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Abstract

Consider a municipality that must design a waste management pro-

gram that integrates recycling and landfilling. This paper analyzes

a simple utility maximization problem of a representative household

incorporating waste disposal. Even if recycling entails some initial

costs and a marginal cost that rises in proportion to recycling, re-

cycling or a dual waste management policy is, nevertheless, optimal

for a local government. By determining the relationships among the

marginal cost of landfilling, recycling, initial costs, and household in-

∗This work was supported by a Grant-in-Aid for JSPS Fellows 20-5428.
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come, conditions are identified under which recycling will reduce total

waste management costs adequately, so that municipal recycling will

be optimal.

1 Introduction

The processing of solid household waste has become an increasing problem

in many countries. Until recently, the most popular method for treating

nonhazardous solid waste has been to place it in landfills. However, there is

another way to process solid waste, i.e., recycling. Developed countries, such

as the United States, Germany, and Japan, have recognized the benefits of

recycling. Municipal recycling by local goverments is being encouraged by the

legislatures of these countries. Although many municipalities are developing

new waste management programs based on recycling, there still remain some

questions. Is it really costless to recycle municipal waste? If so, then how

much should we recycle? This paper studies the optimal conditions of waste

management. In particular, we show that in a situation where households

do not gain any utility from recycling, there still exists a condition in which

recycling is less costly than landfilling.

Some economists considered that recycling waste is too expensive. For

example, William Baumol was suspicious about recycling [1]. Highfill and

McAsey [6] presented interesting controversy to us.

In the present paper, we investigate the optimal levels of recycling in

terms of waste management cost. We assume that a community has two

different waste management alternatives. The first is landfilling and the
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second is recycling, and both alternatives require some costs. We are not

concerned with the resource scarcity and the disutility from the waste. We

will compare recycling and landfilling from the viewpoint of minimizing waste

management cost.

Landfilling involves some cost per unit of waste, which is assumed sim-

ply to be a constant. On the other hand, the expense of recycling rises as

the amount of waste that is recycled increases. Therefore, the cost of recy-

cling per unit of waste is dependent on the proportion of the waste processed

by recycling. In addition, if a municipality chooses to recycle, then it must

provide for some initial costs. This can be recognized as the cost of establish-

ing a recycling center or infrastructure. The model presented in this paper

is fundamentally static. Under several conditions, we show that there are

cases in which recycling is more advantageous to a municipality and cases

where using both alternatives are optimal. Also, we demonstrate the optimal

recycling proportion in the case of dual waste management.

The next section provides a brief summary of the literature focusing on

the waste management cost. Section 3 presents the formal model. Section 4

analyzes three cases: one in which landfilling is the best alternative; another

in which recycling is the best; and the third in which dual management is

the most favorable. Section 5 provides a summary of our results.

2 Summary of the literature

Since the 1970s, economists have investigated waste management and recy-

cling. In earlier studies, waste was considered as pollution. Dynamic models
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including those by Plourde [12], Smith [13], and Lusky [9] assumed recycling

as an option to increase consumers’ utility or decrease the stock of pollution.

Over the past decade, several studies have been made on recycling. Fuller-

ton and Kinnaman [3] studied the policy options including a Pigouvian tax

on recycling, Highfill and McAsey [6] considered the space constraints of

landfilling, Fullerton and Wu [4] analyzed recycling and product design, and

Higashida and Jinji [5] investigated countries’ strategic choices of recovery

rates with international trade. Although these papers investigated recycling

as waste management, they did not include management cost in the model

explicitly.

Some past studies discussed recycling from the viewpoint of waste man-

agement cost. Eichner and Pethig [2] considered policies encouraging green

product design. They used a general equilibrium model that includes ex-

tracting material, recycling, and waste treatment. The material is modeled

as being embodied in consumption goods through a production process. Af-

ter the goods are consumed, they are turned into residuals. Residuals can

be the inputs to generate materials with the help of a recycling process. The

“recyclability”of residuals depends on the proportion of material contained

in the goods. It means that the recycling costs decrease as the material con-

tent of residuals increases. Eichner and Pethig’s model had an interesting

formulation about recycling costs, but they did not consider disposing (such

as landfilling) costs since their focus was on the production design.

Morris and Holthausen [10] developed a model that describes a house-

hold’s waste generation and disposal behavior. They examined the interac-

tion among household preferences, their waste production options, and costs
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or fees for waste collection. In their model, they assumed that waste collec-

tion entails a fixed fee that is irrelevant to the amount disposed. They also

assumed marginal cost for waste collection and recycling. Their specification

is similar to our model, except that marginal cost of recycling is constant.

The model closest to ours can be found in Highfill et al. [7]. The main aim

of their model was to examine the optimal location of a recycling center. They

considered a rectangular shaped area in which households are distributed

uniformly. The households should dispose waste at the landfilling area or

recycling center. Disposal of waste entails a transportation cost per unit

of waste. Further, the municipality chooses a recycling center location that

minimizes the total transportation costs. Therefore, they described waste

management cost explicitly in their model.

Huhtala [8] has an interest very similar to the present paper. He developed

an optimal control model that includes physical costs of recycling, the social

costs of landfilling, and consumers’ environmental preferences. Although he

accounted for the external costs of waste management, we ruled out the

social costs. Also, Huhtala’s model is dyanamic and considering about long-

term problem, while the present model is static and examines a short-term

problem of municipal decision making.

There is one planning period in which a municipality determines whether

or not to establish a recycling facility, and if it does, then how much it

recycles. Dynamic considerations such as the eventual closing of the landfill

or accumulation of waste are not considered. To a certain extent, the model

concentrates on answering the question: what conditions indicate that the

city should engage in a municipal recycling? The next section describes
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landfilling and recycling costs.

3 A model of waste management

3.1 The basic framework

It is assumed that waste is a fixed fraction of consumption, i.e., w = (1−α)c,

where α is the proportion of consumption that local governments do not have

to process and c is the amount of goods consumed. Note that α might be

greater than zero because some consumption does not generate waste.

There are two ways to manage waste: landfilling and recycling. The cost

of landfilling is assumed simply to be a constant, β, per unit of waste. If

a municipality decides to landfill all the waste generated, then the cost of

waste management is βw.

However, when a municipality decides to recycle some waste, then it

incurs some initial cost. This can be recognized as the cost of establishing

recycling facilities. The fixed initial cost for the municipality is denoted by F .

After constructing a recycling center, the municipality decides the quantity

to recycle. I denote γ ∈ [0, 1] for the fraction of waste that the municipality

recycles. It is assumed that the cost of recycling per unit of waste increases

exponentially as γ rises. This can be considered as a technology constraint.

As γ reaches 1, the cost of recycling per unit of waste will increase. Thus,

the marginal cost of recycling is s(γ + 1), where s is a given coefficient. To

simplify the language, this coefficient will be called the“recycling parameter”.

I add 1 to γ since γ ≤ 1. If the municipality decides to recycle all the waste
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generated, which means γ = 1, then the cost of waste management is 2sw.

There are N consumers in this municipality. The total costs of waste

management for a representative consumer, Z(γ), can be written as

Z(γ) =

 β(1 − α)c, γ = 0

[γ s(γ + 1) + (1 − γ)β] (1 − α)c + f, γ ∈ (0, 1]
(1)

where f = F/N .

Let U(C) be a utility function and assume that U is concave. The price

of the good is set to be 1. The income of a representative consumer is given

as I, and I is sufficiently larger than f . Then, the problem for a household

is

maxc U(c)

s.t. c + Z(γ) ≤ I

Households wish to maximize their utility, which depends only on the ag-

gregate consumption good c, which is taken as the numeraire. It should be

noted that recycling does not generate utility by itself. Thus, after paying

for their share of waste management and recycling costs, households spend

the rest of their income on consumption. Therefore, the budget constraint

for the representative household can be written as

c ≤ I − Z(γ) (2)

The problem for the consumer is to choose consumption c and the percentage

of municipal recycling γ to maximize U(c) subject to the budget constraint
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(2). Since the utility function is increasing, it is necessary to consider only the

budget constraint and select the value of γ that gives the largest consumption

c. Therefore, the objective of a municipality in the model is to find the

optimal fraction of recycling γ to maximize the consumption c.

3.2 The budget constraint

In this section, I use an approach presented by Highfill et al. [7].

To examine the budget constraint, it will be helpful to rewrite (2) using

(1)

c ≤ I − β(1 − α)c, γ = 0

c ≤ I − [γ s(γ + 1) + (1 − γ)β] (1 − α)c + f, γ ∈ (0, 1]

On rearranging these inequalities so that consumption c is expressed as a

function of the percentage level of municipal recycling γ, we deduce

c ≤ I

1 + β(1 − α)
≡ H, γ = 0 (3)

c ≤ I − f

1 + [γ s(γ + 1) + (1 − γ)β] (1 − α)
≡ h(γ), γ ∈ (0, 1] (4)

A municipality should select the fraction of recycling γ to maximize the

right-hand side of (3) or (4).

Let us begin with examining h(0). When γ = 0, the denominators of (3)

and (4) are equivalent. Thus, h(0) is always lower than H. This result is
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deduced from the initial costs of recycling.

Further, the first derivative of h(γ) is obtained as

h′(γ) =
(I − f) [2(1 − α)sγ + (1 − α)(s − β)]

{1 + [γ s(γ + 1) + (1 − γ)β] (1 − α)}2 (5)

Note that the denominator of (5) is always positive for γ ∈ (0, 1]. Whether

h′(γ) is positive or negative for γ ∈ (0, 1] depends solely on the numerator.

Since we assumed I is larger than f , our main interest is in the brackets. As

an α ∈ (0, 1) is fixed, then the relation between β and s is our next concern.

If h(γ) is a decreasing function for γ ∈ [0, 1], then optimal waste management

entails simply to landfill all the waste. If it is increasing or it has the largest

value in the range of γ = 0 to 1, then we need to take a closer look at the

parameters.

4 Recycling versus landfilling: A cost mini-

mization approach

In this section, we will examine the effect of the relationships between β and

s on the consumption level. Since I is sufficiently larger than f , the function

h(γ) is always nonnegative. Inserting (5) equal to 0 and rearranging it, we

deduce

γ =
β − s

2s
(6)

This gives the maximum level of h(γ). The relationship among landfilling cost

β, the recycling parameter s and the consumption level h(γ) is summarized
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as follows:

(a) If (β − s)/2s ≤ 0, then h(γ) is a decreasing function for γ ∈ (0, 1].

(b) If (β − s)/2s ≥ 1, then h(γ) is an increasing function for γ ∈ (0, 1].

(c) If 0 < (β − s)/2s < 1, then there is a maximum point for γ ∈ (0, 1].

On rewriting these conditions, we obtain three cases:

(a) β ≤ s,

(b) s ≤ β
3
,

(c) β
3

< s < β.

In the sections bellow, we examine these three cases precisely.

4.1 The case of no recycling: β ≤ s

When β ≤ s, then the maximum point of function h(γ) is nonpositive. It

means that the form of function h(γ) is downward sloping for γ ∈ (0, 1].

Figure 1 illustrates this form.

As mentioned before, h(0) is always smaller than H. Therefore, a munic-

ipality should choose not to recycle in this case. When they decide to engage

in recycling, it always costs more than landfilling. Therefore, if the recycling

fraction γ is zero, they will landfill all the waste generated.
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Figure 1: The graph of h(γ) when β ≤ s
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4.2 The case of full recycling: s ≤ β
3

Further, we consider the case in which the recycling parameter is relatively

very small. When the relationship of β and s is s ≤ β
3
, then the maximum

value of function h(γ) is larger than γ = 1. Thus, the form of function h(γ)

is upward sloping for γ ∈ (0, 1]. Figure 2 illustrates this form.

In this case, the municipality compares landfilling with the recycling pro-

gram.

Since h(γ) is upward sloping for γ ∈ (0, 1], it takes the largest consump-

tion level at γ = 1. The municipality should compare H with h(1) to decide

the waste management program. The difference h(1) − H gives us a simple

indication. If it is larger than 0, then the municipality should recycle all the
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Figure 2: The graph of h(γ) when s ≤ β
3
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waste generated. Inserting γ = 1 to (4), we get

h(1) =
I − f

1 + 2(1 − α)s

Then, h(1) − H > 0 can be written as

I − f

1 + 2(1 − α)s
− I

1 + (1 − α)β
> 0

Rearranging this for s, we get

s <
I − f

2I
β − f

2I(1 − α)
≡ J (7)

Whether s is larger than J or not depends on the parameters (α, β, I, f). If

J < s, then the municipality shall choose not to recycle. (This is illustrated
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Figure 3: s ≤ β
3
, J ≤ s
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Figure 4: s ≤ β
3
, s < J
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c
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in Figure 3.) If s < J , then a municipality shall choose all the waste to

recycle, which means γ = 1. (This is illustrated in Figure 4.)

4.3 The case of dual waste management: β
3 < s < β

For β/3 < s < β, the largest value of h(γ) depends on γ ∈ (0, 1]. As discussed

above, function h(γ) takes its maximum value at point γ = (β − s)/2s. If

the municipality decides to recycle, it is optimal when the recycling fraction
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Figure 5: The graph of h(γ) when β
3

< s < β
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is γ = (β − s)/2s. It means they will landfill 1 − [(β − s)/2s] of the waste.

Therefore this is a dual waste management policy, involving both recycling

and landfilling. The situation where γ = (β−s)/2s gives the maximum value

of h(γ) is illustrated in Figure 5.

At this fraction, the marginal cost of recycling is

s(γ + 1) = s(
β − s

2s
+ 1)

=
β + s

2

This differs from the marginal cost of landfilling β. To an extent, it is smaller

than β in the case of β
3

< s < β. This result comes from the characteristic of

the recycling cost. For the benchmark, let us now consider the case in which
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Figure 6: Comparison of two cases γ = β−s
s

and β−s
2s
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the marginal costs of recycling and landfilling are equal:

s(γ + 1) = β

γ =
β − s

s
.

The variable cost for a unit of waste (cost of waste management without fixed

cost of recycling) in this case and the optimal case is illustrated in Figure 6.

The vertical axis is the marginal cost and the horizontal axis is the fraction

of recycling. The shaded area is the variable cost of both landfilling and

recycling per unit of waste. Since marginal cost of recycling changes with

the proportion of recycling, marginal cost of recycling and landfilling differ

at the optimum.

To decide whether to recycle or not, the municipality should compare H
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with h((β − s)/2s). If h((β − s)/2s) is larger than H, then the municipality

should decide to adopt dual waste management. If not, it should simply

landfill all the waste.

h((β−s)/2s)−H provides a simple indication. If it is larger than 0, then

the municipality should choose the dual policy. Inserting γ = (β − s)/2s to

(4), we obtain

h(
β − s

2s
) =

I − f

1 +
[

β−s
2s

s(β−s
2s

+ 1) + (1 − β−s
2s

)β
]
(1 − α)

Therefore, h((β − s)/2s) − H > 0 can be written as

I − f

1 +
[

β−s
2s

s(β−s
2s

+ 1) + (1 − β−s
2s

)β
]
(1 − α)

− I

1 + (1 − α)β
> 0

On rearranging this for s, we deduce1

s < β +
2f [1 + (1 − α)β] −

√
f [1 + (1 − α)β][4I(1 − α)β − 1]

I(1 − α)
≡ K (8)

Whether s is larger than K or not depends on the parameters (α, β, I, f). If

β/3 < s < K, then the municipality should choose the dual policy, which

means γ = (β − s)/2s. (This is illustrated in Figure 7.) If K < s, then the

municipality should choose not to recycle. (This is illustrated in Figure 8.)

1Rearranging the above inequality, we get two conditions. One is s < K and the other
is

β +
2f [1 + (1 − α)β] +

√
f [1 + (1 − α)β][4I(1 − α)β − 1]
I(1 − α)

< s.

The latter condition is inconsistent with β/3 < s < β; therefore, we focus only on the
former condition.
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Figure 7: β
3

< s < K

γ10
s

s
2
−β

c

�
�

�
�
�

� −
s

s
h

2
β

H

Figure 8: β
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5 Concluding remarks

In this paper, we analyzed the simple utility maximization problem that

incorporates waste management. The relationship between the two param-

eters, the marginal cost of landfilling and the coefficient of recycling cost, is

the focus of the paper. In addition, critical factors that affect the economic

optimization of recycling include (1) proportion of consumption that does not

generate waste, (2) fixed initial cost of establishing recycling infrastructure,

and (3) household income. The model presented in this paper gives several

important conclusions. First, the establishment of a municipal recycling pro-

gram does not require a direct contribution to societal utility from recycling

activities. Second, although there is an initial cost and a proportionally in-

creasing marginal cost for recycling, there still exists a case in which recycling

is the optimal management policy. Third, in some conditions, a dual policy

that includes both recycling and landfilling is preferred.
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