste they
produce.

If firms are less productive in recycling than citizens (1 — )N <
a ((11c), graph in the left), the solid line is increasing, hence, the
optimal capital allocation for firms in this case is zero (point A). The
municipality does not allocate any capital to firms, and the recycling
target is achieved solely through citizen participation and municipal
efforts.

If firms are more productive ((11d), graph in the right), the solid
line representing the recycling target constraint is decreasing. Then,
point E represents the optimal allocation of capital by the municipality,
ensuring that firms can achieve the recycling target efficiently. At this
point, firms receive the necessary capital (Ky 4z = %HN ) to recycle
all the waste they produce.

This graphical representation highlights the importance of the pro-
ductivity comparison between firms and citizens in determining the
optimal allocation of capital for recycling. It visually demonstrates how
the recycling target constraint and the choice between municipal and
private collectors vary based on the relative productivity levels.

15 The figure considers X' as given.
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Fig. 1. A graphical representation.
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Fig. 2. Equilibrium.

6.3. The optimal scenario for the municipality

The optimal scenario for the municipality can be determined by
analyzing the equilibrium graph shown in Fig. 2. In this graph, the
constraint of cost coverage (é;" , (10a) or (10b)) and the recycling target
(5’, (11a) or (11b)) are both satisfied when the consumption level is
X' = X, If the consumption exceeds X*, the resources collected are
not sufficient to cover the cost of the target capital. Conversely, if the
consumption is below X'*, there is an excess of tax revenues compared
to the cost of capital.

The municipality faces an optimization problem in choosing the
appropriate tax rates (ro,7p) to achieve the equilibrium values of
consumption and capital.

Proposition 5. Let X™* and @ represent the equilibrium values that
determine the optimal scenario for a municipality. If 0 < s < b — 1,
there exists an infinite set of combinations (7., t) that the municipality can
choose, while satisfying the constraint X' = X'*. Within this set, it holds that
% < 0. Conversely, if s = b— 1, all the tax burden falls on the citizens,
resulting in the existence of only one level of 7 that allows the attainment

of this equilibrium.

Proof. The proof is straightforward by applying the implicit function
theorem to the constraint X’ = X™*. [

The proposition implies that if the ratio of firms urban waste (s),
exogenously set by the government, is within a certain range, the mu-
nicipality has flexibility in choosing the tax rates for firms and citizens

to achieve the equilibrium consumption level. In this range, there are
multiple combinations of tax rates that lead to optimal the consumption
level that satisfies both constraints. However, if the parameter s reaches
its maximum value, it implies that all waste generated by firms is
classified as special waste. This means that there is no distinct category
for urban waste produced exclusively by firms. As a result, the tax
burden is completely transferred to the citizens, and there exists only
one tax rate that satisfies the equilibrium condition in this scenario.

Note that taxation on firms and on citizens are strategic substitutes.
The choice of tax rates combination depends on the municipality’s
redistribution goals. If the municipality has no concerns regarding
redistribution, it is free to select any combination of taxes, including
the option of setting r; = 0. However, if the municipality aims to
redistribute resources towards citizens, it may opt to decrease taxes
on citizens while increasing the tax burden on firms. The study of
the determinants of the equilibrium consumption level X* provides
insights into the municipality’s redistributive goals.

By comparing the costs of @*4R and ®*N4R and considering the
specific values of the influencing factors, we can identify the optimal
scenario that offers the municipality lower costs and, consequently,
lower capital expenditure. Selecting the scenario with lower costs
(lower capital) allows the municipality to respect the target on recy-
cling, efficiently allocate resources, optimize waste management pro-
cesses, and contribute to a more sustainable and economically viable
municipality.

From the calculus that we present in Appendix C, we find that

(b—-1-5)8N

@*NAR _ prAR _
cc+(1—-0)N +1

(p(a) = m(@)) 12)

where

w(a) = pg — T+a

is the profit from recycling and

i fora < (1 - N
pl)=4 1 (—1“‘*9)” ) fora>(1-0N

c 1+a

is a measure of the impact on target of recycling of the relative
productivity of citizens on respect to firms.

Therefore, in order to minimize the cost and respect the target, it is
sufficient to compare p(«) and z(a). In Fig. 3 we represent the threshold,
the dashed line is p(a) the thick line is z(«). From the calculus presented
in appendix and Fig. 3, we prove the following propositions

Proposition 6. There exists a threshold @ such that, for a S @, ®*4R =

*NAR ich 9 da da da _da
[} , for which - <0, inm <0, T <0, and I >0 TN > 0.

Proof. Proof in appendix []
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Fig. 3. The threshold for determining the optimal choice of municipality.

This proposition suggests that firms recycling productivity « plays a
pivotal role in determining the cost-effective solution for the municipal-
ity. The optimal scenario for the municipality entails incentivizing firms
with low productivity (a < a) to opt for autonomous recycling (AR)
while encouraging productive firms (« > @) to choose the municipal
waste collector (NAR).

Increasing the threshold value by the municipality (a) of firms’
recycling productivity means that firms with lower productivity levels
are not allowed to participate in the municipal waste management
system. In this case, only those with higher productivity levels are
accepted. Therefore, increasing the threshold value leads to a higher
probability that firms choose Autonomous Recycling (AR). Conversely,
if the municipality lowers the threshold value, it would increase the
likelihood of firms choosing Non-Autonomous Recycling (NAR).

Let us analyze all the factors that influence the threshold value
(mentioned in the proposition) and, consequently, the optimal solution
for the municipality in waste management.

If the government decides to increase the recycling target (¢), the
municipality will need to raise the volume of recycled waste to meet
the new target. In response, the municipality may choose to lower the
threshold value, allowing low-productivity firms to participate in its
waste management system. This decision increases the likelihood of
the NAR regime. An increase in citizens’ recycling productivity (1 —
0)N leads the municipality to raise the threshold value (a) for firms
participating in municipal waste management activities. When citizens
dedicate more time to recycling, they contribute to the government’s
recycling targets more effectively (low 6). This increased citizens partic-
ipation reduces the overall demand for firms dealing with unproductive
waste in the system, prompting the municipality to raise the productiv-
ity threshold value. This demonstrates that citizen co-production efforts
enhances the recycling capacity of firms accepted into the municipal
waste system, underscoring the importance of co-production and civic
engagement within the waste management system.

In the scenario where the price of recycling waste paid by private
waste collectors (pg) increases or the unit cost of recycling (y) de-
creases, it implies that autonomous recycling becomes more profitable
for firms. This increase in profitability leads to a rise in the value added
by firms, which is distributed through wages to citizens. Consequently,
for a given number of citizens and firms, there is a subsequent increase
in the total waste produced within the system. As the total waste
generated increases, the probability of the municipality failing to reach

10
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the recycling target also rises. To address this situation and improve the
likelihood of achieving the recycling target, the optimal choice for the
municipality would be to lower the threshold for admission into the
waste management system. By accepting even low-productivity firms
into the system, the municipality can increase the participation of firms
and potentially enhance the overall recycling capacity. Through such
channel, private and municipal waste collectors compete for the more
productive firms.

The central government decisions have an impact in the optimal
choice of the municipality. Note that when central government changes
the definition of urban waste modifying s, it does not directly influence
the optimal choice of the municipality, but rather affects the magnitude
of the incentive associated with this choice.

«NAR_gy#AR i
Proposition 7. When s < b—1, L2—=0" 2 ¢ if pNAR _ AR S 0,
Moreover ®*NAR = @*AR jf g = p — |,

Proof. Proof in appendix.

a

As the value of s increases (while s < b — 1), the preference for the
chosen scenario decreases because the cost difference |@*NAR — @*AR|
diminishes, which leads to a reduced preference for the chosen scenario
(either AR of NAR). Moreover, when s = b— 1, meaning that there is no
urban waste produced by firms, the municipality becomes indifferent
to the scenarios.

6.4. The incentive compatibility solution

The recycling productivity of firms plays a crucial role in determin-
ing the optimal choice between firms and the municipality for waste
management. More productive firms find it more convenient to opt for
a private waste manager (AR) rather than the municipal waste collector
(NAR). Conversely, the municipality reaches an optimal solution when
productive firms choose its waste management services. This conflicting
preference between firms and the municipality creates an incentive
compatibility problem that becomes more pronounced as the waste of
firms are considered urban (for low s).

Optimal taxation incentives. To address the conflicting preferences be-
tween firms and municipality regarding waste management options,
the municipality should utilize tax instruments to incentivize firms
to choose its optimal waste management scenario.'® Recalling (5),
the incentive-compatible solution must satisfy the following condition:
when @*AR = @*NAR jt should also holds wAR Z wNAR If the
municipality would prefer firms to choose AR (a < @), the tax structure
should be set to ensure a higher value added for firms (wAR > wNAR),
Recalling that firm is indifferent if D = 7pf — 7/4% = pp — ;- and
that, for Proposition 1, - (wAR — wNAR) < 0. Thus wR > wN4R can
be achieved by ensuring that the difference in taxation between the
scenarios D = tpR — 74K satisfies D < pp — 1= Conversely, if the
municipality prefers firms to choose its waste services (« > a), the tax
structure should be set such that wAR < wN4R, This can be achieved by
ensuring that the difference D = tAR — tN4R satisfies D > pp — =
this case, firms are incentivized to opt for the municipal waste collector.

Generalizing, let us define D = pg — ﬁ as in Fig. 3, this is the
value of taxes differences for which firms with productivity equal to
a = a are indifferent between the two scenarios. In other words,
when the municipality is indifferent between scenarios, since the firms
productivity is a, if D = D, also firms would be indifferent between
scenarios. Thus the following proposition holds:

16 If the municipality incurs lower costs when firms opt for a private waste
collector, it corresponds to the case of point B, (B, < A or B, < E) on the 1.
Conversely, if the municipality incurs higher costs when firms choose a private
waste collector, it corresponds to the case of point B, (B, > A or B, > E) on
the same graph.
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Proposition 8. If « < @, there exists a tax difference value D, < D
such that for D < D, the tax structure is incentive compatible for firms to
choose Non-Autonomous Recycling (NAR). Similarly, if a > « there exists
a tax difference value D, > D such that for D > D,, the tax structure is
incentive compatible for firms to choose Autonomous Recycling (AR). Given
a certain level of productivity a, when the price received for recycled waste
increases, in order to satisfy the condition of incentive compatibility, also
the difference in taxes D has to increases ‘;—'[3 > 0.

Proof. Proof can be deducted immediately from Fig. 3. [J

The tax difference D plays a crucial role in influencing firms’
decisions regarding waste management options. The municipality has
the power to set this tax difference at different levels to achieve specific
outcomes.

In the case of low-productivity firms, the municipality aims to
encourage firms to choose Autonomous Recycling (AR) over Non-
Autonomous Recycling (NAR). To achieve this, the municipality should
set the tax difference D at a sufficiently low level (as in Fig. 3,
where D, < D), meaning that the tax rate for firms using the private
waste management options (r+%) should be lower than the tax rate for
firms opting for the municipal waste collector (zy#X). On the other
hand, in the case of high-productivity firms, the municipality wants to
incentivize firms to choose the municipal waste collector (NAR) as the
preferred waste management option. In this scenario, the municipality
needs to set the tax difference D at a higher level (as in Fig. 3, D, > D),
indicating that (rIéR > r}" AR) This higher tax difference makes the
municipal waste management services more financially attractive for
firms. If the tax incentive is set equal to the price for waste disposal
(D = pg), firms will always choose the municipal waste collectors
regardless of their productivity. On the other hand, if D is set as the
difference between the price for waste disposal and the cost of au-
tonomous recycling (D = pg —y), firms will always choose autonomous
recycling, completely avoiding the use of municipal waste collectors.

Indeed, the tax incentive provided by the municipality is influenced
not only by the internal dynamics but also by external factors, such as
the pricing offered by competitors and the cost of firms’ autonomous
recycling. When the profit from autonomous recycling increases (re-
flected by an increase in pgp or a decrease in y), productive firms
are more likely to choose this option instead of the municipal waste
collectors. To counteract this preference and encourage productive
firms to opt for the municipal waste collectors, the tax burden on firms
utilizing this option (rg’ AR) should be reduced, making the municipal
option more financially attractive. As a result, the municipality may
increase the tax burden on citizens to compensate for the reduced
tax revenue from firms, ensuring that the cost of the municipal waste
management system is covered. Conversely, if there is a reduction in the
profit from autonomous recycling (a decrease in py or an increase in
), making the AR option less appealing, the municipality may consider
reducing the tax incentive provided to firms. Therefore, if the private
collectors become less competitive, the municipality can reduce the tax
burden on citizens.

Role of central government in the optimal taxation incentives of the mu-
nicipality. The parameter s, determined by the central government,
which represents the proportion of waste categorized as special and
has an impact on both firms (Proposition 2) and municipality choices
(Proposition 7). To assess the significance of the incentive compatibility
problem, we introduce a measure of incentives V', which represents the
absolute value of the total incentives provided to firms to ensure mini-
mum waste collection costs for municipalities: V = |T£R -ty AR‘ ON.In
other words, V' quantifies the magnitude of the incentive compatibility
problem.

dv

ds

Proposition 9. <OwithV =0whens=b-1.
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Proof. The proof can be demonstrated immediately from Proposi-
tion 2. [

As the proportion of waste classified as special (s) increases, the
incentive compatibility problem in waste management diminishes. This
happens because the economic advantage associated with the preferred
choices for both firms and the municipality decreases, leading to a
reduce need for incentives. If all waste generated by firms is classified
as special (i.e., s reaches the value of » — 1), the incentives become
unnecessary as the two scenarios become economically equivalent.
Thus, V' becomes zero, indicating the complete elimination of the
incentive compatibility problem.

7. Summary of results and policy implications

The paper models the waste management decisions made by citi-
zens, firms, and municipalities, taking into account the interconnected
nature of their behaviors. Findings offer policy implications aimed
at promoting sustainable waste management practices and improving
recycling outcomes for firms, citizens, municipalities, and the govern-
ment.

Citizens. The results indicate that both citizens’ recycling productivity
and their involvement in co-production activities have a notable influ-
ence on the optimal solution for citizens, firms, and the municipality.
Indeed, increasing citizen involvement and improving their recycling
efficiency decrease the municipality’s demand for firms generating
unproductive waste. Policymakers should focus on promoting public
awareness campaigns and fostering a sense of civic responsibility to
encourage greater participation in recycling and cleanliness initiatives
that can encourage recycling behavior.

Moreover, the model suggests a trade-off between citizens’ prefer-
ence for consumption () and the quantity of waste recycled. Policy-
makers need to strike a balance between promoting economic growth
and meeting citizens’ consumption needs while addressing environmen-
tal concerns.

Firms. Firms have a choice between Autonomous Recycling (AR) and
Non-Autonomous Recycling (NAR) as waste management options,
which depends on the comparison between the potential profit/value
added obtained from each regime, as well as the presence of fiscal in-
centives provided by the municipality, taking into account the specific
conditions of production function and labor market. The optimal choice
for firms depends on their recycling productivity levels and the tax
incentives provided by the municipality. Firms with better recycling
capabilities tend to opt for autonomous recycling methods rather than
relying on municipal waste collectors. Tax incentives can influence
firms’ waste management choices. Lower taxes for NAR option can
incentivize firms to choose that option.

One limitation of our model arises from our assumption that firms
are homogeneous. In reality, firms exhibit variations in their recycling
productivity, which can influence their waste management decisions.
When a single incentive scheme is applied uniformly, some less pro-
ductive firms may still opt for municipal waste collection, even if the
municipality prefers otherwise. Conversely, highly productive firms
that the municipality seeks to attract may choose to remain outside
the established system. To address this limitation, a more nuanced
approach that tailors the incentive structure to accommodate varying
levels of firm productivity is necessary. However, the implementation
of this differentiated incentive modulation may face technical hurdles
or encounter resistance from various stakeholders.

Another limitation of the study is the assumption that the quantity
of waste recycled by firms does not depend on the labor force employed
for the production of consumption goods. Instead, it relies on the
capital. The possibility of allocating both labor and capital to the
production of consumption goods and recycled waste adds complexity
to the model posing a problem of internal allocation of labor and
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capital between consumption good and waste,'” but does not alter the
core essence of our model regarding the fact that municipality needs
the most performing firms, the incentive compatibility problem and
solution that derives from the conflicting interest between municipality
and firms.

By considering firms’ productivity levels and implementing effective
tax incentives, the municipality can encourage firms to adopt sustain-
able waste management practices and align their choices with the
municipality’s waste management goals. This collaboration can lead
to more efficient waste management, reduced reliance on municipal
waste collectors, and improved overall environmental outcomes. How-
ever, striking a balance between fairness, effectiveness, and feasibility
becomes a key consideration when designing the incentive scheme.
Policymakers and stakeholders need to carefully evaluate the trade-
offs and determine the most appropriate approach that aligns with
the specific context objectives of waste management and incentive
schemes.

Municipality. The municipality plays a critical role in waste manage-
ment and recycling. It has the authority to set policies, regulations,
and tax incentives that influence the choices of citizens and firms in
waste disposal and recycling methods. The municipality can use tax
incentives and pricing mechanisms to steer the behavior of citizens
and firms towards desired waste management practices. By adjusting
the tax difference (D) between different waste management options,
the municipality can incentivize firms to choose specific methods such
as Autonomous Recycling (AR) or Non-Autonomous Recycling (NAR).
This involves setting the tax difference (D) at levels that promote the
optimal choices for firms while also considering the financial viability
of the municipal waste management system.

In the model, we do not explicitly consider distributive issues since
all the firm’s income is distributed to the households. Further analyses
can assess the re-distribution challenge that arise when productive
firms are incentivized to remain within the urban waste management
system. The question of who bears the tax burden and how it affects the
ability to incentivize productive firms is indeed a crucial consideration.
When lowering taxes for firms to incentivize their participation in the
urban management system, it can result in an increased tax burden on
citizens. This trade-off between efficiency and equity poses a challenge
for the municipality, as they need to strike a balance between en-
couraging productivity and ensuring a fair distribution of tax burdens.
Implementing incentive measures may face resistance from individuals
or groups who would experience higher tax burdens, perceiving it
as unfair or inequitable. The municipality needs to carefully consider
the concerns of different segments of the population and strive for a
solution that promotes both productivity and fairness. Addressing this
issue requires innovative policy design that considers the interests of all
stakeholders involved, including firms, citizens, and the municipality.
Stakeholders’ engagement is crucial to gather diverse perspectives and
ensure that the proposed incentive scheme is acceptable and sustainable
in the long run. Furthermore, ongoing evaluation of the impacts and
effectiveness of the incentive scheme is necessary to make informed
adjustments and optimize the balance between productivity and a fair
tax system. This iterative process allows for continuous improvement
and adaptation to changing circumstances and stakeholder needs.

The municipality should be flexible and adaptable to changing
circumstances, such as shifts in the cost of recycling, market dynamics,
or technological advancements. Adjusting tax incentives and regula-
tions accordingly can help align the choices of citizens and firms
with evolving waste management goals. The municipality should ac-
tively collaborate with citizens and firms in promoting and facilitating
co-production initiatives. Co-production activities, where citizens and
firms work together with the municipality, can enhance the efficiency,
effectiveness, and sustainability of waste management initiatives.

17 In order to equalize the marginal profit coming from production of
consumption goods and from recycling.
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Central government. The central government shape the regulatory
framework, set recycling targets and define waste categorization. Find-
ings suggest that recycling targets directly affect the municipality’s
waste management choices and the incentives provided to firms. Higher
recycling targets may necessitate adjustments in the threshold value
and tax incentives to encourage firms to participate in waste manage-
ment activities. The government influence with the categorization of
waste, including the proportion of waste classified as special waste
(parameter s), influences the economic advantage of the firms’ choices
between AR and NAR, as well as the magnitude of the incentive
compatibility problem.

Central government decisions regarding waste categorization can
affect the overall efficiency and effectiveness of waste management
systems. Therefore these choices should be based on a thorough un-
derstanding of local conditions, stakeholder engagement.

Another important task of central government is the definition itself
of the target. Our results rely on the assumption that waste from firms
sent to private collectors is not considered in the fulfillment of the
recycling target set by municipalities. If we include in the target all the
waste produced in territory of the municipality, regardless of whether
it is collected through the municipal waste manager or a private waste
collector the overall results remain unchanged with the case discussed
in the text. However, there are a few changes: it is less likely that
the municipality would prefer firms to opt for a private collector,
and the incentive-compatible tax difference between the two scenarios
(rﬁR - rIFV ARY and the cost associated is reduced. Detailed calculations
for this alternative target can be found in Appendix D

Co-production. The research emphasizes the significant role of co-
production activities in waste management, particularly in recycling,
involving both citizens and firms. The findings highlight that the
productivity of waste generated by both citizens and firms, which can
be attributed to their efforts in co-production, plays a crucial role in de-
termining the optimal waste management solutions for firms, citizens,
and the municipality. Furthermore, the active engagement of citizens in
co-production activities related to recycling and waste disposal can in-
fluence the decision-making of firms regarding their waste management
strategies, illustrating the intricate nature of co-production behavior.

Moreover, co-production has implications for the overall cleanliness
of the city. When citizens actively participate in waste management
activities, such as the proper disposal of special waste, it contributes to
maintaining a cleaner environment. This cleanliness has positive effects
on firms, the municipality, and the government. A clean city enhances
the overall attractiveness and image of the municipality, which can
potentially benefit the business operations of firms. Therefore, the
involvement of citizens and firms in co-production activities not only
fosters effective waste management but also contributes to the overall
well-being and success of the municipality.

Various policy implications derive from the findings. Given the
vital role of co-production in the waste management system and its
potential to drive sustainable solutions for the entire community, it is
crucial to actively promote its implementation. Co-production activities
require strong support from the municipality or government to thrive
and deliver desired outcomes. By actively supporting co-production,
the municipality can foster collaboration between citizens, firms, and
government entities, creating a synergy that leads to more efficient
waste management practices. The municipality can provide financial
incentives, educational programs, and logistical support to encour-
age citizens and firms to actively engage in co-production activities.
Furthermore, the municipality should establish clear guidelines and
regulations that promote co-production practices, ensuring compliance
with environmental standards and fostering a culture of sustainabil-
ity within the community. By creating an enabling environment for
co-production, the municipality can harness the collective efforts of
citizens and firms, leading to more sustainable waste management
practices and a healthier, cleaner community.
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Private waste management. The presence of a private manager as a
competitor motivates the municipality to prioritize the productivity of
firms. If the municipality fails to provide suitable incentives to firms,
the private collector may attract the most efficient firms. Consequently,
the municipality becomes more focused on measuring firm performance
and implementing innovative strategies to collaborate with them in
recycling efforts. This dynamic encourages the municipality to contin-
uously enhance its waste management system and explore innovative
approaches to achieve optimal solutions. In this way, competition
can serve as a catalyst for the municipality to improve its waste
management practices and consistently seek innovative methods.

8. Conclusions

In this study we model through sequential game theory the intricate
web of waste management decisions made by citizens, firms, munic-
ipalities. Exogenous players are considered the central government
and the private waste manager that is the competitor of municipal
waste management system. The findings have significant implications
that help develop effective waste management policies and promote
sustainability.

The study highlights the significance of recycling productivity for
both citizens and firms in determining the optimal solution for the
municipality. The allocation of recycling capital to citizens and firms is
contingent upon their respective productivity levels. If citizens demon-
strate higher productivity compared to firms, the municipality may
decide that it is optimal not to provide capital to firms. Conversely,
evaluating the recycling productivity of firms becomes crucial in iden-
tifying those that exceed the optimal threshold, enabling the munic-
ipality to achieve its optimal solution. High-performing firms may
be preferred by the municipality to collaborate with the municipal
waste collector, ensuring efficient waste management. However, high
performing firms prefer to dispose their waste to the private waste
manager. This creates an incentive compatibility problem, as the mu-
nicipality should design an appropriate incentive scheme to achieve
optimal solutions. As discussed in the previews section, the munici-
pality has to face several challenges in the implementation of these
schemes.

Therefore, the municipality should explore methods to enhance the
recycling productivity of both citizens and firms to attain a superior
optimal solution. Additionally, implementing protocols to measure the
productivity of citizens and particularly firms is essential. By under-
standing the productivity level of recycled waste (a), the municipality
can not only monitor the quality of recycled waste within the city but
also make informed decisions regarding the optimal solution.

Data availability
No data was used for the research described in the article.
Appendix A. The choice of firms: proof of Propositions 2 and 3

The derivatives of Eq. (4b) are:

AR AR AR AR AR AR
dw >0;dw <0;dw >O;dw <O;dw > 0; dw <0.
dpg dy da dy dz drp
Moreover
AR AR
dw <0ifrpR— y < (pR—%), otherwise dw > 0.
a

This means, in case of autonomous recycle, the value added that firms
produce decreases with the share of special waste (s) if the unit profit
of autonomous recycling is higher than the taxes saved net of the cost
for disposing special waste, otherwise the value added increases with
S.

The derivatives of Eq. (4c) are:

NAR NAR NAR
dw >0 dw <0 dw >0;
dpg dy da

NAR NAR
d“; <0; du:i > 0;
x z
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Moreover

dwNAR
ds

dwNAR

>0

<0if tN4R < y, otherwise
S

that is to say, in case of recycling with municipal collector, the value
added decreases with s if the tax on a unit of waste is lower than
the cost of special waste. If the tax rate is higher, the value added
increases.'®

i 4 (AR _  ,NAR) — _ _r _ = _wAR-wNAR
Since -~ (w wNAR) = (pR = l)) = ——— and
4 (AR _ p)NAR) — _ £ _p) = wifwMR i-
T (w w ) = (pR Tra D) =~ > We prove Proposi

tions 2 and 3.

Appendix B. The municipality

The first constraint. states that the cost is covered by tax revenues:

@ = r;(b —1-9sL + chi

or
o=k +k <@ =tlipo1ogr—2 |on
el NAR = TC|F C1+Tc
where 22 > 0 and 42 > 0. Since, 7.(b— 1 —s5) = —w' + (1 — ys) +
dre drp F

ri (pR - H—Ln() we obtain

i

ON

[
c

—w'+1- s+r’( ——)+T
[ d PRT 1Y T

from this we can calculate (10a) and (10b).

The second constraint. derives from target (8), from which we may
calculate the target level of waste recycled by citizen is

R =0 (WSTi + WST. +R.) - R,

Thus, the second constraint concerning the target of waste is R! Zﬁi:'
Recalling that in scenario (N AR), all the waste which firms are re-
sponsible of is collected by municipality, then W STy 4 = RY4R and
W STy g+ W STY4R = (b—1-5)0N. Moreover RN4R = (1+a)Ky 45- On
the contrary in the scenario (AR), R?R =0and WST g+ WSTI?R =0,
we have:

SN AR wNAR
Re =0
1+7¢

+(b-1 —s)] ON — (1 + 0)Kp ar>
=oXNR L 60(b—1—-5)N
with (1 + @)Ky g < (b—1—5)ON

AR wAR
R" =0
1+7¢

] ON = cX"R,

Recalling the optimal recycling chosen by citizen (Eq. (7b)) we can
calculate the constraint on target in term of capital:

Kol(1=0)N +11 20 XNAR L (b= 1 - 5)0N — (1 + @)Ky 45 + %

XNAR ON
Ke>o—2 4 (p-1-5—8
cZoazong1 STooN+1
Ki
— (1 +a)—NAR !
A-N+1 [1-0N+11p
~ XNAR ON
ONAR 5 GNAR _ +h-1-5—28
A-0N +1 A—ON+1
(1=6)N —a 1

=N+ 1 VAT [N+ 118
with (1 + @)Ky g < (b— 1 — 5)ON

18 Note that, if the unit profit of autonomous recycling (I’R - l%ﬂ) is greater

dwNAR
ds

than 0, the condition for having
of AR, if negative is less binding.

< 0 is more binding in case of NAR than
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XAR 1
o + .
1-0N+1 [1-6)N+1]p
from which we obtain Egs. (11a) and (11b).

DR > HAR —

Appendix C. The optimal scenario and the incentive compatible
taxes: proof of Propositions 6 and 7

Considering both constraint, in case of AR scenario the first con-
straint (Eq. (10a)) can be written as:

c@R + XAR = [1—)(s+(pR—l+La)(b—l—s)]

The second constraint (Eq. (11a)) can be written as:
o X R = 1

[1-6)N + 11® R — 5

writing them in matrix form.
(DAR
J( )
4 — 1=
L)1 s)] ON

B

c 1
1-0ON+1 -o

[l—j(s+(pR—

AR\ 1 c 1
XAR ] T e+ (1-ON+1\ (I-ON+1 —c

[1—)(s+(pR )(b—l—s)]HN

ﬂ

In case of NAR, we have to compute the constraint firstly in case of low
productive firms, then in case of high productive ones.

In the first case, Ky 4z =0
[1 - )(s] ON
= (b—l—s)6'N+%

It

ONAR 1 c 1
XNAR J 7 e+ (1-ON+1\ (1-ON+1 —c

*< [1 - xs]oN >

(b—l—s)9N+%

(DNAR

c 1
< (1-N+1 -0 XNAR

In the second case, (a >(1=0)N => Kyyp = %)
ONAR 1 o 1
XNAR |7 e+ (1-ON+1\ (1-ON+1 —c

[1 - )(s] ON
* L +1-ON | 1
b-1 S>0N_l+a + 7
thus let we calculate the difference among scenarios.
When firms are less productive then citizens

@NAR _ deR
< XNAR _

_ 1 o 1
XAR ) T se+(1-ON+1\ I-ON+1 —c

*< ~(rr -5 ) B=1-906N >

(b—1- 30N

<1

When firm are more productive than citizens (

d)NAR _ ¢AR
( XNAR _XAR

I+(1—9)N)

I+a

_ 1 o 1
Toc+(1-ON+1\ U-ON+1 —c

*< (pR )(b—l—s)HN >

1+(1-6)N
(b -1- S)eNT
AR > 0 if

HNAR _

(pR—%>+1>O
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when (M> > 1 and if
14+a

_U(PR_I-}I/—(X)+(

1+(1-O)N
1

1+(1—9)N)>0
l+a

when ( <1

From the above calculus, we can derive the general formula for the
difference @NAR _@AR > (), that we use in the main text as (12). Let us
note that z(0) = pg —y <0, and lim 7(a) = pg. Moreover, p(0) = -
lim,_, , p(a) =0

From the above calculus, we derive Fig. 3. Since p(«) is decreasing
in @ and #(a) is increasing, the unique threshold « exists. Applying the
implicit function theorem

a=+0o0

da <
do
Proposition 6 is proved.
Finally, deriving Eq. (12),
di(szAR B q,AR) _ _d)NAR _ @AR
N

5

b—1-s
Proposition 7 is proved.

Appendix D. Alternative target constraint

(8) defines the percentage that municipal collector has to recycle. It
is possible to consider a different target, in which the objective of recy-
cling is not the waste collected through municipal waste manager but
all the waste collected in municipality, regardless if through municipal
or private waste collector. In this case, we can re-write the target as:

~ RL+/ L+ R},
~ WST, +rY + R+ WST].
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where we recall that 4R = h— 1 —s, all waste produced are recycled in
scenario i = AR, while rN4R = (. Therefore in scenario AR

_ RER+(b-1-950N
WSTER+(b—1-5)0N’

in scenario NAR
NAR NAR
RNAR 1 RN

T WSTYAR+(b—1-5)8N’

The target constraint (11a) and (11b) are modified as:

~ AR
DR > BAR 5 X +(o- 1)(b -s)ON 1 1
(1—0)N +1 A-ON+1  FU-0ON+1
VAR 5 GNAR _ XNAR U(b —1-50N 1 1
- (1-0)N +1 (1-0)N +1 p(A—-0)N +1
(1-6)N —«a
(I1—0)N +1 NAR

Since, for each value of X!, & < &', the equilibrium pair depicted
in Fig. 2 will be (X'*, *) where X’* < X'* and @* > &'*, therefore
the cost payed by municipality and the tax revenue to cover such a cost
are lower. In this case, when we compare the two scenarios, instead of
p(a) we have p(a) < p(a)

pla) = {

with lima_,Jroo pla) =
The following proposition holds

for a < (1 -6)N

o “ ")N for @ > (1 — O)N,

1
1+(1-O)N
1+a

—00.

Proposition 10. When the waste recycled thorough a private collector
is included in the calculus of the target, 3@ < @ such that for a =
@AR = NAR. Moreover, moreover the incentive compatible tax structure
in order to convince firms with productivity « > @ is lower than in the case
presented in Proposition 8.

,&"



F. Fiorillo and E. Merkaj

Proof. In order to compare the two scenarios, we express the constraint
in matrix form

AR
( XAR

_ 1 o 1
T oc+(1-ON+1\ I-ON+1 —c

, [1—){s+(pR—#)(b—l—s)]0N
%+(a—1)(b—l—s)0N

In case firms are less productive than citizens K 4z = 0, then

®dNAR
( XNAR

_ 1 o 1
Toc+(1-ON+1\ I-ON+1 —c
[1-xs]ON
a(b—l—s)0N+/lg

In the second case, (a >(1=0)N=> Kyp= w)

1+a

(e )= reratomsi (acomwer )
XNAR ] 7 e+ (1-ON+1\ (1-ON+1 —c
[1—)(5]0N
(a+1)(b—1—s)¢91\/$+;-j

Taking the differences among scenarios, when firms are less produc-
tive then citizens

(DNAR _ (DAR
( XNAR _ XAR

_ 1 o 1
T oc+(1-ON+1\ I-ON+1 —c

—(pR—HLa)(b—l—s)ON
(b-1-50N

When firm are more productive than citizens (M) <1

¢NAR _ ¢AR
XNAR _ x AR

I+a

_ 1 o 1
T oc+(I-ON+1\ 1-0ON+1 —c
—(pR—ﬁ (b=1-s5)ON

(b—1 — 5)p N CHDIHI=ONI-o(+a)
I+a

*

_ 1 o 1
Toc+(I-ON+1\ 1-0N+1 —c

*< —(pR—ﬁ)(b—l—s)BN >

[(1-0)N —a] _1_ 1+(1-6)N
(b—1-$)0Ng ==t oy (| — 5o N LHU=ON

From this calculus, we may derive the function p(a) and therefore we
proved Proposition 10. []
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