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1 Introduction 

Human society cannot develop without natural resources. Some of them are non-renewable, 

such as metals and petroleum, and the demand for them is larger and larger, however, as a 

result of the increasingly affluent global population. Therefore, the supply security of these 

resources has been widely concerned by the public. Moreover, during the extraction, 

processing and use of these resources, more and more environmental problems have emerged. 

Greenhouse gas emissions as well as other harmful emissions to the environment have 

resulted. Increasing amounts of solid wastes have also been generated, which is becoming a 

big problem: less and less land is available for landfilling, and the end-of-life waste treatment, 

whether through landfilling or incineration, has negative environmental impacts. This 

problem is particularly acute in emerging economies, as both their material use and their 

discarding of materials after use are growing very fast. However, they are usually not 

equipped with adequate waste management infrastructure. Therefore, the open system of the 

traditional linear economy which extracts resources from the environment and discharges the 

resulting wastes to the environment is now running into its limits. We should choose a 

sustainable development model. 

In order to maintain the level of our welfare, we must raise the resource efficiency of our 

society. There are several ways to realize this goal:
1
 

 Utilize resources more efficiently in the supply of services and products 

 Use less services which are resource-related 

 Reuse services and products 

 Recycle resources and materials at the end of product life  

With the latter two options, the open system mentioned above can be “closed”. A linear 

economy can thus turn into a circular one that reuses or recycles products and materials so 

that extraction and disposal can occur as little as possible (see Figure 1.1): 

                                                 
1 See Worrell & Reuter (2014a), p. 5 
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Figure 1.1 Closing the open system of a linear economy (in black) with recycling and reuse (in blue) 

Source: Worrell & Reuter (2014a), p. 4 

Recycling, which is the process of reprocessing recoverable materials at the end of a product’s 

life and sending them back into the supply chain (see Worrell & Reuter (2014b), p. 10), 

nowadays has been paid more and more attention. In Europe, it has been required in many 

countries through agreements and regulations (see Subsection 2.3.3) and the related system is 

already well established. Some developing countries also have the intention to promote 

recycling through legislation
2
. In this context, it is meaningful to study the optimal price and 

production path of non-renewable resources when recycling behavior is taken into account. 

Moreover, it is also worth studying whether a real non-renewable resource market with 

recycling behavior can achieve the optimal resource allocation. 

However, the traditional economics research methods such as field research have many 

disadvantages. For example, data from natural markets usually occur in a unique temporal and 

spatial context and they are often collected by governments or businessmen for special 

purposes. Therefore, the quality of the data cannot be guaranteed. Sometimes, the relevant 

data can be collected only in an indirect or costly manner, or even cannot be collected because 

the assumptions of the theory cannot be satisfied in the real world. Moreover, the validity of 

the research results may be questioned when one or more simplifications and assumptions are 

                                                 
2 Separating recyclables from other household waste provides convenience for recycling. “Regulations on household waste 

management in Shanghai” came into effect on July 1, 2019. According to these regulations, household waste should be 

classified into four categories: recyclables, hazardous waste, wet waste and dry waste. “Recyclables” refer to the household 

waste which is suitable for recycling, e.g. waste paper, waste plastics, waste glass products, waste metals and waste fabrics. 

“Hazardous waste” refers to waste batteries, waste fluorescent tubes, waste drugs, waste paint and its containers, and other 

household waste that can cause direct or potential harm to human health or the natural environment. “Wet waste” refers to 

perishable biomass household waste such as leftovers, expired foods, melon peels, fruit cores and discarded plants. “Dry 

waste” refers to other household waste other than recyclables, hazardous waste and wet waste. More and more Chinese cities 

will carry out mandatory garbage classification by legislation. 
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made about the nature of natural markets. Additionally, many observable or unobservable 

factors and unwanted or unexpected influences occur in natural markets, which is 

uncontrollable. This also has a negative impact on the validity of the findings. To overcome 

the defects of the traditional empirical methods, a relatively new economic research method 

has been proposed, i.e. the experimental method. With this method, economists can observe 

human behavior and test theoretical propositions in an objective, controlled and replicable 

environment, which enables the interchange between theory and evidence. Nowadays, 

experimental methods have attracted more and more attention in economic research, 

especially after Vernon L. Smith was awarded the Nobel Prize in 2002. The purpose of this 

work is to use experimental investigation as a method to verify a recycling theory of non-

renewable resources which integrates recycling into a modified Hotelling model. This seems 

to be a new field in the existing literature. It is hoped that this experimental research can make 

a contribution to traditional empirical studies and theoretical considerations.  

The remainder of this work is organized as follows. First, the conceptual aspects of non-

renewable resources and recycling should be introduced. In Chapter 2, non-renewable and 

renewable resources are distinguished by their different regenerative capacities over the 

human planning period. In non-renewable resources, materials are divided into primary and 

secondary materials according to whether they have undergone a recycling process. The 

practical significance of recycling non-renewable resources and its implementation status will 

also be introduced in Chapter 2. In addition, the difficulties and obstacles in the 

implementation process will also be mentioned. To improve the effectiveness and efficiency 

of recycling, various incentive agreements and regulations have been developed and carried 

out in many countries. The legislative framework for recycling in the European Union (EU) is 

taken here as an example, since it has relatively sophisticated recycling systems, relatively 

successful recycling results and relatively rich recycling experience. 

After the introduction of the conceptual and practical aspects of non-renewable resources and 

their recycling, various theoretical models for the recycling of non-renewable resources will 

be presented in Chapter 3. The first economic model for recycling was proposed by Vernon L. 

Smith in 1972. In his article “Dynamics of Waste Accumulation: Disposal versus Recycling”, 

the dynamics of both recycling and waste stocks are described. When economic policies (e.g. 

taxes and subsidies) intervene in recycling decisions in the market, how various instruments 

combine to achieve the policy goals deserves further study. Many economists are interested in 

the combination of various instruments and have compared the efficiency of various 
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combinations. In addition, whether and how recycling affects the level of economic activities 

and their long-run development also attracts the attention of economists. However, the 

theoretical models of most concern in this work are those that directly depict the competitive 

equilibria of non-renewable resource markets with recycling behavior. Boyce (2012) proposes 

a typical model of this kind (shown in Section 3.4) based on the Hoteling rule which has until 

now been regarded as the theoretical core of the economics of exhaustible resources. His 

model provides the theoretical basis for the experimental part of this work. Last but not least, 

some economists pay attention to the negative effects of recycling and its incentive policies to 

avoid the situations where the actual effects are contrary to the policy expectations. They 

suggest that recycling decisions should be made by reflection and investigation. 

Then it comes to Chapter 4, which is the core of this work -- experimental investigation. After 

the introduction of the methodology, a simplified model of Boyce (2012) is tested in the basic 

treatment. However, the experimental results are far from ideal. The rule that pricing and 

trading should follow and the criterion on which recycling decisions should be based do not 

get much support from the experiments. A possible reason is that the criterion cannot be 

observed directly. Moreover, the complex experimental design may also be an obstacle to 

finding the optimal pricing, trading and recycling strategies. Therefore, a much simplified 

treatment, i.e. the recycling treatment, is designed to focus on recycling decisions. An easier 

criterion for recycling is tested and better experimental results are thus expected. Further 

research possibilities are then proposed based on the experimental results of these two 

treatments.  

As the last part of this work, Chapter 5 summarizes the current situations, the relevant 

theories and the main experimental results of the recycling of non-renewable resources. In 

addition, the virtues of laboratory methods are once more emphasized, and the hope that the 

potential of this approach can be seen by more economists in the field of energy and resource 

economics is expressed.  
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2 Non-Renewable Resources and Their Recycling 

According to Worrell & Reuter (2014a) and (2014b), recycling refers to “the reprocessing of 

recovered materials at the end of product life, returning them into the supply chain”. 

Therefore, recycling can turn waste into “wealth”, i.e. into a resource. Moreover, the recycling 

process generally consumes less energy than the process of producing virgin materials, and it 

also avoids the generation of valueless by-products, harmful substances and wastes during the 

mining and processing activities of natural resources. However, in practice, various aspects 

hinder recycling from happening. In technical terms, how much a material can be recycled 

depends both on the material itself and on the complex connections of the materials contained 

in consumer products for functional reasons. Furthermore, it is the quality and purity of the 

recovered material that determine its future. In economic terms, it is market forces that 

determine whether a material or a complex product can ultimately be recycled. The prices of 

recycled materials depend on various aspects such as the balance of their demand and supply, 

the prices of virgin materials, the organization and behavior of the relevant markets, and the 

stakeholders (e.g. those who do metal or oil futures). However, recycling is often put at a 

disadvantage by various market failures such as externalities from environmental pollution 

and future scarcity that are usually overlooked or misvalued. Fortunately, many countries 

have carried out various policy interventions to promote recycling. Since recycling costs vary 

from country to country and those rapidly developing countries such as China have increasing 

demand for materials, an international trade of recycled materials is increasingly active, which 

gives recycling a strategic and geopolitical significance (see Worrell & Reuter (2014a), p. 5-

6). 

In this chapter, key definitions on non-renewable resources and recycling will first be 

introduced (in Section 2.1). Then various problems that arise during the mining activities of 

non-renewable resources and the geopolitical problems of non-renewable resources will be 

stated in detail (in Section 2.2). It is because of these problems that the recycling of non-

renewable resources is of great significance. However, the recycling rates of non-renewable 

resources are generally low. Besides the conventional efforts such as product design for 

recycling and separate collection systems, a relatively new idea which utilizes the advantages 

of the informal recycling sectors in developing countries and the formal recycling systems in 

industrial countries can also improve the effectiveness and efficiency of recycling. Although 

it is still in the pilot stage, it has great potential in the future. Moreover, the agreements and 

regulations used to encourage recycling and reduce waste disposal in the EU member 
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countries will be taken here as an example to see how these policy instruments work (in 

Section 2.3). 

2.1 Definitions 

In this work, natural resources are divided into non-renewable (or exhaustible) and renewable 

resources. The former group includes traditional energy sources (e.g. oil, natural gas and coal) 

and mineral resources (e.g. gold, copper and iron). The latter group includes e.g. solar energy, 

wind energy, water energy and fish stocks. More conceptually, non-renewable resources 

refer to the resources whose total stocks provided by the earth are constant over the period 

relevant to human planning. A unit of an exhaustible resource mined now reduces the future 

available stock by exactly one unit. In comparison, renewable resources can continuously 

regenerate, maintain or even expand their stocks under the specific temporal and spatial 

conditions of nature in the period relevant to human planning. Their regeneration relies on 

their origin, their stocks and/or natural conditions without targeted human intervention (e.g. 

recycling). It can be seen here that renewable resources are distinguished from exhaustible 

resources by their ability to regenerate. Exhaustible resources can be understood as a special 

case of renewable resources because their regeneration rate is independent of their origin, 

their stocks and natural conditions and simply equal to zero within the period relevant to 

human planning
3
. 

Among non-renewable resources, mineral resources such as gold, silver and copper are 

typically recyclable. Fossil fuels cannot be recycled if they are used as energy sources. But 

since plastic products can be derived from oil, coal and natural gas, the recycling of fossil 

fuels can be achieved through plastic recycling.  

Virgin or primary materials refer to those that come directly from the environment. In contrast, 

recycled materials are also called “secondary materials”. In fact, recycling prevailed before 

the Industrial Revolution which led to a dramatic decrease in the costs of materials and 

products and therefore to much less emphasis on recycling today (see Worrell & Reuter 

                                                 
3 See Endres & Querner (2000), p. 5 of the preface, pp. 2-4 and p. 101 of the text. The concept of renewable resources in 

Endres and Querner (2000) is expanded here to include solar, wind and water energy which are special in that their current 

use has no significant impact on their future use. They are not included in the discussion of renewable resources in Endres 

and Querner (2000) because their model focuses on the intertemporal use interdependency of exhaustible and renewable 

resources. However, the intertemporal use interdependency of renewable resources is not the focus of this work. Therefore, a 

reasonable extension of the concept of renewable resources is made here. 
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(2014b), p. 10). However, since the report “Limits to Growth” was published by the Club of 

Rome in 1972, the increasingly serious environmental problem and the (current or potential) 

scarcity of resources and materials have attracted much more attention than before. Therefore, 

people have to refocus on recycling to try to alleviate these two problems. In particular, 

because human society is in the midst of a transition to a low-carbon future, the availability of 

the metals that are critical to the clean energy future is of particular concern. Table 2.1 

summarizes the information on the production and reserve levels of several key metals for the 

carbon-constrained future, while Table 2.2 presents the low-carbon uses of these metals. 

Table 2.1 Production and reserve levels of several key metals for a carbon-constrained future in 2015 
4
 

Source: See World Bank Group (2017), pp. 28-57; own calculations 

Metals Production levels Reserve levels5 Static lifetimes based on 

reserve levels (years)6 

Cobalt 120,400 

(metric tons) 

7,162,000 

(metric tons) 

59.49 

Copper ~18,700 

(thousand metric tons) 

720,000 

(thousand metric tons) 

~38.50 

Lead 4,271 

(thousand metric tons) 

86,960 

(thousand metric tons) 

20.36 

Silver 27,300 

(metric tons) 

~570,000 

(metric tons) 

~20.88 

Zinc ~13,400 

(thousand metric tons) 

~200,000 

(thousand metric tons) 

~14.93 

 

Table 2.2 The low-carbon uses of the metals mentioned in Table 2.1 

Source: See World Bank Group (2017), p. 75 

                                                 
4 More key metals for a carbon-constrained future are introduced and discussed in World Bank Group (2017). However, data 

on the production or reserve levels of these metals are not available. For the purpose of calculating the static lifetimes based 

on reserve levels, only the metals with full data on production and reserve levels are introduced here. Another point worth 

mentioning is that metal recycling is ignored in World Bank Group (2017). This article does not analyze e.g. what portion of 

the demand for metals from low-carbon energy technologies could be satisfied by recycled metals, i.e. it does not analyze that 

recycling could lower the demand for virgin metals by the quantities recycled. 

5 World Bank Group (2017) defines “reserves” as “that part of the reserve base which could be economically attractive or 

produced at the time of determination”, while “resources” are defined as “a concentration of naturally occurring solid, liquid 

or gaseous material in or on the earth’s crust in such form and amount that economic extraction of a commodity from the 

concentration is currently or potentially feasible”. 

6 This indicator is calculated here as the quotient of the current reserve to the current annual production level. It is called 

“static” because it is calculated without taking into account the year-to-year changes in reserve and production levels. As a 

result, this indicator is often said to have limited explanatory power and needs to be updated frequently for greater reference 

value.   
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Energy 

technologies 

 

 

Metals 

Wind 

energy 

Solar 

photovoltaics 

Concentrating 

solar power 

(CSP)7 

Carbon 

capture 

and 

storage8 

Nuclear 

power 

Light-

emitting 

diodes 

(LED) 

Electric 

vehicles 

Lithium

-ion 

batteries 

Electric 

motors 

Cobalt    x x  x x  

Copper x x  x x x x  x 

Lead x x   x x    

Silver  x x  x x x   

Zinc  x    x    

 

These metals play important roles in different low-carbon technologies. The first row of Table 

2.2 shows several typical low-carbon technologies and the symbol “x” indicates that the 

metals shown in the first column have some applications in the corresponding technologies. 

For example, cobalt is used to make the positive electrode material (e.g. LiCoO2) for lithium-

ion batteries to provide high conductivity and stable structural stability throughout charge 

cycling (see Li & Lu (2020), p. 979). Copper is used in a “thin film” solar technology -- 

copper indium gallium selenide (CIGS) -- with lower material and manufacturing costs while 

allowing for flexible cells (see World Bank Group (2017), p. 9). However, it can be seen in 

Table 2.1 that the availability of these metals will last only a few decades, according to the 

2015 estimates of the static lifetimes of the reserves. Moreover, metals such as indium and 

platinum group metals (PGMs) are generally less abundant in the earth’s crust. Indium has 

important applications in solar photovoltaics, nuclear power, LED and electric vehicles, and is 

often recovered from zinc-sulfide ore mineral deposits. In zinc deposits where it is recovered, 

its content is measured in parts per million (see World Bank Group (2017), p. 38 and p. 75). 

Platinum, as an example of PGMs, is used as catalysts in hydrogen fuel cells. PGMs are 

mainly supplied by only a few countries. The supply of platinum, for example, is mainly from 

South Africa, which has huge reserves of PGMs. Another group of metals with the same 

supply problem are rare earth metals. Although they are relatively abundant in the earth’s 

crust, their supply is mainly from China, which is rich in rare earths. They also have 

                                                 
7 According to World Bank Group (2017), the working principle of CSP is concentrating light onto a small area by using 

reflectors to heat a working fluid. Steam is then generated which is used to drive an electric generator to generate electricity. 

This solar power technology differs from solar photovoltaics in that the latter converts light energy into electricity directly by 

using semiconductor materials. 

8 It is a technology that collects greenhouse gas emissions from burning fossil fuels and stores them in a variety of ways (such 

as geological storage and ocean storage) to prevent its release into the atmosphere. 
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important applications in low-carbon technologies. Neodymium magnets, for example, play 

an important role in direct-drive wind power generation. In some cases, platinum group 

metals can be substituted for each other. There are also substitutes for rare earth metals in 

many applications. However, in both cases, substitution usually results in a reduction in 

effectiveness and efficiency (see World Bank Group (2017), pp. 49-51). Under this 

background, recycling seems to be the best way to keep these key metals in hand to make 

them available for future applications.  

The basic waste management hierarchy of modern society prioritises in the order with respect 

to the amount of energy saved in the processing of material:
9
 

1. Reduction or avoidance of waste generation 

2. Product reuse 

3. Material recycling  

4. Energy recovery 

5. Treatment and landfilling. 

Reduction or avoidance of waste generation saves the largest amount of energy, and it can be 

realized through improving material efficiency. According to Worrell et al. (1995) and 

Allwood et al. (2011), material efficiency improvement can be understood as providing a 

specific function with a reduced amount of materials, whether they are primary or secondary. 

By redesigning a product, the amount of materials needed to manufacture it can be reduced, or 

its service lifetime can be extended. Moreover, the yield losses occurring in the supply chains 

of final products
10

 should also be decreased. Product reuse is also a means to increase material 

efficiency. By designing reusable products or by creating platforms for exchanging or trading 

reusable goods, the demand for related materials is reduced.  

Energy recovery refers to the recovery of the embodied energy in the materials contained in 

the waste products by means of various techniques such as incineration with energy recovery 

in waste-to-energy facilities. Treatment and landfilling should be implemented with low 

environmental and health impacts, and generally do not involve recovery or recycling. These 

                                                 
9 See Worrell & Reuter (2014b), p. 10. 

10 In many industries, the production of materials is generally greater than the amount of materials that end up in final 

products. Losses of materials occurring in the different production steps of final products are known as “yield losses”. See 

more details on “yield losses” in Allwood et al. (2011), p. 365. 
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two waste management options generally have very low energy saving and low material 

efficiency (see Worrell & Reuter (2014b), p. 11-12). 

Material recycling indeed saves less energy than product reuse, but it is inevitable for 

products to enter the recycling chain after repeated use. The materials contained are then 

recovered, reprocessed and returned into the supply chain, which also improves material 

efficiency. As mentioned above, technical factors, economic factors and policy factors can all 

influence how much of a material is ultimately sent back into the supply chain. Four 

indicators are often used to evaluate the success of a recycling program: recovery rate, 

recycling rate, recycling efficiency, and recycled content. Although various definitions can be 

found in the literature, a relatively reasonable and logically coherent set of definitions is 

presented here. According to Worrell and Reuter (2014b), recovery rate is typically defined 

as the quotient of the volume of material recovered from a waste stream and the amount of 

material contained in the generated waste. Recycling rate should be defined as the quotient of 

the volume of material marketed for recycling after processing (i.e. after removing any 

rejected material during the recycling process) and the amount of material contained in the 

generated waste. Recycling efficiency measures the efficiency of the recycling process, and 

can be defined as the quotient of the output of the recycling process and the input. With a few 

simple mathematical transformations, the relationship between the three indicators can be 

seen: recycling rate = recovery rate × recycling efficiency. Another indicator for evaluating a 

recycling program is recycled content. It measures the proportion of recycled material in the 

total input of a production process. Figure 2.1 illustrates a typical recycling chain and may be 

helpful in understanding the definitions of the above indicators. 

 

Figure 2.1 The recycling chain 

Source: See Worrell & Reuter (2014b), p. 10 
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Recently, an “integrated” view which supports a product-centric approach has been 

increasingly suggested. A product-centric approach helps improve resource efficiency by 

increasing the recycling of a product in its entirety. Since various aspects such as physics 

aspects and interactions of its materials can affect their recovery, it is very important to solve 

the “win-win” problem of how to achieve the functionality of the product and the 

recoverability of its materials. The importance of design for recycling is thus reflected. 

However, good recycling results can be achieved only through the collaboration of all 

stakeholders in the recycling system, from product design to waste collection and processing. 

When they act, they need to take into account what is going on in the other parts of the system. 

Moreover, it is necessary to make clear the various resource losses that occur in the recycling 

system and their causes. Now it can be seen that a product-centric approach requires a wealth 

of knowledge on e.g. the properties of materials, various recycling techniques and the 

economics of the complete recycling system. If possible, a rigorous modeling of the whole 

system is helpful in understanding and minimizing losses (see Worrell & Reuter (2014b), pp. 

13-15). 

2.2 Problems Resulting from Mining Activities and Geopolitics 

of Non-Renewable Resources 

Nowadays, the problems that arise from solid waste disposal are well known. Waste has 

accumulated to an unimaginably huge amount in the past time, and its amount is still growing 

fast, especially in emerging economies. They have a more rapid economic development which 

requires the support from more resources and materials. However, their environmental 

awareness and waste management systems generally have not kept pace with their economic 

development, resulting in low material efficiency and a severe threat to the environment and 

human health. Their imperfect municipal waste collection systems always lead to large 

amounts of solid waste piling up in cities. This not only detracts from the appearance of the 

cities, but also harms urban hygiene. Additionally, land is also a scarce resource and there is 

less and less land left for landfilling. Furthermore, both landfilling and incineration can lead 

to the generation of harmful substances, resulting in severe environmental damages. 

By contrast, the negative environmental impacts caused during mining activities and the 

geopolitical problems of non-renewable resources are less known to the public. In this section, 

these two issues will be discussed in detail to see their seriousness. 
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2.2.1 Problems Resulting from Mining Activities 

There are many environmental and social problems resulting from mining non-renewable 

resources. Although mining activities seem to affect only relatively small areas, they can have 

a great impact on the environment and residents in and around the mining areas. Recycling is 

a very effective way to alleviate or even avoid these problems. 

2.2.1.1 Problems Resulting from Metal Mining 

Metals are one of the indispensable elements for the development of our modern society. 

However, things may get bad once they enter the environment. During mining activities, 

metals can be released into aquatic environments through acid mine drainage (AMD) or direct 

discharge of waste rocks and tailings into streams and rivers. Subsequent smelting and 

manufacturing processes can also bring about the release of metals into the environment (e.g. 

into the atmosphere or into the waste disposal sites). These metals may eventually become 

pollutants in sediments or soils, or end up in garbage dumps (see Salomons (1995), pp. 5-6). 

Figure 2.2 illustrates how metals move from the earth’s crust to the earth’s surface.  

 

Figure 2.2 The movement of metals from the earth’s crust to the earth’s surface 

Source: Salomons (1995), p. 6 

The use of recycled metals can reduce the demand for primary metals, thereby reducing 

mining activities and the metal pollution caused by AMD or dumping mining wastes into 
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waterways. By increasing the possibility of recycling during smelting and manufacturing 

processes, resources will be saved and mining activities will be further reduced. 

In the special case of small-scale, labor-intensive gold mining, damages to the environment 

and human health caused by mercury (Hg) emissions are big problems. Small-scale gold 

mining with Hg emissions takes place mainly in South America (especially the Amazon 

Basin), Russia and Asia (see De Lacerda (2003), pp. 308-310). The Hg emissions released 

from small-scale gold mining into the atmosphere occur during amalgam burning and gold 

purification under uncontrolled conditions. Amalgamation is a method to extract precious 

metals such as gold and silver. The precious metals will be amalgamated, and the resulting 

amalgam will then be roasted in pans in the open air to obtain the precious metals. Almost all 

the Hg content will be steamed out and released directly to the atmosphere. However, the 

resulting gold is still impure and contains a small amount of Hg. Therefore, gold purification 

through re-burning is a common practice. According to De Lacerda (2003), small-scale gold 

mining can cause more than 50% of total Hg anthropogenic emissions at a regional level, and 

about 20% of total Hg anthropogenic atmospheric emissions at a global level. Chronic 

mercury poisoning can occur if one inhales mercury vapor for a long period of time. 

Moreover, the evaporated mercury can return to land surfaces or go into waters through dry or 

wet deposition, which can cause a much wider spread and contamination of mercury. 

Salomons (1995) presents the result of a study on the contamination range of the evaporated 

mercury released from gold mining sites, which can be as far as about 50 km from the main 

mining site where the refining of the amalgam was carried out. Last but not least, tropical 

ecosystems, e.g. the Amazon ecosystems, favor a very efficient cycling of mercury and other 

contaminants. In other words, these pollutants can easily move between biological 

compartments and across space (i.e. water, soil and atmosphere). The possibility of 

methylation and the possible accumulation of harmful substances in the flora and fauna of the 

areas concerned are therefore increased. High Hg concentrations have been found in fish from 

the Amazon region, whose aquatic ecosystems favor high rates of Hg methylation
11

. More 

severely, mercury has also been found in the bodies of riverside residents (see Salomons 

(1995), pp. 19-20 and De Lacerda (2003), pp. 312-313). 

                                                 
11 These special environmental conditions include high bacterial activity, slightly acidic conditions of water bodies, fast 

turnover and high concentrations of organic matter (see Salomons (1995), p. 19 and De Lacerda (2003), p. 312 for details). 
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Although small-scale gold mining has been banned in many countries, it is difficult to 

monitor and control individual behavior. Only a reduction in the demand for primary gold can 

curb this activity. The recycling method of gold depends on the type of gold waste. For 

jewelry made of gold, many gold stores, jewelry stores and jewelry processing stores have 

gold repurchase business. Professional gold or precious metal collecting enterprises and 

pawnshops also collect gold. Some of the collected gold will be polished and reprocessed to 

make new gold jewelry which will then be sold to consumers. The rest will be melted in 

furnaces and reproduced by professional gold producers. The new gold will then be traded on 

gold exchanges. For product components made only of gold, the gold can be separated from 

the main bodies of the products by simple disassembly. For gold-plated components, acid 

solutions (such as nitric acid) are used to dissolve the inner metals in order to extract gold.  

2.2.1.2 Problems Resulting from Oil Exploration and Exploitation 

The development of modern society is still dependent on oil, which brings considerable 

wealth to oil-rich countries. However, the adverse externalities on the environment from its 

exploration and production cannot be ignored. Almost all of the oil-producing countries have 

experienced or are still experiencing the dual attribute of oil. Nigeria is taken here as a typical 

example for illustrating the negative impacts on the environment of oil exploration and 

exploitation, as oil is the mainstay of this country’s economy and may also be the major 

source of its pollution problems.  

Nigeria is Africa’s largest oil producer and exporter. It has the second largest oil reserve in 

Africa. It has been a member of Organization of Petroleum Exporting Countries (OPEC) since 

1971. Thanks to its abundant oil resource, it has become Africa’s largest economy. Oil 

exploration and exploitation has contributed a lot to the development of this country, both in 

financial and technological terms. It is estimated that the sale of crude oil generated the 

revenue of about $669 billion for Nigeria between 1970 and 2010. Moreover, it says that 80% 

of the Nigerian revenue and 90% of its foreign exchange comes from its oil exploration and 

exploitation (see Audu et al. (2016), p. 251). However, the by-products of oil exploration and 

exploitation such as oil spillage and gas flaring have enormous negative effects on the 

ecosystems and human health. In the following, the consequences of oil spillage and gas 

flaring incurred during oil exploration and exploitation will be introduced in detail. 

Oil spillage is a common incident during oil exploration and exploitation. However, the 

negative impacts of oil spillage can be serious across space and time. The Funiwa-5 (Texaco) 
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oil-well blowout, which appears to have caused the worst marine pollution in Nigeria’s oil 

history to date, is taken here as an example. According to Aghalino & Eyinla (2009), well 

over 400,000 barrels of crude oil (16.8 million gallon) were released into the marine 

environment of Nigeria during this blowout
12

. As an aftermath of this incident, crude oil could 

still be found on the nearby beaches and mudflats even after five months. Moreover, fresh 

water in the affected areas, both surface water and ground water, was contaminated due to the 

oil permeation. However, it was difficult to deliver potable water to local residents by water 

tankers because the local swamp areas were inaccessible and the local road infrastructure was 

poor. The health of the local people was threatened
13

 and every aspect of their life was limited.  

In addition, the local plants and animals were also affected by the oil pollution caused by the 

blowout. About 836 acres of mangroves were destroyed
14

. Crop yield was reported to decline 

in Rivers State, as the crude oil spilled during the blowout destroyed thousands of acres of 

swamp rice farms. Crude oil has a devastating effect on land because it could render the land 

unproductive. Fish were also contaminated with crude oil, since they were said to have a taste 

of kerosene. Many crabs and molluscs were observed dead in mangrove swamps. 

When crude oil is produced from oil wells in either on-shore or off-shore oilfields, the gas 

associated with the oil is also brought to the surface and is then separated from the oil. Gas 

flaring is a common means to dispose of the associated gas at oil production and processing 

sites due to insufficient infrastructure for the use of the gas. The most severe environmental 

problem exacerbated by gas flaring activities is global warming, as large amounts of 

greenhouse gases are released into the atmosphere. In the case of high combustion efficiency, 

CO2 should be the main greenhouse gas emitted during gas flaring in oilfields. However, in 

the case of low combustion efficiency such as that of Nigerian flares (80%), a large portion of 

the associated gas is vented, whose main component is methane (CH4). The global warming 

potential of CH4 is much higher than that of CO2 (64 vs. 1). In addition, problems like noise 

and elevated temperatures are also common in the immediate environment of the flares (see 

                                                 
12 According to Aghalino & Eyinla (2009), the exact quantity of oil spilled into the marine environment during this incident 

is disputed. However, there is no denying the fact that this blowout indeed caused extremely serious pollution in the marine 

environment and the ecological environment of the nearby coasts. 

13 According to Aghalino & Eyinla (2009), “about 180 casualties were recorded and 1,000 people were hospitalized”. School 

children were especially hard hit and suffered from diseases such as catarrh, cough, cholera and diarrhoea after drinking 

contaminated water. 

14 Mangroves can be used for a variety of purposes such as serving as burning or building materials. 
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Singh et al. (1995), pp. 58-59). Nigeria is squandering its oil-associated gas resources (see 

details in Audu et al. (2016)) and has “contributed” a lot to its local pollution problems and to 

global warming due to its gas flaring and venting. If its gas resources can be appropriately 

used, its revenue could be further increased, its resource efficiency could be improved and its 

unwanted “contribution” to local pollution and global warming could be reduced. However, 

the processing and utilization of oil-associated gas can really cost a lot of money, and solving 

the economic and technical problems associated with implementation does require the full 

support of the government and even the help of the relevant international agencies. 

Additionally, the government also needs to strengthen legislation to promote the use of the 

gas. 

The recycling of plastics can help reduce the demand for oil, which in turn reduces the 

environmental impacts associated with oil spillage and gas flaring and venting incurred during 

oil exploration and exploitation. 

2.2.2 Geopolitics of Non-Renewable Resources 

Most geopolitical conflicts over non-renewable resources are related to scarcity. Scarcity of 

non-renewable resources, which is reflected by current or future unavailability of these 

resources and materials, can be caused by various reasons, not just by depleting physical 

reserves of these resources in the earth’s crust. Worrell (2014a) lists several other reasons for 

the scarcity of these resources and materials: 

 The production of some resources and materials (such as rare earth metals) is 

concentrated in only a few geographical locations; 

 High investments cannot be put into new mining technologies because the current prices 

of some resources and materials are relatively low; 

 There are limits in mining capacity for some elements that “hitchhike” with the mining of 

other elements and have no separate mines of their own; 

 The mining sector usually responds slowly to the price dynamics of some resources and 

materials because it can take many years to approve and develop new infrastructure for a 

mining project; 

 The consideration of possible environmental pollution from mining and processing 

activities may limit the production of some resources and materials; 

 Restrictions or taxes may be imposed on exports by producing countries in accordance 

with their national development strategies. 



17 

 

Thanks to technological advances in exploring, mining and processing non-renewable 

resources, global demand for these resources and materials has been met over the past few 

decades, and the calculated lifetimes of these resources have been extended over and over 

again. Moreover, non-renewable resources such as metals are generally recyclable, which 

extends the availability of these resources further into the future. Therefore, the uneven global 

distribution of the mineral deposits and limited access to these resources due to the national 

development strategies of the producing countries should be the focus of attention. 

There are three ways to respond to the scarcity of non-renewable resources: looking for 

alternative materials, improving resource efficiency and recovering/recycling materials from 

wastes. The last option is the only way to keep these resources and materials in hand to make 

them available for future applications as well as to avoid the environmental problems caused 

by resource exploitation and waste disposal. Moreover, various studies (such as Wanger 

(2011) on lithium and Hoenderdaal et al. (2013) on dysprosium) have shown that in response 

to possible future high demand for critical non-renewable resources, a combined strategy of 

recycling, searching for alternative materials or technologies and improving resource and 

material efficiency is necessary. In addition, the discovery of new mineral deposits and the 

technological progress in mining and processing can also alleviate the potential resource 

shortage.  Since other efforts may take a lot of time, recycling should be done as early as 

possible to ensure sufficient time for other efforts, even though it currently does not seem to 

be economically profitable. If necessary, the government should also introduce active policies 

to support recycling activities. However, although there seems to be a huge stock of 

recyclable materials in the real world, a considerable portion of them are actually contained in 

buildings, infrastructure and various types of machinery and equipment, which are called 

“anthropogenic stocks”
15

. Because buildings, infrastructure, machinery and equipment are 

generally “durable goods”, people have to wait a long time before the “reserves” stored in 

them can be “mined”. 

Another aspect of recycling that is worth mentioning in the geopolitical context of non-

renewable resources is the future uneven distribution of recoverable and recyclable materials. 

Iron (and steel) is taken here as an example. According to Worrell (2014a), per capita 

anthropogenic stocks in Asia are estimated at 1.5t, much lower than those in North America, 

                                                 
15 According to Worrell (2014a), “anthropogenic stocks” can be more broadly defined to include waste rocks and tailings, 

materials contained in strategic stockpiles of governments or companies, and even materials stored in landfills. 
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Europe, Commonwealth of Independent States and Oceania (5t). However, the fastest growth 

in steel demand and production is expected to occur in Asia and other developing regions. 

Steel scrap has already become an internationally traded commodity. It is conceivable that as 

the future costs of iron ores rise, steel scrap might also become a critical material which 

would be used to maintain the competitiveness of a country’s steel industry. New geopolitical 

conflicts (e.g. restrictions on the exports of steel scrap through taxes or quotas) would then be 

expected due to its uneven global distribution. 

2.3 Development of The Recycling of Non-Renewable Resources 

In this section, an overview on the recycling of non-renewable resources will be given. First, 

the current situations of metal and plastic recycling will be shown (in Subsection 2.3.1). The 

informal recycling practices in the developing countries will then be introduced and compared 

with the formal recycling practices in the developed countries (in Subsection 2.3.2). Finally, 

agreements and legislation on the recycling of non-renewable resources will be reviewed (in 

Subsection 2.3.3). 

2.3.1 Metal and Plastic Recycling  

2.3.1.1 Metal Recycling 

Metals are typical non-renewable resources and are “special” as they are inherently recyclable. 

Graedel et al. (2011) give a simple model on metal life cycles, as shown in Figure 2.3. The 

cycles actually start from the product design stage during which various designs and materials 

compete with each other based on considerations of technical performance, environmental 

impacts, costs, and the possibility of supply disruptions of materials. The decisions made at 

this stage have a lasting impact on the cycles, as they determine the demand for specific 

metals and the effectiveness of the recycling activities that occur at the end-of-life (EOL) 

stage. Then the cycles go through the material production stage, the product manufacturing 

stage and the product use stage. When a product is discarded after use, it enters the EOL stage 

during which its metal components are separated for recycling. Metal losses may occur at 

each stage of the life cycle, indicated by dashed lines (in waste management referring to 

landfills) in Figure 2.3. Strictly speaking, the life cycle of a metal is closed only if the EOL 

products enter appropriate recycling chains and the recycled metals can displace the primary 

metals. Otherwise, the life cycle is considered open. For example, the EOL products are 

discarded into landfills, or they are recycled by inappropriate technologies and the metals 
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contained are therefore not or only inefficiently recycled (see “informal recycling” in 

Subsection 2.3.2). That the functionality of the EOL metals is lost due to entering 

inappropriate recycling streams is also included in the open life cycles (see “downcycling” in 

this subsection) (see Graedel et al (2011), pp. 12-13). 

 

Figure 2.3 Metal life cycles
16

 

Source: Graedel et al. (2011), p. 16; Luidold & Antrekowitsch (2014), p. 257 

Depending on the type of scrap and its treatment, five types of metal recycling can be 

distinguished. The home scrap portion of new scrap recycling refers to the recovery of 

metals in pure or alloy form which takes place within the facilities of metal suppliers. It is 

generally economically beneficial and easy to accomplish, but there are generally no statistics 

on this type of recycling. The prompt scrap portion of new scrap recycling refers to the 

recovery of metals in pure or alloy form that takes place in fabrication or manufacturing 

                                                 
16 Boxes represent the main life stages. When materials are discarded to waste management, they may be recycled (e), or 

enter the cycle of another metal as impurity or “tramp” elements (f), or be landfilled. The boundary means the global 

industrial system rather than a geographical entity. 
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processes. The recovered metals will then be returned to metal suppliers for reprocessing and 

reuse (e.g. the recycling of the metals or alloys contained in rejected printed circuit boards). 

This type of recycling is usually economically beneficial and easy to accomplish. However, 

the closer the product gets to a finished one, the more difficult it is to do such recycling. Even 

when there are no relevant recycling statistics on the prompt scrap portion of new scrap 

recycling, the values can still be estimated using process efficiency data (see Graedel & Reck 

(2014), p. 18; Graedel et al. (2011), pp. 13-14). 

Then it comes to old scrap recycling. The EOL, metal-specific recycling (i.e. the functional 

recycling) involves the metals in discarded products that are returned to metal suppliers for 

reprocessing and reuse after having been separated and sorted to obtain recyclables. The 

functionality of these metals is not lost in subsequent use. The recycling process is relatively 

easy and straightforward when the metal is in pure form. It becomes difficult and may cost a 

lot when the metal is only a small part of a complex product. This type of recycling generally 

happens to the metals that are of high value or are easily accessible. The EOL, alloy-specific 

recycling involves the alloys in discarded products which are separated and then returned to 

raw material producers for recycling as alloys. The usual practice is to remelt the alloys 

within a certain class of alloys to make one or more specific alloys by adding reagents or 

other alloying elements. The EOL, metal-unspecific recycling (i.e. the nonfunctional 

recycling or the “downcycling”) involves the metals or alloys in discarded products that 

enter large-magnitude material streams and become impurity or “tramp” elements in 

dominant metals or alloys at last. Although this type of recycling prevents metals or alloys 

from “escaping” into the environment, it is generally impossible to recover the “downcycled” 

metals or alloys from the large-magnitude streams. Therefore, the functionality of these 

metals and alloys is actually lost and the energy benefits of recycling cannot be achieved 

because the recycled metals do not have the chance to replace primary metals in production. 

Moreover, the recycled metals or alloys may lower the quality of the produced metals or 

alloys (see Graedel & Reck (2014), pp. 18-19; Graedel et al. (2011), p. 14). 

Graedel et al. (2011) also present the estimates of the global-average metal recycling rates. 

Three recycling indicators -- EOL recycling rate
17

, recycled content and old scrap ratio -- 

                                                 
17 EOL recycling rate in this investigation always refers to that of functional recycling (unless noted differently). 
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were investigated for 60 metals
18

. Due to the shortcomings of the data and information used in 

this investigation
19

, it is impossible to obtain exact values for the three recycling indicators. 

Therefore, five ranges (50-100%, 25-50%, 10-25%, 1-10% and 0-1%) were proposed by 

industry experts for the recycling values which were based on their familiarity with the 

recycling industry (see Graedel et al. (2011), p. 18).  

EOL recycling rates reflect the effectiveness and efficiency of the recovery and recycling 

activities at the end of material life. Associated with the model described in Figure 2.3, EOL 

recycling rates can be defined as the ratio of the amount of old scrap (𝑔) to the amount of 

EOL products (metal content) (𝑑) , i.e.  𝑔 𝑑⁄ . Table 2.3 presents the results of EOL recycling 

rates which are related to any form of substance-specific recycling (pure, alloy, etc.). It can be 

seen that there are only 18 metals whose EOL recycling rates exceed 50%. For another 3 

metals, their EOL recycling rates are between 25% and 50%. Three more metals are in the 10-

25% group. However, a larger number of metals are being recycled at very low rates at the 

end of their life. Note here that man cannot say that the metals with relatively high EOL 

recycling rates are being used more efficiently and more responsibly than those with lower 

EOL recycling rates. Rather, high rates may indicate that the materials are generally used in 

large amounts in readily recoverable applications or the value of the materials is currently 

high. Low rates may reflect that the materials are generally used in small quantities in 

complex products or the economic value of the materials is currently very low (see Graedel et 

al. (2011), p. 16 and p. 18). 

Table 2.3 Distribution of the global-average EOL recycling rates of the selected 60 metals
20

 

Levels 50-100% 25-50% 10-25% 1-10% 0-1% 

Numbers 18 3 3 2 34 

 

                                                 
18 These 60 elements are not all metals by the usual chemical definition, but they are all non-renewable resources that can be 

recycled in principle. The selected elements (called “metals” hereafter, but only in Subsection 2.3.1.1) can be found on page 

11 in Graedel et al. (2011). 

19 The shortcomings of the data and information used in this investigation can be summarized as follows: (i) The data were 

collected in different years; (ii) the relevance and accuracy of the information published is different and varies by product, 

region and available technology; (iii) due to the independence of data sources as well as the underlying uncertainties, mass 

balance cannot always be kept (see Graedel et al. (2011), p. 18 for details). 

20 This table is a summary for Figure 4 in Graedel et al. (2011). 
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In this investigation, recycled content is considered to be the same as recycling input rate
21

, 

which indicates the proportion of secondary metal in the total metal input to metal production. 

Therefore, recycled content is calculated under the framework of the model described in 

Figure 2.3 as (𝑚 + 𝑗) (𝑎 + 𝑚 + 𝑗)⁄ . Table 2.4 shows the results of recycled contents for the 

60 metals. Although there are only 3 metals whose recycled contents are higher than 50%, 16 

metals are in the 25-50% group, which is an indication of efficient reuse of new and/or old 

scrap in these cases. Another 12 metals have recycled contents which are between 10% and 

25%. For a relatively small number of metals, their recycled contents are very low. However, 

this recycling indicator has several drawbacks. First, its calculation is usually straightforward 

at the global level, but always hard if carried out at the country level, since information about 

the recycled contents of imported metals is usually blank. Second, the available quantities of 

old scrap depend on the quantities of materials used in the previous product lifetime, the 

quantities lost due to in-use dissipation, and the effectiveness and efficiency of the collection 

and recycling activities at the end of material life. As the demand for materials grows rapidly 

over time and the use of products also lasts a period of time, the available quantities of old 

scrap can never make the recycled contents close to 100%. The comparison of recycled 

contents across metals is of limited significance due to different demand growth rates over 

time, different applications with different lifetimes, and different production processes with 

different limits. Last but not least, high shares of new scrap may be due to the inefficiency in 

manufacturing processes. Therefore, the reasons for this case must be investigated (see 

Graedel & Reck (2014), pp. 19-20 and Graedel et al. (2011), pp. 16-18). 

Table 2.4 Distribution of the global-average recycled contents of the selected 60 metals
22

 

Levels 50-100% 25-50% 10-25% 1-10% 0-1% 

Numbers 3 16 12 8 14 

 

Old scrap ratio gives information on the composition of the recycling flow. It is defined as the 

ratio of the amount of old scrap (𝑔) to the amount of the entire recycling flow (𝑔 + ℎ), i.e. 

𝑔 (𝑔 + ℎ)⁄ , in the model described in Figure 2.3. The results of old scrap ratios for the 60 

metals are shown in Table 2.5. There are 13 metals whose old scrap ratios are higher than 50% 

and another 10 metals are in the 25-50% group. It is worth mentioning that the old scrap ratios 

of valuable materials (e.g. gold, silver, palladium, rhodium, Iridium and platinum) tend to be 

                                                 
21 The relationship between the two concepts can be found in Appendix H in Graedel et al. (2011). 

22 This table is a summary for Figure 5 in Graedel et al. (2011). There are no data or estimates for 7 metals. 
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high. This result seems logical because valuable materials are generally used with as little 

loss as possible in manufacturing processes (low ℎ) and collected with high efficiency at the 

end of life (high 𝑔). Additionally, the old scrap ratios of several hazardous metals (e.g. 

mercury, lead and cadmium) are also high due to their high collection and recycling at the 

end of life (see Graedel et al. (2011), pp. 17-18 and p. 21). 

Table 2.5 Distribution of the global-average old scrap ratios of the selected 60 metals
23

 

Levels 50-100% 25-50% 10-25% 1-10% 0-1% 

Numbers 13 10 2 3 10 

 

Through a comprehensive analysis of the results of these three recycling indicators, the actual 

recycling situations of several metals become clear. For example, both indium (In) and 

germanium (Ge) have very low EOL recycling rates and old scrap ratios (0-1%), but their 

recycled contents are high (25-50%). Therefore, it can be inferred that the new scrap recycling 

of these two metals is being done very well, but their old scrap recycling is not so good. In 

reality, due to their typical applications in the field of photovoltaics and (opto)-electronics, 

large amounts of new scrap are generated during manufacturing and then recycled to provide 

materials for this stage. However, because their contents in products are generally low and 

little or no suitable technology exists for recycling these metals in EOL products, the old 

scrap recycling of these metals is low, thus leading to its low proportion in the recycling flow. 

Another example is rhenium (Re). Its EOL recycling rate and old scrap ratio are both high 

(50-100% and 25-50%), but the recycled content of this metal is relatively low (10-25%). 

This implies that the demand for this metal may be met largely by virgin materials. Rhenium 

is mainly used in the manufacture of super alloys and catalysts. Because it is one of the rarest 

elements in the earth’s crust and is very expensive, its recycling is being done very well. 

However, the demand for this metal is growing rapidly and is largely met by primary 

materials. Therefore, recycled materials account for a relatively small proportion of the 

overall supply (see Graedel & Reck (2014), pp. 23-24). 

It is also worth mentioning that the efficiency of a recycling system depends on the efficiency 

of collection, preprocessing (i.e. separation and sorting) and end processing (e.g. smelting). 

Inefficiency occurring in any of the three steps will lead to low efficiency of the whole 

recycling system. Although losses are inevitable at each of these three steps, efforts should be 

                                                 
23 This table is a summary for Figure 6 in Graedel et al. (2011). There are no data or estimates for 22 metals. 
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made to improve the efficiency of each step. Moreover, the importance of product design is 

emphasized here again, as it has a significant impact on the recycling efficiency of EOL 

products and materials (see Graedel & Reck (2014), p. 22).  

2.3.1.2 Plastic Recycling 

Plastics are important organic synthetic polymer materials which are most commonly derived 

from petrochemical feedstocks
24

. They are easy to shape and not prone to corrosion or 

decomposition. Moreover, they are waterproof and moisture-proof. Additionally, they are 

generally lighter in weight and less costly to manufacture. Due to these advantages, plastics 

are often produced to meet specific needs by adding special additives or fillers or in the form 

of composites. Nowadays, there are so many kinds of plastics and they are so widely used that 

they have permeated almost every aspect of our life. Figure 2.4 illustrates the main 

applications of plastics in the EU-15 member states.  

 

Figure 2.4 Main applications of plastics in the EU-15 member states 

Source: Shen & Worrell (2014), p. 180 

Plastics can be divided into two general categories: thermoplastics and thermosets.  A plastic 

is classified as the former, if it can be softened or melted into any shape at a certain 

                                                 
24 Bio-based plastics have experienced a rapid growth over the past decade, but still account for only a small fraction of the 

current plastic use. This work focuses on the recycling of non-renewable resources (oil in this case), so no further 

investigation on bio-based plastics will be conducted here. All the plastics mentioned in this work are those made from 

petrochemical feedstocks (unless noted differently). 
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temperature and molded again. This repetition is a physical change. In contrast, a plastic is 

classified as the latter, if it can take shape only once due to a chemical reaction occurring at a 

certain temperature. After that, the plastic can no longer be soften or melted when it is heated 

again. The common polymer components in plastics such as polyethylene (PE), 

polypropylene (PP), polycarbonate (PC), polystyrene (PS) and polyvinyl chloride (PVC) are 

all thermoplastic polymers. An overview on the main applications of common plastic types 

can be found in Shen and Worrell (2014)
25

. 

However, problems have arisen with the extensive and massive use of plastics. The 

production of plastics is now still dependent on fossil fuels which are scarce and can cause 

negative environmental impacts during exploration and exploitation. Moreover, large amounts 

of waste plastics have been generated. The currently most used ways of handling plastic 

wastes are incineration with energy recovery and disposal in landfill sites. Because plastic 

wastes usually have high calorific values, it is practical to recover energy during the 

incineration of plastic wastes. However, due to the generation of greenhouse gases (e.g. CO2) 

and noxious substances (e.g. dioxins, NOx and sulfur oxides) during the direct combustion of 

plastic products, this treatment choice is often opposed by the society. Disposing of plastic 

wastes to landfills is even more undesirable because explosive greenhouse gases (e.g. CH4) 

can be generated and it takes a very long time for commonly used plastic packaging to 

degrade naturally, resulting in a large amount of land being occupied for a long time. 

Therefore, recycling seems to be a good solution that reduces both pollution problems and the 

dependence on non-renewable resources. However, due to the large variety of plastics and the 

additives and fillers added to them as well as the composites formed to meet special needs, 

their recycling difficulty has been significantly increased. In practice, the recovery and 

recycling rates of plastics are generally much lower than those of other commonly used 

materials (such as glass, paper and metals). Europe is taken here as an example because it is 

generally considered to have advanced waste management systems and rich experience in 

recycling. Shen and Worrell (2014) show the performance of plastic recovery and recycling in 

the EU and its member states in 2012. At the EU level, of the collected post-consumer plastic 

waste, more than 60% was recovered, while the rest 40% was disposed of. Of the recovered 

plastic waste, more than 40% was actually recycled, while the rest 60% might be used for 

energy recovery. This means that the actual recycling rate of plastics in the EU was only 

about 26% in 2012, which was much lower than that of paper (about 72%) in Europe. At the 

                                                 
25 See the text on page 180 and Table 13.1 in Shen & Worrell (2014). 
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country level, although the countries such as Belgium, Germany, Norway, Sweden and the 

Netherlands had very high recovery rates of 92%-98%, their recycling rates were only in the 

range of 30%-37%. This demonstrates that a large proportion of the recovered plastics were 

actually incinerated.  

Presently, the main technology used for plastic recycling is mechanical recycling, which 

involves a physical conversion process. It generally includes four steps: sorting the collected 

materials, shredding the sorted materials, washing and drying the shredded materials, melting 

and reprocessing the dried materials to make pellets or products (see Shen & Worrell (2014), 

p. 184). Mechanical recycling should be based on single-polymer waste streams in order to 

produce high-quality recycled materials and products. Feedstock recycling, which is also 

called chemical recycling or tertiary recycling, is another choice for plastic recycling. 

According to Garforth et al. (2004), this recycling tries to “convert waste polymer into 

original monomers or other valuable chemicals” which can be used as feedstocks for 

downstream industrial processes or as transportation fuels
26

. It may also provide solutions for 

the recycling of thermosets and low-purity collected plastics
27

. However, feedstock recycling 

involves high energy consumption and high costs, and it is currently difficult for this 

recycling to carry out on a commercial scale. 

In order to increase the recycling rates of plastics, efforts can be made in two aspects. First, 

how to improve the quality of the recovered and recycled materials should be considered. The 

difficulties in obtaining cleaner recycled plastics are mainly caused by using composites or 

adding additives and fillers in the production process as well as mixing with other plastics or 

materials in the recovery process. Recycled materials with higher quality can be achieved 

through an effective coordination of collection, separation and reprocessing processes, which 

needs to be adapted for different product streams and different waste management systems. 

Moreover, new technologies to deal with mixed waste plastic streams and to produce high-

quality plastics from recovered materials are also expected. Second, attention should also be 

                                                 
26 Its main approaches include partial oxidation, depolymerization and cracking. Through partial oxidation by using O2 and/or 

steam, waste polymers could be converted into a mixture of hydrocarbons and syngas (main components: CO and H2). 

Through depolymerization, waste polymers can be depolymerized into original monomers which can be then repolymerized 

to make virgin polymers. During cracking processes, polymer chains can be broken down into lower molecular weight 

compounds (see details in Garforth et al. (2004)). 

27 The low purity may be caused by adding special additives and fillers, forming composites or mixing with other plastics or 

materials. 
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paid to product design stage. It is common that different plastics are used for different parts of 

packaging. Containers, labels and caps are usually made of different plastics. Additionally, 

various additives and fillers are used in the production of plastics in order to realize specific 

functions. Therefore, plastic product design should also focus on how to improve the 

recyclability of plastic products. 

Although plastic recycling is now still limited, the domestic and international markets for 

recycled plastics are growing (see Shen & Worrell (2014), p. 186 and p. 189). Two systems 

are necessary for developing the markets of recycled plastics. A transparent monitoring 

system should be established at the country level to track the flow and the quality of the 

recovered and recycled plastics. It helps to increase the recycling rates of plastics and to gain 

trust from customers and manufacturers. At the global level, a widely accepted quality 

certification system is also needed to improve the quality of recycled plastics on one hand and 

facilitate their international trade on the other hand. 

2.3.1.3 Market Acceptability of Recycled Materials 

Although markets exist for recycled metals and plastics, they are generally unstable and the 

prices of recycled materials are generally more volatile than those of primary materials. 

Therefore, it makes sense to look into the market acceptance of recycled materials in more 

depth. A related survey was carried out in 2008, which involved manufacturers, waste 

collectors, recycled material producers and consumers. The results showed that recycled 

materials were indeed used by many companies, even in the production of certain types of 

components with high technical performance requirements, for both economic and 

environmental reasons. The main problems reflected in the survey included a lack of supply 

of recycled materials, technical barriers for both recycling companies and manufacturers, and 

consumer acceptance of recycled materials due to lack of material traceability (see Maris et al. 

(2014), pp. 425-426). 

In a word, now that the demand for recycled materials exists, the problems such as lack of 

supply and material traceability should be solved. Efforts can be made in two aspects. First, 

how to handle low-purity waste streams should be considered. Product design should take into 

account the recyclability of the entire products, related technologies and systems should be 

improved, and new ideas and solutions are expected. Second, material traceability should be 

achieved. As Maris et al. (2014) say, “Material traceability is a prerequisite to widespread 

acceptance by users and consumers”. 



28 

 

2.3.2 Informal Recycling in Developing Countries 

In developed countries, recycling is usually associated with municipal collection 

infrastructure, mechanization and advanced recycling technology. They constitute a formal 

recycling system. In contrast, there is often a lack of legal frameworks, resources and 

capacities for waste recycling in developing countries. Therefore, in respond to such a 

vacuum, informal recycling sectors have emerged. They usually consist of a large number of 

poor individuals who survive by collecting, sorting and recycling materials from wastes either 

for their own use or for sale. The contribution of informal recycling sectors is actually huge. 

Informal collection practices can take place at home (i.e. door-to-door collection), in trash 

bins, on the streets, in waste dumps and even on rivers. In social and environmental terms, 

public health is protected. In economic terms, the costs related to municipal waste 

management are reduced, and resource efficiency is improved through the recycling of 

valuable materials (see Schluep (2014), p. 439 and Medina (1997), pp. 1-2). 

However, negative effects of informal waste sectors on humans and the environment as well 

as resource efficiency are also not negligible. First, people who participate in informal waste 

sectors usually live in an adverse physical and social environment. They are vulnerable to 

injuries and various acute and chronic diseases due to their frequent contact with wastes. 

Waste electrical and electronic equipment (WEEE or e-waste) is a typical kind of waste which 

contains not only many valuable materials (such as gold, silver and copper) but also many 

toxic substances (such as lead and polybrominated diphenyl ethers). Improper recycling 

practices can lead to negative impacts on the environment and pose health threats to directly 

exposed individuals and even nearby residents
28

. Additionally, people working in informal 

waste sectors often suffer from discrimination because they are generally considered to be at 

the bottom of society due to their “dirty” occupation. Second, people participating in informal 

waste sectors are motivated by economic interests. Therefore, only materials which have 

positive economic value are recovered, while other valueless materials are simply lost. Since 

the people generally have no access to high-level technologies because of their low social 

status and for financial reasons, low-level or even inappropriate technologies and practices are 

often used. These approaches may bring about decreased resource efficiency (e.g. low quality 

of recovered materials or loss of precious materials) and various damages to the environment 

                                                 
28 Sepúlveda et al. (2010) give a relatively comprehensive review about the impacts of improper WEEE recycling practices in 

China and India on the environment and human health.  
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and human health caused by the release of toxic substances (see Schluep (2014), pp. 439-440 

and Medina (1997), p. 2).  

In order to see how informal waste sectors function, e-waste recycling in developing countries 

is taken here as an example, which consists of three main stages -- collection, preprocessing 

and end processing. Unlike the formalized take-back schemes in Europe where consumers 

pay for collection, transport and recycling, it is common in developing countries that waste 

collectors pay consumers for their unwanted or obsolete products and materials. The small 

waste collectors then sell their collected products and materials to traders. The traders sort 

various kinds of waste they bought and then sell them to recyclers. The recyclers recover 

materials from the waste they bought. All of these participants (mostly individuals and small 

businesses) form a network that adds value and creates jobs at every point in the recycling 

chain (see the Swiss and Indian case in Sinha-Khetriwal et al. (2005)). Since most of the 

participants in informal sectors are poor people and they live on the meagre incomes from 

informal recycling practices, collection rates of up to 95% can be achieved (see Schluep et al. 

(2012), p. 3). This value is much higher than what can be achieved in Europe (see Table 56 

and Table 57 on pp. 109-110 in Huisman et al. (2007)). These collected waste products and 

scrap materials then enter the preprocessing stage. In developing countries, labor-intensive 

technologies such as manual dismantling are employed by both formal and informal recyclers 

to liberate the heterogeneous components and materials due to their abundant workforce and 

low labor costs (see Schluep (2014), p. 442). Through a comparative analysis of 

preprocessing scenarios, it can be seen that the efficiency of material recovery can improve, 

as the depth of manual dismantling increases. Moreover, manual dismantling can surpass 

mechanical separation (such as shredding) in the case of precious metal recovery (see Wang 

et al. (2012), pp. 2136-2139 and Meskers et al. (2009)). Additionally, as stated by Wang et al. 

(2012) and Schluep et al. (2009), manual recycling practices in developing countries require 

low investment costs and low energy consumption. Since simple tools and low-level 

technologies are used, people with no or low education can also do the work with appropriate 

training, leading to more jobs for the poor. After the preprocessing stage, the sorted 

components and materials enter the end-processing stage. Refining processes such as wet 

chemical gold leaching are common practices in informal sectors. However, informal end 

processing can not only be hazardous but also inefficient. The recovery efficiencies of 

informal end processing can be much lower than those of today’s state-of-the-art integrated 

smelters used in most formalized recycling systems. The latter can be as high as 95% (see 

Wang et al. (2012), pp. 2136-2137 and Reuter et al. (2013), p. 125 and p. 127).  
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It can be seen from these findings that both informal and formal recycling systems have their 

own advantages and disadvantages. Some studies (e.g. Reuter et al. (2013) and Wang et al. 

(2012)) have shown that the material recovery yields over the whole recycling chain can be 

similarly low in both systems
29

. Therefore, it’s natural to consider whether the material 

recovery yields can be improved through combining the best parts of the two systems. Such 

an idea is titled the “Best-of-2-Worlds” (Bo2W) philosophy and was originated by the StEP 

(Solving the E-Waste Problem) Initiative and the United Nations University. This philosophy 

is believed to be the most sustainable solution to the e-waste recycling problem in developing 

countries. According to its suggestion, the collected e-waste should be preprocessed locally 

by manual dismantling and the critical output fractions should then be delivered to state-of-

the-art end-processing facilities in international markets (see Wang et al. (2012), pp. 2136-

2137). Sharing the existing state-of-the-art end-processing infrastructure can avoid high 

investment in informal sectors. It can also reduce the environmental impacts in developing 

countries. Furthermore, the labor-intensive operation can be retained, but in a more 

environmentally friendly manner. Such a business model has been piloted in China and India, 

and the relevant experiences and lessons can be found in Wang et al. (2012). 

2.3.3 Agreements and Regulations on Recycling 

Voluntary or negotiated agreements (VA/NAs), regulations as well as economic 

instruments (e.g. taxation) are the common policy instruments used by governments. In this 

subsection, the application of the first two instruments in the recycling field will be 

introduced in detail. In Section 3.2, some representative theories on the use of economic 

instruments in this field can be seen. 

Worrell (2014b) defines VAs as “programs offered by a government to which a company can 

commit” and NAs as “the result of negotiation between the government and firms or sectors 

(or associations representing the firms)”. Usually, mutually agreed goals set out in VA/NAs 

are expected to be achieved within a specified time frame. Correspondingly, policies will be 

enacted by governments to support the achievement of these goals, or related firms will be 

exempted from alternative policies such as taxation. Trust is the basis for VA/NAs and should 

be built between the parties to the agreements. They provide a good learning environment for 

all parties involved. In comparison with the traditional policy instruments (i.e. regulations and 

economic instruments), VA/NAs can be enacted more quickly. They have more flexibility in 

                                                 
29 See Figure 52 in Reuter et al. (2013) and Scenario 4 vs. 5 in Figure 2 in Wang et al. (2012). 
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achieving the targets and are able to minimize implementation costs. However, the targets of 

VA/NAs are not mandatory and the firms may simply make use of the agreements to delay or 

eliminate future policies. Moreover, there are usually potential free riders (see Worrell 

(2014b), p. 503). 

Since the 1990s, many countries have used VA/NAs to promote recycling of specific waste 

streams. The Netherlands where VA/NAs have become the instrument of choice to manage 

waste is taken here as an example to see the results of using VA/NAs in waste management 

and recycling. From 1991 to 2012, the Netherlands used a series of agreements to manage 

packaging waste: three VAs (Packaging Covenant I (PC I), 1991-1997; Packaging Covenant 

II (PC II), 1998-2002; Packaging Covenant III (PC III), 2003-2005) and two agreements 

carried out within existing regulation (Packaging Decree (Decree), 2006-2007; Framework 

Agreement (Framework), 2007-2012). All of these agreements included recycling targets. As 

to the total recycling targets, only the targets set during PC I were both met, but the 

subsequent targets were never achieved. The total recycling rate experienced an increase until 

1999, and then decreased and stabilized at about 60%. As to the recycling performance of 

non-renewable resources, metal recycling experienced a rapid increase to about 80% until 

1998 and then slowed down. The target of PC I was reached at the end of the covenant and 

those of the next two covenants were met almost every year despite a 5% increase in the metal 

recycling target in each of the latter two covenants. Plastic recycling started at a very low 

level (about 10%) and then grew very slowly. The related targets varied greatly over time, but 

they were never achieved during any of the policy periods. The nonattainment of the recycling 

targets was largely due to the poor recycling performance of households, while companies 

had been doing well in recycling (see Worrell (2014b), pp. 504-507). 

It can be seen in the above example that in some policy periods, targets for some materials 

were met, while targets for other materials were not reached. Now it is worth thinking about a 

question: what should be taken into account in designing and implementing an environmental 

VA/NA to ensure its success? Worrell (2014b) summarizes several key factors that help 

answer this question. First, a conductive policy climate is needed, and it is based on mutual 

trust between stakeholders. The selected industries or sectors should be prepared to take on 

the responsibilities specified in the agreements. Nongovernmental organizations may be 

helpful in building trust among the stakeholders in the negotiations. Second, the government 

should put itself in a strong position both before and after the negotiations. A serious threat of 

government regulation in the case of noncompliance may be helpful both before the 
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negotiations and during the implementation. Third, to reduce the possibility of free riding, the 

selected sector must try to negotiate as one sector. Fourth, targets, responsibilities and 

timetables should be clear. The flexibility in achieving the goals is important because it 

affects the timetables and the economic efficiency of the agreements. Fifth, there must be the 

potential for market success, e.g. a long-lasting support from the government to achieve the 

targets. Last but not least, monitoring and evaluation must be done to ensure the successful 

implementation of the agreements. 

There have also been many documents and laws on waste at the EU level which have been 

implemented by the Member States through introducing national waste management policies. 

The most recent EU framework directive on waste is Directive 2008/98/EC
30

. In line with the 

documents and the other laws on resource efficiency and waste strategy, this directive is 

aimed at promoting the use of waste as a resource to alleviate the pressure caused by the 

finiteness of resources and materials. It defines the waste hierarchy which has been strictly 

implemented by the Member States. According to the priority order specified by this 

hierarchy, prevention is at the first place, followed by preparing for reuse, recycling, other 

recovery (such as energy recovery) and disposal
31

 (see paragraph 1 of Article 4). In the latest 

version of this directive, i.e. Directive (EU) 2018/851
32

, “material recovery” is specifically 

defined and distinguished from energy recovery and the reprocessing for the purpose of 

providing energy (see Article 3 (15a)). According to this definition, material recovery 

includes preparing for reuse
33

, recycling and backfilling
34

. Recycling is defined in Article 3 

(17) as "any recovery operation by which waste materials are reprocessed into products, 

materials or substances whether for the original or other purposes". It is clearly emphasized in 

                                                 
30 The original version of this directive can be seen in the following website: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=celex%3A32008L0098. 

31 During implementation, specific waste streams are allowed to deviate from this hierarchy for the purpose of achieving the 

best overall environmental outcome based on life-cycle thinking on the overall impacts (see paragraph 2 of Article 4). 

32 The changes made in the latest version relative to the original version are shown in the following website: https://eur-

lex.europa.eu/legal-content/EN/TXT/?uri=celex:32018L0851. 

33 In Directive 2008/98/EC, the difference between “reuse” and “preparing for reuse” is that the products or the components 

in question have not become waste in the case of reuse.  

34 In Article 17(a) of the latest version of Directive 2008/98/EC, “backfilling” is defined as “any recovery operation where 

suitable non-hazardous waste is used for purposes of reclamation in excavated areas or for engineering purposes in 

landscaping”. 

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32008L0098
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32008L0098
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32018L0851
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32018L0851
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this Directive that energy recovery and the reprocessing for the purpose of providing energy 

or backfilling are excluded from recycling operations. 

Moreover, this Directive requires that metal and plastic waste should be separately collected, 

if it is technically, environmentally and economically practicable. Selective demolition is also 

promoted and sorting systems for construction and demolition waste are expected to be 

established for metal, plastic, etc. These requirements are aimed at promoting recycling with 

high quality. Recycling targets have also been set out in this Directive. The Member States 

are required to achieve a preparing-for-reuse/recycling target for 2020 of a minimum of 

overall 50% of waste materials which are from households or are similar to the waste from 

households. For non-hazardous construction and demolition waste, the preparing for reuse, 

recycling and other material recovery is expected to increase to a minimum of 70% by 2020. 

There is also a preparing-for-reuse/recycling target for 2025 of a minimum of 55% of 

municipal waste. This target is increased to a minimum of 60% by 2030 and to a minimum of 

65% by 2035
35

 (see Article 10 and 11 of the original version and the latest version). 

As a supplement to the EU framework directive on waste, there is also EU legislation on 

various waste streams such as batteries and accumulators (Directive 2006/66/EC)
36

, WEEE 

(Directive 2012/19/EU)
37

 and end-of-life vehicles (ELV) (Directive 2000/53/EC)
38

. 

Requirements on separate collection and recycling as well as the corresponding targets are 

also set out in these directives. 

2.4 A Brief Summary of The Basic Information on The Recycling 

of Non-Renewable Resources 

Due to the limited availability of non-renewable resources, more and more attention has been 

paid to the current or future supply security of these resources and materials. Moreover, the 

negative environmental impacts and the large amount of waste associated with exploration, 

exploitation and processing of non-renewable resources and manufacturing and consumption 

of the related products also need to be dealt with. Recycling seems to be an effective way to 

                                                 
35 All of the above targets are measured in weight. 

36 See the website https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32006L0066 for details. 

37 See the website https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32012L0019 for details. 

38 See the website https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32000L0053 for details. 

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32006L0066
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32012L0019
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32000L0053
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alleviate not only the adverse impacts on the environment and human beings but also the 

pressure caused by the scarcity of non-renewable resources. Furthermore, these resources can 

be kept in hand to meet the future needs through recycling.  

However, there are many obstacles to recycling. First, due to the physical and chemical 

properties of the material itself and the complex connections of the materials contained in 

products for functional reasons, it is not always possible to separate materials from products. 

Second, different waste streams are often mixed, leading to material contamination. This 

makes it difficult for secondary materials to be accepted by the markets. Third, many 

materials are being recycled in an environmentally unfriendly and inefficient manner. 

In response to these main problems associated with recycling, efforts can be made in the 

following aspects. First, product designers should consider that the decisions made in this 

stage have important impacts on the recycling efficiency of EOL products and materials. The 

recycling processes also require material, financial and human resources. Moreover, technical 

barriers also exist for recycling. Hence, design for recycling needs to take into account the 

recyclability of EOL products and materials with an acceptable cost-to-performance ratio. It is 

also worth mentioning that there has been a shift from a material-centric to a product-centric 

view on recycling. The latter seeks to increase the recycling of a product in its entirety.   

Second, separate collection systems can be applied to more kinds and even more subdivided 

kinds of waste. This contributes to the reduction of mixed waste streams and the improvement 

of the quality of recycled materials. Third, the Bo2W philosophy is a practical idea that not 

only makes use of the advantages of the informal sectors but also reduces the negative 

environmental impacts and the risks to human health in developing countries. This approach 

is therefore worth trying and popularizing. Fourth, current and future policy instruments that 

focus on resource efficiency and environmental protection should encourage efficient and 

environmentally friendly recycling and penalize actions that damage the environment and 

reduce resource efficiency. This also helps to raise the awareness of recycling and 

environmental protection among businesses and the general public.  
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3 Theories on Recycling 

As mentioned in Chapter 1, the economic literature on recycling began with Smith (1972). He 

studied the role of recycling in the dynamics of waste accumulation. In this article, waste is 

seen as a public bad and its amount can be affected by consumption, recycling and 

degradation (see Section 3.1). Then a great deal of literature arose to discuss economic 

instruments which encourage recycling and discourage garbage generation and at the same 

time to evaluate which instrument functions best (see Section 3.2). There are also several 

theories associating recycling with economic growth to show its impact on the level of 

economic activities and their long-run development. In these theories, the positive effect of 

waste is seen and taken into account (see Section 3.3). Additionally, some authors suggest 

that decisions on recycling should be made more carefully because it may not only bring 

about significant environmental pollution but also consume larger quantities of resources than 

it saves (see Section 3.5).  

The models of most interest in this work are those that focus on the competitive equilibrium 

of an exhaustible resource market with recycling activities. The typical model to be 

introduced is proposed by Boyce (2012) based on the famous Hotelling rule (see Section 3.4). 

As early as 1931, Harold Hotelling proposed an optimal intertemporal allocation model of 

non-renewable resources in his famous article “The Economics of Exhaustible Resources”. In 

his view, it is indifferent to a mine owner operating under free competition whether he sells 

one unit of his non-renewable resource at price 𝑝𝑜  now or at price 𝑝0𝑒𝑟𝑡  (𝑟  denotes the 

interest rate here) after time 𝑡. The prices here are all the net prices received by the mine 

owner after paying the extraction costs and the costs for placing the resource units upon the 

market. Therefore, the net price 𝑝 is a function of the time in the form of 𝑝 = 𝑝0𝑒𝑟𝑡. If all of 

the assumptions of the standard theory are met, this solution is also a socially optimal solution. 

In other words, Hotelling (1931) argues that the net price of a non-renewable resource should 

rise over time at the rate of interest in a competitive market equilibrium. This net price has 

various names in the literature, and this work will mainly use the terms “scarcity premium” 

or “scarcity rent”. This basic rule is often used by economists as the theoretical framework to 

understand and model the long-term price and supply dynamics of non-renewable resources. 

Boyce (2012) adds recycling to this basic rule to see how recycling affects the equilibrium of 

a competitive non-renewable market, which is also the key pint to verify in the experimental 

part of this work. At the same time, the empirical validity of the Hotelling rule can also be 

tested. 
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3.1 Smith’s Recycling Theory 

Smith (1972) focuses on the role of recycling in the waste accumulation and uses phase 

diagrams as analytical tool. In his model, he compares the control solution (i.e. the socially 

optimal solution) with the decentralized competitive solution in different cases and then tells 

us when the two solutions achieve the same stationary state equilibrium.  

This part proceeds as follows. Subsection 3.1.1 introduces the model and derives the control 

solutions in different cases. Subsection 3.1.2 gives the corresponding decentralized 

competitive solutions and compares them with the control solutions. Subsection 3.1.3 shows 

an important expansion of the model and Smith’s policy suggestions based on his results. 

3.1.1 Control Solutions 

Smith’s recycling theory is based on an economy in which 𝑛 households have the same utility 

function 𝑢(𝑞1, 𝑞2, 𝑄) . It is strictly concave and has continuous partial derivatives. 𝑞1  is 

defined as the instantaneous commodity quantity consumed and  
𝜕𝑢

𝜕𝑞1
> 0 is assumed. Since an 

unwanted residue such as a container or scrap material is generated after the use of each 

commodity, 𝑞1 is also equal to the instantaneous waste quantity. Smith (1972) assumes that 

these waste units can be recycled, but at the expense of the utility of the households, since it is 

more troublesome to keep the waste and return it for recycling than to litter or dispose of it. 

𝑞2(≤ 𝑞1) is the quantity of recycled waste and 
∂u

∂𝑞2
≤ 0 must be satisfied. 𝑞3, which is equal to 

(𝑞1 − 𝑞2), is the quantity of the unwanted residues that are actually disposed of. However, 

new units have to be produced to meet the demand. Therefore, 𝑞3 is also equal to the quantity 

of containers or materials that must be newly produced. 𝑄 is defined as the stock of waste 

which is increased by the net quantity of waste units 𝑛(𝑞1 − 𝑞2)  and is decreased by 

degradation at a percentage rate 𝛾. The dynamics of the waste stock can be described as 

𝑑𝑄

𝑑𝑡
= 𝑛(𝑞1 − 𝑞2) – 𝛾𝑄. As the accumulated waste is seen as a bad in this model, 

𝜕𝑢

𝜕𝑄
≤ 0 must 

be met. 

In this economy, there are three productive activities on the firm side. The commodity 

production follows a production function 𝑓1(𝐿1)(= 𝑞1). Waste residues are reprocessed into 

new containers or materials, following a production function 𝑓2(𝐿2)(= 𝑞2). The production of 

new containers or materials to replace the waste units disposed of follows a production 

function 𝑓3(𝐿3)(= 𝑞3). 𝐿𝑖 is the quantity of labor employed in productive activity 𝑖, and 𝐿 is 
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the total quantity of labor which is fixed in time. These production functions are all concave 

and have continuous derivatives. Moreover, 𝑓𝑖
′ > 0 and 𝑓𝑖(0) = 0 are assumed. It is worth 

noting that there is a zero cost for raw material itself and a zero technological cost for waste 

disposal. 

In this model, three cases are distinguished and different control solutions can be derived. The 

first case is that part of the unwanted residues generated from the consumption or use of 

commodities can be recycled. It can be formulated as 𝑞1 > 0, 𝑞2 > 0, 𝑞3 = 𝑞1 − 𝑞2 > 0. In 

this case, an interior solution can be derived. The social welfare problem can be summarized 

as: 

𝑚𝑎𝑥𝐿𝑖(𝑡) ∫ 𝑢[𝑓1(𝐿1), 𝑓2(𝐿2), 𝑄]𝑒−𝛿𝑡𝑑𝑡
∞

0
                                         (3-1) 

s.t.  𝐿 − 𝐿1 − 𝐿2 − 𝐿3 = 0 

 𝑓3(𝐿3) − 𝑓1(𝐿1) + 𝑓2(𝐿2) = 0  

𝑑𝑄

𝑑𝑡
= 𝑛𝑓3(𝐿3) − 𝛾𝑄, 

where 𝛿 is the discount rate.  

To simplify the model, Smith (1972) assumes that the utility function of the households is 

additively separable: 

 𝑢(𝑞1, 𝑞2, 𝑄) ≡ 𝑢1(𝑞1) + 𝑢2(𝑞2) + 𝑢3(𝑄).                                        (3-2) 

The corresponding Hamiltonian is: 

𝐻 = 𝑢[𝑓1(𝐿1), 𝑓2(𝐿2), 𝑄] + 휀[𝑛(𝑓1(𝐿1) − 𝑓2(𝐿2)) − 𝛾𝑄] + 𝜆(𝐿 − 𝐿1 − 𝐿2 − 𝐿3) +

𝜇[𝑓3(𝐿3) − 𝑓1(𝐿1) + 𝑓2(𝐿2)],                                                                                               (3-3) 

where 휀, 𝜆 and 𝜇 denote the shadow prices of the respective stocks measured in utility units 

per head and they are all functions of time. The following three equations can be derived from 

the first order conditions that must be met when the Hamiltonian is maximized: 

                                          
𝑑

𝑑𝑡
= 휀𝛿 −

𝜕𝐻

𝜕𝑄
= (𝛿 + 𝛾)휀 − 𝑢3

′ (𝑄)                                            (3-4) 

𝑢1
′ = (

𝜆

𝑓1
′) + (

𝜆

𝑓3
′) − 𝑛휀                                                  (3-5) 
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−𝑢2
′ + (

𝜆

𝑓2
′) = (

𝜆

𝑓3
′) − 𝑛휀.                                                    (3-6) 

Equation (3-5) states that the marginal utility of a commodity must cover the marginal private 

cost of producing it and its container or fabrication material as well as the social cost incurred 

by litter pollution. Similarly, equation (3-6) means that the marginal costs of recycling borne 

by households and firms must equal the marginal private and social costs avoided by 

recycling, i.e. those incurred by litter pollution and producing a new container or a new unit 

of commodity material. 

An equation set composed of equation (3-5), equation (3-6), the labor constraint 𝐿 = 𝐿1 +

𝐿2 + 𝐿3  and the production constraint 𝑓3(𝐿3) = 𝑓1(𝐿1) − 𝑓2(𝐿2)  determines the control 

variables 𝐿1, 𝐿2, 𝐿3. As a result, all the three control variables are functions of 𝑛휀, i.e. 𝐿1(𝑛휀) , 

𝐿2(𝑛휀) and 𝐿3(𝑛휀). Now the dynamics of the waste accumulation can be described in the 

phase space ( 𝑄 ,  휀 ) with two differential equations: 
𝑑𝑄

𝑑𝑡
= 𝑛𝑓3[𝐿3(𝑛휀)] − 𝛾𝑄  and 

𝑑

𝑑𝑡
=

(𝛿 + 𝛾)휀 − 𝑢3
′(𝑄). 

 

Figure 3.1 The inferior solution 

Source: Smith (1972), p. 605 

Figure 3.1 presents the inferior solution. Along the locus of points 𝑄 = 𝑛𝑓3[𝐿3(𝑛휀)]/𝛾 at 

which 
𝑑𝑄

𝑑𝑡
= 0 , the net accumulation of waste is zero. Along the locus of points 휀 =

𝑢3
′(𝑄)/(𝛿 + 𝛾) where 

𝑑

𝑑𝑡
= 0, the charge for waste discharge is stationary. The intersection 

point of the two loci, 𝑃2(𝑄2
∗, 휀2

∗), is the stationary state equilibrium point. The optimal path 
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from an initial state (𝑄0, 휀0) to this stationary state equilibrium is also shown in Figure 3.1. At 

any point above the locus 𝑄 = 𝑛𝑓3[𝐿3(𝑛휀)]/𝛾, the social charge for waste disposal (−𝑛휀) is 

lowered, which discourages recycling and increases the net stock of waste (
𝑑𝑄

𝑑𝑡
> 0). At any 

point to the left of the locus 휀 = 𝑢3
′(𝑄)/(𝛿 + 𝛾) , the price of waste discharge ( −휀) 

associated with that stock of waste exceeds the corresponding discounted marginal disutility 

−𝑢3
′(𝑄)/(𝛿 + 𝛾), and optimality requires this price to increase (−

𝑑

𝑑𝑡
) > 0. Similarly, the 

optimal paths from other points to the stationary state equilibrium point 𝑃2(𝑄2
∗, 휀2

∗) can be 

derived and explained. 

In comparison with the inferior case, the polar cases, i.e. complete recycling and no recycling, 

are much easier to understand. When the charge for waste disposal is so small that no 

recycling occurs, then 𝐿2 = 0, 𝐿 = 𝐿1 + 𝐿3, 𝑓2(0) = 0 and 𝑓1(𝐿1) = 𝑓3(𝐿3). Now 𝐿1 and 𝐿3 

are independent of 휀 . The locus of points 𝑄 =
𝑛𝑓3(𝐿3)

𝛾
= 𝑄1  is also independent of 휀 . It is 

assumed that 𝐿2 = 0 at 휀 = 휀1. Then 𝑄 = 𝑄1 for all 휀 ≥ 휀1. This case is described in Segment 

I in Figure 3.1, and the optimal paths to the stationary state equilibrium in this case are shown 

in Figure 3.2 (a). When the charge for waste disposal is so large that all waste material is 

recycled, then  𝐿3 = 0 , 𝐿 = 𝐿1 + 𝐿2 , 𝑓3(0) = 0  and 𝑓1(𝐿1) = 𝑓2(𝐿2) . Now  𝑄 = 0 . It is 

assumed that this case occurs for all 휀 ≤ 휀3.  This case is described in Segment III in Figure 

3.1 and 3.2 (a). An optimal path to the stationary state equilibrium in this case is shown in 

Figure 3.2 (b). 

 

(a) no recycling 
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                                                        (b) complete recycling 

Figure 3.2 Boundary solutions 

Source: Smith (1972), pp. 606-607 

3.1.2 Decentralized Competitive Solutions 

In a decentralized competitive economy, all households and firms view waste disposal as a 

free activity. The social cost (−𝑛휀) of public pollution cannot be internalized by any decision 

maker. Therefore, the stationary competitive solution can be derived simply by setting 𝜺 ≡ 𝟎. 

In Figures 3.1, 3.2 (a) and 3.2 (b), the decentralized competitive stock of waste grows from 

the initial level 𝑄0 to 𝑄 = 𝑄1 at the rate  
𝑑𝑄

𝑑𝑡
= 𝑛𝑓3[𝐿3(0)] − 𝛾𝑄 > 0. Now the three different 

control solutions can be compared with this competitive solution. In Figure 3.2 (a) which 

shows a low discounted marginal disutility of waste, the control solution is at  𝑃1  where 

𝑄 = 𝑄1, and the competitive solution is at an optimal level. In the case of a higher discounted 

marginal disutility of waste, as illustrated in Figure 3.1, the control solution is at 𝑃2 where the 

optimal waste stock is 𝑄2
∗ < 𝑄1. The competitive solution produces excessive waste. If the 

waste is so disgusting that all waste is recycled at the stationary control equilibrium 𝑃3, as 

shown in Figure 3.2 (b), a waste-free environment is generated, which is impossible to 

achieve in a decentralized competitive economy. 

Smith (1972) gives two configurations in which recycling occurs even though the social 

charge for waste discharge is zero. One configuration, as shown in Figure 3.3, is that the 

private costs of recycling are low enough to cause some recycling. As a result, the locus 𝑄 =
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𝑛𝑓3[𝐿3(𝑛 )]

𝛾
 intersects the 𝑄 axis at 𝑄2 =

𝑛𝑓3[𝐿3(0)]

𝛾
 which is now the competitive equilibrium 

stock of waste with some positive recycling due to the low private costs of recycling. In this 

case, however, the competitive solution is still not the social optimum which occurs at 𝑅2 with 

more recycling (𝑄2
∗ ≤ 𝑄2) and an appropriate waste charge 휀2

∗.  

 

Figure 3.3 A configuration: some positive recycling even when 휀 = 0 

Source: Smith (1972), p. 609 

Another configuration, as illustrated in Figure 3.4, is that the recycling cost is assumed to be 

much lower than that of the production of new units and all waste is therefore recycled. Now 

the control stationary equilibrium is at 𝑄 = 0, which is also achieved by the competitive 

solution. 
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Figure 3.4 A configuration: complete recycling even when 휀 = 0 

Source: Smith (1972), p. 610 

In summary, there are two situations in which the control solution and the decentralized 

competitive solution achieve the same stationary state equilibrium. First, due to a sufficiently 

low disutility of waste or a sufficient high private cost of recycling, no recycling is 

economical. Second, the private costs of recycling are very low relative to the production 

costs of new units or the disutility of waste. Therefore, all waste will be recycled. 

3.1.3 An Important Model Expansion and Smith’s Policy Suggestions 

Now the assumption of zero raw material cost is relaxed with the introduction of a natural 

resource which is the source of the raw material for containers and commodities. Now the 

incentives for recycling also include conserving natural resources. Moreover, it is assumed 

that the resource extraction activity itself does not cause any environmental problem. If the 

natural resource is a non-renewable resource, it is assumed that its initial amount is 𝑀0 (a 

constant) and the unexploited amount is described as 𝑀(𝑡) = 𝑀0 − ∫ 𝑞3(𝜏)
𝑡

0
𝑑𝜏 . In other 

words, the dynamics of the remaining amount of the non-renewable resource can be described 

as  
𝑑𝑀

𝑑𝑡
= −𝑞3 = −(𝑞1 − 𝑞2) . Another important assumption is that the material output is 

determined not only by the quantity of labor but also by the stock of the resource, i.e. 𝑞3 =

𝑞1 − 𝑞2 = 𝑓3(𝐿3, 𝑀) . Therefore, the production constraint is now written as 𝑓3(𝐿3, 𝑀) −

𝑓1(𝐿1) + 𝑓2(𝐿2) = 0. 

Now the Hamiltonian is: 

𝐻 = 𝑢[𝑓1(𝐿1), 𝑓2(𝐿2), 𝑄] + 휀[𝑛(𝑓1(𝐿1) − 𝑓2(𝐿2)) − 𝛾𝑄] + 𝑣[−𝑓1(𝐿1) + 𝑓2(𝐿2)] +

𝜆(𝐿 − 𝐿1 − 𝐿2 − 𝐿3) + 𝜇[𝑓3(𝐿3, 𝑀) − 𝑓1(𝐿1) + 𝑓2(𝐿2)].                                                    (3-7) 

Like 휀, 𝜆 and 𝜇, 𝑣 is the shadow price of the non-renewable resource stock. In the interior 

case, all the three control variables 𝐿1, 𝐿2, 𝐿3 are functions of (𝑛휀, 𝑣, 𝑀), i.e. 𝐿1(𝑛휀, 𝑣, 𝑀) , 

𝐿2(𝑛휀, 𝑣, 𝑀)  and 𝐿3(𝑛휀, 𝑣, 𝑀) . Now the state of the system can be described with four 

differential equations: 
𝑑

𝑑𝑡
= (𝛿 + 𝛾)휀 − 𝑢3

′ , 
𝑑𝑣

𝑑𝑡
= 𝛿𝑣 − 𝜇(

𝜕𝑓3

𝜕𝑀
) ,  

𝑑𝑄

𝑑𝑡
= 𝑛𝑓3(𝐿3, 𝑀) − 𝛾𝑄  and 

𝑑𝑀

𝑑𝑡
= −𝑓3(𝐿3, 𝑀). 

Based on his results, Smith (1972) proposes his suggestions to the policy makers who are 

committed to waste management and recycling. The charges should be imposed on materials 
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net of reprocessed materials. A charge system that really works should impose the cost of 

waste discharge on the production and consumption activities which bring about waste, and to 

subsidize the waste-using and disposal activities with the resulting revenue. If a manufacturer 

produces waste and uses it at the same time, he only needs to pay the difference between his 

charge and subsidy. If the people who produce waste and those who use waste are different 

manufacturers, then the charges should be collected from the waste producers and then paid as 

subsidies to the waste users. If the waste is not recycled by anyone and the waste disposal 

costs fall on states and municipalities, the charges collected should be paid to the states and 

municipalities to finance waste disposal. Moreover, the charges levied on output net of scrap 

inputs would encourage manufacturers to collect and reprocess waste materials into their 

products. Additionally, development and investment in scrap-using technologies would also 

be encouraged by such a charge system. 

3.2 Economic Instruments to Encourage Recycling 

The common economic instruments to encourage recycling include imposing taxes (e.g. on 

final products), providing subsidies (e.g. to recycled materials) or setting standards (e.g. 

recycled content standards). However, the ultimate goal of using these economic instruments 

is to achieve the socially efficient outcome which internalizes all environmental externalities. 

In other words, these instruments should be used to generate the optimal amount of recycling 

which takes all private and social factors into account. In theory, any environmental 

externality can be corrected for by a direct Pigouvian tax. However, due to various 

implementation problems in practice, Pigouvian taxes are not always feasible. In the case of 

infeasibility of the corresponding Pigouvian taxes, these basic economic instruments can be 

combined to internalize the externalities concerned. For example, a deposit-refund system 

which consists of an upstream consumption tax and a recycling subsidy is often seen in 

economic policies that internalize the externalities of the downstream solid waste disposal. In 

this work, both “upstream” and “downstream” refer to the life cycle stages of a consumer 

product. A product’s life cycle begins with raw material extraction, goes through production 

and use, and ends with end-of-life treatment and disposal (see Gediga (2014), p. 555). 

Generally, the stages before treatment and disposal are all “upstream” stages of a product’s 

life cycle, while waste disposal after consumption is the “downstream” stage. A deposit-

refund system can have different combinations of taxes and subsidies, depending on the 

externalities to be internalized. Recycled content standards and regulatory standards on 

pollutants can also be used to correct for the externalities. The former require the use of some 
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recycled materials in new products and has been popular in the U.S. (see Palmer & Walls 

(1997)). The latter are direct standards used to control the amount of harmful effluents or 

emissions and very common in the U.S. and other OECD countries (see Walls & Palmer 

(2001)).  

With so many economic instruments available to internalize externalities, a question then 

arises: which one is more practical? Moreover, how can the values of the involved taxes, 

subsidies or standards be set to achieve the social optimum? The following three 

representative articles give answers to the above questions. First (in Subsection 3.2.1), in 

addition to garbage and recycling, illicit burning or dumping is also considered a waste 

disposal option by Fullerton and Kinnaman (1995). With a general equilibrium model, these 

two authors derive different tax combinations to achieve the first-best outcome. Second (in 

Subsection 3.2.2), with a partial equilibrium model, Palmer and Walls (1997) give their 

reasons why the deposit-refund approach is preferred to the recycled content standard policy 

in most cases. Third and finally (in Subsection 3.2.3), Walls and Palmer (2001) develop a 

more comprehensive partial equilibrium model which incorporates the life-cycle externalities 

of a consumer product. They highlight the importance of an integrated approach to policy 

which takes into account all environmental externalities simultaneously in a life-cycle 

framework, no matter which policy option is chosen.  

3.2.1 Model with Illicit Waste Disposal 

The problem of illicit waste disposal has got more and more attention because charges are 

proposed for or have been levied on garbage collection and disposal in many countries and 

regions. By charging households for the waste they generate, waste generation can be 

discouraged by adjusting buying patterns, reusing or recycling. But one can imagine a very 

different situation: households might burn their garbage in their fireplaces or in their yards, or 

might throw their rubbish into commercial dumpsters or in the woods to get rid of such 

charges. Now how to deal with illicit waste disposal is worth thinking about. To solve this 

problem, Fullerton and Kinnaman (1995) establish a general equilibrium model. In their 

model, households choose between consumption and leisure, and they also have three ways to 

deal with their waste: garbage, recycling, and illicit burning or dumping. A single 

consumption good is produced with three inputs: a nonmaterial production factor such as 

labor, virgin materials such as minerals, and the recycling input. There are three sources of 
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negative externalities in this model: garbage collection and disposal, illicit burning and 

dumping, and virgin material extraction. 

In this model, both the socially optimal solution and the decentralized competitive optimal 

solution are derived by maximizing the utility of a representative household. However, the 

former considers various externalities, while the latter takes none into account. The 

discrepancy between the decentralized competitive optimal solution and the socially optimal 

solution can be solved by imposing taxes and subsidies on the consumption, the production 

inputs, the garbage and the illicit waste disposal
39

. Table 3.1 summarizes the different tax 

combinations used to achieve the social optimum in different cases which are shown in the 

first row of this table. 

Table 3.1 Various tax combinations to achieve the social optimum
40

 

Source: Fullerton & Kinnaman (1995), p. 86 

Case 1 

Illicit burning or dumping 

cannot be taxed 

(a single consumption good) 

Case 2 

All forms of 

household disposal 

can be taxed 

Case 3 

No tax on illicit waste disposal 

and 

no recycling subsidy  

(requires tax on other inputs) 

Case 4 

Illicit burning or dumping 

cannot be taxed 

(disaggregate goods) 

𝑡𝑐
∗ = −

𝑛𝑢𝐵

𝜆𝑐𝑏

 

𝑡𝑟
∗ =

𝑛𝑢𝐵𝑐𝑟

𝜆𝑐𝑏

 

𝑡𝑔
∗ =

𝑛(𝑢𝐵𝑐𝑔 − 𝑢𝐺𝑐𝑏)

𝜆𝑐𝑏

 

𝑡𝑣
∗ = −

𝑛𝑢𝑉

𝜆
 

𝑡𝑐
∗ = 0 

𝑡𝑟
∗ = 0 

𝑡𝑔
∗ = −

𝑛𝑢𝐺

𝜆
 

𝑡𝑣
∗ = −

𝑛𝑢𝑉

𝜆
 

𝑡𝑏
∗ = −

𝑛𝑢𝐵

𝜆
 

𝑡𝑐
∗ =

𝑛𝑢𝐵𝑐𝑟

𝜆𝑐𝑏𝑓𝑟

−
𝑛𝑢𝐵

𝜆𝑐𝑏

 

𝑡𝑟
∗ = 0 

𝑡𝑔
∗ =

𝑛(𝑢𝐵𝑐𝑔 − 𝑢𝐺𝑐𝑏)

𝜆𝑐𝑏

 

𝑡𝑣
∗ = −

𝑛𝑢𝐵𝑐𝑟𝑓𝑘𝑐

𝜆𝑐𝑏𝑓𝑟𝛼
−

𝑛𝑢𝑉

𝛿
 

𝑡𝑘𝑐

∗ = −
𝑛𝑢𝐵𝑐𝑟𝑓𝑘𝑐

𝜆𝑐𝑏𝑓𝑟

 

𝑡𝑐𝑖
∗ = −

𝑛𝑢𝐵𝑖

𝜆𝑐𝑏𝑖

 

𝑡𝑟𝑖
∗ =

𝑛𝑢𝐵𝑖𝑐𝑟𝑖

𝜆𝑐𝑏𝑖

 

𝑡𝑔𝑖
∗ =

𝑛(𝑢𝐵𝑖𝑐𝑔𝑖 − 𝑢𝐺𝑖𝑐𝑏𝑖)

𝜆𝑐𝑏𝑖

 

𝑡𝑣
∗ = −

𝑛𝑢𝑉

𝜆
 

𝑡𝑐
∗, 𝑡𝑟

∗, 𝑡𝑔
∗ and 𝑡𝑣

∗ are the tax rates on consumption, recycling, garbage and virgin materials. 𝑡𝑏
∗ in case 2 is the tax 

rate on illicit waste disposal.  𝑡𝑘𝑐

∗  in case 3 is the tax rate on the nonmaterial production factor used in production of 

the consumption good. 𝑢𝐺, 𝑢𝐵 and 𝑢𝑉 are the negative externalities resulting from garbage, illicit waste disposal 

and virgin material extraction. Therefore, 𝑢𝐺 ≤ 0, 𝑢𝐵 ≤ 0 and 𝑢𝑉 ≤ 0. It is worth noting that 𝑢𝐵 ≤  𝑢𝐺 is assumed 

in this model, as the authors think that illicit waste disposal is even more odious than landfilling. 𝑐𝑔, 𝑐𝑟 and 𝑐𝑏 are 

                                                 
39 Leisure is untaxed because it does not lead to disposal problems. 

40 See the model and the detailed derivation of various tax combinations in Fullerton and Kinnaman (1995), pp. 80-85. 
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the first derivatives of 𝑐 = 𝑐(𝑔, 𝑟, 𝑏), i.e. the extra consumption enabled by more 𝑔, 𝑟 or 𝑏, and 𝑐𝑔 > 0, 𝑐𝑟 > 0, 

𝑐𝑏 > 0.
 41

 𝑓𝑘𝑐
, 𝑓𝑟 and 𝑓𝑣 are the marginal outputs of the nonmaterial production factor, the recycling input and the 

virgin materials, and 𝑓𝑘𝑐
> 0, 𝑓𝑟 > 0, 𝑓𝑣 > 0. 𝛼 is the quantity of virgin materials extracted per unit of labor. 𝜆 is 

the private marginal utility of income, while 𝛿  is the social marginal utility of income. 𝑛  is the number of 

households. 𝑖 is the index for disaggregate goods and services. 

 

Now an important conclusion can be drawn from this model: there are alternative ways to 

achieve the same social optimum. Case 1 reflects a realistic situation that it is almost 

impossible to impose direct taxes or penalties on illicit burning or dumping because these 

activities usually take place in very secret ways. When the tax on illegal waste disposal is set 

to zero, a deposit-refund system can be used to solve the externality from illegal waste 

disposal and achieve the first-best allocation of resources. In this case, a tax (−
𝑛𝑢𝐵

𝜆𝑐𝑏
) is levied 

on upstream consumption, which is then returned to downstream legal waste disposal, i.e. 

garbage (
𝑛𝑢𝐵𝑐𝑔

𝜆𝑐𝑏
) and recycling (

𝑛𝑢𝐵𝑐𝑟

𝜆𝑐𝑏
). The consumption tax here is responsible for the 

negative externality arising from the illegal burning or dumping caused by it. Legal waste 

disposal is subsidized because it reduces illegal waste disposal and the negative externality 

thereof. The net effect is an implicit tax on improper waste disposal, and the impossible task 

to levy direct taxes on it is circumvented. However, there is still a tax imposed on garbage 

associated with its own externality (−
𝑛𝑢𝐺

𝜆
). It is worth noting that the net tax on garbage, i.e. 

𝑡𝑔
∗, is likely to be negative (𝑢𝐵 ≤  𝑢𝐺!). The tax on garbage which should have been used to 

correct for its own negative externality may change to a subsidy as it helps prevent the worse 

environmental costs of illicit waste disposal. If the optimal price of garbage -- 𝑝𝑔 +  𝑡𝑔
∗ -- is 

near zero
42

, free garbage collection is then a sensible decision. Another point worth 

mentioning is that the tax on virgin materials (−
𝑛𝑢𝑉

𝜆
) neither encourages recycling nor 

discourages garbage generation. This Pigouvian tax only corrects for the negative externality 

from virgin material extraction. Although there are many authors who argue that recycling 

could be encouraged and garbage generation could be curbed by a tax on virgin materials (see 

Miedema (1983) and Sigman (1995)), it cannot be confirmed in this model. 

                                                 
41 Generally, garbage, recycling and illegal garbage disposal are seen as outcomes of consumption, i.e. functions of 

consumption. More consumption leads to more garbage, recycling and illegal burning or dumping. Here in Fullerton and 

Kinnaman (1995), this logic is used in reverse, i.e. garbage, recycling and illegal waste disposal are the factors necessary to 

support consumption. Now more garbage, recycling, or illegal waste disposal “leads to” more consumption. 

42 𝑝𝑔 can be understood as the direct resource costs, e.g. fees paid to waste haulers and landfill operators. 
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Case 2 shows a downstream tax system. When there is no tax on consumption and the tax 

on illicit burning or dumping is feasible, this tax combination can achieve the social optimum. 

It is a very direct policy because the taxes on garbage (−
𝑛𝑢𝐺

𝜆
), virgin materials (−

𝑛𝑢𝑉

𝜆
) and 

illicit waste disposal (−
𝑛𝑢𝐵

𝜆
) reflect their own externalities. It is worth noting that no tax or 

subsidy on recycling is required in this case. However, as mentioned above, illicit burning or 

dumping is easy to hide. The enforcement of a tax or penalty on such activities is of great 

difficult in practice. Therefore, this downstream tax system exists only in theory. In contrast, 

the deposit-refund system which is equivalent to the straightforward waste-end tax system is 

more practical and easier to implement. Additionally, it is once again shown that a tax on 

virgin materials has nothing to do with encouraging recycling and curbing garbage generation. 

Fullerton and Kinnaman (1995) give two reasons why a virgin material tax would not work. 

First, recycling can be subsidized directly. Second, a tax on virgin materials would also 

encourage the use of the nonmaterial production factor. Case 3 shows a situation in which 

recycling cannot be subsidized for some reason (i.e. 𝑡𝑟
∗ = 0) and a tax can be imposed on the 

nonmaterial production factor 𝑘𝑐. There is also no tax on illicit waste disposal in this case. 

The first-best outcome can now be achieved with the tax system shown in the third column. In 

comparison with case 1, the taxes on virgin materials and the nonmaterial production factor 

(i.e. 𝑡𝑣 and 𝑡𝑘𝑐
) are both increased by an extra positive term (

−𝑛𝑢𝐵𝑐𝑟𝑓𝑘𝑐

λ𝑐𝑏𝑓𝑟𝛼
 and 

−𝑛𝑢𝐵𝑐𝑟𝑓𝑘𝑐

λ𝑐𝑏𝑓𝑟
). This is 

because the use of these two production inputs can reduce the use of the recycling input. In 

addition, 𝑡𝑐 contains an extra negative term ( 
𝑛𝑢𝐵𝑐𝑟

λ𝑐𝑏𝑓𝑟
), since more consumption leads to more 

recycling. It can be seen that a subsidy for recycling is equivalent to a tax on all other 

production inputs and a rebate on output. This tax system works the same as the deposit-

refund system, but it is too complicated and the deposit-refund system is thus still preferred. 

A model extension is shown in column 4. Different consumption goods are then considered in 

this model and they may have different technologies, production functions and externalities. 

The results remain the same in all of the above three cases, except for the subscripts which 

represent different consumption goods. In practice, due to millions of goods and services 

existing in this world, the first-best tax systems might be set for only a few special items or all 

items might be divided into several categories. However, even though there are so many 

different goods and services, the deposit-refund system is still the instrument of choice, 

since it is relatively simple and practical. 
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By using a general equilibrium model where illicit burning or dumping is regarded as the 

third waste disposal option in addition to garbage and recycling, Fullerton and Kinnaman 

(1995) study how to internalize the externality of illicit waste disposal. Various tax 

combinations are used to achieve the first-best outcome. The two authors find that if illicit 

burning and dumping cannot be taxed directly, the social optimum can be achieved by 

subsidizing the legal disposal options and imposing a tax on consumption. In this case, the tax 

on garbage which should have been used to correct for its negative externality may turn 

negative (i.e. change to a subsidy), since it prevents the worse environmental costs of illicit 

burning or dumping. Consumption should be taxed at a rate that reflects the externality from 

illicit waste disposal caused by it. Such a deposit-refund system is equivalent to the 

straightforward waste-end tax system, but it is more practical because illicit burning or 

dumping is easy to hide and the enforcement of a tax on it is almost impossible in practice. 

Additionally, it cannot be confirmed here that a tax on virgin materials encourages recycling 

and discourages garbage generation. 

The model of Fullerton and Kinnaman (1995) misses several important details such as 

population density. One can imagine that if garbage fees are implemented in densely 

populated urban areas, they may generate little revenue but result in huge piles of unidentified 

garbage in commercial dumpsters and on the streets. In very rural or remote areas, garbage 

may appear on deserted country lanes or in the woods. The charges may work better in 

suburban areas or small towns with a moderate area size and population density. Moreover, 

goods and services may be purchased in one place and become waste in another place with a 

different deposit-refund system. Additionally, market imperfections and compliance costs are 

also ignored in this model. These aspects, however, have no impacts on the basic results of 

this model. 

3.2.2 Deposit-Refund Systems vs. Recycled Content Standard Policies 

As mentioned above, the charges levied on garbage collection and disposal that reflect the 

associated costs and externalities may bring about improper disposal activities with greater 

costs and externalities. Fullerton and Kinnaman (1994) provide some evidence of an increase 

in illegal waste disposal as a result of charges for garbage collection and disposal. Moreover, 

these fees are vulnerable to political opposition and therefore difficult to adopt and implement.  

There are many alternative economic instruments designed to encourage recycling and 

discourage garbage generation. A recycled content standard is one of them and a 
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requirement that “products be manufactured with a certain minimum amount of secondary 

materials as a share of overall virgin plus secondary materials” (Palmer & Walls (1997), p. 

194). Palmer and Walls (1997) compare deposit-refund systems with recycled content 

standard policies in terms of feasibility and efficiency. To do this, these two authors build a 

partial equilibrium model and derive the socially efficient outcome by maximizing the net 

social surplus, i.e. the surplus from consumption minus all private and social costs. Then they 

assume a zero solid waste disposal fee and use a deposit-refund system and the recycled 

content standard approach to achieve the same socially efficient outcome. 

In their model, a consumer good is produced by 𝑛 identical firms with a nonmaterial input 

such as labor (𝑙), virgin materials (𝑣) and recycled materials (𝑟). When all markets are 

perfectly competitive and in long-run equilibrium, each firm takes all prices, i.e. the price of 

virgin materials 𝑝𝑣, the price of recycled materials 𝑝𝑟, the price of labor 𝑝𝑙, and the price of 

output 𝑃𝑞 , as given. To bring this model closer to reality, the two authors assume that a 

residual is generated during the production process of the consumer good. Its amount also 

depends on the amounts of the three inputs. This reflects the fact that all of the material inputs 

do not necessarily go into final products. Due to the existence of this residual, the material 

balance condition held in this model can be described as 𝑣 + 𝑟 = 𝑞 + 𝑧, where 𝑞 and 𝑧 denote 

the output and the residual from production, respectively. For disposing of their production 

residual, these firms are assumed to pay a price 𝑝𝑧 which reflects the full marginal social costs 

of the residual and is regarded as given by all the firms. Correspondingly, the consumers 

should pay a given price 𝑝𝑑 for solid waste disposal which reflects its full marginal social 

costs, since it is the consumer side who decides whether to recycle or to dispose of the used 

products. However, due to the incentives for illegal disposal or the political opposition, it is 

often very difficult to implement such a garbage fee in practice. To circumvent this disposal 

fee, a deposit-refund system is first used to generate the socially optimal amount of solid 

waste disposal. A tax (i.e. the deposit), 𝑡𝑞, is imposed on the final product and a subsidy (i.e. 

the refund), 𝑠𝑟 , is given to recycling. After maximizing the firm profit, Palmer and Walls 

(1997) find that  𝒕𝒒 = 𝒔𝒓 = 𝒑𝒅 must be satisfied so as to induce private behavior to match 

with the social optimum. That is, both the deposit and the refund must be set equal to the 

marginal social cost of solid waste disposal. Such a deposit-refund system can achieve the 

socially efficient outcome without any other taxes or subsidies on the other inputs to 

production. It can be seen that such an easy system is equivalent to a garbage fee without 
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illegal disposal issues. However, a subsidy on recycling alone cannot generate the social 

optimum, since it would bring about too much output and garbage.  

When a recycled content standard is considered, Palmer and Walls (1997) assume 𝑟 =  𝛽(𝑟 +

𝑣) or 
𝑣

𝑟
=

1−𝛽

𝛽
, where 𝛽 is the proportion of recycled materials in total material inputs set by 

the recycled content standard. However, Figure 3.5 presents a case where a recycled content 

standard alone does not necessarily yield the social optimum. Point A represents the socially 

optimal combination of the two material inputs (𝑣∗, 𝑟∗), and the slope of the ray going from 

the origin through point A can therefore define the socially optimal recycled content standard 

𝛽∗ . When the production function is homothetic, an infinite number of the optimal 

combinations of the two material inputs at the firm level can be on the same straight line. If 

this straight line coincides with the ray that sets the socially optimal recycled content standard, 

the firms cannot determine where they should produce in this extreme case. Even if the 

production function is nonhomothetic, there may still be more than one optimal material 

combination at the firm level along the ray. To take a concrete example, point A, B and C are 

all the optimal combinations of the primary and secondary materials at the firm level because 

they are all the points at which the isoquant curves are tangent to the isocost lines. However, 

they are all on the ray that defines the socially optimal recycled content standard, so the firms 

may not choose to produce at point A, but at point B or C. Even when there is only one 

tangency on the ray, it does not have to be exactly at point A. Therefore, a recycled content 

standard is far from enough to induce the firms to produce at the socially optimum. 
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Figure 3.5 A case where a recycled content standard alone may not work 

Source: Palmer & Walls (1997), p. 199 

In the case of a Cobb-Douglas production function 𝑞 = 𝑓(𝑣, 𝑟, 𝑙) = 𝑣1−𝛼−𝛾𝑟𝛼𝑙𝛾, Palmer and 

Walls (1997) avoid the garbage fee and achieve the overall social optimum by imposing a 

recycled content standard 𝛽, an output tax 𝑡𝑞 and a labor tax 𝑡𝑙 on the firms:
43

 

1−𝛽∗

𝛽∗ =
𝑣∗

𝑟∗ = (
1−𝛼−𝛾

𝛼
)(

𝑝𝑟
∗+𝑝𝑧−𝑝𝑑

𝑝𝑣+𝑝𝑧
)                                          (3-8) 

𝑡𝑙 = (
𝛼

1−𝛾
)(

𝛾𝑟

𝛼𝑙
)𝑝𝑑                                                        (3-9) 

 𝑡𝑞 = 𝑝𝑑[1 −
𝛼

1−𝛾
∗

1

𝑀𝑃𝑟
],                                                  (3-10) 

where 𝑀𝑃𝑟 is the marginal product of the recycling input. 

As can be seen in equation (3-9), the labor tax is positive and increases with 𝑝𝑑. It means that 

the higher the social costs of solid waste disposal, the higher the tax on labor that can reduce 

labor input and thus output and waste generated. Moreover, the labor tax also increases with 

𝛾𝑟

𝛼𝑙
 which is the marginal rate of technical substitution between labor and recycled materials 

(MRTS). A high MRTS here indicates that recycled materials can easily replace labor input in 

production and a reduction in labor caused by a labor tax can thus easily be made up with an 

increase in recycled materials. Therefore, a higher tax must be levied on labor to overcome 

the substitution effect. 

It can be seen in equation (3-10) that the sign of the output tax is uncertain. It depends on the 

form of the production function. If the marginal product of recycled materials is relatively 

high (i.e. 𝑀𝑃𝑟 >
𝛼

1−𝛾
) , the recycled content standard which encourages the use of the 

recycling input tends to increase output and garbage. Therefore, output needs to be taxed in 

this case. If the marginal product of recycled materials is relatively low (i.e. 𝑀𝑃𝑟 <
𝛼

1−𝛾
), the 

standard tends to decrease output and output thus needs to be subsidized. If the marginal 

product of the recycling input is equal to 
𝛼

1−𝛾
, no output policy is necessary. Only the labor tax 

and the recycled content standard are needed to achieve the social optimum in this case. 

                                                 
43 In this model, there is a market for recycled materials where consumers are the suppliers and firms are the demanders. It is 

assumed that this market is in equilibrium and 𝑝𝑟
∗ denotes the equilibrium price of recycled materials. 
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Now it is time to compare the recycled content standard approach with the deposit-refund 

system. First, an additional tax on the labor input is needed when the recycling content 

standard is used to achieve the social optimum. By contrast, the deposit-refund system 

involves no policy on labor. Second, setting the optimal deposit-refund system only requires 

knowledge about the marginal social costs of solid waste disposal. In the case of the optimal 

recycled content standard approach, additional information on the form of the production 

function is also needed. Furthermore, it is assumed in this model that all firms have the same 

production function. However, in practice, firms are generally heterogeneous and have 

different production functions. It means that in the real world there is no single standard that 

could generate the socially efficient outcome. The optimal tax rates on labor and output are 

also firm-specific. Conceivably, setting such standards and tax rates must be a difficult and 

almost impossible task for the government. Additionally, there are two special but possible 

cases in the real recycling exercises: multiple products are produced from the same recycled 

material and multiple recycled materials are used to produce the same output. In the former 

case, how to set the optimal recycled content standard and the associated taxes or subsidies 

depends on the end use of the recycled material. However, if the different end uses result in 

the same marginal social costs of solid waste disposal, a single deposit-refund system can be 

set for all different end uses. In the latter case, the production function that considers the mix 

of the involved recycling inputs must be known to set the optimal recycled content standard 

and the related taxes or subsidies. By contrast, the deposit-refund system needs only the 

information on the marginal social costs of solid waste disposal after the use of the product. 

Third, the information on the production processes of the firms is generally beyond the 

knowledge of policy-makers and the firms have the incentive to misrepresent the information 

on their production to reduce their taxes and the recycled content standard. This makes it even 

more difficult to set accurate recycled content standards and the associated taxes or subsidies. 

However, the deposit-refund system has no such problem. In a word, the recycled content 

standard approach is a less preferred option, as its configuration is much more complicated 

and its information requirement is also much higher than the deposit-refund system.  

By using a simple model, Palmer and Walls (1997) make a comparison between a deposit-

refund system and a recycled content standard policy to test their feasibility and efficiency in 

achieving the socially efficient outcome. Their results show that the deposit-refund system is 

generally preferred to the recycled content standard approach, as it is easier to set and does 

not depend on firm-specific information such as the form of the production function. 

Moreover, it does not require additional taxes or subsidies on the other production inputs to 
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achieve the social optimum. Therefore, the deposit-refund system is more practical and 

preferred in most cases. 

3.2.3 Integrated Approach to Life-Cycle Environmental Externalities  

In recent years, attention to environmental problems is gradually shifting from a piece-meal 

media-specific perspective which only focuses on individual pollutants or polluted media (e.g. 

water, air or soil) to a product-specific life-cycle perspective that considers all pollutants 

and externalities generated along the life cycle of a product. Now an integrated approach 

shows its importance in setting environmental policies, since it takes all the life-cycle 

environmental externalities of a consumer product into account and all the economic 

instruments used are set at the overall social optimum. Walls and Palmer (2001) establish a 

partial equilibrium model which involves life-cycle externalities to explain in detail how this 

approach works. 

This model is an extension of Palmer and Walls (1997). In addition to the labor input (𝑙), the 

virgin materials (𝑣) and the recycled materials (𝑟), a polluting input (ℎ) is also used by 𝑛 

identical perfectly competitive firms in an industry to produce the final output (𝑞 ). The 

production function is thus 𝑞 = 𝑓(𝑣, 𝑟, 𝑙, ℎ). Like the labor input, this polluting input does not 

go into the final consumer product (e.g. a chemical solution or an energy input). It ends up 

either as an environmentally damaging effluent (or emission) 𝑒 or as a harmless residual 𝑏. 

Now there are two mass balance conditions in this model. First, as in the model of Palmer and 

Walls (1997), virgin and recycled materials must be converted into the final products and the 

waste by-product from manufacturing (𝑧). A new parameter 𝛼 is defined here as the weight 

per unit of final product due to a more realistic assumption that the virgin and recycled 

materials as well as the manufacturing waste by-product are measured by weight, while the 

final output is measured by quantity. Therefore, this mass balance condition can be written as: 

𝑣 + 𝑟 = 𝛼𝑞 + 𝑧. The second mass balance condition shows where the polluting input goes 

after the manufacturing process: ℎ = 𝑒 + 𝑏. All the three variables are measured in mass units. 

However, the effluent or emission with environmental damages can be converted into the 

harmless residual by using an abatement input 𝑎. The abatement function is (𝑎) =
𝑒

𝑒+𝑏
 ∈ [0,1]. 

Since more abatement results in less pollution and reduces the proportion of the pollutant 𝑒 in 

the total residual (𝑒 + 𝑏), 𝜃′ < 0 holds. Substituting ℎ for (𝑒 + 𝑏) gives 𝑒 = ℎ𝜃(𝑎).  
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There are now three sources of environmental externalities in this model: the waste by-

product from manufacturing 𝑧, the garbage from consumption 𝑊 44, and the pollutant from 

the polluting production input 𝑒. Their environmental damage functions are 𝐷𝑧 = 𝐷𝑧(𝑛𝑧), 

𝐷𝑊 = 𝐷𝑊(𝑊) and 𝐷𝑒 = 𝐷𝑒(𝑛𝑒), which means that the damages are determined only by the 

total amount of each waste or pollutant. Moreover, it is assumed in this model that the 

marginal damage of each waste or pollutant is positive and increasing, i.e. 𝐷′ > 0  and 

𝐷′′ > 0 . The production process, the mass balance constraints and the environmental 

externalities are illustrated in Figure 3.6. 

 

Figure 3.6 The model of Walls and Palmer (2001) 

Source: Walls & Palmer (2001), p. 98 

As in the model of Palmer and Walls (1997), the socially optimal solution is derived by 

maximizing the net social surplus, i.e. the surplus from consumption less all the private costs 

and the external environmental damages, under the mass balance constraints. Since the 

consumers are still assumed to pay nothing for garbage disposal due to the possibility of 

illegal burning or dumping, all the three environmental externalities will be internalized by 

imposing taxes, subsidies or regulatory standards associated with pollutants on the firm side. 

In case 1 and case 2, only taxes and subsidies are used to achieve the socially efficient 

                                                 
44 Capital 𝑊 stands for the total mass of the solid waste from consumption. 
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outcome. In case 3 and case 4, regulatory standards associated with pollutants are used to 

generate the social optimum. 

Case 1: 𝑡𝑚 = 𝐷𝑊
′ , 𝑡𝑟 = −𝐷𝑊

′ , 𝑡𝑧 = 𝐷𝑧
′ , 𝑡𝑒 = 𝐷𝑒

′ , 𝑡𝑣 = 𝑡𝑙 = 𝑡ℎ = 𝑡𝑎 = 0.
45

 

This set of taxes and subsidies consists of a deposit-refund system (a output tax 𝑡𝑚 and a 

recycling subsidy 𝑡𝑟) and two Pigouvian taxes (a tax on the manufacturing waste by-product 

𝑡𝑧 and a tax on the pollutant released by the polluting input 𝑡𝑒). It can be seen that Pigouvian 

taxes still work in a world with multiple environmental externalities. Moreover, as in the 

model of Palmer and Walls (1997), a deposit-refund system can be substituted for a direct 

price or a Pigouvian tax on the solid waste from consumption. It seems that the Pigouvian 

taxes and the deposit-refund system here are the same as those prescribed in a single-media 

setting. However, the size of these optimal taxes and subsidies is different from that in a 

single-media setting. In a life-cycle framework, the marginal damages used to set the 

associated taxes and subsidies are evaluated at the overall social optimum which 

simultaneously addresses all the externalities existing in this framework. To be specific, 

setting the optimal tax on 𝑒  requires information on the marginal damages from 𝑒  at the 

socially optimal level of 𝑒, 𝑧 and 𝑊. The importance of an integrated perspective manifests 

itself here.  

Another point to note is that three instruments are needed to deal with the three environmental 

externalities in this model. It seems that solving multiple environmental problems requires at 

least as many instruments as the environmental externalities involved. A single instrument 

can hardly internalize all life-cycle environmental externalities. 

Case 2: When Pigouvian taxes on the upstream pollutants (𝑧  and 𝑒 ) are infeasible, then 

𝑡𝑚 = 𝐷𝑊
′ , 𝑡𝑟 = −𝐷𝑊

′ + 𝐷𝑧
′ (1 − 𝛼

𝜕𝑓

𝜕𝑟
) , 𝑡𝑣 = 𝐷𝑧

′ (1 − 𝛼
𝜕𝑓

𝜕𝑣
) , 𝑡𝑙 = −𝐷𝑧

′ 𝛼
𝜕𝑓

𝜕𝑙
, 𝑡ℎ = 𝐷𝑒

′ 𝜃(𝑎) −

𝐷𝑧
′ 𝛼

𝜕𝑓

𝜕ℎ
, 𝑡𝑎 = 𝐷𝑒

′ 𝜃′ℎ, 𝑡𝑧 = 𝑡𝑒 = 0. 

If all Pigouvian taxes are infeasible due to monitoring and enforcement problems in a world 

with multiple environmental externalities, the social optimum can still be achieved. It can be 

seen that the externality of the residual from manufacturing 𝑧 can be internalized by imposing 

taxes and subsidies on the production inputs to 𝑧, i.e. 𝑣, 𝑟, 𝑙 and ℎ. It is easy to understand 

that virgin and recycled materials are taxed for the additional 𝑧 generated by using them (i.e. 

                                                 
45 𝑡𝑚 is the output tax levied per pound of the final product. 
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𝐷𝑧
′ (1 − 𝛼

𝜕𝑓

𝜕𝑣
) and 𝐷𝑧

′ (1 − 𝛼
𝜕𝑓

𝜕𝑟
)). The labor input and the polluting input are subsidized for 

their contribution to the improvement of the material efficiency in the manufacturing process 

and the resulting reduction in the amount of  𝑧  (i.e. −𝐷𝑧
′ 𝛼

𝜕𝑓

𝜕𝑙
 and −𝐷𝑧

′ 𝛼
𝜕𝑓

𝜕ℎ
). Similarly, the 

externality of the pollutant from the use of the polluting input 𝑒 can be internalized by taxing 

the polluting input for the additional 𝑒 generated by using it (i.e. 𝐷𝑒
′ 𝜃(𝑎)) and subsidizing the 

abatement input for its contribution to the reduction in the amount of 𝑒 (i.e. 𝐷𝑒
′ 𝜃′ℎ). The 

externality of the garbage from consumption is still internalized by a deposit-refund system 

which taxes the output (i.e. 𝐷𝑊
′ ) and subsidies the recycling (i.e. −𝐷𝑊

′ ). In this case, an 

integrated perspective is of greater importance. First, as in case 1, the taxes and subsidies are 

evaluated at the social optimum which takes into account all the externalities involved. 

Second, the overall deposit-refund system now deals with not only the externality of the 

downstream solid waste disposal but also the externality generated from upstream production. 

The tax on ℎ  now has to address the two upstream externalities resulting from 𝑒  and 𝑧 . 

Additionally, it is once again confirmed that multiple instruments are needed to deal with 

multiple environmental externalities. 

Case 3: It is assumed that the pollutant 𝑒 is subject to a regulatory standard 𝛺𝑞 set per pound 

of output, i.e. 
𝑒

𝛼𝑞
≤ 𝛺𝑞, and this standard aims to generate the optimal amount of 𝑒 for a given 

level of output.
46 

Moreover, the firms have to pay a positive tax on 𝑧. Then 𝑡𝑚 = 𝐷𝑊
′ + 𝐷𝑒

′ 𝛺𝑞, 

𝑡𝑟 = −𝐷𝑊
′ , 𝑡𝑧 = 𝐷𝑧

′ , 𝑡𝑣 = 𝑡𝑙 = 𝑡ℎ = 𝑡𝑎 = 0.  

In this case, no taxes or subsidies on the production and abatement inputs are required to 

correct for the externality of 𝑒. An additional tax on output that accounts for the externality of 

𝑒 (i.e. 𝐷𝑒
′ 𝛺𝑞) is necessary to achieve the overall optimum. It can be seen that the combination 

of a pollutant standard imposed on the output and a corresponding output tax is equivalent to 

a Pigouvian pollutant fee. If there are multiple upstream pollutants whose standards are 

imposed on the output, the social optimum can be achieved through an output tax which 

accounts for all the externalities of these pollutants. Therefore, if 𝑧 is not taxed but subject to 

a constraint set per pound of output, there will be another component in the output tax to deal 

with the externality of 𝑧. 

                                                 
46 This regulatory standard applies more to water pollution. 
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The externality of the downstream solid waste disposal is still internalized by a deposit-refund 

system, i.e. an output tax and a recycling subsidy. It appears that the output tax alone can 

solve multiple environmental problems, ranging from the upstream externalities to that from 

the downstream garbage disposal. It is worth noting, however, that the output tax must be 

combined with the standards of the upstream wastes and pollutants imposed on the output. An 

integrated perspective is still important in this case, since the output tax here corrects for 

multiple environmental externalities to generate the social optimum which deals with all the 

externalities involved. 

Case 4: It is assumed that the pollutant 𝑒 is subject to a regulatory standard  𝛺ℎ set per unit of 

the polluting input,
 
i.e.

 𝑒

ℎ
≤ 𝛺ℎ or 𝜃(𝑎) ≤  𝛺ℎ, and this standard aims to generate the optimal 

amount of 𝑒 for a given level of the polluting input.
47

 Moreover, the firms have to pay a 

positive tax on 𝑧. Then 𝑡𝑚 = 𝐷𝑊
′ , 𝑡𝑟 = −𝐷𝑊

′ , 𝑡𝑧 = 𝐷𝑧
′ , 𝑡ℎ = 𝐷𝑒

′ 𝜃(𝑎), 𝑡𝑣 = 𝑡𝑙 = 𝑡𝑎 = 0. 

Now the tax that accounts for the externality of 𝑒 (i.e. 𝐷𝑒
′ 𝜃(𝑎)) is levied on the polluting input 

ℎ, since the standard is set per unit of ℎ. The social optimum can now be achieved by the 

Pigouvian tax on 𝑧 , the deposit-refund system for the downstream garbage disposal, the 

standard of 𝑒 set per unit of ℎ and the corresponding tax on ℎ. If this polluting input results in 

more pollutants, the associated standards can be set per unit of ℎ and the tax on ℎ should then 

deal with all the environmental damages generated by these pollutants. 

Walls and Palmer (2001) focus on the implications of a product’s life-cycle environmental 

externalities for efficient policies. In a partial equilibrium framework with multiple 

environmental problems throughout a product’s life cycle, the two authors use taxes, subsidies 

and regulatory standards associated with pollutants to achieve the overall social optimum. 

They find that an integrated perspective is of great importance in the case of life-cycle 

environmental externalities, no matter which policy option is chosen. When Pigouvian taxes 

are feasible (case 1), the optimal taxes and subsidies depend on the marginal environmental 

damages evaluated at the overall social optimum which simultaneously addresses all the 

externalities involved. When Pigouvian taxes are infeasible (case 2), alternative taxes and 

subsidies have to deal with multiple externalities. For example, the tax on the polluting input 

has to address the two upstream externalities, and the subsidy on recycling for the avoided 

downstream waste disposal is reduced by a tax on it due to its “contribution” to the generation 

                                                 
47 This regulatory standard applies more to air pollution from burning fuel. 
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of the upstream manufacturing waste by-product. When the regulatory standards associated 

with pollutants are used to correct for externalities (case 3 and 4), an integrated perspective 

also works. Moreover, they also find that dealing with multiple environmental problems needs 

at least as many instruments as the environmental externalities. A single instrument cannot 

generate the overall social optimum. 

3.3 Recycling and Economic Growth 

Several economists have associated recycling with economic growth to look at the 

implications of recycling for the level of economic activities and their long-run development. 

In Subsection 3.3.1, the concept of environmental Kuznets curves (hereinafter referred to as 

EKCs) is extended to the case of non-renewable resources. Pittel (2006) shows that the reason 

for an EKC development may simply be the combination of the increasing scarcity of non-

renewable resources and recycling. In Subsection 3.3.2, the impacts of the market failures 

associated with recycling on resource use, economic activities and economic development 

will be discussed. 

3.3.1 EKCs in The Case of Non-Renewable Resources 

The Kuznets curve describes a hypothesized relationship between economic growth and 

income inequality: the income inequality widens in the early phase of economic growth, then 

stabilizes for a while, and finally narrows in the later phase (see Kuznets (1955)). The 

environmental Kuznets curve is named after the Kuznets curve because it describes a 

hypothesized relationship between various pollutant indicators and per capita income. It 

indicates that environmental pressure might rise during the early stage of economic 

development and the trend might reverse beyond some level of per capita income
48

. Typical 

reasons used to explain the EKC pattern include increasing returns to scale in abatement, 

technological changes and sectoral changes (see Andreoni & Levinson (2001); Smulders et al. 

(2011); De Groot (2003)). Pittel (2006) provides another possible reason for the emergence of 

EKCs -- the combination of the increasing scarcity of materials and recycling. 

Additionally, traditional EKC analysis focuses on flow variables such as SO₂-emissions. 

Pittel (2006) argues that EKCs could also arise for certain stock variables such as waste 

resulting from the use and discarding of non-renewable materials like copper. 

                                                 
48 The conceptual, theoretical and empirical development of EKCs as well as various comments and opinions on this 

hypothesis are introduced in e.g. Dinda (2004) and Stern (2004). 
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Pittel (2006) builds a simple closed economy that uses a non-renewable resource such as 

copper in production, which can either come from virgin or recycled sources. Therefore, three 

types of firms exist in this economy: final output producers, virgin resource extractors and 

recycling firms. It is assumed that they all operate under perfect competition. Dissipation 

processes are ignored in this model, which means that the materials contained in the produced 

output could be completely recovered. Whether the materials can enter the waste stock is 

determined by the applications of the final products. Part of the final output is consumed, 

while the rest is used for investment. The materials contained in the products that are used for 

investment enter the capital stock and remain bound there, while the materials contained in 

the consumed products enter the waste stock from which they can be taken for later recycling. 

There is a sound material balance foundation in this model which traces every material input 

to production during the entire material flow cycle. For the externalities arising in the 

recycling sector, two scenarios are distinguished. In scenario 1, it is assumed that the 

recycling firms do not consider that part of their recycled materials will return to the waste 

stock after consumption. In other words, the reflux of materials, or the development of the 

waste stock, is exogenous to the recycling firms in this case. This scenario may occur due to 

the very small market share of a single firm or no direct link between the availability of the 

recyclable materials and the original provision of the recycled materials. In scenario 2, the 

recycling firms are assumed to be aware of the reflux of materials and take it into account 

when making decisions. It means that the reflux of materials, or the development of the waste 

stock, is endogenous to the recycling firms in this scenario. This endogeneity can result even 

in the case of the very small market share of a single firm, if the final output producers are 

required to take back their own waste after consumption and give these recyclable materials to 

the recycling firms that originally provided the recycled materials. Another point worth 

mentioning is that the focus of Pittel (2006) is not on the driving forces of economic growth, 

but rather on the driving forces of the emergence of EKCs with respect to material waste. 

Because the source of growth has no impact on whether this EKC pattern occurs or not, this 

model simplifies the driving forces behind growth by assuming that growth results from 

exogenous technological change.  

On the consumer side, a representative household is assumed to derive utility only from 

consumption 𝐶. Its preference can be described by a constant relative risk aversion (CRRA) 

utility function: 

𝑈(𝐶) =
𝐶1−𝜎

1−𝜎
      𝜎 ≠ 1, 𝜎 > 0.                                                (3-11) 
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The household maximizes discounted lifetime utility subject to its dynamic budget constraint: 

𝑚𝑎𝑥𝐶 ∫ 𝑈(𝐶(𝑡))𝑒−𝜌𝑡𝑑𝑡
∞

0
              𝑈𝐶 > 0, 𝑈𝐶𝐶 < 0                             (3-12) 

s.t.   �̇� =
𝑑𝐾

𝑑𝑡
= 𝑟𝐾 − 𝐶. 

𝐾 here represents household wealth which is equal to the capital stock in this economy. 𝜌 is 

the discount rate and 𝑟 is the interest rate. Solving the above maximization problem results in 

the Keynes-Ramsey rule (KRR): 𝑔𝐶 =
1

𝜎
(𝑟 − 𝜌). 

On the production side, Pittel (2006) uses a Cobb-Douglas production function to describe the 

production of the homogeneous final output: 

𝑌 = 𝐴𝐾𝛼𝑍𝛽𝑊𝑅
𝛾
              𝛼, 𝛽, 𝛾 > 0, 𝛼 + 𝛽 + 𝛾 = 1.                 (3-13) 

𝐴  is the level of production technology whose growth rate is 𝑔𝐴  (exogenously given). 𝐾 

denotes the capital stock employed in production. 𝑍 and 𝑊𝑅 represent the amount of virgin 

and recycled materials used in production, respectively. Using a Cobb-Douglas type 

production function implies that both virgin and recycled materials are essential to the 

production of final output. The parameter 𝛽 and 𝛾 show the productivity of a unit of virgin 

materials and that of a unit of recycled materials. Solving the profit maximization problem of 

the final output producers results in the following set of first-order conditions: 

𝑟 = 𝛼
𝑌

𝐾
, 𝑝𝑍 = 𝛽

𝑌

𝑍
, 𝑝𝑊𝑅

= 𝛾
𝑌

𝑊𝑅
,                                                (3-14) 

where 𝑝𝑍  and 𝑝𝑊𝑅
 are the prices for virgin and recycled materials. These first-order 

conditions imply that the final output producers maximize their profits by setting the marginal 

product of each input equal to its marginal cost. 

As mentioned above, the final output is either consumed or used for investment. It is assumed 

in this model that capital is not depreciated. Then the dynamics of the capital stock can be 

described as follows: 

�̇� = 𝑌 − 𝐶,      0 < 𝐶 < 𝑌.                                                (3-15) 

Since the technology used to produce consumption goods is the same as that of capital goods, 

the share of materials in newly produced consumer goods is the same as that in newly created 

capital goods. No depreciation in capital goods implies that the materials bound in the capital 
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stock will be bound there forever and cannot be discarded as waste anymore. Only the 

materials contained in the consumer goods can enter the waste stock which can be decreased 

only by recycling. Hence, the dynamics of the waste stock (i.e. the material balance condition) 

can be described as follows: 

�̇� = −𝑊𝑅 + (𝑍 + 𝑊𝑅)
𝐶

𝑌
.                                                 (3-16) 

At each point in time, 𝑊𝑅  is taken from the waste pile for recycling and the materials 

contained in the consumed final products  (𝑍 + 𝑊𝑅)
𝐶

𝑌
 flow into the waste stock. If more 

materials are discarded to the waste stock than are recycled from it, the waste stock will 

increase over time. On the contrary, if recycling exceeds discarding, the waste stock will 

decrease. Thus, an EKC pattern can be described by the dynamics of the waste stock: it 

increases during the early stage of economic development and decreases in the later phase. 

It is assumed for both the virgin resource extractors and the recycling firms that there is no 

production cost. Additionally, there is a positive stock of the virgin resource 𝑆0 and a positive 

stock of waste 𝑊0  at 𝑡 = 0.
49

 The virgin resource extractors maximize their intertemporal 

profits subject to the restriction of a finite stock of virgin resources: 

𝑚𝑎𝑥𝑍 ∫ 𝑝𝑍𝑍𝑒− ∫ 𝑟(𝑥)𝑑𝑥
𝑡

0
∞

0
𝑑𝑡                                             (3-17) 

s.t.      �̇� = −𝑍.                          

Solving the above maximization problem results in the optimal price path of virgin resources 

which follows the Hotelling rule: 𝑔𝑝𝑍
= 𝑟. 

The recycling firms have a similar intertemporal profit function to be maximized: 

 𝑚𝑎𝑥𝑊𝑅 ∫ 𝑝𝑊𝑅
𝑊𝑅𝑒− ∫ 𝑟(𝑥)𝑑𝑥

𝑡
0

∞

0
𝑑𝑡.                                       (3-18) 

However, as mentioned above, two scenarios are distinguished for the recycling firms. In 

scenario 1, they do not internalize the reflux of materials to the waste stock, and the waste 

stock can therefore be considered a non-renewable resource for them. In this case, they 

maximize their profits subject to the following constraint: 

                                                 
49 𝑊0 results from waste accumulation during past periods. 
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�̇� = −𝑊𝑅 + (𝑊𝑅
̅̅ ̅̅ + 𝑍)

𝐶

𝑌
,                                                    (3-19) 

where 𝑊𝑅
̅̅ ̅̅  indicates the exogeneity of the material reflux for the recycling firms. It can be 

seen that the optimization problem faced by the recycling firms is of the same type as that of 

the resource extracting firms in this scenario. Therefore, it is not surprising that the optimal 

price path of the recycled materials also follows the Hotelling rule, i.e. 𝑔𝑝𝑊𝑅1
= 𝑟, in scenario 

1. 

In scenario 2, the recycling firms are aware of and internalize the reflux of materials. In this 

case, the waste stock seems to be a renewable resource to them. Now the recycling firms 

solve their profit maximization problem subject to the general dynamics of the waste stock 

described by equation (3-16). The resulting optimal price path of the recycled waste follows a 

modified version of the Hotelling rule in this case: 𝑔𝑝𝑊𝑅2
= 𝑟 +

𝐶

𝑌−𝐶
(𝑔𝑌 − 𝑔𝐶).  When 𝑔𝑌 − 𝑔𝐶 >

0,  the savings rate increases over time. A higher and higher share of virgin resources and 

recycled materials employed in production is bound in capital and cannot return to the waste 

stock. As a result, the growth rate of the price of recycled waste exceeds the interest rate. 

Since changes in the savings rate affect the “regenerability”of the waste heap, the Hotelling 

rule has to be modified by containing a term to reflect the change of the regenerability.  

In addition, the model of Pittel (2006) shows that in both scenarios it is optimal for the 

recycling firms to use up the complete waste stock when time goes to infinity. This result is 

reasonable, since the waste heap is the source of recycled materials which are a scarce and 

essential input to production. It is definitely not optimal for the recycling firms to leave part 

of the waste on the waste pile, since they have an incentive to exploit all profit possibilities 

associated with the waste stock. 

According to Pittel (2006), a balanced growth path (hereinafter referred to as BGP) 

represents a long-run equilibrium in which all variables grow at constant rates. Along the 

decentralized BGP  of this economy, Pittel (2006) shows that 𝑝𝑊𝑅
 grows at the interest rate 

�̂� =
𝑔𝐴

𝛽+𝛾
, no matter whether the recycling firms internalize the reflux of materials or not. The 

reason is that consumption, capital and output grow at the same rate along the decentralized 

BGP (i.e. 𝑔𝐶 = 𝑔𝐾 = 𝑔𝑌 = �̂� =
1

𝜎
(�̂� − 𝜌) =

1

𝜎
(

𝑔𝐴

𝛽+𝛾
− 𝜌)). It is reasonable that the long-run 

growth rate of output �̂�  is positively related to the technical progress rate 𝑔𝐴 , since an 

increase in 𝑔𝐴  improves the productivity of capital. An interesting finding is that �̂�  is 
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negatively related to the productivities of the material inputs, 𝛽 and 𝛾. Higher productivities 

of the material inputs decrease their use in production over time, which harms growth in the 

long run. Additionally, Pittel (2006) demonstrates that in the long-run equilibrium, the virgin 

resource extraction, the recycled waste input, the virgin resource stock and the waste stock 

decrease at the same rate (i.e. 𝑔𝑍 = 𝑔𝑊𝑅
= 𝑔𝑆 = 𝑔𝑊 < 0). 

Now the conditions that support the emergence of EKCs can be considered. It is assumed here 

that the economy is not yet on the balanced path. An EKC compatible development of the 

waste stock means that the accumulation rate of waste is positive at the early stage of the 

transition process to the BGP and becomes negative in later periods. Because the optimizing 

recycling firms, as demonstrated above, will use up all waste when time goes to infinity, the 

waste accumulation rate will definitely turn negative at some development stage.  

The dynamics of the waste stock can also be described by equation (3-20). It can be seen that 

the development of the waste stock in early periods is determined by initial virgin resource 

extraction and initial recycling as well as their subsequent developments over time. Moreover, 

the development of the share of consumption in output also plays a role in determining 

whether the waste stock increases or decreases at the early stage. 

�̇� = −𝑊𝑅 + (𝑍 + 𝑊𝑅)
𝐶

𝑌
= − (1 −

𝐶

𝑌
) 𝑊𝑅0

𝑒∫ 𝑔𝑊𝑅
(𝜏)𝑑𝜏

𝑡
0 +

𝐶

𝑌
𝑍0𝑒∫ 𝑔𝑍(𝜏)𝑑𝜏

𝑡
0 .            (3-20) 

In scenario 1, i.e. when the development of waste is exogenous to the recycling firms, the 

prices of virgin resources and recycled waste grow at the same rate 𝑟. The dynamics of the 

waste stock can be now described as: �̇� = 𝑒∫ (𝑔𝑌(𝜏)−𝑟(𝜏))𝑑𝜏
𝑡

0 [− (1 −
𝐶

𝑌
) 𝑊𝑅0

+
𝐶

𝑌
𝑍0].50

 In this 

case, the sign of �̇� is determined only by the term [− (1 −
𝐶

𝑌
) 𝑊𝑅0

+
𝐶

𝑌
𝑍0]. If initial recycling 

is sufficiently low in comparison with initial resource extraction and initial consumption share 

of output is sufficiently high and then decreases during transition, the term[− (1 −
𝐶

𝑌
) 𝑊𝑅0

+

𝐶

𝑌
𝑍0] could initially be positive and then turn negative over time. It means that the waste stock 

might be increasing at the early development stage and decrease in later periods, which is 

consistent with the development of EKCs. It can be seen that an increasing savings rate 

during transition with a low initial level is a necessary condition for the emergence of EKCs 

in scenario 1. This savings rate development appears to be in line with the traditional pattern 

                                                 
50 It can be derived from equation (3-14) that 𝑔𝑍 = 𝑔𝑌 − 𝑔𝑝𝑍

= 𝑔𝑌 − 𝑟 and 𝑔𝑊𝑅
= 𝑔𝑌 − 𝑔𝑝𝑊𝑅

= 𝑔𝑌 − 𝑟 (in scenario 1). 
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of economic development: at the early development stage, households generally have little 

income left for savings, and as the economy develops, they have an increasing share of their 

income to save. The strict condition for the emergence of an EKC in scenario 1 is �̇� > 0, or 

𝑒∫ (𝑔𝑌−𝑔𝐶)
𝑡

0 −
𝐶0

𝑌0
<

𝑍0

𝑊𝑅0

𝐶0

𝑌0
,
 51

 for some 𝑡 < 𝑡̅ where 𝑡̅ denotes the time point at which the waste 

stock reaches its maximum value. 

When the development of waste is endogenous to the recycling firms, i.e. in scenario 2, an 

EKC pattern might also arise during transition, even if the savings rate is decreasing over time. 

As mentioned above, the development of the price of recycled waste is different from that of 

virgin resources in scenario 2. Now the dynamics of the waste stock can be described as 

�̇� = 𝑒∫ (𝑔𝑌(𝜏)−𝑟(𝜏))𝑑𝜏
𝑡

0 [− (1 −
𝐶

𝑌
) 𝑊𝑅0

𝑒− ∫
𝐶

𝑌−𝐶
(𝑔𝑌−𝑔𝐶)𝑑𝜏

𝑡
0 +

𝐶

𝑌
𝑍0].

52
 The strict condition for an 

EKC to arise in scenario 2 is (𝑒∫ (𝑔𝑌−𝑔𝐶)
𝑡

0 −
𝐶0

𝑌0
)𝑒− ∫

𝐶

𝑌−𝐶
(𝑔𝑌−𝑔𝐶)

𝑡
0 <

𝑍0

𝑊𝑅0

𝐶0

𝑌0
 for some 𝑡 < 𝑡.̅ 

In a word, Pittel (2006) concludes that an EKC development might take place during the 

transition to the long-run balanced growth path in the case of non-renewable resources. 

The emergence of EKCs is driven by the increasing scarcity of these non-renewable 

resources resulting from the decreasing availability of virgin resources and recycling. 

Whether an EKC pattern occurs or not is determined by initial conditions, preferences and 

technology. 

A highlight of Pittel (2006) is the application of environmental Kuznets curves to the case of 

non-renewable resources to see the driving forces of the emergence of EKCs in this case. This 

model applies EKCs to a stock variable, i.e. the waste resulting from the use and discarding of 

non-renewable materials such as copper, and provides an alternative explanation for the 

emergence of EKCs -- the combination of the increasing scarcity of non-renewable materials 

and recycling. Another highlight of this model is its sound material balance foundation which 

traces every material input during the entire material flow cycle. The last point worth 

mentioning is that this model distinguishes two scenarios for the externality arising in the 

recycling sector, which affects the prerequisites for the emergence of EKCs. 

                                                 
51 This inequality is derived by substituting 𝐶 = 𝐶0𝑒∫ 𝑔𝐶

𝑡

0
(𝜏)𝑑𝜏 and 𝑌 = 𝑌0𝑒∫ 𝑔𝑌

𝑡

0
(𝜏)𝑑𝜏 in the expression for the dynamics of the 

waste stock �̇� = 𝑒∫ (𝑔𝑌(𝜏)−𝑟(𝜏))𝑑𝜏
𝑡

0 [− (1 −
𝐶

𝑌
) 𝑊𝑅0

+
𝐶

𝑌
𝑍0] so that the condition involves only initial values and growth rates. 

52 Unlike in scenario 1, now 𝑔𝑊𝑅
= 𝑔𝑌 − 𝑔𝑝𝑊𝑅

= 𝑔𝑌 − 𝑟 −
𝐶

𝑌−𝐶
(𝑔𝑌 − 𝑔𝐶). 
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3.3.2 Impacts of The Market Failures Associated with Recycling 

When it comes to waste, people always associate it with negative impacts on people and the 

environment but neglect its potential positive effect on sustainable economic development. 

Pittel et al (2005) take only this positive effect of waste into account under a general 

equilibrium framework. As the foundation of Pittel (2006) and the next model to be 

introduced, i.e. Pittel et al (2010), Pittel et al. (2005) set up an endogenous growth model 

which enhances the one of Romer (1990) by a sound material balance condition to reflect the 

matter circulation in the economy. However, an endogenous growth framework would not 

help understand the basic mechanisms, but rather blur them. Therefore, Pittel (2006) and 

Pittel et al (2010) simplify their models by attributing growth to exogenous technological 

progress. As mentioned above, Pittel (2006) focuses on the driving forces of the emergence of 

EKCs in the case of non-renewable resources. Pittel et al (2010) can be seen as the exogenous 

version of Pittel et al (2005) which shows more clearly the impacts of the market failures 

associated with recycling on economic development. 

In fact, Pittel (2006) is part of Pittel et al (2010). In Pittel (2006), only the decentralized 

economy is described. Pittel et al (2010) compares the decentralized economy with the 

socially optimal economy to see the impacts of market failures associated with recycling on 

resource use, economic activities and economic development (see Table 3.2). The market 

failures associated with recycling in a closed economy usually manifest themselves in two 

aspects. First, a market for the unprocessed waste which is a valuable resource in the 

economy does not exist. Households do not get paid for the secondary materials they provide 

for production, and recycling firms can get the waste at no cost. Therefore, neither households 

nor final output producers consider the positive economic value of the waste. Inefficiently 

high opportunity costs of consumption lead to suboptimal level of consumption and 

inefficient economic development. Second, virgin resource extractors and recycling firms do 

not take the reflux of materials from consumption into account. Since virgin resource 

extractors cannot appropriate the profits from the supply of recyclable materials, they have no 

incentive to internalize the reflux. Recycling firms are assumed to operate under perfect 

competition and a single recycling firm therefore does not foresee the effect of its recycling 

decision on the future availability of waste. As a result, the price development of both virgin 

resources and recycled waste follows the basic Hotelling rule. 
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Table 3.2 The comparison between the decentralized economy and the socially optimal economy
53

 

Source: See Pittel et al (2010), pp. 381-387 

Socially optimal economy Decentralized economy 

Optimization problem: 

𝑚𝑎𝑥𝐶 ∫ 𝑈(𝐶(𝑡))𝑒−𝜌𝑡𝑑𝑡
∞

0
   

s.t.   𝑌 = 𝐴𝐾𝛼𝑍𝛽𝑅𝛾,   𝛼, 𝛽, 𝛾 > 0, 𝛼 + 𝛽 + 𝛾 = 1 

             �̇� = 𝑌 − 𝐶 

             �̇� = −𝑍 

 �̇� = −𝑅 + (𝑍 + 𝑅)
𝐶

𝑌
 

 

Optimization problems: 

Households: 𝑚𝑎𝑥𝐶 ∫ 𝑈(𝐶(𝑡))𝑒−𝜌𝑡𝑑𝑡
∞

0
 

 s.t.   �̇� =
𝑑𝐾

𝑑𝑡
= 𝑟𝐾 − 𝐶. 

Final output producers:  

𝑌 = 𝐴𝐾𝛼𝑍𝛽𝑅𝛾,   𝛼, 𝛽, 𝛾 > 0, 𝛼 + 𝛽 + 𝛾 = 1 

Virgin resource extractors: 

𝑚𝑎𝑥
𝑍

∫ 𝑝𝑍𝑍𝑒− ∫ 𝑟(𝑠)𝑑𝑠
𝑡

0

∞

0

𝑑𝑡 

s.t.   �̇� = −𝑍. 

Recycling firms: 𝑚𝑎𝑥𝑅 ∫ 𝑝𝑅𝑅𝑒− ∫ 𝑟(𝑠)𝑑𝑠
𝑡

0
∞

0
𝑑𝑡 

                              s.t.   �̇� = −𝑅 + (�̅� + 𝑍)
𝐶

𝑌
 

The first-order and the transversality conditions: 

(a) 𝐶:   𝜇 = 𝑈′𝑒−𝜌𝑡 + 𝜽𝒎 (→ 𝑹𝑽𝑪) 

(b) 𝑅:   𝜃 − 𝜽𝒄 (→ 𝑹𝑬𝑹) = 𝜇𝑌𝑅 − 𝜽𝒀𝑹𝒎𝒄 (→ 𝑹𝑽𝑷) 

(c) 𝑍:   𝜆 − 𝜽𝒄 (→ 𝑹𝑬𝑹) = 𝜇𝑌𝑍 − 𝜽𝒀𝒁𝒎𝒄(→ 𝑹𝑽𝑷) 

(d) 𝐾:  −�̇� = 𝜇𝑌𝐾 − 𝜽𝒀𝑲𝒎𝒄(→ 𝑹𝑽𝑷)                                                                                   

(e) 𝑆:   0 = − �̇� 

(f) 𝑊:  0 = −�̇� 

(g) 𝑙𝑖𝑚𝑡→∞ 𝜇𝐾 = 0, 𝑙𝑖𝑚𝑡→∞ 𝜆𝑆 = 0, 𝑙𝑖𝑚𝑡→∞ 𝜃𝑊 = 0 

The first-order and the transversality conditions: 

(a') 𝐶:   𝜇 = 𝑈′𝑒−𝜌𝑡 

(b') 𝑅:   𝑃𝑅 = 𝑌𝑅 

(c') 𝑍:   𝑃𝑍 = 𝑌𝑍 

(d') 𝐾:  −�̇� = 𝜇𝑟 = 𝜇𝑌𝐾                                                                                   

(e') 𝑆:   0 = − �̇� 

(f') 𝑊:  0 = −�̇� 

(g') 𝑙𝑖𝑚𝑡→∞ 𝜇𝐾 = 0, 𝑙𝑖𝑚𝑡→∞ 𝜆𝑆 = 0, 𝑙𝑖𝑚𝑡→∞ 𝜃𝑊 = 0 

The KRR (in real terms): 

σ𝑔𝐶 + 𝜌 = 𝑌𝐾 +
𝒀𝑹𝒎

(𝟏 − 𝒄)(𝟏 − 𝒀𝑹𝒎)
[(𝟏 − 𝒄)𝒀𝑲 + 𝒈𝒎] 

The KRR: 

σ𝑔𝐶 + 𝜌 = 𝑌𝐾 

The Hotelling rule (in real terms): 

�̇�𝑅

𝑌𝑅
= 𝑌𝐾 + [

𝒀𝑹

𝟏 − 𝒄
(𝒎𝒄)̇ −

�̇�

𝟏 − 𝒄
] 

�̇�𝑍

𝑌𝑍
= 𝑌𝐾 + [

𝒀𝑹

𝟏 − 𝒄
(𝒎𝒄)̇ −

�̇�

𝟏 − 𝒄

𝒀𝑹

𝒀𝒁
] 

The Hotelling rule: 

𝑔𝑝𝑅
= 𝑌𝐾 

𝑔𝑝𝑍
= 𝑌𝐾 

 

Along the socially optimal BGP: 

𝑔𝐶 = 𝑔𝐾 = 𝑔𝑌 =
1

𝜎
(

𝑔𝐴

𝛽 + 𝛾
− 𝜌) 

𝑔𝑍 = 𝑔𝑅 =
1

𝜎
[(1 − 𝜎)

𝑔𝐴

𝛽 + 𝛾
− 𝜌] 

𝒄∗ = 𝟏 −
𝒈𝒀

𝒈𝑨
(𝟏 − 𝜶)𝜶(𝟏 − 𝜽𝝁−𝟏𝒄∗𝒎∗) 

Along the decentralized BGP: 

𝑔𝐶 = 𝑔𝐾 = 𝑔𝑌 =
1

𝜎
(

𝑔𝐴

𝛽 + 𝛾
− 𝜌) 

𝑔𝑍 = 𝑔𝑅 =
1

𝜎
[(1 − 𝜎)

𝑔𝐴

𝛽 + 𝛾
− 𝜌] 

𝑐𝐷 = 1 −
𝑔𝑌

𝑔𝐴
(1 − 𝛼)𝛼 

The utility function of the representative household is of the CRRA-type: 𝑈(𝐶) =
𝐶1−𝜎

1−𝜎
, 𝜎 ≠ 1,𝜎 > 0. 𝜇, 𝜆 and 𝜃 are the 

shadow prices of the capital stock, the virgin resource stock and the waste stock. 𝑐 =
𝐶

𝑌
 is the share of consumption in 

output and 𝑚 = (𝑅 + 𝑍)/𝑌 is the material intensity of output.  

                                                 
53 The notation of Pittel et al (2010) is the same as that of Pittel (2006) except that 𝑅 represents the recycled waste in Pittel et 

al (2010). 
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The decentralized economy here is assumed to be the worst case with all the above market 

failures, while the socially optimal economy internalizes all the externalities. In order to 

derive the socially optimal solution, the social planner maximizes the discounted lifetime 

utility of a representative household subject to the production technology as well as the 

dynamic constraints of the stock of capital 𝐾, the stock of the virgin non-renewable resource 

𝑆 and the stock of waste 𝑊. Equation (a) in Table 3.2 indicates a no-arbitrage condition that 

the value of a unit of output bound in the capital stock must equal the value brought by this 

output unit when it is used for consumption. The latter one is composed of the marginal utility 

generated from consumption 𝑈′𝑒−𝜌𝑡 and the potential marginal Recycling Value of the by-

product of Consumption 𝜃𝑚 (RVC). In comparison with equation (a’), the reflux of materials 

is considered and a correction of the investment plan of the representative household is made 

in a socially optimal economy. 

Equations (b)-(d) in Table 3.2 indicate that the net costs of a marginal input unit (shown by 

the left-hand side) must equal the benefits brought by it (shown by the right-hand side). Of 

one unit of virgin/recycling input, 𝑐 returns to the waste pile after consumption. Since virgin 

resource extractors and recycling firms “rent” this part to final output producers, the term 𝜃𝑐 

on the left-hand side of equations (b)-(c) is viewed as the “Rental” Element in the pricing of 

virgin/Recycling input (RER). It is shown here that the opportunity costs of using virgin 

resources and recycled waste should be reduced due to the reflux of materials. The second 

terms on the right-hand side of equations (b)-(d) represent the potential marginal Recycling 

Value of the respective inputs in Production (RVP) which reduce the benefits brought by a 

marginal input unit to final output producers. 

Equations (e-g) and (e’-g’) show that it is optimal to exhaust both the virgin resource stock 

and the waste stock in the long run, either in the socially optimal economy or in the 

decentralized economy. It is reasonable because both virgin resources and recycled waste are 

valuable. Additionally, for the capital stock, equations (g) and (g’) imply that its shadow price 

approaches to zero when time goes to infinity. It is also reasonable because large amounts of 

capital will build up in the long run, leading to the reduction of the opportunity costs of using 

it. 

As mentioned above in Subsection 3.3.1, solving the optimization problem of the household 

sector in the decentralized economy results in the standard KRR. In the socially optimal 

economy, an additional term which accounts for the effects of recycling and the material 
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balance condition arises on the right-hand side of the standard KRR. The two material inputs 

show a development which follows the standard Hotelling rule in the decentralized economy. 

In comparison, an additional term which reflects the effects of the material reflux appears on 

the right-hand side of the standard Hotelling rule in the socially optimal economy. 

With respect to the long-run growth, it can be seen that the growth rates of consumption, 

capital, output and the use of the two material inputs along the decentralized BGP are the 

same as those along the socially optimal BGP. It means that the long-run dynamics is not 

affected by the market failures associated with recycling in a model with exogenous 

technological progress and a Cobb-Douglas production technology. Additionally, the long-run 

dynamics is independent of the initial resource endowment, either along the socially optimal 

BGP or along the decentralized BGP. However, the market failures do affect the levels of 

consumption, recycling and output. Since the consumption share of output 𝑐 =
𝐶

𝑌
 reflects the 

share of materials that end up on the waste heap after consumption, this ratio can also be 

called “reflux rate”. As can be seen in Table 3.2, the reflux rate along the decentralized BGP, 

i.e. 𝑐𝐷 , is lower than that along the socially optimal BGP, i.e. 𝑐∗ . 𝑍0 = |𝑔𝑍|𝑆0  and 𝑅0 =

|𝑔𝑍|
𝑊0+𝑐𝑆0

1−𝑐
 hold both along the socially optimal BGP and the decentralized BGP

54
. Since the 

growth rates of virgin resource extraction 𝑔𝑍 are the same in both regimes, the whole virgin 

resource extraction path of the decentralized economy is just the optimal one. 𝑅0 increases 

strictly with 𝑐. Therefore, 𝑐∗ > 𝑐𝐷 implies that 𝑅0
∗ > 𝑅0

𝐷. Since the growth rates of recycling 

𝑔𝑅 are the same in both regimes, the whole recycling path of the decentralized economy is 

lower than that of the socially optimal economy. As the identical capital accumulation path 

arises in both regimes, it is the insufficient waste use which leads to a suboptimal low output 

level in the decentralized economy. 

Economic policies are required to correct for the externalities caused by the market failures 

associated with recycling. Pittel et al (2010) propose two systems of incentives, one for 

households and final output producers, the other for virgin resource extractors and recycling 

firms. By adding a market for unrecycled waste, the value of the waste is internalized and 

                                                 
54 Since the growth rate of virgin resource extraction 𝑔𝑍 < 0 is a constant along any BGP and ∫ 𝑍

∞

0
𝑑𝑡 = 𝑆0, 𝑍0 = |𝑔𝑍|𝑆0 is 

easy to derive. ∫ �̇�𝑑𝑡
∞

0
= −(1 − 𝑐) ∫ 𝑅

∞

0
𝑑𝑡 + 𝑐 ∫ 𝑍

∞

0
𝑑𝑡 holds along any BGP. As ∫ �̇�𝑑𝑡

∞

0
= −𝑊0, then ∫ 𝑅

∞

0
𝑑𝑡 =

𝑊0+𝑐𝑆0

1−𝑐
. 

As the growth rate of recycling 𝑔𝑅 < 0 is a constant and equal to that of virgin resource extraction 𝑔𝑍 both along the socially 

optimal BGP and the decentralized BGP,  𝑅0 = |𝑔𝑍|
𝑊0+𝑐𝑆0

1−𝑐
 can then be derived. 
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RVC and RVP are corrected for. By introducing a subsidy system for virgin resource 

extractors and recyclers, the rental element in the pricing of the virgin/recycling inputs, i.e. 

RER, can be corrected for. 

The market failures associated with recycling considered in Pittel et al (2010) include the 

absence of a market for unprocessed waste and the failure of virgin resource extractors and 

recyclers to internalize the effects of their supply decisions on the future availability of 

materials. Through a general equilibrium model with exogenous technical progress and a 

Cobb-Douglas production technology, Pittel et al (2010) demonstrate that the existence of the 

above market failures leads to insufficient waste use and thus the suboptimal low level of 

economic activities in the decentralized economy. In order to achieve the social optimum, 

Pittel et al (2010) think that two systems of incentives must be introduced. A raw waste 

market is introduced to correct for the externalities on the household and final output producer 

side, and subsidies are introduced to correct for the market failures on the virgin resource 

extractor and recycling firm side. One highlight of Pittel et al (2010) is that it focuses on the 

positive effect of waste on the sustainable economic development. Moreover, it presents new 

dynamic externalities associated with recycling by introducing the material balance condition 

that describes the dynamics of the waste stock. An entirely new perspective on the 

“dematerialization” problem is shown here. 

3.4 Equilibria of Exhaustible Resource Markets with Recycling 

Now it comes to the most important theory in this work which will be tested in the next 

chapter. Boyce (2012) builds a partial equilibrium model based on the basic Hotelling rule to 

describe the competitive equilibrium of an exhaustible resource market with recycling 

activities. In his model, he separates recycling into two distinct activities -- sorting 

recyclable materials from the waste stream into recycled stocks and converting recycled 

materials into final products. This separation is very important because it gives answers to the 

question when recycling is economic and thus can take place. Moreover, virgin and recycled 

stocks are perfect substitutes differentiated only by their costs. Based on Herfindahl’s least-

cost-first principle, it is optimal and also a market equilibrium that the stock with lower cost 

will be fully exhausted before the stock with higher cost is employed. However, neither of 

these two stocks is an essential input to final production in this model due to the existence of a 

backstop technology available at an even higher cost. Boyce (2012) emphasizes two 

important constraints which can affect the recycling equilibrium in a non-renewable resource 
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market. First, the quantity of recyclable materials which can be sorted from the waste stream 

into recycled stocks is constrained by the inflow to the waste stream. Second, when there is no 

recycled stock, either due to resource exhaustion or zero initial endowment, production from 

recycled stocks is constrained by the inflow of recyclable materials from the waste stream. In 

the following, the notation will be introduced first (in Subsection 3.4.1). Five subpaths which 

are components of the competitive equilibria of exhaustible resource markets with recycling 

activities will then be explained (in Subsection 3.4.2). With the five subpaths, the equilibrium 

sequences under different initial conditions can be derived (in Subsection 3.4.3). 

3.4.1 Notation of Boyce’s Exhaustible Resource Market Model 

The dynamics of virgin stocks in this model can be described as follows: 

𝑑𝑆𝑡

𝑑𝑡
≡ 𝑆�̇� = −𝑞𝑡                 𝑆0 > 0,                                          (3-21) 

where 𝑆𝑡 denotes the quantity of virgin stocks remaining at time 𝑡 and 𝑞𝑡 denotes production 

from virign stocks at time 𝑡. Initial virgin stocks are positive. Equation (3-21) states that 

virgin stocks are depleted by the production from them. The production cost from virgin 

stocks is 𝛼 > 0. 

In comparison, the quantity of recycled stocks is affected not only by the production from 

them, but also by the inflow of recycled materials which is sorted from the waste stream. The 

dynamics of recycled stocks can therefore be described as: 

𝑑𝑅𝑡

𝑑𝑡
≡ 𝑅�̇� = 𝑥𝑡 − 𝑦𝑡                𝑅0 ≥ 0,                                    (3-22) 

where 𝑅𝑡 denotes the quantity of recycled stocks at time 𝑡, 𝑥𝑡 denotes the inflow of recycled 

materials and 𝑦𝑡 denotes production from recycled stocks. There may be no recycled stocks at 

the beginning. The production cost from recycled stocks is 𝛽 > 0. 

It is assumed in this model that recycled stocks can be accumulated only as they pass through 

the waste stream. The materials which are not recycled will go into landfills and no longer be 

used in production. The maximum proportion of recyclable materials in final production is 

0 < 𝛿 < 1. Now the two important constraints mentioned above can be formulated. The total 

production at time 𝑡 is (𝑞𝑡 + 𝑦𝑡). It is assumed that consumers use final goods only for an 

instant, which implies that all production becomes available for recycling in an instant. 
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Therefore, the quantity of recyclable materials that can be sorted from the waste stream has to 

satisfy 

                                                            𝑥𝑡 ≤ 𝛿(𝑞𝑡 + 𝑦𝑡).                                                      (3-23) 

When recycled stocks are positive, production from them, i.e. 𝑦𝑡, is bound only by the current 

quantity of recycled stocks 𝑅𝑡 > 0. In the absence of recycled stocks, production from them is 

constrained by the inflow rate, i.e. 

                                                    𝑦𝑡 ≤ 𝑥𝑡             𝑤ℎ𝑒𝑛 𝑅𝑡 = 0.                                           (3-24) 

The above two constraints affect the recycling equilibria in the way that when they bind, they 

prevent profitable sorting or production activities from occurring more. Therefore, during 

these “blocked” intervals, recycled stock owners are willing to pay a premium for the sorted 

waste. The marginal cost of sorting recyclable materials from the waste stream is 𝛾 > 0. 

Utility can be obtained only from consumption and the utility function can thus be described 

as 𝑢(𝑞𝑡 + 𝑦𝑡) with 𝑢(0) = 0, 𝑢′(. ) > 0 and 𝑢′′(. ) < 0. By using a backstop technology, a 

perfect substitute can be produced and supplied in unlimited quantities at price �̅� < +∞. Thus, 

the choke price of the final goods produced from the non-renewable resource is 𝑢′(0) = �̅�. To 

make sure that the entire exhaustible resource stock is exhausted in finite time, Boyce (2012) 

assumes that the production costs from virgin and recycled stocks, i.e. 𝛼 and 𝛽, are both lower 

than �̅�. Additionally, to see how recycling affects the equilibrium of a non-renewable resource 

market, Boyce (2012) focuses on the case when 𝛽 + 𝛾 < �̅� holds. Storage costs and landfill 

costs are not considered. 

3.4.2 Five Subpaths – Components of Competitive Equilibria 

According to which stock is being used in final production at each instant in time and whether 

sorting activities occur simultaneously, five subpaths can be distinguished which could be 

used to describe the competitive equilibria of exhaustible resource markets with recycling 

activities. Subpath S describes the case when final output is produced using virgin stocks and 

no sorting from the waste stream into recycled stocks occurs. The equilibrium along this 

subpath can be described as follows: 

𝑓𝑜𝑟 𝑡 ∈ 𝑺:                            𝑝𝑡 = 𝑢′(𝑞𝑡) = 𝛼 + 𝜆0𝑒𝑟𝑡 ≤ 𝛽 + 𝜇0𝑒𝑟𝑡                                 (3-25a) 

and                       𝛾 ≥ 𝜇0𝑒𝑟𝑡,                                                 (3-25b) 
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where total production is 𝑞𝑡 = 𝑢′−1(𝛼 + 𝜆0𝑒𝑟𝑡). 

Due to the consideration of production and sorting costs, the equilibrium price paths in Boyce 

(2012) follow a modified Hotelling rule which includes the production and sorting costs 

incurred. 𝜆0𝑒𝑟𝑡  and 𝜇0𝑒𝑟𝑡  (𝜇𝑡𝑒𝑟𝑡  in subpath SRx) denote the current value of virgin and 

recycled stocks which rises exponentially at the interest rate 𝑟. Equation (3-25a) ensures that 

along subpath S, virgin stock owners are indifferent to where to produce, but recycled stock 

owners do not want to produce during this interval. Sorting activities occur only when the 

current value of recycled stocks exceeds the sorting cost. Therefore, inequality (3-25b) 

implies that no gross accumulation to recycled stocks occurs, since the sorting cost is higher 

than the value of recycled stocks. Over subpath S, recycled stocks remain unchanged, but 

virgin stocks decrease at rate 𝑆�̇� = −𝑞𝑡. 

Subpath R describes the case when final output is produced using recycled stocks and no 

sorting from the waste stream into recycled stocks takes place. Similarly, the equilibrium 

along subpath R can be expressed as:  

𝑓𝑜𝑟 𝑡 ∈ 𝑹:                           𝑝𝑡 = 𝑢′(𝑦𝑡) = 𝛽 + 𝜇0𝑒𝑟𝑡 ≤ 𝛼 + 𝜆0𝑒𝑟𝑡                                 (3-26a) 

and                        𝛾 ≥ 𝜇0𝑒𝑟𝑡,                                                 (3-26b) 

where total production is 𝑦𝑡 = 𝑢′−1(𝛽 + 𝜇0𝑒𝑟𝑡) . Over subpath R, virgin stocks remain 

unchanged, while recycled stocks decrease at rate �̇�𝑡 = −𝑦𝑡. 

In subpath Sx
55

, final output is still produced using virgin stocks, as in subpath S, but sorting 

from the waste stream into recycled stocks now occurs. The equilibrium along this subpath 

can be then described as:   

𝑓𝑜𝑟 𝑡 ∈ 𝑺𝒙        𝑝𝑡 = 𝑢′(𝑞𝑡) = 𝛼 + 𝛾𝛿 + (𝜆0 − 𝛿𝜇0)𝑒𝑟𝑡 ≤ 𝛽 + 𝛾𝛿 + 𝜇0(1 − 𝛿)𝑒𝑟𝑡      (3-27a) 

                         and                                        𝜇0𝑒𝑟𝑡 ≥ 𝛾,                                                   (3-27b) 

where total production is 𝑞𝑡 = 𝑢′−1(𝛼 + 𝛾𝛿 + (𝜆0 − 𝛿𝜇0)𝑒𝑟𝑡) .  

Equation (3-27a) ensures that virgin stock owners are indifferent to where to produce along 

subpath Sx, but recycled stock owners would not like to produce during this interval. 

                                                 
55 In each subpath, the stock(s) being used in final production is indicated first (S -> virgin stocks and R -> recycled stocks). 

When sorting activities occur, an x follows the stock(s) being used in final production. 
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Inequality (3-27b) implies that gross accumulations to recycled stocks take place, since the 

value of recycled stocks is greater than the sorting cost. It is worth noting that, in comparison 

with the equilibrium price paths in the case of no accumulations to recycled stocks, an 

additional term 𝛿(𝜇0𝑒𝑟𝑡 − 𝛾) arises which reflects the payments earned from recovering the 

share 𝛿 of production. Moreover, over subpath Sx, recycled stocks increase at rate 𝑅�̇� = 𝛿𝑞𝑡, 

since sorting activities are now profitable and constraint (3-23) thus binds, i.e. 𝑥𝑡 = 𝛿𝑞𝑡 . 

Virgin stocks decrease at rate �̇�𝑡 = −𝑞𝑡 as in subpath S.  

In subpath Rx, final output is still produced using recycled stocks, as in subpath R, but sorting 

from the waste stream into recycled stocks now takes place. Similarly, the equilibrium along 

this subpath can be expressed as: 

𝑓𝑜𝑟 𝑡 ∈ 𝑹𝒙       𝑝𝑡 = 𝑢′(𝑦𝑡) = 𝛽 + 𝛾𝛿 + 𝜇0(1 − 𝛿)𝑒𝑟𝑡 ≤ 𝛼 + 𝛾𝛿 + (𝜆0 − 𝛿𝜇0)𝑒𝑟𝑡       (3-28a) 

and                                          𝜇0𝑒𝑟𝑡 ≥ 𝛾,                                                  (3-28b) 

where total production is 𝑦𝑡 = 𝑢′−1(𝛽 + 𝛾𝛿 + 𝜇0(1 − 𝛿)𝑒𝑟𝑡) . Over subpath Rx, recycled 

stocks decrease at rate �̇�𝑡 = −(1 − 𝛿)𝑦𝑡, since constraint (3-23) binds, implying 𝑥𝑡 = 𝛿𝑦𝑡 in 

this case. Virgin stocks remain unchanged as in subpath R. 

In subpath SRx, both stocks are used in production and sorting from the waste stream into 

recycled stocks takes place. This subpath can arise only when the following three conditions 

are all met: (i) the marginal production cost from recycled stocks is lower than that from 

virgin stocks, (ii) the value of recycled stocks is greater than the sorting cost, and (iii) 𝑅𝑡 = 0 

over the interval. Therefore, virgin stocks are also utilized along this subpath, as all recycled 

stocks are used up first and immediately. Constraint (3-24) binds, i.e. 𝑦𝑡 = 𝑥𝑡, and the current 

value of recycled stocks can be described by 𝜇𝑡𝑒𝑟𝑡, where 
 𝜇𝑡 may not be a constant like 𝜇0. 

The equilibrium along this subpath can be described as follows:   

𝑓𝑜𝑟 𝑡 ∈ 𝑺𝑹𝒙              𝑝𝑡 = 𝑢′(𝑞𝑡 + 𝑦𝑡) = (1 − 𝛿)𝛼 + 𝛿(𝛽 + 𝛾) + (1 − 𝛿)𝜆0𝑒𝑟𝑡           (3-29a) 

                                  and                                     𝜇𝑡𝑒𝑟𝑡 ≥ 𝛾,                                              (3-29b) 

where total production is 𝑞𝑡 + 𝑦𝑡 = 𝑢′−1[(1 − 𝛿)𝛼 + 𝛿(𝛽 + 𝛾) + (1 − 𝛿)𝜆0𝑒𝑟𝑡]. Inequality 

(3-29b) implies that gross accumulations to recycled stocks occur during this interval. It can 

be seen from equation (3-29a) that the price is equal to the weighted sum of the marginal 

production and sorting costs generated by each material input, plus the scarcity rental cost of 

the production from virgin stocks. Since sorting from the waste stream into recycled stocks is 
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profitable during this interval, constraint (3-23) binds, implying 𝑥𝑡 = 𝛿(𝑞𝑡 + 𝑦𝑡). Combined 

with 𝑦𝑡 = 𝑥𝑡 , it can be derived that the production shares from each material input are 

constant during subpath SRx: 

                                       
𝑞𝑡

𝑞𝑡+𝑦𝑡
= 1 − 𝛿   and   

𝑦𝑡

𝑞𝑡+𝑦𝑡
= 𝛿,      𝑓𝑜𝑟 𝑡 ∈ 𝑺𝑹𝒙.                          (3-30) 

Thus, in subpath SRx, virgin stocks decrease at rate 𝑆�̇� = −𝑞𝑡 = −(1 − 𝛿)(𝑞𝑡 + 𝑦𝑡), while 

recycled stocks are always zero. 

3.4.3 Equilibrium Sequences under Different Initial Conditions 

In the following, how initial conditions such as the size of initial virgin and recycled stocks 

and the level of the sorting cost affect the equilibrium of an exhaustible resource market will 

be shown. Two scenarios are distinguished according to which stock is the least-cost source. 

The scenario in which recycled stocks are the least-cost source will be introduced first. Then 

the possible equilibria of the second scenario in which virgin stocks have lower costs will be 

shown. 

3.4.3.1 The Least-Cost Source: Recycled Stocks 

When the marginal production cost from recycled stocks is lower than that from virgin stocks, 

i.e. 𝜷 < 𝜶, recycled stocks will be exhausted before virgin stocks are used in final production. 

Therefore, the equilibria in which sorting activities take place must end in subpath SRx. Table 

3.3 summarizes all possible equilibria in this scenario. 

Table 3.3 Possible equilibrium sequences in the case when 𝛽 < 𝛼 
56

 

Source: Boyce (2012), p. 21 

 

                                                 
56 Boyce (2012) proves that equilibrium sequence R -> S -> SRx does not exist. 
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In the case of a low sorting cost relative to the value of recycled stocks, sorting activities take 

place from the very beginning to the end. In the absence of initial recycled stocks, subpath 

SRx occurs directly. “% Gain” measures how much of the potential resource supply, i.e. 
𝑆0+𝑅0

1−𝛿
, 

is achieved by recycling. For the case when sorting activities occur along the entire 

equilibrium sequence, the potential resource supply must be fully consumed and “100% Gain” 

is thus achieved. 

If the sorting cost is high relative to the value of recycled stocks, sorting activities cannot 

occur immediately, even though recycled stocks are now the least-cost source. Especially 

when there are no initial recycled stocks, only virgin stocks can be used in production at the 

beginning and no sorting from the waste stream into recycled stocks occurs until the value of 

recycled stocks is greater than the sorting cost. This equilibrium sequence is thus S -> SRx. 

Since sorting activities do not occur from the very beginning in the case of high sorting costs, 

total consumption must be less than the potential resource supply 
𝑆0+𝑅0

1−𝛿
 and “100% Gain” thus 

cannot be achieved. 

If the sorting cost is so high that sorting activities are always unprofitable, no gross 

accumulations into recycled stocks can occur. Production is determined only by the initial 

endowment of both stocks and “No Gain” is achieved. 

3.4.3.2 The Least-Cost Source: Virgin Stocks 

When the marginal production cost from virgin stocks is lower than that from recycled stocks, 

i.e. 𝜶 < 𝜷, virgin stocks will be exhausted before recycled stocks are employed in production. 

In this scenario, constraint (3-24) for production from recycled stocks cannot bind. However, 

constraint (3-23) for sorting activities can bind, as long as sorting ever becomes profitable. 

Table 3.4 presents all possible equilibria in this scenario. 

Table 3.4 Possible Equilibrium Sequences in the case when 𝛼 < 𝛽 

Source: Boyce (2012), p. 29 
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When 𝛾  is sufficiently low, sorting activities take place from the very beginning and 

equilibrium sequence Sx -> Rx occurs. The potential resource supply  
𝑆0+𝑅0

1−𝛿
 is fully consumed. 

It is noteworthy that recycling takes place for speculative purposes in subpath Sx. During this 

subpath, only sorting activities occur, but with no immediate production from recycled stocks. 

Recycled stock owners can only earn capital gains on their investment, and their cash flows 

are negative due to their payments for each unit of recycled waste. Only when recycled stocks 

are used in final production, i.e. subpath Rx occurs, recycled stock owners finally obtain 

positive cash flows. In other words, recycling firms earn normal return rates in equilibrium, 

but only in terms of the whole sequence. However, subpath Sx can hardly occur in the real 

world due to a potential market failure. During this interval, virgin stock owners have positive 

cash flows today and capital gains tomorrow, while recycled stock owners get only promises 

from their recycled stocks which are far into the future. Additionally, the cash flows of 

recycled stock owners are negative during this interval, since they must pay for the sorted 

waste. Therefore, those who accumulate recycled stocks during this interval must have perfect 

market senses and strong nerves. However, this perfect foresight equilibrium could easily be 

spoiled by capital market imperfections, and such equilibrium can thus hardly be observed in 

real life. 

When 𝛾  is relatively high, sorting activities cannot take place from the beginning and 

equilibrium sequence S -> Sx -> Rx occurs in which the potential resource supply  
𝑆0+𝑅0

1−𝛿
 is 

only partially consumed. The same equilibrium sequence may arise when 𝛾 is very high but 

there is no initial recycled stock. 

When 𝛾 is very high and initial recycled stocks are positive, sorting activities may not occur 

until all virgin stocks and part of recycled stocks have been exhausted. This equilibrium 
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sequence is S -> R -> Rx. Since sorting activities occur so “late” in this equilibrium, the 

potential resource supply 
𝑆0+𝑅0

1−𝛿
 is not fully consumed. 

If 𝛾 is too high, sorting activities may be unprofitable forever and no accumulations into 

recycled stocks can occur. In this case, final production depends only on the initial 

endowment of both stocks and the resource potential created by recycling is not exploited at 

all. 

3.4.4 Important Conclusions 

One highlight of Boyce (2012) is that he describes the competitive equilibrium of an 

exhaustible resource market with recycling activities under different initial conditions. 

Moreover, by separating recycling into two distinct activities -- accumulating recycled stocks 

through sorting recyclable materials from the waste stream and converting recycled materials 

into final goods, the author answers the question when recycling is economic and can thus 

occur. The main findings of Boyce (2012) can be summarized as follows. First, sorting 

activities do not occur until the value of recycled stocks is higher than the sorting cost. 

Second, when the cost of converting recycled stocks into final products is lower than that of 

virgin stocks, a paradox may arise. In the case of a high sorting cost, sorting activities may 

take place at a late point in time, although recycled stocks are the least-cost source. Especially 

in the absence of initial recycled stocks, production can even come from the higher-cost 

virgin stocks first and no accumulation into recycled stocks occurs at the beginning. Third, 

when the cost of converting recycled stocks into final goods is higher than that of virgin 

stocks, a case may arise: sorting activities take place, but the current production comes 

entirely from virgin stocks. During this interval, sorting from the waste stream into recycled 

stocks is purely speculative, since recycled stocks are expected to be competitive after the 

exhaustion of virgin stocks. However, this purely speculative activity can hardly be observed 

in the real world due to its negative cash flows today that are compensated only by capital 

gains tomorrow. 

3.5 Is The Stimulation of Recycling Always A Good Idea? 

Baumol (1977) suggests that decisions on recycling should be made with more caution, since 

recycling can also lead to environmental pollution and may consume more materials than it 

saves.  
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First, Baumol (1977) points out that recycling is actually not a simple task in practice. Some 

recycled products are inferior to their corresponding virgin products, and many items are not 

easily or even cannot be recycled due to the absence of satisfactory separation methods and 

technologies. Furthermore, recycling processes also consume material, human and financial 

resources. 

Second, Baumol (1977) notes that in a free market without any externalities, the competitive 

general equilibrium must take the relative cost and quality of virgin and recycled materials 

fully into account and generate an optimal volume of recycling. In this case, an exogenous 

stimulation of recycling would reduce social welfare. Since solid waste disposal does lead to 

negative externalities in the real world, the existence of these externalities may reverse the 

above conclusion. As shown in Section 3.2, the exogenous stimulation of recycling is indeed 

required to internalize the related externalities. However, recycling should also be carried out 

at its optimal level so as to achieve the socially efficient outcome. Furthermore, Baumol 

(1977) points out that increased recycling does not necessarily achieve a net reduction in 

externalities because recycling activities themselves may also generate significant negative 

externalities. Whether recycling processes generate fewer negative externalities than 

unrecycled wastes requires further investigation. 

Third, Baumol (1977) suggests that decisions on subsidizing recycling activities should be 

made more carefully. Although these subsidies are intended to encourage recycling behavior 

and reduce environmental damage, they may generate adverse incentives for firms, since it 

seems more profitable to enter the industries which can cause environmental damage. If a 

recycling bonus is given to the customers of the firms which produce their goods from virgin 

materials, the demand for the goods may also be stimulated, which exacerbates the 

consumption of virgin materials and the generation of waste. 

Fourth and last, Baumol (1977) questions this view that recycling can definitely succeed in 

stretching out the supply of scarce resources. As mentioned above, recycling also consumes 

resources, which makes the sign of its marginal net product uncertain. Baumol (1977) builds a 

model in which, all other things being equal, an exogenous stimulation of recycling always 

decreases resource supply. Oil is used as an example of scarce resources in this model. Both 

virgin and recycled oil are produced in the economy and they have identical quality. If all 

other outputs are held unchanged, the supply possibility locus of virgin and recycled oil can 

be described by curve 𝑇𝑇′ in Figure 3.7, which is composed of all possible combinations of 

the remaining inventory of virgin and recycled oil after all other outputs have been produced. 
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In the absence of price discrimination, the identical quality of the two oils makes them have 

the same price. Therefore, all points representing a certain quantity of oil supply form a 

straight line which slopes downward at a 45° angle to the horizontal axis. The tangent point, 

i.e. point 𝑀, of such a line to the supply possibility curve 𝑇𝑇′ achieves the maximum possible 

oil supply. In the case of pure competition, the economy will eventually stabilize at point 𝑀. 

If some measures are taken to increase recycling, the economy will move inside the supply 

frontier when all other outputs are unchanged. In this model, the economy will move from 

point 𝑀 to a point to its right (e.g. point 𝑁) so that recycled oil increases. However, the total 

oil supply will decrease (from 𝐴𝐴′  to 𝐵𝐵′). It is always true in this model that increased 

recycling will reduce the total supply of oil in the society when all other outputs remain 

unchanged
57

. 

 

Figure 3.7 Supply possibilities of virgin and recycled oil 

Source: Baumol (1977), p. 86 

In summary, recycling decisions should not be made simply by prejudgment and emotion. 

The critical question is whether increased recycling is worthwhile on balance. In any case, 

this issue requires more reflection and further investigation. 

3.6 A Brief Summary of Recycling Theories 

To sum up, there are two externalities associated with waste which are easy to neglect or 

misvalue: its negative environmental externalities and positive economic externalities (i.e. its 

                                                 
57 A point worth mentioning here is that the assumption that all other outputs are held unchanged is very important to this 

model. If a decrease in other outputs is possible, an expansion of recycling may also increase the total supply of oil at the end 

of the process. 
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positive effect on the sustainable economic development). Recycling can be used to 

internalize these two externalities. However, the recycled materials are also non-renewable 

resources, since the maximum possible recycling rate is generally far less than 100%. 

Therefore, the scarcity of the virgin and recycled materials should be considered when they 

are priced. It can be seen that most of the literature on recycling focuses on the positive 

aspects of recycling activities, i.e. decreasing the amount of waste and improving the 

efficiency of resources. 

By contrast, too few articles and theories address the social costs (e.g. negative environmental 

impacts) of recycling, its potential adverse incentives for individuals and firms, and the 

possibility that recycling may consume more resources than it saves. However, these negative 

aspects of recycling deserve more attention and further investigation because ignoring them 

may lead to the exact opposite of what policies expect. Therefore, it is hoped that more 

articles and models will focus on the possible negative effects and incentives of recycling in 

the future, which could bring theories closer to reality and lead to more effective policies.  
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4 Experimental Studies 

As mentioned above, the experimental part of this work focuses on the competitive 

equilibrium of an exhaustible resource market with recycling activities. In the following, the 

application of laboratory investigation in economics will be introduced first (in Section 4.1). 

A simplified model of Boyce (2012), which is the theoretical basis of the experiments of this 

work, will then be presented (in Subsection 4.2.1). The chosen experimental institution is a 

version of the double auction which is one of the most extensively studied institutions by 

experimentalists. Since the competitive equilibrium outcomes have been proved to be robust 

in double auctions, it is strongly recommended to test the theories based on the assumption of 

competitive markets in this institution. An overview of this institution can be found in 

Subsection 4.2.2. The conducted treatments and the experimental results will be shown in turn 

(from Subsection 4.2.2 and Section 4.4). 

4.1 Experimentation 

Laboratory investigation has long been favored by the scientific community because it 

enables the interchange between theory and evidence. Economics was once distinguished 

from the traditional “hard” sciences such as physics and chemistry by the limited capacity for 

theory evaluation. Physicists and chemists have long used controlled laboratory experiments 

to evaluate and refine their theoretical propositions, while economists have traditionally 

developed and tested theories based on data gathered from complex natural markets. However, 

as Davis and Holt (1993b) say,  

“…… there is no reason why economics cannot also become a laboratory science. Although 

humans are neither chemical processes nor molecules, human behavior can be observed 

objectively and replicated in a controlled context.” 

A definition for an economics laboratory experiment is given by Erlei (2014):
58

 

“In economics laboratory experiments, decision-making or interaction structures are set up in 

which people (the subjects) make decisions under established rules. The resulting monetary 

consequences will later be paid in real money.” 

                                                 
58 The original definition is written in German. This is the corresponding English version. 
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Smith (1994) specifies the ingredients of an economics laboratory experiment. First, 

experimental environment specifies initial endowments, preferences and costs, which is 

controlled by monetary rewards to induce the desired results. Second, experimental 

institution defines the communication language (e.g. bids, offers and acceptances), the rules 

controlling the information exchange, and the rules governing the formation of binding 

contracts. It is described in experimental instructions and controlled by computers during the 

experiments. Third, experimental behavior of the participants is actually a function of the 

experimental environment and institution. 

Experimental approach has two advantages over traditional field research. First, experiments 

can be reproduced by other researchers and the findings can therefore be independently 

verified. This replicability provides an incentive for careful collection and analysis of relevant 

data (see Davis & Holt (1993a)). The risk that the experimenters may influence or even want 

to influence the behavior of the participants, which is also called “experimenter demand 

effects”, is greatly reduced by the possibility of replicating the experiments (see Zizzo (2010)). 

The interpretability and thus the internal validity of economics experiments can therefore be 

ensured. By contrast, data from natural markets generally occur in a unique spatial and 

temporal context that is difficult to replicate as various factors are constantly changing. 

Additionally, economic data are typically collected by governments or businessmen for their 

own purposes and it is therefore often difficult to verify the quality of field data collection and 

processing adequately. These two drawbacks of field research can be largely avoided by 

laboratory methods (see Davis & Holt (1993a)). It should be noted, however, that in order to 

achieve the replicability provided by experimental approach, economists need to clearly 

describe their experiments and share the instructions (see Neumann (2015)).  

Second, laboratory conditions can be controlled so that the behavior of the participants can 

be used to evaluate various theories and policies. Various problems may arise during data 

collection from natural markets. For example, the relevant data are missing, or the collected 

data are so imprecise that they are not distinguished for alternative theories. Sometimes, the 

relevant data can be collected only in an indirect and costly manner, or they even cannot be 

collected as the economic situation which conforms to the assumptions of a certain theory 

cannot be found in reality. Moreover, due to the complexity of most natural markets, some 

parameters or functions can only be measured or estimated based on one or more 

simplifications and assumptions. As a result, the persuasiveness of the findings may be 

largely reduced (see Davis & Holt (1993a)). In a word, the uncontrollability of the real world 
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may limit the availability or the quality of the data used for economic research and call into 

question the validity of the research results (see Neumann (2015)). In contrast, with the 

controllability provided by laboratory methods, certain variables become observable and the 

number of simplifications and assumptions is also greatly reduced (see Davis & Holt (1993a)). 

Moreover, the experimenter knows the entire experiment and can decide what information the 

subjects need to know during the experiment. Therefore, the experimenter can calculate the 

theoretical equilibrium accurately ex ante and evaluate it based on subsequently collected data 

(see Neumann (2015); Davis & Holt (1993a); Davis & Holt (1993b)). Additionally, 

experimental methods can test theories or hypotheses by changing some conditions and 

parameters with all other things being equal. In other words, the controllability provided by 

laboratory investigation allows a great deal of flexibility and can significantly reduce the 

unwanted influences which hinder research (see Neumann (2015) and Davis & Holt (1993b)). 

Hence, the degree of control over the experiments determines the internal validity of the 

experimental results. 

However, the economics laboratories are usually criticized for the following two plausible 

“shortcomings”: 

 The economic situations studied in the economics laboratories are usually the highly 

simplified variants of the real markets. 

 The participants in the economics laboratories are usually college students who are less 

sophisticated or professional than the decision makers in the relevant models and markets 

and are generally motivated by small financial rewards. 

However, the interactions among these “naïve” decision makers in these simplified situations 

have given economists a lot of surprises. With laboratory investigation, various theories can 

be tested separately, and it has been shown that unregulated decentralized markets can indeed 

solve complex production and allocation problems in a very efficient way (see Davis & Holt 

(1993b)). 

The above two criticisms actually question the extent to which the conclusions derived in 

economics laboratories can apply to other situations, i.e. the external validity of economics 

experiments. The first criticism of experimentation argues that laboratory environments are 

often too simple to provide useful information on the human decisions made in a much more 

complicated natural world. However, it should be noted that it is economic theories which are 

evaluated in economics laboratories. They are extremely simplified forms of the complex 
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natural world and they should take into account all factors that have systemic effects. 

Therefore, an evaluation process should begin in the domain of the relevant theory and all 

structural assumptions should be implemented. Even though a theory works in laboratories, it 

does not mean that it can explain the behavior in the real world. However, if a theory fails to 

work under such ideal circumstances provided by laboratories, there is little reason to believe 

that the theory is a good explainer of behavior. In this context, this criticism should be 

directed less at experimental methods than at economic theories (see Davis & Holt (1993a) 

and (1993b)). 

The second criticism of laboratory methods involves the so-called “subject pool bias”. It 

actually expresses concern that the behavior or the decisions of undergraduates or MBA 

students who comprise most subject pools may not be representative and the research results 

may therefore be distorted. Davis and Holt (1993a) point out that this criticism is more 

important for some special types of experiments than for others and it is actually an argument 

about the selection of experiment participants rather than about the general usefulness of 

laboratory methods. If there is any doubt whether the agents in relevant markets act the same 

as undergraduates, a treatment variant with professionals can then be conducted to test this 

doubt (see Neumann (2015)). However, in a variety of studies that compared the laboratory 

behavior of students and relevant professionals, there is generally no significant difference in 

performance across subject pools
59

. 

With respect to the applications of economics experiments, Smith (1994) gives seven 

important aspects. First of all, experiments can be used to test a theory by comparing its 

predictions with the experimental observations. Second, experiments can be conducted to find 

out the reasons why a theory fails and the anatomy of the failure is useful for modifying the 

theory. Third, empirical regularities may be found through experiments which provide the 

basis for new theories. Fourth, different environments can be compared under the same 

institution though experiments to test the robustness of the institution. Fifth, different 

institutions with the same environments can be compared through experimental methods to 

see the comparative properties of institutions. Sixth, policy proposals can be evaluated 

through experimental methods to see e.g. which institution is more efficient or how the 

                                                 
59 Examples can be found in e.g. Mestelman and Feeny (1988), Smith et al. (1988), Dyer et al. (1989) and Exadaktylos et al. 

(2013). 



85 

 

optimal allocation can be achieved. Finally, economics laboratories can serve as a testing 

ground for new institutions. 

In this work, experimentation is mainly used to test theories. Of course, the emergence of 

experimental methods does not mean that the traditional economics research methods can be 

replaced. In fact, their relationship should be understood as complementary. When the 

traditional methods reach their limits, it has been proved time and again that experimental 

methods can bring a significant gain in knowledge (see Neumann (2015) and Davis & Holt 

(1993b))
60

. 

Experimental economics is still a younger branch of economics
61

, and the application of 

experimental methods in energy and resource economics is still rather uncommon. However, 

it is crucial that obstacles such as difficulties in obtaining real data and distortions in collected 

data do not exist for laboratory methods. Moreover, various unexpected and unwanted 

influences can be significantly reduced in economics laboratories. 

4.2 Conceptual Framework of The Experiments 

As mentioned above in Section 4.1, Smith (1994) lists three ingredients of an economics 

laboratory experiment: the experimental environment, the experimental institution and the 

experimental behavior of the participants. Only after the first two ingredients are settled, the 

experiments can be carried out to see how the participants behave. In this section, the 

experimental environment and institution will be determined so that the experimental results 

can be introduced in the next section. 

4.2.1 Theoretical Basis of The Experiments 

As mentioned above, the experimental part of this work aims to test the competitive 

equilibrium path of an exhaustible resource market with recycling activities. The theoretical 

basis of the experiments is a simplified version of Boyce (2012). In Boyce (2012), virgin and 

recycled stocks are perfect substitutes differentiated only by their production costs, and they 

                                                 
60 Davis and Holt (1993b) emphasize that experimentalists do not think that other empirical methods such as econometrics 

are useless. Econometrics enables the evaluation of theories based on the data from natural markets by using a series of 

auxiliary assumptions. By contrast, experimental approach enables more direct evaluation of theories in a simple 

environment without auxiliary assumptions. 

61 A detailed introduction to the history of experimental economics can be found in Neumann (2015). 



86 

 

are not essential inputs to production due to the existence of a backstop technology. Here in 

this theoretical basis, there is no alternative technology and these two stocks are thus essential 

inputs to final output. They are still assumed to be perfect substitutes, but with the same 

production costs, i.e. 𝜶 = 𝜷. Moreover, it is assumed here that there is no recycled stock at 

the very beginning, i.e. 𝑹𝟎 = 𝟎, while the initial virgin stock is positive, i.e. 𝑺𝟎 > 𝟎. In this 

theoretical basis, each seller is a “combination” of virgin and recycled stock owners. This 

means that they have positive virgin stocks at the very beginning of the experiments and their 

resource stocks will then be decreased by the quantities they sell and increased by the 

quantities they recycle. Another important difference from Boyce (2012) is that this 

theoretical basis is a discrete model so that a multi-period case can be implemented in the 

experiments. 

In this theoretical basis, buyers and sellers trade a non-renewable resource in a competitive 

market. On the buyer side, the gross utility from consumption in period 𝑡 is assumed to be: 

𝑈𝑡 = 𝑎𝑥𝑡 −
1

2
𝑏𝑥𝑡

2                                                         (4-1) 

with 𝑎, 𝑏 > 0, 
𝑑𝑈𝑡

𝑑𝑥𝑡
≥ 0, 

𝑑2𝑈𝑡

𝑑𝑥𝑡
2 < 0 and 𝑥𝑡 ∈ {0,1,2,3, … }. 

Such a gross utility function ensures a decreasing marginal utility with increased 

consumption. By subtracting all the prices paid to the resource units consumed in period 𝑡, the 

profit earned by each buyer in this period can be described as: 

𝜑𝑡 = 𝑎𝑥𝑡 −
1

2
𝑏𝑥𝑡

2 − ∑ 𝑝𝑖
𝑥𝑡
𝑖=1                                            (4-2) 

with 𝑖 ∈ {1,2, … , 𝑥𝑡}. 

For simplicity, it is assumed that the prices of all units consumed in one period are the same, 

i.e. 𝑝𝑖 = 𝑝𝑡. Therefore, the total profit obtained by a buyer over 𝑛 periods can be written as: 

                                                     𝜑 = ∑ (𝑎𝑥𝑡 −
1

2
𝑏𝑥𝑡

2 − 𝑝𝑡𝑥𝑡)𝑛
𝑡=1                                         (4-3) 

with 𝑡 ∈ {1,2, … , 𝑛}. 

The necessary condition for the maximization of the total profit is 
𝜕𝜑

𝜕𝑥𝑡
= 𝑎 − 𝑏𝑥𝑡

∗ − 𝑝𝑡 = 0. 

Thus, the optimal consumption quantity in period 𝑡 can be derived: 
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𝒙𝒕
∗ =

𝒂−𝒑𝒕

𝒃
 .                                                          (4-4) 

It can be seen that a potential denominator in the objective function (4-3), which describes the 

preference for the present by discounting, does not matter when the first derivative is set to 

zero. This implies that the behavior of the buyer side is independent of the interest rate. 

Therefore, to avoid unnecessary complexity in the experimental design, the buyer side does 

not need to take the discounting aspect into account in the experiments. By contrast, as can be 

seen in the following, the seller side has to consider the opportunity cost of time when they 

make decisions in each period. 

The seller side faces a much more difficult challenge in the experiments as they have to make 

decisions about trading and recycling in an intertemporal context. To be specific, in each 

period, the sellers must first decide how many units they want to sell (i.e. 𝑥𝑡 ) and then 

consider how much they want to recycle (i.e. 𝑥𝑟𝑡). Therefore, the profit of a seller in each 

period is his sales revenue (i.e. 𝑝𝑡 ∗ 𝑥𝑡) minus the corresponding production costs (i.e.  𝑘 ∗ 𝑥𝑡) 

and the sorting costs resulting from his recycling decisions (i.e.  𝛾 ∗ 𝑥𝑟𝑡 ). The objective 

function of the seller side can thus be written as: 

𝛱 = ∑
𝑝𝑡∗𝑥𝑡−𝑘∗𝑥𝑡−𝛾∗𝑥𝑟𝑡

(1+𝑟)𝑡−1
𝑛
𝑡=1                                                 (4-5) 

with 𝑡 ∈ {1,2, … , 𝑛}. 

The dynamics of the resource stock of each seller can be described as: 

𝑆𝑡−1 + 𝑥𝑟(𝑡−1) − 𝑥𝑡 = 𝑆𝑡,                                             (4-6) 

where 𝑆𝑡  denote the resource stock at the end of period 𝑡. Equation (4-6) means that the 

resource stock of a seller is increased by his recycling quantity and decreased by his trading 

quantity. 

However, the recycling quantity of a seller in one period is constrained by the quantity of 

potentially recyclable resource units which is the product of his trading quantity in this period 

and the maximum recycling rate. That is,  

𝑥𝑡 ∗ 𝛿 ≥ 𝑥𝑟𝑡 ,                                                    (4-7) 

where 𝛿 denotes the maximum recycling rate. 
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The theoretical basis provides the experimental environment for my experiments. Now a 

suitable institution has to be selected so that the behavior of the participants can then be 

observed and evaluated. 

4.2.2 Continuous Double Auctions and The Conducted Treatments 

In the preparation stage of economic experiments, selecting a suitable market institution is a 

necessary and very important step, as it governs the transactions in the experimental markets.  

In my experiments, the markets operate under an institution called “continuous double 

auction”. In the following, the concept of continuous double auctions will be introduced first. 

Then the reason why this market institution is selected will be explained. Finally, an overview 

on the treatments conducted in my experiments will be given. 

Friedman (2018) defines a (non-discriminatory) auction as “a unified market institution in 

which traders' messages include an offered price (called a bid for an offer to buy and an ask 

for an offer to sell), and which gives higher priority in transactions to better offers (higher 

bids and lower asks)”. Depending on the situations, an auction can be designed to be one-

sided (e.g. a posted offer auction), with only bids or asks allowed. There are also two-sided 

auctions in which both bids and asks are permitted (e.g. a continuous double auction). An 

auction can also be designed as a one-shot or a repeated auction as needed. The latter one is 

composed of several trading periods. An auction can also be distinguished between a discrete-

time and a continuous-time auction. The former one (e.g. the clearinghouse) makes all traders 

move from the initial to the final allocation in a single step, while the latter one (e.g. a 

continuous double auction) allows transactions to occur at any time during a trading period. 

Auctions can also be distinguished by the number of the units traded in each trading period. If 

only one unit can be traded in each period, this auction is a single-unit auction. By contrast, if 

each participant can trade several units in each period, this auction is a multi-unit one. Finally, 

the number of the participants may also be a distinguishing criterion because it may affect the 

behavior of the participants and the results of an auction. In this context, a continuous double 

auction (CDA) is actually a two-sided, continuous-time auction in which bids and asks are 

submitted for single units of a good and a transaction is concluded with an acceptance of the 

current best offer. In my experiments, a multi-period, multi-unit CDA is selected as the 
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market institution so that an intertemporal problem with production allocation and recycling 

decisions can be modeled
62

.   

Figure 4.1 illustrates the process of submitting offers in the continuous double auctions 

conducted in my experiments. In such an auction, all bids and asks are centrally and publicly 

displayed. Each offer is submitted for only one resource unit. A buyer can choose to accept 

the best (lowest) ask proposed by the seller side, or to submit a better (higher) bid under the 

bid-ask-spread-reduction rule. Symmetrically, a seller can choose to accept the best 

(highest) bid submitted by the buyer side, or to propose a better (lower) ask to meet the 

spread-reduction requirement. The acceptance of the current best offer leads to the conclusion 

of a transaction. A transaction can also take place when a bid is proposed with the same or a 

higher value than the current best (lowest) ask. In this case, the transaction occurs at the price 

of the current best (lowest) ask. Symmetrically, if an ask is submitted with the same or a 

lower value than the current best (highest) bid, a transaction occurs at the price of the current 

best (highest) bid. When a transaction is concluded, all previous offers (including the 

transaction price) submitted by the buyer and the seller involved are deleted. Trading 

continues until a pre-announced time limit expires, which means that a trading period ends. 

 

                                                 
62 Another aspect which contributes to modeling this intertemporal problem is the introduction of interest-bearing account 

balances. 
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Figure 4.1 The bid-ask-spread-reduction rule 

It is noteworthy that in my experiments, the negotiations and decisions take place on a poor 

information basis. Only offers are publicly displayed, while unit value and unit costs are 

known exclusively to the participants themselves. In addition, the participants are not allowed 

to communicate during the experiments. Therefore, they cannot know the preferences, 

thoughts and expectations of others. However, a poor information basis is not an obstacle to 

the high efficiency of double auction markets in converging to competitive equilibria. 

Contrary to most belief systems, complete information on demand and supply conditions is 

neither sufficient nor necessary for the rapid convergence to competitive equilibria in double 

auction markets. It has been proved in some double auction experiments with unusual demand 

and supply configurations (e.g. extreme asymmetries that the entire exchange surplus goes to 

the buyer side at the competitive equilibrium) that the incomplete information condition led to 

a more rapid convergence than the complete information condition. Moreover, convergence to 

competitive equilibria can occur with small numbers of participants (6-8 agents) and as few as 

two sellers in double auction markets. In fact, in the experiments with one seller and five 

buyers, the monopoly outcomes were not achieved, but the competitive equilibria were shown 

in some replications. In a word, competitive predictions have been proved to be robust in 

double auction markets, even with small numbers of participants, under unusual demand and 

supply configurations or in extreme structural cases. It is prices that reveal the private 

information and enable the high efficiency in achieving competitive allocations. The “Hayek 

hypothesis” gains support from the performance of double auction markets (see Smith (1982), 

pp. 944-947). Moreover, double auction markets usually generate competitive equilibrium 

outcomes more quickly and reliably than the markets organized under any other set of 

trading rules. Therefore, this market institution has become a benchmark against which other 

institutions are evaluated (see Davis & Holt (1993a) and (1993b)). Additionally, this auction 

type is essentially similar to the trading mechanism in major securities markets. Hence, 

analysis of its market performance has practical significance (see Davis & Holt (1993a) and 

Neumann (2015)). 

Given the above advantages of double auction markets, the motivation for selecting this 

market institution becomes very clear. Furthermore, the theoretical model to be tested is based 

on the assumption of perfect competition. Therefore, a double auction market seems to be the 

most suitable choice due to its robustness and high efficiency in achieving the competitive 

equilibrium even with relatively small number of participants. 
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After the environmental and institutional bases are determined, the experiments can be 

conducted to test the theoretical predictions. The basic treatment aims to test whether the 

criterion for sorting activities proposed by Boyce (2012) determines the recycling path in the 

laboratory experiments and whether the price path and the trading quantity path follow the 

modified Hotelling rule. A total of 100 students from Clausthal University of Technology 

participated in the experiments of the basic treatment. 5 sessions were conducted, each with 2 

markets. The selected frame parameters are shown in Table 4.1. However, the experimental 

results of the basic treatment are far less than ideal. It seems that the experimental design of 

the basic treatment is too complicated for the participants to find the optimal pricing, trading 

and recycling strategies. Therefore, a greatly simplified treatment -- the recycling treatment -- 

is then proposed to focus attention on recycling decisions. It aims to test an easier criterion for 

sorting activities to see whether the recycling performance could be improved compared with 

that of the basic treatment. A total of 32 students from Clausthal University of Technology 

participated in the experiments of the recycling treatment. 3 sessions were conducted, each 

with 2 markets. Its frame parameters are also listed in Table 4.1. In all my experiments, “taler” 

is used as the virtual currency which can be converted into euros after the experiments. 

Table 4.1 An overview of the conducted treatments 

 Basic Treatment 

(with a trading step and  

a recycling step in each period)  

Recycling Treatment 

(with only a recycling step  

in each period) 

Interest rate 20% 20% 

Initial resource stock 45 units 0 units 

Number of periods 10 10 

Market participants 10 buyers and 10 sellers  

in each of the five sessions 

9 sellers in the first session 

12 sellers in the second session 

11 sellers in the third session 

Gross utility function  

of the buyer side 

𝑈𝑡 = 𝑎𝑥𝑡 −
1

2
𝑏𝑥𝑡

2 with 

𝑎 = 20 and 𝑏 = 2 

No buyers 

Production cost  

of  the seller side  

4 talers 4 talers 

Sorting cost of the seller side 3 talers 3 talers 

Experiment dates In December 2016 In July 2019 

Number of markets 5 sessions with 10 markets 3 sessions with 6 markets 



92 

 

 

The two treatments have the same experimental procedure. First, the participants are 

welcomed and thanked for their participation in the experiments. Then they are asked to read 

the instructions carefully. The instructions are written as simply and clearly as possible so that 

they can be understood correctly by the participants
63

. Subsequently, each participant is asked 

to finish a short comprehension test independently to check whether he has fully and correctly 

understood the instructions. After the comprehension test, an unpaid practice round in which 

the participants can familiarize themselves with the program and its operation takes place
64

. 

After the practice, the formal experiment begins, consisting of two identical but independent 

rounds. During the formal experiment, the participants make decisions independently and 

anonymously based on the information provided to them. After the formal experiment, the 

participants are asked to fill out a short questionnaire to gather some basic information on 

them
65

. The payment received by each participant depends on his performance in the two 

rounds of the formal experiment. Table 4.2 summarizes the basic information on the 

participants in the experiments of the two treatments and their payments.  

Table 4.2 Basic information on the participants in the experiments of the two treatments and their payments 

 Basic Treatment Recycling Treatment 

Male participants 73% 75% 

Female participants 25% 
66

 25% 

Average age  23.08 24.94 

Proportion of Bachelor students  71% 62.5% 

Proportion of Master students 28% 
67

 37.5% 

                                                 
63 The experimental instructions can be read in Appendix 1 (for the basic treatment) and Appendix 4 (for the recycling 

treatment). 

64 The practice round was not held in the sessions of the basic treatment due to time constraints, while the participants in the 

experiments of the recycling treatment had a practice round with two periods. The practice round is not intended to train the 

participants for the experimental tasks in both treatments. It means that the participants can still be seen as inexperienced 

and untrained after the practice round. This differs from the study of Van Veldhuizen and Sonnemans (2018) in which their 

participants were trained for their experimental tasks in the prologue part.  

65 The experiments of the two treatments were computerized and programed with the software z-tree (see Fischbacher 

(2007)). 

66 The sum of the proportions of male and female participants in the experiments of the basic treatment is not 100%, since 

two participants in the first session chose “others” when they were asked about their gender in the questionnaire. 
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Proportion of the students who study “Business 

Administration” or “Business and Engineering” 

54% 56.25% 

Economic relevance in study 71% 65.63% 

Have ever taken the course “energy economics” 8% 3.13% 

Experience in economics experiments 58% 65.63% 

Environmental awareness -- 65.75 

Experimental duration (minutes) 90 40 

Average payment in the first markets 6.46 € 1.61 € 

Average payment in the second markets 7.14 € 1.85 € 

Average total payment 13.60 € 3.46 € 

 

It can be seen that in the experiments of the two treatments, about 75% of the participants 

were male and about 25% were female. Male students outnumbered female students almost 

three to one, which is typical in technical universities. The participants were young on 

average (23.08 vs. 24.94), and well over half of them were Bachelor students (71% vs. 

62.5%). About 55% of the participants in the experiments of the two treatments studied with 

an emphasis on business and economics, and over 65% of the participants thought that their 

study had economic relevance.  

The underlying model of the experiments is a variant of the Hoteling rule which is of great 

importance in the field of energy and resource economics and always introduced in the course 

“energy economics”. Therefore, whether the participants knew about the model before the 

experiments should be investigated by asking them whether they had taken this course before. 

As seen in Table 4.2, in both treatments, only a small number of the participants (8% vs. 

3.13%) had taken this course before they participated in the experiments. It could be inferred 

from this fact that the participants generally knew little about the model before the 

experiments. As to the experience in economics experiments, more than half of the 

participants (58% vs. 65.63%) had ever participated in other economics experiments before 

they participated in the experiments of these two treatments. 

As will be seen in Subsection 4.3.2, in the experiments of the basic treatment, sorting 

activities also took place in the periods when they should not occur theoretically. One 

                                                                                                                                                         
67 The remaining participant (Subject 5 in Session 4) chose “I have not started college yet” when he was asked about his stage 

of studies. 
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possibility is that the environmental consciousness of the participants led to the inconsistency 

between the recycling behavior and the theoretical prediction. However, it is a pity that the 

participants in the experiments of the basic treatment were not asked about their 

environmental awareness. Therefore, this investigation is made in the recycling treatment to 

see whether environmental awareness could influence recycling behavior in the experiments. 

In the post-experiment questionnaire, the participants in the experiments of the recycling 

treatment were asked to evaluate their own environmental awareness. The lower limit of 

environmental consciousness is set to 0, which means that the corresponding participant does 

not have any environmental awareness. The upper limit is set to 100, which implies that the 

corresponding participant has a strong sense of environmental protection. As shown in Table 

4.2, the average environmental awareness of the participants in the experiments of the 

recycling treatment was 65.75. 

The payments shown in Table 4.2 are calculated based on the total profit earned by each 

participant and the corresponding conversion rate between the experimental currency and the 

euro. In the basic treatment, the total profit of each buyer is the sum of his period profits. In 

both treatments, the total profit of each seller is the sum of his interest-bearing period profits. 

For the purpose of balancing the payments between the buyer side and the seller side, the 

conversion rate was set to 45 talers for a euro on the buyer side and 70 talers for a euro on the 

seller side in the experiments of the basic treatment. The conversion rate was set to 700 talers 

for a euro in the experiments of the recycling treatment. In addition, each participant received 

a show-up fee of 3 € which was the same in the two treatments. Since each session of the 

basic treatment lasted about 1.5 hours, the corresponding hourly wage was (13.60 + 3)/

1.5 = 11.07 € for the participants in the experiments of the basic treatment. Each session of 

the recycling treatment lasted about 40 minutes and the corresponding hourly wage was 

thus  (3.46 + 3)/(
40

60
) = 9.69€  for the participants in the experiments of the recycling 

treatment. The statistics at the session level can be seen in Appendix 2. It is shown there that 

in both treatments, the differences in average payment between sessions were smaller in the 

second markets than in the first markets. 

4.3 Basic Treatment 

As mentioned above, the purpose of the basic treatment is to test the predictions made by 

Boyce (2012). In the following, its experimental design will be introduced first (in Subsection 

4.3.1). A neutral framing with a general, nonspecific non-renewable resource is used to 
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minimize the experimenter demand effects. The experimental results will then be shown in 

detail (in Subsection 4.3.2).  

4.3.1 Experimental Design 

As shown in Table 4.1, 5 sessions were conducted for the basic treatment, each with 2 rounds 

(i.e. 2 markets). In each session, there were 20 participants, with 10 acting as buyers and the 

other 10 acting as sellers. The roles were assigned randomly to the participants before a 

session began. It is noteworthy that the role of each participant remained unchanged 

throughout the whole session. Each round or market consisted of 10 periods and each period 

lasted 3 minutes. In other words, each round or market lasted 30 minutes. 

In accordance with the theoretical basis described in Subsection 4.2.1, each buyer could gain 

a marginal utility from each resource unit he bought. Like the prices paid for the resource 

units and the various costs involved, the marginal utility could also be measured in talers in 

the experiments. The marginal utility of the 𝑘-th resource unit a buyer bought in each period 

can be derived from equation (4-1): 

∆𝑈𝑘 = 𝑎𝑘 −
1

2
𝑏𝑘2 − [𝑎(𝑘 − 1) −

1

2
𝑏(𝑘 − 1)2], 𝑘 ≥ 1.                        (4-8) 

With the demand parameters of 𝒂 = 𝟐𝟎 and 𝒃 = 𝟐, the utility that a buyer could gain from 

the first resource unit he bought in a period is: 

∆𝑈1 = 20 ∗ 1 −
1

2
∗ 2 ∗ 12 − [20 ∗ (1 − 1) −

1

2
∗ 2 ∗ (1 − 1)2] = 19 talers.          (4-9) 

Each buyer could buy more than one resource unit in each period. Table 4.3 lists the marginal 

utility that each buyer could gain from each resource unit in each period. 

Table 4.3 Marginal utility that could be gained from each resource unit in each period 

The … resource unit Marginal utility of this resource unit 

(talers) 

first 19 

second 17 

third 15 

fourth 13 

fifth 11 

sixth 9 

seventh 7 
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eighth 5 

ninth 3 

tenth 1 

 

To prevent the buyer side from making losses, the price paid for a resource unit could not 

exceed the marginal utility gained from consuming this unit. The marginal utility of the next 

resource unit to be bought was shown to each buyer during the experiments to facilitate his 

decision making. The period profit of each buyer was generated from the accumulation of the 

difference between the utility gained from each resource unit bought in this period and the 

price paid for it. 

The trading screen of the buyer side, as shown in Figure 4.2, consists of seven boxes. In the 

first box, private information was shown exclusively to the corresponding buyer. At the top of 

this box, the role of the participant throughout the whole session was emphasized. Then the 

information on the current period was shown: (a) the number of the resource units which had 

been bought by this buyer in this period, (b) the marginal utility of the next resource unit to be 

bought in this period, and (c) the period profit which had been earned by this buyer in this 

period. At the end of this box, the information on all of the transactions which had been done 

by this buyer in this round was summarized. The number of the resource units which had been 

bought by this buyer in this round was recorded here. In addition, the account balance which 

had been achieved in this round was shown. It is the sum of the period profits earned by this 

buyer in the previous periods. In the second box, the buyer could submit an offer for a 

resource unit, but he could only choose a number between 0.00 and the marginal utility value 

of the next resource unit to be bought. All bids were shown in the third box, while all asks 

could be seen in the fourth box. All of the transaction prices that occurred in the current 

period were listed in the fifth box. The sixth box reminded the buyer of the current period and 

the seventh box showed the remaining time of the current period. 



97 

 

 

Figure 4.2 Trading screen of the buyer side 

A transaction could be concluded in two ways: (i) a buyer accepted the current best (i.e. 

lowest) offer of the seller side by clicking the “Buy” button in the fourth box, or (ii) a buyer 

submitted a better (higher) offer than all the other bids (shown in the third box) in the second 

box, which was in line with the “spread-reduction rule”. If his bid was accepted by a seller, a 

transaction could result. If his bid was equal to or higher than the current lowest offer of the 

seller side, a transaction could also take place at a transaction price equal to the best ask. 

On the buyer side, each period began with a two-minute trading step followed by a one-

minute break during which the seller side had to make decisions on recycling. The period 

profit of each buyer was added to his account balance after the trading step. The buyers could 

see their final period profits and final account balances during the one-minute break. 

As mentioned above, the seller side was faced with a greater challenge in the experiments as 

they had to make trading and recycling decisions in an intertemporal context. To be specific, 

the sellers had to complete two steps in each period:  

 Step 1: trading step, during which the sellers could submit their offers or accept the offers 

of the buyer side. 

 Step 2: recycling step, during which the sellers decided whether and how much they 

wanted to recycle. 
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At the beginning of each round, each seller had 45 resource units. Although the sellers did 

not know the exact marginal utility that the buyers got from each resource unit, they were told 

that the buyers could gain a marginal utility between 1 taler and 19 talers by purchasing a 

resource unit. When a seller sold a resource unit, a production cost of 4 talers resulted and 

the transaction price was received by him as sales revenue. From each resource unit sold, 0.25 

units of its materials flowed into a recycling pool
68

. That is, if 4, 8 or 12 resource units were 

traded, the stock of the potentially recyclable materials increased by 1, 2 or 3 units 

accordingly.  

In each period, the sellers entered the trading step first. As shown in Figure 4.3, the trading 

screen of the seller side consists of seven boxes. In the first box, private information was 

shown exclusively to the corresponding seller. The role of the participant throughout the 

whole session was underlined first. Then the seller could see (a) his production cost, (b) his 

initial resource stock, (c) his remaining tradable resource stock and (d) his account balance in 

this round. In addition, his period profit was also shown here. During the trading step, the 

period profit of the seller was increased by the transaction prices of the resource units he sold 

in this period and decreased by the production costs incurred. As mentioned above in 

Subsection 4.2.1, the seller side had to take the opportunity cost of time into account. This 

was implemented in the experiments by introducing interest-bearing account balances with an 

interest rate of 20% on the seller side. Therefore, the account balance which had been 

achieved in this round is the sum of the interest-bearing period profits earned by this seller in 

the previous periods. In the second box, the seller could submit his offer, but he could only 

choose a number between 4.00 and 20.00.
 
The maximal marginal utility a buyer could gain 

from a resource unit in a period was 19.00 talers. Therefore, the upper limit of the offers of 

the seller side was set to 20.00 talers to improve the efficiency of the auction. As the 

production cost incurred from the sale of a resource unit was 4.00 talers, the lower limit of the 

offers of the seller side was thus set to 4.00 talers to prevent the sellers from making losses in 

the trading step. All asks were listed in the third box, while all bids could be seen in the fourth 

box. All of the transaction prices that occurred in the current period were shown in the fifth 

box. The sixth box reminded the seller of the current period and the seventh box informed 

him of the remaining trading time in the current period. 

                                                 
68 This means that the maximum proportion of final production that could be recycled in the experiments was 𝛿 = 0.25 ∈

[0,1]. 
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Figure 4.3 Trading screen of the seller side 

A transaction could be concluded in two ways: (i) a seller accepted the current best (i.e. 

highest) offer of the buyer side by clicking the “Sell” button in the fourth box, or (ii) a seller 

submitted a better (lower) offer than all the other asks (shown in the third box) in the second 

box, which complied with the “spread-reduction rule”. If his ask was accepted by a buyer, a 

transaction could occur. If his ask was equal to or lower than the current highest offer of the 

buyer side, a transaction could also take place at a transaction price equal to the best bid. 

By sorting the potentially recyclable materials from the waste stream, a recycling pool was 

built up and amounted to a quarter of the resource units traded in the first step of the current 

period. If a seller wanted to recycle, he had to specify his recycling request, i.e. how much he 

would like to recycle at a sorting cost of 3 talers per recycled unit. A recycling request must 

be multiples of 0.25 (e.g. 0.75, 1.00 and 1.25) and could not exceed the quantity of the 

potentially recyclable materials
69

. In the case when the sum of the recycling requests of the 

seller sider was equal to or lower than the quantity of the potentially recyclable materials, all 

recycling requests could be satisfied. The quantity of the remaining tradable resource units of 

each seller could then be increased by his recycling request. The remaining recyclable 

materials, if any, “expired” at once, i.e. could no longer be used in production. If the sum of 

                                                 
69 By contrast, only complete resource units could be sold during the trading step. 
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the recycling requests was greater than the quantity of the potentially recyclable materials in 

some period, an allocation of the potentially recyclable materials occurred automatically 

which was oriented by the individual recycling requests of the sellers. The share of the 

potentially recyclable materials which was allocated to a seller was determined by the 

proportion of his recycling request in the sum of all the recycling requests in this period. If he 

did not want to recycle in this period, he could get nothing. If he wanted to recycle in this 

period and his recycling request was, for example, 1/3 of the sum of all the recycling requests, 

he could get 1/3 of the potentially recyclable materials. 

The sorting costs incurred by recycling decisions decreased the period profits of the sellers 

and could even lead to negative profits. Losses were allowed to be offset by the initial capital 

which came from the show-up fee
70

. However, to prevent a seller from going bankrupt (i.e. 

losing all his show-up fee or even more), he could participate in recycling activities only 

when his account balance was higher than a threshold value
71

.
 
 

The recycling screen of the seller side, as shown in Figure 4.4, consists of four boxes. In the 

first box, private information was shown here exclusively to the corresponding seller. The 

sorting cost per recycled unit and the quantity of the potentially recyclable resource units were 

essential to his recycling decision. In addition, he could also see the quantity of the resource 

units which had been recycled by him in this round and the quantity of his remaining tradable 

resource units when making decisions. At the end of this box, his period profit earned in the 

trading step and his account balance were shown
72

. As mentioned above, the account balance 

determined whether he could recycle in this period. In the second box, the seller could submit 

his recycling request. The third box showed the current period and the fourth box reminded 

the seller of the remaining time for decision making. 

                                                 
70 As mentioned above in Subsection 4.2.2, the show-up fee of each seller was 3 euros and the conversion rate was set to 70 

talers for a euro on the seller side. Therefore, the initial capital of each seller in the whole session was 210 talers. 

71 To prevent the sellers from losing all initial capital or even more, the sellers whose account balances were not higher than -

105 (=-210/2) could not do recycling until their account balances were improved by their trading performance and eventually 

higher than -105 again. 

72 On the seller side, their period profits were added to their account balances at the end of each period. Therefore, the 

account balance shown on the trading screen of a seller was the same as that shown on the subsequent recycling screen.  
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Figure 4.4 Recycling screen of the seller side 

The period profit of each seller was added to his account balance at the end of each period, 

and at the beginning of the next period, an interest was calculated on and added to his account 

balance. If a seller achieved a period profit of 10 talers in the 1
st
 period, his account balance 

was 10 talers at the end of the 1
st
 period. At the beginning of the 2

nd
 period, he earned an 

interest of 10 * 20% = 2 talers. His account balance was then (10 + 2) = 12 talers, or 10 *1.2
1
 

= 12 talers during the 2
nd

 period. In each of the following periods, the period profit of the 1
st
 

period “appreciated” so that the value increased to 14.4 (= 10 *1.2
2
) talers, 17.3 (= 10 *1.2

3
) 

talers and eventually to 51.6 (= 10 *1.2
9
) talers. This also held for negative period profits. 

At the end of each period, a summary screen was shown exclusively to the corresponding 

seller (see Figure 4.5). He could see the actual quantity of the materials recycled by him in 

this period and the final quantity of his remaining tradable resource units at the end of this 

period. In addition, his final period profit and final account balance at the end of this period 

were summarized here. Furthermore, his account balance at the beginning of the next period 

was also shown here. It is worth noting that all sellers were informed before the experiments 

that after the 10
th

 period, any unsold resource units were worthless. 
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Figure 4.5 Summary screen of the seller side 

Based on the theoretical model described in Subsection 4.2.1, the specific values can now be 

assigned to the relevant parameters to obtain a numerical solution. With the initial resource 

stock of 45 units, the demand parameters of 𝑎 = 20 and 𝑏 = 2, the interest rate of 20%  
73

, 

the maximum recycling rate of 25%, the production cost of 4 talers and the sorting cost of 3 

talers, the equilibrium solution is as follows:
 74

 

Table 4.4 The equilibrium solution of the basic treatment 

Period Price Individual trading quantity  Individual recycling quantity 

1 6.1357 6.9321 0 

2 6.5629 6.7186 0 

3 7.0566 6.4717 1.6179 

                                                 
73 Relatively high interest rates allow the dynamic equilibrium path to be composed of significantly different price-quantity 

combinations despite a relatively short experiment. 

74 This equilibrium solution is calculated using the software Maple. The maximization problem is as follows: 

 𝑚𝑎𝑥𝑥𝑡 ,𝑥𝑟𝑡  ∑
𝑎∗𝑥𝑡−

1

2
𝑏𝑥𝑡

2−𝑘∗𝑥𝑡−𝛾∗𝑥𝑟𝑡

(1+𝑟)𝑡−1
10
𝑡=1   

(i.e. the sum of the discounted profits obtained by the two sides over 10 periods is maximized) 

s.t.   𝑆𝑡−1 + 𝑥𝑟(𝑡−1) − 𝑥𝑡 = 𝑆𝑡 

𝑥𝑡 ∗ 𝛿 ≥ 𝑥𝑟𝑡 

𝑤𝑖𝑡ℎ 𝑡 ∈ {1,2, … ,10}. 

(i.e. the dynamics of the resource stock and the maximum recycling possibility have to be met) 
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4 7.5179 6.2410 1.5603 

5 8.0715 5.9643 1.4911 

6 8.7358 5.6321 1.4080 

7 9.5330 5.2335 1.3084 

8 10.4896 4.7552 1.1888 

9 11.6375 4.1813 1.0453 

10 15.0200 2.4900 0 

 

The theoretically optimal developments of the prices 𝑝𝑡
∗, the individual trading quantities 𝑥𝑡

∗ 

and the individual recycling quantities 𝑥𝑟𝑡
∗  can be described in the following mathematical 

form: 

𝑝𝑡
∗ = {

4 + 2.1357 ∗ 1.2𝑡−1,            𝑓𝑜𝑟 𝑡 = 1, 2, 10

4.75 + 1.6018 ∗ 1.2𝑡−1,           𝑓𝑜𝑟 𝑡 = 3 − 9
 

                                 𝑥𝑡
∗ = {

8 − 1.0679 ∗ 1.2𝑡−1,          𝑓𝑜𝑟 𝑡 = 1, 2, 10

7.625 − 0.8009 ∗ 1.2𝑡−1,          𝑓𝑜𝑟 𝑡 = 3 − 9
                         (4-10)                               

𝑥𝑟𝑡
∗ = {

0,                                                            𝑓𝑜𝑟 𝑡 = 1, 2, 10

1.9063 − 0.2002 ∗ 1.2𝑡−1,                  𝑓𝑜𝑟 𝑡 = 3 − 9
. 

In the standard theory, the price path should be increasing and the trading quantity path 

should be decreasing. As virgin and recycled stocks are seen as exactly the same thing and 

not distinguished in the theoretical basis, the criterion for when recycling can take place 

should now be that sorting activities occur only when the current value of the resource units 

𝜆(1 + 𝑟)𝑡−1 exceeds the sorting cost 𝛾.
 75

 By solving the inequality 𝜆(1 + 𝑟)𝑡−1 ≥ 𝛾, it can 

be concluded that sorting activities should begin from the 3
rd

 period
76

. When sorting 

activities are not economic, the equibrium price is composed of the production cost 𝑘 and the 

current value of the resource units, thus 𝑝𝑡
∗ = 𝑘 + 𝜆(1 + 𝑟)𝑡−1. Since the sorted waste has a 

positive value of [𝜆(1 + 𝑟)𝑡−1 − 𝛾] from the 3
rd

 period, sorting should be done as much as 

possible from this period. As the maximum recycling rate is 𝛿 = 25% , the recycling 

quantities should be 25% of the trading quantities from the 3
rd

 period. The price of the 

resource units should now take into account the positive value of the sorted waste, thus 

𝑝𝑡
∗ = 𝑘 + 𝜆(1 + 𝑟)𝑡−1 − 𝛿[𝜆(1 + 𝑟)𝑡−1 − 𝛾] = 𝑘 + 𝛾𝛿 + 𝜆(1 − 𝛿)(1 + 𝑟)𝑡−1 . Because 

                                                 
75 𝜆 is the current value and also the scarcity premium of the resource units in the first period and is equal to 2.1357 in the 

equilibrium. 

76 The solution of the inequality 2.1357 ∗ 1.2𝑡−1 ≥ 3 is that 𝑡 ≥ 2.8638. 
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sorting activities in the final period (i.e. the 10
th

 period) can only generate costs but cannot 

lead to future revenue, they are also not economic and should not occur in this period. The 

equilibrium individual trading quantities and the equilibrium prices satisfy the optimal 

relationship described by equation (4-4). 

In conclusion, in the experiments of the basic treatment, the sellers are expected to recycle 

from the 3
rd

 to the 9
th

 period and refuse to recycle in the 1
st
, the 2

nd
 and the 10

th
 period. The 

transaction prices are expected to rise from the start to the end, while the trading quantities are 

expected to decline throughout the experiments. 

4.3.2 Recycling Behavior in The Experiments 

Because human rationality is always limited
77

, it cannot be expected that the results of the 

experiments are completely consistent with the equilibrium solution of the standard theory. 

However, if something completely different occurs under the ideal conditions in the 

laboratory than predicted by the standard model, the explanatory power of the standard theory 

should be questioned. 

4.3.2.1 Recycling Quantities 

Figure 4.6 presents the developments of the overall average individual recycling quantities in 

the first and the second markets over all periods. The individual recycling quantities involve 

the resource units that the sellers actually got after submitting their recycling requests. In the 

case when the sum of the recycling requests was equal to or lower than the quantity of the 

potentially recyclable materials in a period, the recycling quantity of each seller was equal to 

his recycling request. If the sum of the recycling requests was greater than the quantity of the 

potentially recyclable materials in some period, the recycling quantity of each seller could be 

                                                 
77 Perfect or absolute rationality is an important assumption in the traditional microeconomic theories. In reality, however, 

decision makers usually “suffer” from bounded or limited rationality. Their perceptual, cognitive and intellectual ability are 

all limited. Moreover, if the decision-making situation is very complex or uncertain, it is also very difficult for decision 

makers to establish an objective function which could be optimized. Therefore, the applicability of the theories in which 

absolute rationality is assumed is limited. In fact, decision makers often reduce the complexity of the existing decision-

making problems by neglecting some aspects of the relevant situations. In addition, a decision-making process is often a 

cybernetic process, or a learning process. In other words, decision makers revise their decisions based on feedbacks. It 

presents a search process to generate a good, a better, or a satisfactory solution. The concept of limited rationality was first 

introduced by Simon (1959) to analyze decision-making problems in the real world. Today, many theories and models about 

this idea have been developed. Representative theories/models include Sauermann and Selten (1962), Selten (1998), Brenner 

(2006), Güth (2000a), Güth (2000b), Mantzavinos et al. (2004). 
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lower than his recycling request due to an allocation of the potentially recyclable materials 

which was oriented by the individual recycling requests
78

. 

 

Figure 4.6 The developments of the overall average individual recycling quantities over all periods 

In the periods when the standard theory predicts that sorting activities should occur (i.e. from 

the 3
rd

 to the 9
th

 period), the overall average individual recycling quantities “twine” around 

the equilibrium solution in both the first and the second markets. Moreover, in these seven 

periods, the overall average individual recycling quantities of the second markets are 

decreasing and generally closer to the equilibrium solution than those of the first markets. It 

seems that the development of the individual recycling quantities is in line with the standard 

development from the 3
rd

 to the 9
th

 period in both markets and a learning process is reflected 

by the improved recycling performance from the first to the second markets during these 

seven periods. As mentioned in Footnote 77, a learning process is an important manifestation 

of human bounded rationality. The sellers revised their pricing, trading and recycling 

decisions based on the experience they obtained in the first markets so that their recycling 

quantities got closer to the optimal recycling quantities in the second markets. 

By contrast, in the periods when the standard theory predicts that recycling should not occur 

(i.e. in the 1
st
, the 2

nd 
and the 10

th
 period), the overall average individual recycling quantities 

deviate from zero in both markets. In other words, in both markets, some sellers recycled in 

the periods when recycling should not be done theoretically. Furthermore, in these three 

                                                 
78 The submission of recycling requests in the experiments of the basic treatment can be reviewed in Subsection 4.3.1. 
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periods, the overall average individual recycling quantities of the second markets are all 

higher than those of the first markets. It seems that the sellers took another step in the wrong 

direction by learning. In a word, the recycling behavior in these three periods completely 

contradicts the standard theory. 

After a rough look at the developments of the individual recycling quantities in the first and 

the second markets, a detailed analysis will be carried out in the following. First, a closer look 

will be taken at the seemingly better recycling performance from the 3
rd

 to the 9
th

 period. 

Figure 4.7 shows the development of the average individual recycling quantities over these 

seven periods in each market. Although the average individual recycling quantities of each 

first market “twine” around or lie near the equilibrium solution in these seven periods, they 

generally fluctuate greatly and there is no clear downward trend in their developments over 

these seven periods. By contrast, the average individual recycling quantities of each second 

market are generally closer to the standard quantities and their fluctuation is also much less in 

these seven periods. Moreover, they tend to decrease over these seven periods. A strong 

learning effect can be observed by comparing the developments of individual recycling 

quantities in each market pair over these seven periods. It can thus be inferred that at least the 

development of the individual recycling quantities of the second markets is in line with the 

standard development from the 3
rd

 to the 9
th

 period. 
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Figure 4.7 The development of individual recycling quantities from the 3
rd

 to the 9
th

 period in each market 

As mentioned above, it seems that the sellers did not do very well in the other three periods 

when sorting activities should not occur theoretically. How can the recycling behavior of the 

sellers in these three periods be explained? First, the recycling performance in the final period, 

i.e. the 10
th

 period, will be analyzed. Since all sellers were told before the experiments that 

any unsold resource units became worthless immediately after the end of the final period, they 

should have been aware that it was not worthwhile to recycle in the final period. However, as 

seen in Figure 4.6, there were still recyclers in the final period in both markets and the overall 

average individual recycling quantity in the final period of the second markets is even higher 

than that of the first markets. Fortunately, some comfort can be found in the number of the 

recyclers. Table 4.5 shows how many sellers did actual recycling in each of the ten periods, 

and Table 4.6 presents how many sellers had positive recycling requests in each period. To 

some extent, recycling requests are more important than actual recycling quantities, since 

recycling requests reflect the willingness to recycle of the sellers. If a seller had a positive 

recycling request, it means that he wanted to recycle and required a definite recycling quantity. 

It can be seen in both markets that 

 the number of the sellers who did actual recycling in the final period is, on average, lower 

than in any of the previous nine periods. Moreover, there is a decline in this number from 

the first markets (4.2) to the second markets (2.2).  

 the number of the sellers who had positive recycling requests in the final period is, on 

average, also lower than in any of the previous nine periods. A decline in this number can 

also be observed from the first markets (5) to the second markets (2.2). 
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Table 4.5 How many sellers, on average, did actual recycling in each period?  

(The total number of the sellers in each session: 10) 

Period First markets Second markets 

1 5.8 6 

2 6.4 6.2 

3 6 7 

4 6.2 6.4 

5 6.2 6.4 

6 6.8 6 

7 7.6 6.2 

8 8 6.6 

9 7.4 6 

10 4.2 2.2 

 

Table 4.6 How many sellers, on average, had positive recycling requests in each period?  

(The total number of the sellers in each session: 10) 

Period First markets Second markets 

1 5.8 6.2 

2 6.4 6.8 

3 6 7.2 

4 6.4 6.8 

5 6.2 7 

6 7.2 7 

7 8.4 7 

8 8.4 7.2 

9 8.6 6.8 

10 5 2.2 

 

In a word, on average, there were much fewer sellers who did actual recycling or wanted to 

recycle in the final period than in any of the previous nine periods, and fewer sellers did 

actual recycling or had the willingness to do recycling in the final period in the second 

markets than in the first markets. 

Table 4.7 summarizes the sellers who actually recycled in the 10
th

 period, and Table 4.8 

shows the sellers who had positive recycling requests in this period. By comparing the market 

pairs, it can be seen that most of the sellers who actually recycled or wanted to recycle in the 

final period in the first markets might have realized that their recycling decisions were 
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meaningless and had no recycling requests in the final period in the second markets
79

. 

However, there were several sellers who actually recycled (marked in red in Table 4.7) or had 

positive recycling requests (marked in green in Table 4.8) in the final period in both markets. 

In Appendix 3, the information on these sellers can be seen.  A reason may explain their 

recycling decisions made in the final period: they only cared whether they had resource units 

available for trading with the buyers to earn money. Therefore, they might not have noticed 

during the whole experiment that it was not worthwhile to recycle in the final period. Another 

reasonable inference on their recycling decisions made in the final period is that they were so 

careless that they forgot this point in the final period or did not notice that they entered the 

final period. These two reasons can also be used to explain the recycling behavior of the 

sellers who did not have the willingness to recycle in the final period in the first markets but 

had positive recycling requests and actually recycled in the final period in the second 

markets
80

. 

Table 4.7 Sellers who actually recycled in the 10
th

 period 

Market 1 S1, S2, S6 Market 2 S2, S7, S9 

Market 3 S1, S3, S4, S9, S10 Market 4 S4, S7, S8, S9, S10 

Market 5 S1, S2, S4, S5, S6, 

S9 

Market 6 S5, S9 

Market 7 S2, S3, S6, S8 Market 8 None 

Market 9 S2, S4, S10 Market 10 S1 

 

Table 4.8 Sellers who had positive recycling requests in the 10
th

 period 

Market 1 S1, S2, S6, S9 Market 2 S2, S7, S9 

Market 3 S1, S2, S3, S4, S5, 

S9, S10 

Market 4 S4, S7, S8, S9, S10 

Market 5 S1, S2, S4, S5, S6, 

S9 

Market 6 S5, S9 

Market 7 S2, S3, S6, S8 Market 8 None 

Market 9 S2, S4, S6, S10 Market 10 S1 

 

                                                 
79 See S1 and S6 in the first session; S1, S2, S3 and S5 in the second session; S1, S2, S4 and S6 in the third session; S2, S3, 

S6 and S8 in the fourth session; S2, S4, S6 and S10 in the fifth session. 

80 See Seller 7 in the first session, Seller 7 and Seller 8 in the second session and Seller 1 in the fifth session. 
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With regard to the recycling behavior of the seller side in the first two periods, several 

important features can be summarized: 

 As seen in Figure 4.6, the overall average individual recycling quantities in the first two 

periods are high in both markets, and the sellers, on average, did more recycling in both 

of the first two periods in the second markets than in the first markets. Figure 4.8 shows 

the average individual recycling quantities in these two periods in each market. It can be 

seen that the individual recycling quantities in the first two periods are generally high in 

each market. Moreover, they are more concentrated in high levels in both periods in the 

second markets than in the first markets. 

 

Figure 4.8 Average individual recycling quantities in the first two periods in each market 

 As seen in Figure 4.9 which presents the average individual recycling requests in the first 

two periods in each market, the individual recycling requests in these two periods are 

generally high in each market. The individual recycling requests in these two periods 

were increased in the second markets in all sessions except the fifth. Therefore, the 

overall average individual recycling request of the second markets is higher than that of 

the first markets in both of the first two periods. 
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Figure 4.9 Average individual recycling requests in the first two periods in each market
81

 

 As seen in Table 4.5 and 4.6, in both markets, there were almost as many or even more 

sellers who actually recycled or wanted to recycle in the first two periods than in the 

subsequent seven periods during which recycling should occur theoretically. 

The recycling behavior in the first two periods does contradict the standard theory. But why 

and how did the sellers make these seemingly irrational decisions in the first two periods 

during the experiments? Figure 4.10 shows the developments of the overall average 

transaction prices in the first and the second markets over all periods, and Figure 4.11 

presents the respective development of the average transaction prices in each market. 

According to the standard theory, the transaction prices should rise over time. However, as 

seen in these two figures, the transaction prices generally decreased in the first several periods 

and then increased to the end in the experiments. More specifically, the transaction prices of 

the first markets generally fell to the 5
th

 period and then rose to the end, while the transaction 

prices of the second markets generally fell to the 3
rd

 period and then went up to the end. The 

price paths shown by the experimental data clearly contradict the theoretical prediction, 

which implies that the standard theory is not supported. Therefore, the sorting criterion 

proposed by Boyce (2012) which suggests that recycling should start from the period when 

the current value of the non-renewable resource units exceeds the sorting cost cannot be used 

                                                 
81 The black lines show the overall average individual recycling requests of the first and the second markets in the first two 

periods. 
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to analyze the recycling behavior of the sellers in my experiments. Other ideas should be tried 

to provide explanations for the observed deviations
82

. 

 

Figure 4.10 The developments of the overall average transaction prices over periods 

 

                                                 
82 Livernois (2008) evaluates the empirical significance of the Hotelling rule in terms of the market prices of non-renewable 

resources, the scarcity rents per se and the behavior of the suppliers of non-renewable resources. His conclusion, however, is 

also not encouraging: by reviewing the empirical evidence thus far, one cannot find overwhelming support for the Hotelling 

rule. By contrast, the experiments conducted by Neumann (2015) which were specifically designed to test the Hotelling rule 

give supporting results. 
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Figure 4.11 The development of the average transaction prices over periods in each market 

A breakthrough may lie in the impacts of recycling a resource unit in one period. In the 

equilibrium solution of the basic treatment, a resource unit recycled in the t-th period causes 

the sorting cost of 𝛾 in the t-th period, the production cost of 𝑘 and the revenue of 𝑝𝑡+1 in the 

(t+1)-th period
 83

. The discount factor is 
1

(1+𝑟)
, which can be replaced by 𝜃 for simplicity. 

Then the discounted sorting cost is 
𝛾

(1+𝑟)𝑡−1 = 𝛾 𝜃𝑡−1 , the discounted production cost is 

𝑘

(1+𝑟)𝑡 = 𝑘 𝜃𝑡 and the discounted revenue is  
𝑝𝑡+1

(1+𝑟)𝑡 = 𝑝𝑡+1 𝜃𝑡. The sum of these three items, 

i.e. −𝛾𝜃𝑡−1 − 𝑘𝜃𝑡 + 𝑝𝑡+1𝜃𝑡, is the “period effect caused by recycling a resource unit in the 

t-th period”. However, after this recycled resource unit is sold to a buyer in the (t+1)-th 

period, 𝛿 units of materials in this resource unit can be recycled, which causes the sorting cost 

of 𝛿 ∗ 𝛾 in the (t+1)-th period, the production cost of 𝛿 ∗ 𝑘 and the revenue of 𝛿 ∗ 𝑝𝑡+2 in the 

(t+2)-th period. Correspondingly, the period effect caused by recycling the 𝛿-unit materials 

from this resource unit is −𝛿𝛾𝜃𝑡 − 𝛿𝑘𝜃𝑡+1 + 𝛿𝑝𝑡+2𝜃𝑡+1. Similarly, the period effects caused 

by recycling the subsequent recyclable materials (i.e. the 𝛿2-unit materials in the (t+2)-th 

period, the 𝛿3-unit materials in the (t+3)-th period, ...) from this resource unit can be derived. 

The sum of all these period effects is the “total effect caused by recycling a resource unit in 

                                                 
83 The notation can be reviewed in Subsection 4.2.1. 
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the t-th period”. Table 4.9 shows the period effect caused by recycling a resource unit in each 

period and the corresponding total effect in the equilibrium solution
84

. 

Table 4.9 Period effect caused by recycling a resource unit in each period and the corresponding total effect in 

the equilibrium solution 

Period Period effect caused by recycling a 

resource unit in each period 

Total effect caused by recycling a 

resource unit in each period 

1 -0.8643 -0.9553 

2 -0.3774 -0.3643 

3 -0.0475 0.0524 

4 0.2274 0.3996 

5 0.4565 0.6890 

6 0.6474 0.9301 

7 0.8064 1.1311 

8 0.9390 1.2985 

9 1.4380 1.4380 

10 -- -- 

 

As seen in Table 4.9, the period effect caused by recycling a resource unit in the 1
st
 period and 

that of the 2
nd

 period are both negative in the equilibrium solution, and the corresponding total 

effects are also both negative. In contrast, although the period effect caused by recycling a 

resource unit in the 3
rd

 period is negative (-0.0475) in the equilibrium solution, the 

corresponding total effect is positive (0.0524). Therefore, sorting activities should start from 

the 3
rd

 period in the equilibrium solution. Since the total effects are used in this method to 

judge whether sorting activities are rational, this method can be called “the total effect 

method”. However, this method is not practical, since it requires the participants to have 

strong thinking, calculation and prediction ability: they have to be aware of the endogenous 

reflux of the consumed resource units and be able to anticipate the development of the 

transaction prices. Therefore, it is hard for the sellers to notice and be willing to use this 

method. 

In the experiments, a more intuitive criterion for recycling may be that as long as the period 

effect caused by recycling a resource unit in one period is positive, sorting activities are 

worthwhile in this period. The period effect caused by recycling a resource unit in the t-th 

period, i.e. −𝛾𝜃𝑡−1 − 𝑘𝜃𝑡 + 𝑝𝑡+1𝜃𝑡, is positive only when 𝑝𝑡+1 > 𝑘 + 𝛾𝜃−1 is met, i.e. the 

                                                 
84 Since it is definitely not worthwhile to recycle in the final period, the period effect cannot be calculated in the 10th period. 
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price of this resource unit in the next period exceeds the sum of the production cost and the 

interest-bearing sorting cost. After specific values are assigned to the parameters (see 

Subsection 4.3.1), this more intuitive criterion for recycling a resource unit in the t-th period 

is 𝒑𝒕+𝟏 > 𝟕. 𝟔. Table 4.10 presents the detailed values of the average transaction prices in 

each period. It can be seen that the average transaction price in the 1
st
 period is higher than 7.6 

in both markets (7.6964 vs. 7.8778). If the sellers viewed the transaction prices in the 1
st
 

period or even higher prices as the expected transaction prices in the 2
nd

 period, the period 

effect caused by recycling a resource unit in the 1
st
 period was expected to be positive in both 

markets. Thus, positive recycling requests and actual recycling quantities which occurred in 

the 1
st
 period in the first and the second markets can be seen as rational behavior. In the 2

nd
 

period, if the sellers saw the averages of the transaction prices in the first two periods as the 

expected transaction prices in the 3
rd

 period (7.2796 vs. 7.7053), the period effect caused by 

recycling a resource unit in the 2
nd

 period was expected to be positive in the second markets 

and, by contrast, to be negative in the first markets. Therefore, doing recycling in the 2
nd

 

period seems to be a rational decision for the sellers in the second markets. Although no 

recycling appears to be a rational decision in the 2
nd

 period in the first markets, the sellers 

could still recycle in this period if they believed that they were able to raise their prices in the 

3
rd

 period. In a word, it is reasonable for the sellers to recycle in those periods when positive 

period effects caused by recycling were expected. Since the period effects are used in this 

relatively intuitive method to judge whether sorting activities are reasonable, this method can 

be called “the period effect method”. However, this method cannot give a good explanation 

for the positive recycling decisions made in the periods during which the transaction prices 

remained low
85

. 

Table 4.10 The detailed values of the average transaction prices in each period 

Period Average transaction prices 

First markets Second markets 

1 7.6964 7.8778 

2 6.8627 7.5328 

3 6.1719 7.3451 

4 5.7235 7.3562 

5 5.6099 7.584 

                                                 
85 It can be seen in Table 4.10 that the transaction prices were lower or even much lower than 7.6 from the 2nd to the 8th 

period in the first markets, while they were lower than 7.6 from the 2nd to the 5th period in the second markets. 
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6 5.6582 7.8604 

7 6.3412 8.3856 

8 7.5641 9.9013 

9 10.7713 11.2446 

10 14.7187 11.8254 

 

It may be argued that the experimenter demand effects that encourage recycling may have 

existed and led to the positive recycling decisions in each period. However, during the 

experiments, the experimenter did not provide any explicit or implicit clues to how to recycle. 

The sellers knew that recycling was the only way to make losses and that there was a 

threshold to ensure they would not loss all of their initial capital. They also knew that 

recycling could bring more resource units the sale of which only increased their profits. The 

true experimental objective, which is to test the rule followed by the transaction prices and the 

trading quantities and the criterion followed by recycling decision, was unknown to the 

subjects. Based on this information, the sellers decided whether and how much they should 

recycle all by themselves. The vertical effects of the experimenter on the subjects were 

minimized. Moreover, during the whole experiment, all participants could not communicate 

with each other. All decisions except the offers submitted and the previous transaction prices 

were exclusively shown to the corresponding participants and not to others. Furthermore, the 

participants who submitted the offers and concluded the transactions were also anonymous. 

Therefore, the remaining tradable resource stocks, the period profits and the account balances 

were also known only to the participants themselves. In other words, the horizontal effects of 

the peers on the subjects were also kept to a minimum. Therefore, there is no reason to say 

that experimental demand effects should account for the positive recycling decisions in each 

period. 

By contrast, social and environmental preferences which believe that doing some recycling 

always benefits the others and the environment may provide some explanation for the positive 

recycling decisions in each period. It is possible that subjects apply real-world behavioral 

patterns and social norms that they feel appropriate even if it does not fit the strategic details 

of experiments (see Zizzo (2010)). The experiments of the basic treatment were held in 

Germany, a country known for its tradition of recycling and its outstanding performance in 

recycling. Therefore, the participants might have taken recycling for granted. Therefore, the 

sellers might have chosen to recycle something in each period. 
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4.3.2.2 Transaction Prices and Trading Quantities 

As mentioned above, the developments of the transaction prices contradict the theoretical 

expectation in both markets. Theoretically, they should rise over the ten periods. However, 

they fell from the beginning and then rose to the end in the experiments. Fortunately, 

learning processes can be observed in the price aspect, especially in the price data from the 

3
rd

 to the 9
th

 period. As seen in Figure 4.10 and 4.11, the average transaction prices of the 

second markets are generally rising from the 3
rd

 to the 9
th

 period and closer to the equilibrium 

prices than those of the first markets during these seven periods. Figure 4.12 details the 

moments at which the transaction prices were submitted for each period in each market. It can 

be seen by comparing the market pairs that the transaction prices are generally closer to the 

theoretically optimal prices in the second markets than in the first markets from the 3
rd

 to the 

9
th

 period. Furthermore, the transaction prices are generally more concentrated in the second 

markets.  
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Figure 4.12 Price data in each period of the ten markets
86

 

A closer look at Figure 4.12 reveals an interesting point about the transaction price data: they 

generally had a falling trend in the early phase and stabilized at, or rather, converged to a 

certain level in the later phase of a period. This holds in both markets and is especially 

                                                 
86 Due to possible system reasons and improper personal operation, six transaction prices were lower than the production cost 

in these five sessions. They occurred in the 4th period in Market 1 and in the 1st, the 5th and the 6th period in Market 9. 

However, these price errors are negligible because of the large number of transactions concluded in these periods (78 

transactions were achieved in the 4th period in Market 1, 70 transactions in the 1st period in Market 9, 76 transactions in the 

5th period in Market 9 and 61 transactions in the 6th period in Market 9). 
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obvious in the early periods. It reflects a price adjustment process, which questions the 

hypothesis of the neoclassical standard theories that all transactions are concluded at 

equilibrium prices. Moreover, the quick convergence of the transaction prices in a poor 

informational environment, which is a notable virtue of double auctions, is also confirmed 

here. The high transaction prices achieved in the early phase of a period may be attributed to 

the combination of the sellers’ trading strategy and the buyers’ acceptance of satisfactory 

offers, since the first few resource units brought the buyers high marginal utility. 

Now several important questions can be proposed and solved. First, why do the transaction 

prices show a U-shaped development over periods in both markets? Second, why did the 

sellers raise their prices in the second markets but fail to keep the high prices in the final 

period? Third, do these anomalies in the price development have implications for the 

recycling decisions submitted by the sellers? 

The U-shaped development in the transaction prices may be attributed to a lack of scarcity 

consideration in the early periods. Spiro (2014) proposes this idea to explain the discrepancy 

between the long-run price development of oil and the theoretical prediction from the 

Hotelling model. The oil price was falling or constant during the 20
th

 century and no 

substantial scarcity rent for oil existed during this time. Around the year 2000, however, the 

oil price started increasing sharply, which implies the substantial and increasing scarcity rent 

for oil. In his point of view, a rolling planning horizon may be used when exhaustible 

resource owners make extraction and pricing decisions
87

. Each agent makes a plan for a finite 

number of periods, and updates it regularly: only the first period is carried out and a new plan 

is then made for an equally long future. Each agent assumes that everyone else acts the same 

way that he does. Since the remaining resource stock is high in the early periods, his 

extraction decisions for the planning horizon can always be met. The resource constraint is 

not binding, which renders the non-decreasing extraction quantities and the non-increasing 

resource prices. There is also no connection between the price development and the interest 

rate in the early periods. However, as the extraction proceeds, the resource stock finally 

becomes so small that it could be exhausted within the planning horizon. The new plans 

have to take the binding resource constraint into account, which renders the falling extraction 

and the rising price. The scarcity of the exhaustible resource finally becomes a component 

of its price. It is clear that this idea is based on the assumption of bounded rationality. As the 

                                                 
87 No recycling is considered in Spiro (2014). 
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planning horizon approaches the infinity, the development of the transaction prices and that 

of the extraction quantities converge to the perfectly rational case, i.e. tend to follow the 

Hotelling rule. 

Spiro (2014) finds that in a rolling horizon case, overextraction and underpricing take place 

in the early periods when the resource constraint is not binding. Once the resource constraint 

binds, the extraction decreases more quickly and the resource price increases faster than in 

the corresponding Hotelling case. This is largely because the economy now has a smaller 

resource stock after the overextraction in the early periods. Similar developments occurred in 

the first markets of the basic treatment. Figure 4.13 shows the developments of the overall 

average individual trading quantities in the first and the second markets over periods, and 

Figure 4.14-15 give the respective development of the average individual trading quantities in 

each market. It can be seen in the first markets that the trading quantities increased from the 

1
st
 period and overtrading appeared from the 2

nd
 period. Correspondingly, as seen in Figure 

4.10 and 4.11, the transaction prices decreased from the 1
st
 period in the first markets, and 

underpricing occurred from the 3
nd

 period. The 5
th

 period can be seen as the turning point of 

the first markets as the trading quantities decreased sharply from this period, while the 

transaction prices increased from this period. In other words, the scarcity of the non-

renewable resource became apparent from the 5
th

 period. Table 4.11 presents the detailed 

values of the overall average individual trading quantity in each period and the overall 

average quantity of the individual remaining tradable resource units at the beginning of each 

period in the first markets. The planning horizon of the sellers is estimated by looking at 

whether the quantity of the remaining tradable resource units at the beginning of the 

corresponding period can cover the total trading quantities in the assumed planning horizon. 

As the 5
th

 period is the turning point of the first markets, it must be held in the first five 

periods that the quantity of the remaining tradable resource units at the beginning of each 

period covers the total trading quantity in the assumed planning horizon. In contrast, from the 

6
th

 period to the final period, the quantity of the remaining tradable resource units at the 

beginning of each period cannot cover the total trading quantities in the assumed planning 

horizon. If the sellers planned to sell the same quantity of the resource units in each period of 

the planning horizon, i.e. the trading quantity they sold in the first period of the planning 

horizon, their planning horizon was about 3 periods in the first markets. 
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Figure 4.13 The developments of the overall average individual trading quantities over periods  

 

Figure 4.14 The development of the average individual trading quantities over periods in each first market 

Table 4.11 Overall average individual trading quantity in each period and overall average quantity of the 

individual remaining tradable resource units at the beginning of each period in the first markets 

Period Individual trading quantity  

in each period 

Quantity of the remaining resource units  

at the beginning of each period 

1 6.18 45 

2 7.32 40.16 

3 7.44 34.215 

4 7.72 28.255 
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5 7.44 22.055 

6 6.94 16.475 

7 5.88 11.27 

8 4.62 6.86 

9 2.7 3.395 

10 1.04 1.37 

 

The sellers may have known about the scarcity of the non-renewable resource in the latter 

phase of the first markets, and they thus generally raised their transaction prices (see Figure 

4.10-12) and reduced their trading quantities (see Figure 4.13-4.15) in the second markets. 

This leads to the fact that the average individual trading quantities of the second markets 

twine around the Hotelling path without great deviation from the 1
st
 to the 9

th
 period. 

Although there is a slight increase from the 2
nd

 to the 3
rd

 period, the average individual 

trading quantities of the second markets tend to decrease from the 3
rd

 to the 9
th

 period. 

 

Figure 4.15 The development of the average individual trading quantities over periods in each second market 

Moreover, after a slight decline in the first three periods, the average transaction prices of the 

second markets have a very similar development to what the Hotelling rule requires from the 

3
rd

 to the 9
th

 period. Additionally, as seen in Figure 4.6-4.7, despite the excessive recycling in 

the first two periods, the average individual recycling quantities of the second markets are 

very close to the equilibrium solution from the 3
rd

 to the 9
th

 period. Strong learning effects 

are reflected in transaction prices, trading quantities and recycling quantities. In addition to 

the graphical analysis, a regression analysis of the pricing, trading and recycling data of the 
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second markets is also conducted to achieve a stronger quantitative analysis. The method of 

least squares is used here to obtain the regression models
88

. The theoretically optimal 

developments of the market recycling quantities, the market trading quantities and the 

transaction prices from the 3
rd

 to the 9
th

 period are:
89

 

       𝑥𝑟𝑡,𝑡𝑜𝑡𝑎𝑙
∗ = 19.0625 − 2.0023 ∗ 1.2𝑡−1, 

                                                    𝑥𝑡,𝑡𝑜𝑡𝑎𝑙
∗ = 76.25 − 8.0090 ∗ 1.2𝑡−1,                                (4-11) 

                                                        𝑝𝑡
∗ = 4.75 + 1.6018 ∗ 1.2𝑡−1. 

The corresponding econometric models to be estimated are thus: 

𝑥𝑟𝑡,𝑡𝑜𝑡𝑎𝑙 = 𝛽1 − 𝛽2 ∗ 1.2𝑡−1 + 휀𝑡, 

𝑥𝑡,𝑡𝑜𝑡𝑎𝑙 = 𝛽3 − 𝛽4 ∗ 1.2𝑡−1 + 휀𝑡,                                    (4-12) 

                                                          𝑝𝑡 = 𝛽5 + 𝛽6 ∗ 1.2𝑡−1 + 휀𝑡, 

where 휀𝑡 is the error term. 

Table 4.12 summarizes the regression results. For the trading quantities and the recycling 

quantities of the second markets, the 95% confidence intervals of the constant terms and the 

coefficients include the respective theoretical values, and the estimated values of the constant 

terms and the coefficients are statistically significant (at the 1% significance level). It implies 

that the developments of the trading quantities and the recycling quantities of the second 

markets are statistically consistent with the standard developments from the 3
rd

 to the 9
th

 

period. However, it is not the case for the transaction prices of the second markets: the lower 

limit of the 95% confidence interval of the constant term is a little higher than the theoretical 

value 4.75, while the upper limit of the 95% confidence interval of the coefficient is lower 

than the theoretical value 1.6018.  

                                                 
88 The statistical software Stata is used for the regression analysis here. No regression analysis on the pricing, trading and 

recycling data of the first markets is conducted, since the scarcity of the non-renewable resource was not reflected until the 

5th period in the first markets. 

89 The market recycling quantity is the sum of all individual recycling quantities in a period. As there were 10 participants on 

each side in every session of the basic treatment, 𝑥𝑟𝑡,𝑡𝑜𝑡𝑎𝑙
∗  is equal to 10*𝑥𝑟𝑡

∗  (see 𝑥𝑟𝑡
∗  in equation (4-10)). The market trading 

quantity is the sum of all individual trading quantities in a period. Correspondingly, 𝑥𝑡,𝑡𝑜𝑡𝑎𝑙
∗  is equal to 10*𝑥𝑡

∗ (see 𝑥𝑡
∗ in 

equation (4-10)). 
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Table 4.12 Regression results of the market recycling quantities, the market trading quantities and the transaction 

prices of the second markets from the 3
rd

 to the 9
th

 period
90

 

 Market trading Theory Market Recycling Theory Price Theory 

Constant term 81.1466 *** 

(2.9614) 

76.25 19.4639 *** 

(0.8516) 

19.0625 4.9617 *** 

(0.0944) 

4.75 

95% confidence 

interval of the 

constant term 

75.1216 87.1717 -- 17.7313 21.1965 -- 4.7766 5.1467  

Coefficient 9.3998 *** 

(1.2269) 

8.0090 2.1182 *** 

(0.3311) 

2.0023 1.3350 *** 

(0.0427) 

1.6018 

95% confidence 

interval of the 

coefficient 

6.9038 11.8959 -- 1.4446 2.7919 -- 1.2513 1.4187  

R
2
 0.6345 -- 0.5642 -- 0.4583 -- 

N 35 -- 35 -- 1966 -- 

 

As mentioned above, the trading quantities of the second markets are close to the equilibrium 

solution from the 1
st
 to the 9

th
 period, and the recycling quantities of the second markets are 

close to the standard quantities from the 3
rd

 to the 9
th

 period. It is the excessive recycling in 

the first two periods that caused the non-renewable resource to be less scarce from the 3
rd

 to 

the 10
th

 period than the standard solution suggests. Therefore, the scarcity of the non-

renewable resource was lower than the standard one during these eight periods, and the 

estimated value of the coefficient, i.e. the slope of the price development from the 3
rd

 to the 

9
th

 period, is smaller than the theoretical value 1.6018. As seen in Figure 4.10-12, the 

transaction prices are close to the corresponding standard price in the 3
rd

 period in the second 

markets, which implies a higher constant term due to the lower scarcity. Since the constant 

term theoretically represents all costs incurred from selling a resource unit, i.e. the production 

cost and the sorting cost resulting from the recovery of the recyclable materials, the recycling 

rate seems to be higher than the upper limit 25% from the 3
rd

 to the 9
th

 period in the second 

markets. This can be understood as a shift of the excessive recycling from the first two 

periods to the subsequent periods. Moreover, it is also the lower scarcity that resulted in the 

transaction prices below the standard prices from the 4
th

 to the 9
th

 period. Table 4.13 lists the 

values of the overall average individual trading quantity in each period and the overall 

                                                 
90 The values in the parentheses in row 2 and row 4 are the standard deviations. *** means significant at the 1% significance 

level. ** means significant at the 5% significance level. * means significant at the 10% significance level. N is the number of 

the observations. 
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average quantity of the individual remaining tradable resource units at the beginning of each 

period in the second markets. In comparison with the remaining tradable resource quantity at 

the beginning of the final period in the first markets and that in the standard solution, there 

were far more resource units on each seller’s hand at the beginning of the 10
th

 period in the 

second markets. The average quantity of the individual remaining tradable resource units at 

the beginning of the final period of the second markets exceeds the standard quantity by 3.2 

resource units, almost as many as the quantity of the excessive recycling in the first two 

periods (3.205). The sellers may have tried to make as much profit as possible through a 

“clearance sale” in this period, which is supported by the high trading quantities in the 10
th

 

period of the second markets (see Figure 4.13-4.15). Therefore, the transaction prices in the 

final period of the second markets were generally much lower than those of the first markets 

and the standard transaction price (see Figure 4.10-4.12). 

Table 4.13 Overall average individual trading quantity in each period and overall average quantity of the 

individual remaining tradable resource units at the beginning of each period in the second markets 

Period Individual trading quantity  

in each period 

Quantity of the remaining 

resource units  

at the beginning of each period 

Standard quantity of the 

remaining resource units  

at the beginning of each period 

1 6.46 45 45 

2 6.42 40.155 38.0679 

3 6.62 35.325 31.3493 

4 6.46 30.275 26.4955 

5 6.2 25.385 21.8148 

6 5.96 20.735 17.3416 

7 5.54 16.25 13.1175 

8 4.42 12.095 9.1924 

9 4.12 8.78 5.6260 

10 4.48 5.69 2.4900 

 

The 3
rd

 period can be seen as the turning point of the second markets as the trading quantities 

show a downward trend from this period, while the transaction prices increased from this 

period. Based on the individual trading quantity in each period and the quantity of the 

individual remaining tradable resource units at the beginning of each period (see Table 4.13), 

the planning horizon of the sellers is estimated to be about 5 periods in the second markets, 

which is 2 periods longer than that of the first markets. As mentioned above, as the planning 

horizon goes to the entire length of a round (i.e. 10 periods), the development of the 
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transaction prices and that of the trading quantities converge to the perfectly rational case, i.e. 

the Hotelling path. This point is supported by the better performance of the transaction prices 

and the trading quantities in the second markets. 

The period effect method is a reasonable alternative criterion for sorting activities, but it 

cannot explain all of the recycling decisions made in the first nine periods. Another 

explanation for the recycling quantities in the first nine periods may lie in the changes that 

occurred when the participants may have realized the scarcity of the non-renewable resource. 

As mentioned above, the scarcity of the non-renewable resource was reflected from the 5
th

 

period in the first markets. Figure 4.16 shows the developments of the overall average 

individual recycling requests in the first and the second markets over periods, and Figure 4.17 

presents the developments of the average recycling rates from the 1
st
 to the 9

th
 period. The 

average recycling rate is defined as the ratio of the overall average individual recycling 

quantity to the overall average individual trading quantity in each period. It can be seen that 

the individual recycling requests rose sharply from the 5
th

 period and then remained at high 

levels till the 9
th

 period in the first markets. In comparison, the individual recycling requests 

of the second markets stayed at high levels from the 1
st
 to the 9

th
 period, while the participants 

may have taken the resource scarcity into account throughout the second markets. It seems 

that once the sellers realized the scarcity of their resource units, they wanted to recycle more 

to earn more profits. As a result, the average recycling rates of the first markets did not 

achieve its upper limit 25% until the 5
th

 period. They then remained at this level till the 9
th

 

period. By contrast, the average recycling rates of the second markets remained around 25% 

from the 1
st
 to the 9

th
 period. Therefore, it is a reasonable inference that there is a positive 

correlation between the recycling behavior and the awareness of the scarcity of the non-

renewable resource. 
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Figure 4.16 The developments of the overall average individual recycling requests over periods 

 

Figure 4.17 The developments of the average recycling rates over periods 

Combined with the period effect method, how the sellers made their recycling decisions in the 

experiments of the basic treatment can now be reconstructed. At the beginning of the first 

markets, the sellers did not realize the scarcity of their resource units as they still had many 

resource units on their hands. High transaction prices were achieved in the first period, and 

the sellers may have expected the period effect caused by recycling to be positive. Therefore, 

they made positive recycling decisions in the first period. However, the transaction prices had 

been falling in the subsequent three periods. The sellers’ confidence in high prices was 

battered, and they may have revised their recycling plans so that the recycling rates fell and 
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remained at lower levels in these three periods. The situation was not reversed until the 5
th

 

period when the scarcity of the non-renewable resource was finally reflected. From then on, 

the sellers decided to reduce their trading quantities, raise their transaction prices and also 

increase their recycling to get more resource units available for sale in later periods. The 

recycling rates reached and remained at the upper limit till the 9
th

 period in the first markets. 

In the final period, some sellers submitted positive recycling requests without considering 

whether recycling was worthwhile in this period, or they were just careless. This inference 

holds for the positive recycling requests submitted in the final period in both markets. Since 

the sellers might have noticed the scarcity of their resource units in the latter phase of the first 

markets, they tried to sell their resource units at high prices and recycle as much as possible to 

earn more profits throughout the second markets. Thus, the recycling rates remained almost at 

the upper limit in the first nine periods in the second markets. 

Of course, social and environmental preferences that support recycling may also have 

contributed to the positive recycling decisions in each period. As to the experimenter demand 

effects, except for the lower and the upper limits, there were no more requirements on the 

offers. Neither explicit nor implicit clues to how to price and trade were given by the 

experimenter. As mentioned above, the true experimental objective, i.e. testing whether 

transaction prices and trading quantities follow the Hotelling path and recycling is determined 

by the comparison between the current value and the sorting cost, was unknown to the 

participants. Except for the anonymous offers and transactions, all decisions and results were 

known only to the corresponding participant, and they could not communicate with each other 

during the experiment. The experimenter demand effects on the transaction prices and the 

trading quantities were also controlled to a minimum, which make them a non-issue. 

4.3.3 A Brief Summary of The Basic Treatment 

Based on the Hotelling rule, Boyce (2012) proposes a criterion for sorting activities that they 

can occur only when the current value of the non-renewable resource exceeds the sorting cost. 

In the equilibrium solution of the basic treatment, it is worthwhile to recycle from the 3
rd

 to 

the 9
th

 period. In the first two periods, the current value of the resource units is lower than the 

sorting cost. In the final period (i.e. the 10
th

 period), sorting is not economic as it can only 

lead to costs but cannot generate future revenue. The experimental results of the basic 

treatment show that at least the individual recycling quantities of the second markets conform 

to the standard development from the 3
rd

 to the 9
th

 period. A learning process can be observed 
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by comparing the developments of individual recycling quantities over these seven periods in 

each market pair. However, the recycling behavior in the other three periods contradicts the 

theoretical prediction as there were recyclers in these three periods in both markets. 

Furthermore, both the recycling requests and the actual recycling quantities of the second 

markets are higher than those of the first markets in these three periods. With respect to the 

recycling behavior in the final period, two good signs can be seen. First, in both markets, 

there were much fewer sellers who actually recycled or had the willingness to recycle in the 

final period than in any of the previous nine periods. Second, fewer sellers actually recycled 

or wanted to recycle in the final period in the second markets than in the first markets. 

However, as to the recycling behavior in the first two periods, the experimental results did not 

show any good signs: in both markets, almost as many or even more sellers actually recycled 

or wanted to recycle in these two periods than in the subsequent seven periods in which 

recycling should occur theoretically. 

The criterion for sorting activities proposed by Boyce (2012) cannot be used here to judge 

whether the recycling decisions of the sellers are rational or not, since the transaction prices 

present a U-shaped development in both markets and the scarcity of the non-renewable 

resource was not reflected in the early periods in both markets. As an alternative criterion for 

sorting activities, the total effect method is well thought out. However, it has a high 

requirement on the participants’ thinking ability, calculation ability and prediction ability. 

Therefore, it is hard for the participants to notice and apply this method when making 

recycling decisions in the experiments. The period effect method is much more intuitive than 

the total effect method and can provide a reasonable explanation for the recycling behavior in 

the first two periods. However, it cannot give a good explanation for the positive recycling 

decisions made in the periods during which the transaction prices remained low. 

In fact, whether and when the scarcity of the non-renewable resource may have been realized 

by the participants may help explain the recycling decisions made in the first nine periods. 

Moreover, it can also provide explanations for the developments of the transaction prices and 

the trading quantities. In the early periods of the first markets, the resource constraint was not 

binding and the participants were not aware of the scarcity of their resource units. Therefore, 

non-decreasing trading quantities and non-increasing transaction prices could be observed, 

and there was no connection between the price development and the interest rate during the 

early periods. Furthermore, overtrading and underpricing also occurred in the early periods. 

Due to the high transaction prices occurring in the first period, the sellers may have expected 
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the period effect caused by recycling to be positive and they submitted positive recycling 

requests in this period. However, the prices had been falling in the subsequent three periods, 

which may have dented the sellers’ confidence in high transaction prices. Therefore, they 

adjusted their recycling plans to lower their recycling rates in these three periods. When the 

resource constraint was binding, the trading quantities decreased more quickly than in the 

Hotelling case, while the resource prices increased faster than in the Hotelling path. This can 

be attributed to the fact that there was a smaller resource stock after the overtrading in the 

early periods. After the scarcity of the non-renewable resource was finally reflected, the 

recycling requests of the first markets rose sharply and then remained at high levels till the 9
th

 

period. Accordingly, the recycling rates of the first markets achieved its upper limit 25% and 

then remained at this level till the 9
th

 period. It seems that once the sellers realized the scarcity 

of their resource units, they began to recycle more to get more resource units available for sale 

and earn more profits in later periods. Because the sellers may have been aware of the 

resource scarcity since the latter phase of the first markets, the trading quantities of the second 

markets were close to the standard quantities from the 1
st
 to the 9

th
 period. Moreover, the 

recycling quantities of the second markets were also close to the equilibrium quantities from 

the 3
rd

 to the 9
th

 period. Additionally, except for a slight decrease in the first three periods, the 

transaction prices of the second markets had a very similar development to the standard 

development from the 3
rd

 to the 9
th

 period. However, due to the excessive recycling in the first 

two periods, the scarcity of the resource units was lower than what the standard theory 

suggests from the 3
rd

 to the 10
th

 period, which results in the transaction prices below the 

standard prices from the 4
th

 to the 10
th

 period in the second markets. The recycling requests of 

the second markets stayed at high levels from the 1
st
 to the 9

th
 period, and the recycling rates 

remained around 25% in the first nine periods. The positive correlation between the recycling 

behavior and the awareness of the resource scarcity is once again confirmed. In both markets, 

the positive recycling decisions made in the final period may be attributed to lack of further 

consideration or carelessness. 

The vertical and the horizontal experimenter demand effects were minimized in the 

experimental design and during the experiments. Therefore, they have little influence on the 

interpretability of the experimental results. It has to be admitted that social and environmental 

preferences that support recycling may also have contributed to the positive recycling 

decisions in each period, especially when the experiments were conducted in the countries 

with a long tradition of recycling and good recycling performance. 



131 

 

The degree to which a decision maker has the willingness or is able to optimize is determined 

by its feasibility. It must be admitted that the complex design of the basic treatment makes it 

difficult for the participants, especially for the seller side, to do dynamic optimization. In an 

intertemporal context, they had to deal with their transactions with the buyer side and make 

recycling decisions in each period. Although they may have realized and taken the scarcity of 

their resource units into account since the latter phase of the first markets, it seems that the 

sellers did not actually know what the scarcity meant to them even in the second markets. So 

many aspects needed to be considered that they may not have figured out how to price, trade 

and recycle. To focus more attention on recycling decisions, a much simplified treatment, i.e. 

the recycling treatment, is then proposed. 

4.4 Recycling Treatment 

In this treatment, the easiest criterion for sorting activities, i.e. the period effect method, is 

selected to judge whether a recycling decision is rational or not. In other words, in this 

treatment, sorting activities should occur in the t-th period only when the period effect caused 

by recycling a resource unit in this period is positive, i.e. 𝑝𝑡+1 > 𝑘 + 𝛾𝜃−1  is met. The 

scarcity of the non-renewable resource is no longer taken into account. Therefore, there is no 

initial resource endowment in this treatment. Moreover, the trading step is deleted and only 

the seller side remains. In each period, the seller side only has to submit their recycling 

requests which must be fully satisfied in this period and sell out automatically at a 

predetermined transaction price at the beginning of the next period. There is also no 

recycling pool formed by the endogenous reflux of the consumed resource units anymore. The 

recyclable resource units come from an exogenous source, which decouples recycling from 

trading. Therefore, the cumulative effect incurred from recycling a resource unit in a period is 

avoided.  

As in the basic treatment, a neutral framing with a general, nonspecific non-renewable 

resource is used to control the experimenter demand effects to a minimum. However, to 

emphasize the final period, a special reminder of it is added in both markets. Such an 

experimenter demand effect is legitimate because it magnifies the relevance of the final period 

which is present to a stronger degree and cognitively familiar and therefore easier to 

understand in the real world than in the laboratory. In other words, in the real world, the 

agents cannot fail to realize that they are in the final period, and when they know that there is 

no chance to sell the recycled materials anymore, they will not recycle unless social and 
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environmental preferences let them do some recycling. In this way, such an experimenter 

demand effect is used as a tool to help better identify aspects that otherwise may not be 

noticed and strengthens the external validity of the experimental results (see Zizzo (2010)). 

To verify whether and to what extent social and environmental preferences can affect 

recycling decisions, the participants in the experiments of the recycling treatment are required 

to evaluate their environmental awareness in the post-experiment questionnaire. During the 

periods when sorting activities are theoretically worthwhile, all participants are expected to 

recycle as much as possible, whether out of high environmental awareness or self-interest. In 

the periods when recycling is theoretically not profitable, a positive correlation between 

recycling decisions and environmental awareness is expected. In other words, subjects with 

higher environmental awareness should recycle more and take a higher proportion of 

recyclers than subjects with lower environmental consciousness in these periods. 

In the following, the experimental design of the recycling treatment will be shown first (in 

Subsection 4.4.1). The experimental results thereof will then be present and explained in 

detail (in Subsection 4.4.2). 

4.4.1 Experimental Design 

As shown in Table 4.1, 3 sessions were conducted for the recycling treatment, each with 2 

rounds (i.e. 2 markets). Each round or market consisted of 10 periods and each period lasted 

one minute. In other words, each round or market lasted 10 minutes. A total of 32 participants 

participated in these three sessions. 

As mentioned above, each seller had no resource units available for sale at the beginning of 

each round. They could get tradable resource units only by recycling. If a seller wanted to 

recycle in a period, he had to specify how many resource units he would like to recycle at the 

cost of 3 talers per recycled unit. He could select any number between 0.00 and 100.00. 

His recycling decision would be fully satisfied and all resource units recycled by him in this 

period would be sold directly at the beginning of the next period at the corresponding 

predetermined price. A production cost of 4 talers would be incurred from the sale of a 

resource unit. The predetermined transaction prices for the ten periods were written in the 

instructions, and the sellers could see the selling price for the current period and that for the 

next period during the experiment.  
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Figure 4.18 Recycling screen of the recycling treatment 

As shown in Figure 4.18, the recycling screen of the recycling treatment consists of four 

boxes. In the first box, private information was shown exclusively to the corresponding seller. 

He could see the information that he might need when making recycling decisions: (a) the 

predetermined transaction price for the next period, (b) the production cost, (c) the sorting 

cost per recycled unit, and (d) the period profit. The information on the resource units which 

had been sold at the beginning of this period was also summarized here. The transaction price 

for the current period was shown to the seller. The quantity of the resource units sold in this 

period, i.e. the quantity of the resource units recycled by this seller in the last period, was also 

recorded here. His period profit was increased by the revenue generated from the sale of the 

resource units recycled by him in the last period and decreased by the total production costs 

incurred. In addition, he could also see the account balance which was the sum of the interest-

bearing period profits earned by him in the previous periods. In the second box, the seller 

could submit his recycling decision. His period profit was then decreased by the sorting costs 

incurred if he made a positive recycling decision. He could see the current period in the third 

box and the remaining time for decision making in the fourth box. 

As in the basic treatment, the period profit of each seller was added to his account balance at 

the end of each period, and an interest was calculated on and added to his account balance at 

the beginning of the next period with the same interest rate of 20%. This held for both 
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positive and negative account balances. A summary screen was shown exclusively to the 

corresponding seller at the end of each period (see Figure 4.19). He could see the quantity of 

the resource units recycled by him in this period, the quantity of the resource units to be sold 

at the beginning of the next period, his final period profit and final account balance at the end 

of this period. In addition, his account balance at the beginning of the next period was also 

shown here. 

 

Figure 4.19 Summary screen of the recycling treatment
 
 

As in the basic treatment, all sellers were informed in the instructions of the recycling 

treatment that after the 10
th

 period, any unsold resource unit was worthless. Therefore, doing 

recycling in the final period is also not worthwhile in the recycling treatment. As mentioned 

above, to emphasize the final period, a special reminder is added in the final period of the 

recycling treatment by writing “Please note that you are now in the final period!” on the 

computer screen. 

In this treatment, recycling a resource unit in a period is worthwhile only when the period 

effect incurred from recycling this resource unit is positive, i.e. 𝑝𝑛𝑒𝑥𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 > 𝑘 + 𝛾𝜃−1 is 

met. As the production cost, the sorting cost and the interest rate of the recycling treatment 

have the same values as those of the basic treatment, the criterion for sorting activities in 

the recycling treatment is the familiar 𝒑𝒏𝒆𝒙𝒕 𝒑𝒆𝒓𝒊𝒐𝒅 > 𝟕. 𝟔 .
 91

 The equilibrium transaction 

                                                 
91 The production cost 𝑘 is 4 talers and the sorting cost 𝛾 is 3 talers. As the interest rate 𝑟 is 20%, the discount factor is 

𝜃 =
1

(1+𝑟)
=

1

1.2
. Therefore, the criterion for sorting activities in the recycling treatment is 𝑝𝑛𝑒𝑥𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 > 4 + 3 ∗ (

1

1.2
)−1, i.e. 

𝑝𝑛𝑒𝑥𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 > 7.6. 
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prices of the basic treatment are used here as the predetermined transaction prices for the ten 

periods. However, they no longer imply the scarcity of the non-renewable resource and the 

endogenous reflux of the resource units. They are simply used to test whether the period 

effect method works or not. Other sets of prices are also acceptable if they are useful for 

testing this criterion for sorting activities. In this context, sorting activities should start from 

the 4
th

 period, since the transaction price does not exceed 7.6 until the 5
th

 period. Once 

recycling is profitable, it should be done as much as possible. Because the upper limit for 

recycling is 100.00 units, the optimal recycling quantity is 100.00 units from the 4
th

 to the 9
th

 

period. No recycling should be done in the final period as it only results in costs and brings 

no future benefits. The optimal solution of the recycling treatment is summarized as follows: 

Table 4.14 The optimal solution of the recycling treatment 

Period Transaction price Optimal recycling quantity 

1 6.14 0 

2 6.56 0 

3 7.06 0 

4 7.52 100.00 

5 8.07 100.00 

6 8.74 100.00 

7 9.53 100.00 

8 10.49 100.00 

9 11.64 100.00 

10 15.02 0 

4.4.2 Recycling Behavior in The Experiments 

Figure 4.20 shows the developments of the overall average individual recycling quantities in 

the first and the second markets over periods in the recycling treatment. It can be seen in both 

markets that the average individual recycling quantities achieved in the periods when 

recycling is not worthwhile theoretically are lower than those achieved in the periods when 

recycling should be done. However, the average individual recycling quantity still deviates 

from zero in the final period in both markets despite the addition of the special reminder of 

the final period in the recycling treatment. 
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Figure 4.20 The developments of the overall average individual recycling quantities over periods 

Table 4.15 lists the total number of the recyclers in the three sessions of the recycling 

treatment in each period. It is shown in both markets that fewer participants recycled in the 

first three periods when it is not worthwhile to recycle in theory than in the subsequent six 

periods when recycling is profitable theoretically. However, there were still recyclers in the 

final period in both markets, although much fewer recyclers appeared in this period than in 

any of the previous nine periods in both markets and fewer recyclers appeared in the final 

period in the second markets than in the first markets. 

Table 4.15 Total number of the recyclers in the three sessions of the recycling treatment in each period 

Period M1s M2s 

1 15 16 

2 26 20 

3 22 25 

4 28 26 

5 29 27 

6 28 27 

7 29 29 

8 31 32 

9 27 31 

10 8 6 
(Total number of the participants in the three sessions: 32) 

 

In comparison with the recycling performance in the experiments of the basic treatment, the 

experimental results of this much simplified treatment appear to be better. In both markets of 
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the basic treatment, the average individual recycling quantities in the first two periods when 

recycling is not worthwhile theoretically are close to or even higher than those in the 

subsequent seven periods when recycling is profitable in theory. By contrast, in both markets 

of the recycling treatment, the average individual recycling quantities in the first three periods 

when it is theoretically not worthwhile to recycle are lower than those in the subsequent six 

periods when sorting activities are theoretically profitable. Moreover, in both markets of the 

basic treatment, almost as many or even more sellers actually recycled or wanted to recycle in 

the first two periods than in the subsequent seven periods. By contrast, in both markets of the 

recycling treatment, fewer sellers recycled in the first three periods than in the subsequent six 

periods. It is worth mentioning that 2 of the 32 participants might have found the optimal 

recycling strategy in the experiments of the recycling treatment
92

.  

It seems that the special reminder of the final period which was given to the participants in the 

experiments of the recycling treatment did not help much. In both treatments, there were 

much fewer recyclers in the final period than in the previous nine periods in both markets (see 

Table 4.5-4.6 and Table 4.15). In the first markets of the basic treatment, on average, 42% of 

the sellers actually recycled in the final period, while the proportion fell to 22% in the second 

markets. In the recycling treatment, the proportions of the recyclers in all participants are 

lower: 25% in the first markets and 18.75% in the second markets. However, the addition of 

the special reminder can also not completely prevent positive recycling decisions in the final 

period. Table 4.16 summarizes the recyclers in the final period in each market of the recycling 

treatment. Like in the basic treatment, several sellers may have learned from the first markets 

that it was not worthwhile to recycle in the final period, and they did not recycle anymore in 

the final period in the second markets
93

. Another possible reason for the positive recycling 

decisions made in the final period is still the carelessness of these participants, especially 

those whose recycling decisions were zero in the final period of the first markets but positive 

in the final period of the second markets
94

. For the sellers who recycled in the final period in 

both markets (marked in red in Table 4.16), it is likely that they did not realize that recycling 

must be meaningless in the final period throughout the experiments.  

                                                 
92 The recycling behavior of the 5th participant of the first session was consistent with the optimal strategy in the second 

market. Another participant who did very well is the 3rd participant of the third session. He carried out the optimal recycling 

strategy in both markets. 

93 Such sellers include Seller 2 in the first session, Seller 1, Seller 4 and Seller 10 in the second session. 

94 Such sellers include Seller 1 in the first session and Seller 8 in the third session. 
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Table 4.16 Recyclers in the final period in each market of the recycling treatment 

Market 1 S2, S8 Market 2 S1, S8 

Market 3 S1, S3, S4, S10, S11, 

S12 

Market 4 S3, S11, S12 

Market 5 -- Market 6 S8 

 

As mentioned above, social and environmental preferences that encourage recycling may 

affect the recycling decisions of the participants during the experiments. To test whether and 

to what extent they influence the recycling decisions, the participants were required to 

evaluate their environmental consciousness in the post-experiment questionnaire in the 

experiments of the recycling treatment. It must be noted that environmental awareness was 

neither explicitly nor implicitly mentioned prior to the post-experiment questionnaire. Table 

4.17 shows the respective numbers of the recyclers with relatively high environmental 

awareness and the recyclers with relatively low environmental awareness in each period. In 

addition, it compares the proportions of the two kinds of recyclers in all recyclers in each 

period
95

. “Relatively high” environmental awareness refers to the environmental awareness 

equal to or higher than the average environmental awareness of all 32 participants in the 

experiments of the recycling treatment (65.75). Correspondingly, “relatively low” 

environmental awareness refers to the environmental awareness lower than 65.75. It can be 

seen in both markets that the proportion of the recyclers with relatively high environmental 

awareness in all recyclers does not exceed 50% in the periods when doing recycling is not 

worthwhile theoretically. This means that in both markets, there were actually fewer highly 

environmentally conscious recyclers in the periods when sorting activities should not occur 

theoretically. Therefore, it seems that the positive correlation between recycling decisions and 

environmental consciousness is not very clear in the periods when recycling is theoretically 

not profitable. By contrast, during the periods when sorting activities are theoretically 

worthwhile, the proportion of the recyclers with relatively high environmental awareness in 

all recyclers is closer to or more than 50% in both markets. Moreover, highly 

environmentally conscious participants were more likely to recycle in the periods when 

recycling is theoretically profitable. There were 17 participants with relatively high 

environmental awareness in all 32 participants in the experiments of the recycling treatment. 

In both markets, a higher proportion (at least 76.47% (=13/17)) of the highly environmentally 

                                                 
95 The number of all recyclers in each period is listed in Table 4.15. 
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conscious participants chose to recycle in the periods when recycling is theoretically 

worthwhile than in the periods when it is not (at most 64.71% (=11/17)). However, in both 

markets, at least 66.67% (=10/15) of the participants with relatively low environmental 

awareness chose to recycle in every period except the final one. 

Table 4.17 Recyclers with relatively high environmental awareness vs. recyclers with relatively low 

environmental awareness
 
 

Period First Markets Second Markets 

High awareness Low awareness High awareness Low awareness 

Number Proportion Number Proportion Number Proportion Number Proportion 

1 5 33.33% 10 66.67% 6 37.5% 10 62.5% 

2 11 42.31% 15 57.69% 8 40% 12 60% 

3 9 40.91% 13 59.09% 11 44% 14 56% 

4 13 46.43% 15 53.57% 13 50% 13 50% 

5 16 55.17% 13 44.83% 13 48.15% 14 51.85% 

6 13 46.43% 15 53.57% 13 48.15% 14 51.85% 

7 16 55.17% 13 44.83% 14 48.28% 15 51.72% 

8 17 54.84% 14 45.16% 17 53.12% 15 46.88% 

9 16 59.26% 11 40.74% 16 51.61% 15 48.39% 

10 4 50% 4 50% 2 33.33% 4 66.67% 

 

A comparison of the average individual recycling quantities between the participants with 

relatively high environmental awareness and the participants with relatively low 

environmental awareness is shown in Figure 4.21. In the periods when recycling is not 

worthwhile theoretically, the average individual recycling quantities of the highly 

environmentally conscious participants fluctuate around the average individual recycling 

quantities of the participants with relatively low environmental awareness in both markets. In 

terms of the individual recycling quantities, there is also no clear evidence of a positive 

correlation between recycling decisions and environmental awareness during the periods 

when recycling is theoretically not worthwhile. However, in the periods when sorting 

activities are profitable theoretically, the highly environmentally conscious participants, on 

average, recycled much more than the participants with relatively low environmental 

awareness in both markets. Furthermore, this makes the development of the individual 

recycling quantities of the highly environmentally conscious participants closer to the 

standard development than that of the participants with relatively low environmental 

awareness in both markets. Moreover, it can be seen in both markets that the numbers and the 



140 

 

individual recycling quantities of the highly environmentally conscious participants show an 

upward trend with the increasing predetermined transaction prices in the first nine periods. 

Their high willingness to recycle might be the reason why they dared to try high recycling 

quantities. The participants with low environmental awareness might have taken a 

conservative recycling strategy, since although most of these participants (as mentioned above, 

at least 66.67%) chose to recycle in the first nine periods in both markets, they did not 

dramatically increase their recycling until the later periods of the second markets. They might 

be more concerned about their payments and thus be more afraid of taking a loss. They might 

have learned from the first markets that recycling must lead to high profits during the later 

periods when the predetermined transaction prices are very high. Therefore, they only dared 

to greatly increase their recycling in the later periods in the second markets. 

 

Figure 4.21 Average individual recycling quantity of the participants with relatively high environmental 

awareness vs. average individual recycling quantity of the participants with relatively low environmental 

awareness in each period 

 

Another point worth mentioning is that the average individual recycling quantities of both 

groups are less than the maximum, i.e. 100 resource units, when recycling is theoretically 

worthwhile. Table 4.18 gives the numbers of the participants who recycled below the 

maximum during the periods when recycling is theoretically profitable. “High awareness” 

represents the participants with relatively high environmental awareness, and “Low awareness” 

represents those with relatively low environmental awareness. It can be seen in both markets 

that there were fewer highly environmentally conscious participants who recycled below the 

maximum in each of the profitable periods for recycling. Conservative recycling strategies 
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might be the main reason why most of the participants with lower environmental awareness 

(at least 53.33% (=8/15)) recycled below the maximum in these periods in both markets. The 

highly environmentally conscious participants who recycled less than 100 resource units 

during these periods might not have been quite sure that recycling must be profitable in these 

periods. Therefore, they avoided choosing extreme values and chose a lower value. It is worth 

noting that both highly environmentally conscious participants and the participants with 

relatively low environmental awareness increased their recycling to very high levels 

(respectively to 81.29 and 75.75) in the later periods of the second markets. Learning effects 

might have worked in both groups. 

Table 4.18 How many participants recycled below the maximum during the periods when recycling is 

theoretically profitable
96

 

Period First Markets Second Markets 

High awareness Low awareness High awareness Low awareness 

4 9 13 9 14 

5 7 13 11 13 

6 8 11 9 12 

7 8 13 7 11 

8 6 13 7 11 

9 7 12 5 8 

 

Experimenter demand effects might appear in the post-experiment questionnaire that is held 

directly after the behavioral part, since the subjects might be able to clearly identify the real 

experimenter’s objective which is to seek a connection between the two parts and in what way 

(see Zizzo (2010)). As mentioned at the beginning of Section 4.4, the ideal connection 

between recycling decisions and environmental awareness varies over periods and across 

participants, which is hard to guess. Moreover, in the experiments of the recycling treatment, 

how the two parts should be linked was neither expressed nor implied. Therefore, the 

experimenter demand effects were reduced to a minimum and cannot have a great impact on 

the interpretability of the investigation results.  

In summary, in both markets, the participants with relatively high environmental awareness 

recycled more than those with lower environmental awareness during the periods when doing 

recycling is theoretically profitable. Moreover, the highly environmentally participants were 

                                                 
96 As mentioned above, there were 17 participants with relatively high environmental awareness and 15 participants with 

relatively low environmental consciousness in the experiments of the recycling treatment. 
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more likely to recycle in these periods than in the periods when sorting activities are 

theoretically not worthwhile. It seems that social and environmental preferences that support 

recycling did have a positive impact on the recycling decisions made in the periods when 

sorting activities are theoretically worthwhile. However, in both markets, more recyclers with 

relatively low environmental awareness appeared in the periods when recycling should not 

occur, and the participants with relatively low environmental awareness recycled almost as 

much or even more than the highly environmentally conscious participants in these periods. In 

other words, social and environmental preferences only have a limited explanatory power for 

the positive recycling decisions made in the periods when it is not worthwhile to recycle in 

theory. 

Now how the subjects made their recycling decisions in the experiments of the recycling 

treatment can be reconstructed. In the first three periods of both markets, some participants 

chose to recycle due to environmental awareness, while the other recyclers simply did not 

know the profitable periods for recycling and did some recycling to see what would happen. 

The highly environmentally conscious participants dared to greatly increase their recycling 

quantities with the increasing predetermined transaction prices in both markets. By contrast, 

the participants with lower environmental consciousness might have taken a more 

conservative recycling strategy, i.e. maintained a relatively low recycling level, to avoid huge 

losses in both markets. However, they might have realized in the first markets that recycling 

must be profitable in the later periods when the predetermined transaction prices are very high. 

They then dramatically increased their recycling in the later periods of the second markets. In 

the final period of both markets, several recyclers might have not realized that recycling in 

this period only led to losses, while the others made positive recycling decisions simply due to 

environmental awareness or carelessness. 

4.4.3 A Brief Summary of The Recycling Treatment 

By simplifying the experimental design and testing a more intuitive criterion for sorting 

activities, better experimental results are given by the recycling treatment. In both markets of 

the recycling treatment, more recycling was done in the periods when doing recycling is 

worthwhile theoretically than in the periods when recycling should not occur. Moreover, 

fewer recyclers appeared in the periods when sorting activities are theoretically not 

worthwhile than in the periods when they are profitable in theory. As in the experiments of 

the basic treatment, fewer participants recycled in the final period than in the first nine periods 
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in both markets of the recycling treatment. Furthermore, fewer recyclers appeared in the final 

period in the second markets than in the first markets. A neutral framing is used to minimize 

experimenter demand effects to ensure the interpretability of the experimental results of the 

recycling treatment, except for a special reminder of the final period which magnifies the 

relevance of the final period in the laboratory to strengthen the external validity of the 

experimental results. Perhaps due to the addition of such a reminder, lower proportions of the 

recyclers in all participants in the final period are shown in the experiments of the recycling 

treatment than in the experiments of the basic treatment. However, the recyclers in the final 

period can still not be completely avoided.  

The environmental awareness of the participants is also investigated in the recycling treatment 

to test whether and to what extent it can affect recycling decisions. In both markets of the 

recycling treatment, the average individual recycling quantities of the highly environmentally 

conscious participants are much higher than those of the participants with relatively low 

environmental awareness during the periods when recycling is theoretically profitable. 

Moreover, the highly environmentally conscious participants were more likely to recycle in 

these periods than in the periods when recycling is theoretically not worthwhile. It seems that 

environmental awareness did have a positive impact on the recycling decisions in these 

periods. However, in both markets, more recyclers with relatively low environmental 

consciousness appeared in the periods when sorting activities are not worthwhile theoretically. 

Furthermore, the participants with lower environmental awareness recycled almost as much or 

even more than the highly environmentally conscious participants in these periods. Therefore, 

the positive correlation between recycling decisions and the sense of environmental protection 

is not clear in the periods when recycling is theoretically not profitable. 

The recycling story in the experiments of the recycling treatment is inferred as follows. In the 

first three periods of each market, positive recycling decisions were made due to 

environmental awareness or no knowledge about when recycling could be profitable. Perhaps 

due to their high willingness to recycle, the highly environmentally conscious participants 

dared to increase their recycling with the increasing predetermined transaction prices in both 

markets. By contrast, the participants with lower environmental awareness might value their 

payments more and thus haven taken conservative recycling measures to avoid big losses. 

Therefore, they maintained low recycling levels in the first markets and did not dramatically 

increase their recycling until the later periods of the second markets, since they might have 

learned from the first markets that recycling must be profitable in the later periods. The 
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positive recycling decisions made in the final period may be attributed to environmental 

awareness, carelessness or no knowledge on when it is worthwhile to recycle in theory. 

4.5 A Summary of The Two Treatments and Further Research 

Possibilities 

Based on the Hotelling rule, Boyce (2012) gives a perfect description for the equilibrium of a 

non-renewable resource market with recycling behavior. He proposes a reasonable criterion 

for sorting activities: sorting is economic and should occur only when the current value of the 

non-renewable resource exceeds the sorting cost. However, the laboratory experiments of the 

basic treatment did not provide good empirical evidence for the standard theory. The scarcity 

of the non-renewable resource was not reflected in the early periods in both markets. 

Therefore, the criterion for sorting activities proposed by Boyce (2012) cannot be used to test 

whether the recycling decisions of the sellers are rational or not. The U-shaped price path and 

the inverse U-shaped trading quantity path of the first markets imply that the sellers did not 

realize the scarcity of the non-renewable resource until the latter phase of the first markets. 

These characteristics are in great contradiction with the standard theory and can be explained 

by the rolling planning horizon theory which reflects the bounded rationality of human beings. 

The actual recycling performance, the price development and the trading quantity 

development in the second markets are much better than those in the first markets. This is 

mainly because the sellers may have taken the scarcity of their resource units into account 

from the very beginning in the second markets. However, the high recycling quantities in the 

first two periods and the slight decrease in transaction prices in the first three periods imply 

that the sellers may not have understood what the resource scarcity meant to them even in the 

second markets. 

It seems that the model proposed by Boyce (2012) and the underlying Hotelling rule do not 

gain much support from my experiments. However, the main reason for the empirical failure 

may lie in the complex experimental design rather than the standard theory. A much 

simplified treatment, i.e. the recycling treatment, is then designed to test a much easier 

criterion for sorting activities and better experimental results were achieved unsurprisingly. 

Both the individual recycling quantities and the numbers of the recyclers are lower in the 

periods when recycling is theoretically not worthwhile than in the periods when it is profitable 

in theory. Moreover, since social and environmental preferences are supposed to have 

influenced the recycling decisions in the experiments of the basic treatment, the participants 
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were asked to evaluate their environmental awareness in the post-experiment questionnaire of 

the recycling treatment. The investigation results show that they did have a positive impact on 

the recycling decisions, especially in the periods when recycling is theoretically profitable. 

Further research possibilities exist in the following aspects. A third market could be added 

in both treatments. In the second markets of the basic treatment, the sellers almost found the 

optimal trading strategy in the first nine periods. But because of their high recycling quantities 

in the first two periods, they had more resource units available for sale and their resource 

scarcity and transaction prices were thus lower than the standard scarcity and prices from the 

4
th

 to the final period. If there had been a third market, the sellers might have adjusted their 

recycling strategies to avoid this situation. Reducing the recycling quantities in the first few 

periods seems to be an attractive option as the positive profits achieved in the early periods 

are more valuable than those achieved in the later periods theoretically. It can also increase 

the resource scarcity in the first few periods, which may lead to a monotonically increasing 

price development from the beginning to the end. In the recycling treatment, both the highly 

environmentally conscious participants and the participants with lower environmental 

awareness achieved very high levels of recycling in the later periods of the second markets. If 

there had been a third market, the average recycling quantities of both groups might have 

approached or reached the maximum in more profitable periods for recycling.  

Another research possibility is decreasing the initial resource stock in the basic treatment. 

This idea is from the study of Van Veldhuizen and Sonnemans (2018) which generalizes the 

Hotelling rule by allowing for market power in the Cournot sense. This study finds that less 

attention will be paid by the producers to dynamic optimization in the case of large initial 

resource stocks than in the case of a small resource stock. The Hoteling rule is closely 

observed in their low stock treatment, while it is persistently violated by overextraction in 

their high stock treatment. The main reason proposed by them is that future periods are more 

salient and computing the dynamically optimal paths is more profitable for a relatively scarce 

non-renewable resource than for a more abundant one. Therefore, it is worth further studying 

whether better experimental results could be obtained by sharpening the scarcity problem of 

the non-renewable resource in the basic treatment, e.g. by reducing the initial resource stock.  
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5 Conclusions and Prospects 

Due to the limited availability of fossil fuels and minerals and the increasing demand for 

materials from a growing and more affluent global population, more and more attention has 

been paid to the current or future supply security of non-renewable resources and materials. 

At the same time, there have been many negative environmental impacts associated with the 

extraction, processing and use of non-renewable resources and their end-of-life waste 

management. The open system of a linear economy should therefore be “closed” to reduce the 

pressure caused by the scarcity of non-renewable resources and the negative effects on the 

environment and people. Recycling, as an option to “close” the linear economy, is actually 

composed of two parts -- reprocessing of the recovered materials at the end of product life and 

return the reprocessed materials into the supply chain. In addition to reducing the demand for 

primary resources and the adverse impacts on the environment and human beings, recycling is 

particularly important to those valuable non-renewable resources that are relatively rare in the 

earth’s crust and have almost no good substitutes. By recycling, these resources can be firmly 

held in hand to meet future needs. 

A review of metal and plastic recycling shows that the current level of their recycling is not 

satisfactory. Actually, there are still many obstacles to recycling in our modern society. First, 

it is sometimes impossible to separate materials from products. This is due to the physical and 

chemical properties of the material itself or the complex connections of the materials 

contained in products for functional reasons. Second, different waste streams are often mixed, 

which leads to material contamination. This has a severe negative impact on the market 

acceptance of secondary materials. Third, due to lack of legal frameworks, resources and 

capacities for waste recycling, informal recycling sectors are thriving in developing countries. 

They generally consist of a large number of poor people who survive by collecting, sorting 

and recycling materials from wastes. Due to their low social status and for financial reasons, 

they have no access to high technologies and often use simple or even inappropriate 

technologies and practices through which many materials are being recycled in an 

environmentally harmful and inefficient manner. 

In response to the obstacles to recycling, efforts could be made in the following aspects. First, 

product designers should take into account that the decisions they make have significant 

impacts on the recycling efficiency of products and materials. There are also technical 

obstacles to recycling, and recycling processes also consume material, financial and human 
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resources. Therefore, the design for recycling should consider the recyclability of products 

and materials with an acceptable cost-performance ratio. Moreover, recycling is experiencing 

a shift from a material-centric to a product-centric view, since the latter tries to increase the 

recycling of a product in its entirety. Second, separate collection systems can be applied to 

more kinds and even more subdivided kinds of waste. This helps to reduce mixed waste 

streams and improve the quality of secondary materials. Third, the Bo2W philosophy is seen 

as the most sustainable solution to the e-waste recycling problem in developing countries. 

Generally, a recycling process has three stages: collection, preprocessing, and end processing. 

Previous studies have shown that due to abundant workforce and low labor costs, the 

collecting, manual dismantling and sorting activities of the informal sectors in developing 

countries are more efficient than the formalized recycling practices in industrialized countries. 

However, the state-of-the-art integrated smelters used in most industrialized countries are 

more efficient in end processing. Therefore, this philosophy suggests that the collected waste 

electrical and electronic equipment should be collected and preprocessed on site in developing 

countries and the critical materials should then be delivered to the integrated smelters in 

international markets. In this way, the advantages of the informal sectors would be fully 

utilized. Moreover, the adverse impacts on the environment and the risks to human health 

caused by the improper recycling practices in developing countries would be reduced. 

Additionally, this idea would improve the overall resource efficiency. Fourth, various policy 

instruments (e.g. VA/NAs, regulations and economic instruments) can be used by 

governments to achieve their waste management and recycling goals. They all have their own 

advantages and disadvantages. Current and future policy instruments that focus on resource 

efficiency and environmental protection should encourage recycling activities and punish 

actions that are environmentally harmful or reduce resource efficiency. This also helps to 

strengthen the awareness of recycling and environmental protection among companies and the 

general public. 

Several representative theories on recycling are then reviewed. The first economic model on 

recycling was put forward by Smith (1972) to study the role of recycling in the dynamics of 

waste accumulation. In this article, waste is seen as a public bad whose volume can be 

affected by consumption, recycling and degradation. Smith (1972) uses phase diagrams as 

analytical tool and derives two situations in which the control solution (i.e. the socially 

optimal solution) and the decentralized competitive solution (derived under the assumption 

that all decision makers view waste disposal as a free activity) approach the same stationary 

state equilibrium. First, the disutility of waste is so low or the private recycling costs are so 
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high that no recycling is economical. Second, the private recycling costs are very low relative 

to the production costs of new units or the disutility of waste. As a result, all waste is recycled. 

There are also theories that focus on the economic instruments which encourage recycling and 

discourage waste generation. Fullerton and Kinnaman (1995) set up a general equilibrium 

model and consider illicit burning or dumping as the third waste disposal option in addition to 

garbage and recycling. Illegal waste disposal is a potential adverse reaction to garbage 

charges, with negative externalities even higher than garbage collection and disposal. Their 

study demonstrates that there are various ways to achieve the same social optimum. When 

illicit burning or dumping can be taxed directly, the social optimum can be achieved by a 

straightforward waste-end tax system. However, it is generally very difficult to tax illegal 

waste disposal directly because such action is easy to hide and the enforcement of a tax or a 

penalty on it is almost impossible in practice. In this context, a deposit-refund system which 

circumvents taxation on illegal waste disposal is preferred. In this system, consumption 

should be taxed due to the externality from illicit burning or dumping caused by it, and this 

tax is then returned as a subsidy on proper disposal, i.e. garbage and recycling, because these 

two options reduce improper waste disposal. Although there is still a tax imposed on garbage 

to correct for its own externality, the net tax on garbage may be negative (i.e. change to a 

subsidy) as it helps avoid the even worse case of illegal garbage disposal. Another point worth 

mentioning is that the tax on virgin materials plays no role in encouraging recycling and 

discouraging waste generation.  

Palmer and Walls (1997) compare a deposit-refund system with a recycled content standard 

policy in a partial equilibrium model to see which instrument is more practical in 

circumventing garbage fees which may lead to illegal waste disposal or cannot be 

implemented due to political opposition. The former one is composed of a tax on the final 

product and a subsidy on recycling, while the latter one requires that products should be 

manufactured with a certain minimum amount of secondary materials as a fraction of total 

virgin plus secondary materials. Their study demonstrates that a deposit-refund system is 

preferred in most cases, since it does not require any additional taxes or subsidies on the other 

inputs to production to achieve the social optimum. By contrast, the recycled content standard 

approach needs an additional policy on labor to achieve the socially efficient outcome. 

Moreover, a deposit-refund system only requires the information on the marginal social costs 

of solid waste disposal. The configuration of the optimal recycled content standard policy 

needs, however, the firm-specific information such as the form of the production function 



149 

 

which is generally beyond the reach of policy-makers. For the cases when multiple products 

are produced from the same recycled material and multiple recycled materials are used to 

produce the same output, it is an unimaginable difficult task to set the optimal recycled 

content standards and the associated taxes or subsidies. To sum up, the recycled content 

standard approach is a less preferred option, since its configuration is much more complicated 

and its information requirement is also much higher than the deposit-refund system. 

Walls and Palmer (2001) establish a partial equilibrium model with life-cycle environmental 

externalities to see how the consideration of life-cycle environmental problems affects the 

combinations of taxes, subsidies and regulatory standards associated with pollutants that can 

achieve the social optimum. Their study confirms once again that there are multiple ways to 

achieve the socially optimal outcome. One noteworthy finding is that an integrated approach 

to policy plays an important role when there are multiple environmental problems throughout 

a product’s life cycle, no matter which policy option is chosen. The social optimum is now 

defined as the one that addresses all life-cycle externalities simultaneously. The economic 

instruments which are used to achieve the social optimum must correct for all the 

environmental problems involved. Therefore, it is possible that one instrument may have to 

correct for multiple environmental externalities. Additionally, they find that dealing with 

multiple environmental problems requires at least as many instruments as the externalities. A 

single instrument cannot the overall social optimum. 

Several authors have associated recycling with economic growth to see how recycling 

influences the level of economic activity and its long-run development. Pittel (2006) applies 

the concept of environmental Kuznets curves to the case of non-renewable resources, more 

specifically, to a stock variable such as the waste resulting from the use and discarding of 

non-renewable resources. This article focuses on the driving forces behind the emergence of 

EKCs and demonstrates that an EKC development might arise during the transition to the 

long-run balanced growth path. Whether the development of the waste stock follows an EKC-

consistent path is mainly determined by the waste accumulation rate at the early stage of the 

transition process, since the waste stock must decrease over time and be used up when time 

goes to infinity along the balanced growth path. The reason is that the waste is a valuable 

productive resource in this model and leaving part of it on the waste pile cannot be optimal in 

the long-run. Whether the waste stock increases or decreases in early periods is determined by 

initial conditions, preferences and technology. The driving force for the emergence of EKCs 

is the increasing scarcity of non-renewable resources and recycling. 
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Pittel et al (2010) set up a general equilibrium model with exogenous technological progress 

and a Cobb-Douglas production technology to see the implications of recycling for economic 

activities and their long-run development. Only the positive effect of waste on the sustainable 

economic development is considered. As there is often no market for unprocessed waste, this 

market failure associated with recycling is considered in this model. Therefore, neither 

households nor final output producers are aware of the positive economic value of waste in 

the decentralized economy. Moreover, neither virgin resource extractors nor recycling firms 

internalize the effects of their supply on the future availability of materials. Pittel et al (2010) 

demonstrate that the existence of these market failures leads to insufficient waste use and thus 

the suboptimal low level of economic activities in the decentralized economy. In order to 

restore the social optimum, two systems of incentives are required. A market for unprocessed 

waste should be introduced to correct for the market failures in the household and final output 

production sector. In addition to the raw waste market, subsidies for virgin resource extractors 

and recycling firms are also required to correct for the externalities arising in these two 

sectors. 

With a partial equilibrium model based on the basic Hotelling rule and the Herfindahl’s least-

cost-first principle, Boyce (2012) presents the competitive equilibria of an exhaustible 

resource market with recycling activities under different initial conditions. By separating 

recycling into two distinct activities -- sorting recyclable materials from the waste stream into 

recycled stocks and converting recycled materials into final goods, this model also answers 

the question when recycling is economic and can thus take place. Virgin and recycled stocks 

are assumed to be perfect substitutes differentiated only by their production costs and they are 

no longer essential inputs to final production due to the existence of a backstop technology 

which produces final goods at a higher cost. It means that which stock is used in production 

depends on their production costs, their real-time quantities and the sorting cost. Sorting 

activities can take place when the value of recycled stocks exceeds the sorting cost. When the 

cost of converting recycled stocks into final goods is lower than that of virgin stocks, recycled 

stocks are the least-cost source and will be exhausted before virgin stocks are used in final 

production. In this scenario, the equilibria in which sorting activities take place must end in an 

interval in which both stocks are used simultaneously, since final production can only come 

from virgin stocks after the existing least-cost recycled stocks have been exhausted. 

Additionally, in the case of a high sorting cost, a paradox may appear: although recycled 

stocks are with lower production costs, no sorting activities occur, since sorting is still 

unprofitable. Especially when there is no initial recycled stock, production comes from the 
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higher-cost virgin stocks first and no sorting occurs at the beginning. When the cost of 

converting recycled stocks into final products is greater than that of virgin stocks, virgin 

stocks are the least-cost source and will be exhausted before recycled stocks are used in 

production. In this case, there may be intervals in which sorting activities occur, while 

production comes entirely from virgin stocks. During these intervals, sorting activities can be 

considered purely speculative, since there is currently no production from recycled stocks and 

they are expected to be competitive after virgin stocks are exhausted. However, this purely 

speculative activity can hardly be observed in the real world due to its negative cash flows 

today and capital gains tomorrow. This model is used as the basis for the theoretical model of 

my experiments. 

However, stimulating recycling is not always a good idea. According to Baumol (1977), 

recycling is actually a complex issue. First, not all items can be easily recycled, and recycled 

products may sometimes be inferior to virgin products. Second, if recycling has reached its 

optimal level to achieve the socially efficient outcome, an exogenous stimulation would 

reduce social welfare. Furthermore, recycling may also bring about significant negative 

externalities, and a net reduction in externalities cannot be ensured. Third, recycling policies 

may sometimes generate adverse incentives for individuals and firms, which exacerbates the 

basic problem. Fourth and last, recycling also consumes resources and an exogenous 

stimulation of recycling may even decrease the supply of scarce resources in the society. 

Hence, decisions on recycling should be made more carefully. However, there are far too few 

articles and theories which focus on the negative impacts and incentives of recycling activities. 

More research on this topic is needed to avoid the situations where the actual effects are 

opposite to the policy expectations. 

Like traditional natural sciences such as physics and chemistry, economics can also use 

laboratory methods to evaluate theories. The traditional economics research methods such as 

field research have many disadvantages. First, data from the natural world generally occur in 

a unique temporal and spatial context which can hardly be replicated because various 

observed and unobserved factors are constantly changing. Second, field data used for 

economic research purposes are usually collected by governments or businessmen for their 

own purposes and the quality of data collection and processing is difficult to verify. Third, the 

real world is uncontrollable, which leads to the limited availability and/or the poor quality of 

data as well as the lack of flexibility in testing theories. Because of these drawbacks, the 

validity of the findings based on field research is often questioned. However, they can be 
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largely reduced or even avoided by laboratory investigation. Although there are still questions 

about the application of experimental methods in economics, focusing on how to ensure the 

internal and external validity of economics experiments, it has been proved that 

experimentation should not be the object of criticism in most cases. It is worth noting that this 

does not imply that the traditional economics research methods can be replaced by this 

relatively new approach. When the traditional methods reach their limits, it has been shown 

again and again that laboratory methods can achieve a significant gain in knowledge. 

Therefore, these two approaches are actually complementary. 

The basic treatment is designed to test a simplified model of Boyce (2012). It involves a 

continuous double auction. During the auction, the buyers and the sellers traded a non-

renewable resource in a competitive market. The submission of a new offer must obey the 

bid-ask-spread-reduction rule, i.e. a new bid must exceed the current highest bid and 

symmetrically, a new ask must be strictly lower than the current lowest ask. A transaction 

occurred when the current best offer was accepted by the other side. When a buyer proposed 

an offer with the same or a higher value than the current best (lowest) ask, or when a seller 

submitted an offer with the same or a lower value than the current best (highest) bid, a 

transaction also took place. Each buyer gained a (decreasing) marginal utility from each 

resource unit he bought in a period, and his period profit came from the accumulation of the 

difference between the utility he gained from each unit and the price he paid for it. A 

production cost was incurred from the sale of each resource unit and the period profit of each 

seller was increased by the difference between the price he received from each unit and the 

production cost incurred. After the auction, i.e. the trading step, the sellers entered the 

recycling step during which they had to decide whether and how much they wanted to recycle 

at a given sorting cost in this period. A point worth mentioning is that the buyer side did not 

need to consider the opportunity cost of time, while each seller had an interest-bearing 

account balance. It can be seen that the task of the seller side is more difficult than that of the 

buyer side as they had to make trading and recycling decisions in an intertemporal context. 

The neutral framing minimizes the experimenter demand effects so that they cannot pose a 

threat to the interpretability of the experimental results. 

The experimental results of the basic treatment show that at least the individual recycling 

quantities of the second markets are in line with the equilibrium solution in the periods when 

the standard theory predicts that recycling should occur (i.e. from the 3
rd

 to the 9
th

 period). 

However, the recycling decisions contradict the theoretical prediction in the other three 
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periods when no sorting should occur (i.e. in the 1
st
, the 2

nd 
and the 10

th
 period). The sellers 

should have been aware that it was not worthwhile to recycle in the final period because all of 

them were informed before the experiments that any unsold material became worthless at 

once after the end of the final period. Although some sellers still did or wanted to do recycling 

in the final period, two good signs can be found in both markets. First, much fewer sellers 

actually recycled or wanted to recycle in the final period than in any of the previous nine 

periods. Second, fewer sellers did or wanted to do recycling in the final period in the second 

markets than in the first markets. The sellers who made wrong recycling decisions in the final 

period might not have noticed that it was worthless to recycle in the final period, or they 

might just have been careless and have forgotten that they entered the final period or they 

could not recycle in the final period. As to the recycling behavior in the first two periods, no 

good signs are shown by the experimental results. High recycling requests were submitted in 

the first two periods in both markets and high actual recycling quantities were achieved 

accordingly. Furthermore, both the recycling requests and the actual recycling quantities are 

higher in the second markets than in the first markets in the first two periods. Additionally, in 

both markets, almost as many or even more sellers actually recycled or had positive recycling 

requests in these two periods than in the subsequent seven periods during which sorting 

activities should occur theoretically. 

Since the scarcity of the resource was not reflected in the early periods in both markets, the 

criterion for sorting activities proposed by Boyce (2012) cannot be used to judge whether the 

recycling decisions are rational or not. The total effect method is a good alternative criterion 

for sorting activities. However, it is not practical as it requires the participants to have strong 

thinking ability, calculation ability and prediction ability. The period effect method is much 

more intuitive and can help explain the recycling behavior in the first two periods. However, 

it cannot provide a good explanation for the positive recycling decisions made in the periods 

during which the transaction prices remained low. It is surprising to find that the awareness of 

the scarcity of the non-renewable resource may help explain not only the developments of the 

resource prices and the trading quantities but also the recycling decisions made in the first 

nine periods. The resource constraint was not binding and the participants were not aware of 、

the resource scarcity in the early phase of the first markets. Non-decreasing trading quantities 

(overtrading in most cases) and non-increasing transaction prices (underpricing in most cases) 

could thus be observed, and no connection between the price development and the interest 

rate could be found during the early periods. Due to the high transaction prices occurring in 
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the first period, the period effect caused by recycling was expected to be positive, which may 

have led to the positive recycling decisions made in the first period. However, the transaction 

prices had been falling in the subsequent three periods, which may have battered the sellers’ 

confidence in high prices. The sellers then reduced their recycling rates in these three periods. 

When the resource constraint was binding, a dramatic decrease in the trading quantities and a 

dramatic increase in the resource prices could be seen due to the fact that there was a smaller 

resource stock after the overtrading in the early periods. Since the sellers may have been 

learned the existence of the resource scarcity from the latter phase of the first markets, both 

the trading quantities and the resource prices had a better development in the second markets. 

However, the excessive recycling in the first two periods resulted in resource scarcity and 

transaction prices from the 4
th

 to the final period being lower than the standard scarcity and 

prices in the second markets. As to the recycling decisions, both the recycling requests and 

the recycling rates did not reach high levels until the scarcity of the non-renewable resource 

may have been realized by the sellers. This is also reasonable: once the sellers realized that 

their resource units could be scarce, they began recycling more to earn more profits. In both 

markets, the positive recycling requests submitted in the final period may be attributed to the 

lack of further consideration or the carelessness of the sellers. Social and environmental 

preferences which support recycling may also have contributed to the positive recycling 

decisions in each period, especially when the experiments were held in Germany, a country 

which is famous for its long tradition of recycling and the excellent performance in it. 

It must be admitted that the complex design of the basic treatment affects the feasibility of 

dynamic optimization, especially on the seller side. It seems that the sellers did not really 

know what the scarcity of their resource units meant to them even in the second markets. So 

many aspects needed to be taken into account that they may not have learned how to price, 

trade and recycle even in the second markets. To focus attention on recycling decisions, a 

much simplified treatment -- the recycling treatment -- is thus proposed. In this new treatment, 

neither the scarcity of the non-renewable resource nor the endogenous reflux of the consumed 

resource units is taken into account. The more intuitive criterion for sorting activities -- the 

period effect method -- is tested. Now sorting activities can be seen as rational only when the 

period effect caused by recycling a resource unit in one period is positive, i.e. the price of this 

resource unit in the next period exceeds the sum of the production cost and the interest-

bearing sorting cost. A neutral framing is used to minimize experimenter demand effects, 

except a special reminder of the final period which helps to better identify the relevance of the 

final period and strengthen the external validity of the experimental results. Environmental 
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awareness is also investigated in the post-experiment questionnaire of this treatment to verify 

whether social and environmental preferences can affect recycling decisions. 

Better experimental results were indeed achieved in the experiments of the recycling 

treatment. In both markets of the recycling treatment, more recycling was done in the periods 

when recycling is worthwhile theoretically (i.e. from the 4
th

 to the 9
th

 period) than in the 

periods when recycling should not occur (i.e. in the 1
st
, the 2

nd
, the 3

rd 
and the 10

th
 period). 

Moreover, fewer recyclers appeared in the periods when sorting activities are theoretically not 

profitable than in the periods when they are worthwhile in theory. It seems that the addition of 

the special reminder of the final period did lead to lower proportions of the recyclers in all 

participants in the final period. However, positive recycling decisions in the final period can 

still not be completely avoided by it. The positive correlation between recycling decisions and 

environmental awareness is supported by the fact that in both markets the highly 

environmentally conscious participants had higher levels of recycling than the participants 

with relatively low environmental awareness in the periods when recycling is theoretically 

profitable. Furthermore, the highly environmentally participants were more likely to recycle 

in these periods than in the periods when sorting activities are theoretically not worthwhile. 

However, in both markets, more recyclers with low environmental consciousness appeared in 

the periods when recycling is theoretically not worthwhile. Furthermore, the participants with 

low environmental awareness achieved almost the same amount of recycling or even more 

than the highly environmentally conscious participants in these periods. Thus, this positive 

correlation is not clear in the periods when recycling is not profitable in theory. One possible 

reason is that the highly environmentally conscious participants dared to increase their 

recycling with the increasing transaction prices. By contrast, the participants with relatively 

low environmental awareness might be more concerned about their payments, thus taking 

conservative recycling measures to avoid big losses. They might have learned from the first 

markets that recycling must be profitable in the later periods, so they did not dramatically 

increase recycling until the later periods of the second markets. The positive recycling 

decisions made in the periods when recycling is theoretically not worthwhile can be attributed 

to environmental awareness, carelessness or no knowledge on when recycling could be 

profitable. 

Based on the above experimental results, two further research possibilities are proposed. In 

view of the great improvement in pricing, trading and recycling performance from the first to 

the second markets, the first suggestion is to add a third market in the basic treatment to see 
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whether the sellers could find the optimal pricing, trading and recycling strategies. It can also 

be added in the recycling treatment to see whether the recycling quantities of the participants 

could approach or reach the maximum in more profitable periods for recycling. Another 

research possibility is based on the findings of Van Veldhuizen and Sonnemans (2018) that 

producers may pay less attention to dynamic optimization in the case of a larger resource 

stock. Therefore, better performance could be expected when the scarcity problem of the non-

renewable resource is sharpened by e.g. decreasing the initial resource stock in the basic 

treatment. 

Since other elements such as cost-increasing degradation effects, technological changes, the 

discovery of new deposits, market power and capacity constraints occur in the real non-

renewable resource markets, the above experimental results cannot be transferred to the real 

markets without restriction. A careful discussion on the experimental results and their external 

validity is required. However, it is undeniable that laboratory investigation is a valuable 

complementary approach which could achieve a significant gain in knowledge when the 

traditional economics research methods reach their limits. The explanatory power of the 

above elements could also be disentangled by using this relatively new approach. It is hoped 

that the experimental approach can be widely accepted and used in the field of energy and 

resource economics.  
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Appendix 1  

Instructions of The Basic Treatment (Buyers) 

Welcome and thank you for participating in this scientific experiment! Its goal is to analyze 

the human behavior in an economic environment. First of all, please pay attention to the 

following information and requirements of the experiment: 

• The virtual currency used in the experiment is „taler“. The exchange rate between a taler 

and one euro is: 

45 talers ≙ 1 euro. 

Your starting asset is 3 € = 135 talers and corresponds to your show-up fee that you may 

lose if you suffer from losses. 

• It is forbidden to talk with other participants during the experiment. Please turn off your 

mobile phone now. If you use your mobile phone during the experiment, we have to 

exclude you from the experiment. 

• Your decisions are completely anonymous at any time. 

• If you have questions now or during the experiment, please make a gesture. We will 

answer your questions personally at your seat. 

The experiment is organized as follows: 

1. Please read the instructions carefully first. 

2. You will then be asked some short questions to see whether you have understood the 

instructions completely and correctly. You have to answer these questions separately from 

other participants on the computer. 

3. Then a practice round is carried out. You can use this round to familiarize yourself with 

the program and its operation. 

4. After the practice round, the formal experiment begins. The formal experiment consists of 

two exactly identical but independent rounds, each lasting half an hour. 

5. After the formal experiment, there is a short questionnaire that you have to fill out. This 

ends the experiment. You will receive your payment directly after the experiment, but you 

have to return the calculator, the instructions and the pen first. 
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Basic Information 

There are 20 participants in this experiment. All participants were randomly divided into ten 

buyers and ten sellers before the experiment. You play the role as a buyer throughout the 

whole experiment. 

All participants can trade a limited number of commodity units on the market. Each of the 

two formal rounds is divided into 10 periods and each period lasts 2 minutes. In each period, 

you also have a one-minute break during which the sellers have to make a decision. Therefore, 

each formal round will take half an hour. Each buyer can buy several commodity units in each 

period. 

Your Price Decisions 

For you, each period of the experiment consists of only one step. An auction takes place in 

each period and you have to decide at which price you want to buy each commodity unit. 

From every commodity unit you will get an utility measured in talers. The following table 

shows the utility you can get from the first, second, ... commodity unit in each period. 

The … commodity unit Utiliy of the commodity unit measured in talers 

First 19 

Second 17 

Third 15 

Fourth 13 

Fifth 11 

Sixth 9 

Seventh 7 

Eighth 5 

Ninth 3 

Tenth 1 

 

That is, the first commodity unit you buy in a period increases your asset by 19 talers. The 

second commodity unit increases your asset by 17 talers, etc. 
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Your Period Profit   

Your period profit is calculated by subtracting the purchase price from the utility shown in 

the table for each purchased unit: 

Your period profit = (utility of the 1
st
 commodity unit - price of the 1

st
 commodity unit) + 

(utility of the 2
nd

 commodity unit - price of the 2
nd

 commodity unit) + ... 

For example, if you have purchased three commodity units in a period, each at the price of 6, 

9 and 12 talers, your period profit is then calculated as (19-6)+(17-9)+(15-12)=24 talers. Note 

that the highest price you can pay for a commodity unit is limited by its utility value. This 

means that in the above example, you can submit an offer up to 19 talers for the first 

commodity unit, up to17 talers for the second and up to15 talers for the third (etc.). This 

ensures that you cannot make a loss as a buyer. 

Each period profit will be added to your account at the end of a period and thus increases your 

"asset". 

Please note that the utility values of the commodity units will be reset at the beginning of 

each new period. That is, the first commodity unit again has an utility of 19 talers, the 

second commodity unit has an utility of 17 talers, etc. 

In the following, the trading screen that you will see on your computer screen in each period 

of the experiment will be introduced. A screenshot of the trading screen will be shown to you 

first and the individual elements of the trading screen will then be explained. 

The following figure is an example of your trading screen: 
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Your trading screen consists of seven boxes. In the 1
st
 box, your personal information is 

summarized. First, your role in this experiment is shown. Then the information on the 

current period is displayed: (a) the number of the commodity units which have been bought 

by you in this period, (b) the utility of the next commodity unit to be bought, and (c) the 

period profit which have been earned by you. Below the information on the current period, 

you can see the important information on all previous transactions: the total number of the 

commodity units purchased by you in all previous transactions and your account balance. 

This account balance is the sum of all that you have earned in the previous periods. 

You can submit your bid for a commodity unit in the 2
nd

 box. Note that you can select any 

number between 0.00 (2 decimal places at most!) and the utility value of the next 

commodity unit to be purchased (enter with point instead of comma!). In the 3
rd

 box, all 

bids of other participants are displayed. Accordingly, you can see all asks of other participants 

in the 4
th

 box. The 5
th

 box lists all the previous transaction prices achieved in the current 

period. 

The 6
th

 box shows you the current period and the 7
th

 box displays the remaining time of the 

current period. 

A transaction can be concluded in two ways: 
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 You accept the current lowest offer of the seller side by directly clicking the “Buy” button 

in the 4
th

 box. 

 You submit a bid in the 2
nd

 box. Important: only higher offers as the current highest 

can be submitted in the list of the 3
rd

 box. This means that you, as a buyer, have to submit 

a higher offer than the current highest bid shown in the 3
rd

 box. So that you can easily find 

the currently highest bid, it is always placed at the top of the list in the 3
rd

 box. If you do 

not follow this, you will receive a short information window and be required to submit a 

new price. If your bid is accepted by a seller, a transaction will result. If your bid is equal 

to or higher than the lowest ask, a transaction will take place at the price of the lowest ask. 

After the trading step, you have a short (one-minute) break during which only the seller side 

has to make a decision. Please keep quiet during the break. 

Your total profit in this experiment is the sum of your period profits and will be paid to you 

after the experiment. This means that it depends on the value of your final account balance of 

each formal round. 

We are now at the end of the instructions. With the following questions on the screen, you can 

check whether you have understood the instructions correctly. If you have any questions, lift 

your hand. We will answer your questions at your seat. 

Please keep quiet till other participants also have finished the instructions and the 

comprehension test. 
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Instructions of The Basic Treatment (Sellers) 

Welcome and thank you for participating in this scientific experiment! Its goal is to analyze 

the human behavior in an economic environment. First of all, please pay attention to the 

following information and requirements of the experiment: 

• The virtual currency used in the experiment is „taler“. The exchange rate between a taler 

and one euro is: 

70 talers ≙ 1 euro. 

Your starting asset is 3 € = 210 talers and corresponds to your show-up fee that you may 

lose if you suffer from losses. 

• It is forbidden to talk with other participants during the experiment. Please turn off your 

mobile phone now. If you use your mobile phone during the experiment, we have to 

exclude you from the experiment. 

• Your decisions are completely anonymous at any time. 

• If you have questions now or during the experiment, please make a gesture. We will 

answer your questions personally at your seat. 

The experiment is organized as follows: 

1. Please read the instructions carefully first. 

2. You will then be asked some short questions to see whether you have understood the 

instructions completely and correctly. You have to answer these questions separately from 

other participants on the computer. 

3. Then a practice round is carried out. You can use this round to familiarize yourself with 

the program and its operation. 

4. After the practice round, the formal experiment begins. The formal experiment consists of 

two exactly identical but independent rounds, each lasting half an hour. 

5. After the formal experiment, there is a short questionnaire that you have to fill out. This 

ends the experiment. You will receive your payment directly after the experiment, but you 

have to return the calculator, the instructions and the pen first. 
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Basic Information 

There are 20 participants in this experiment. All participants were randomly divided into ten 

buyers and ten sellers before the experiment. You play the role as a seller throughout the 

whole experiment. 

All participants can trade a limited number of commodity units on the market. Each of the 

two formal rounds is divided into 10 periods and each period lasts 3 minutes. Therefore, each 

formal round will take half an hour. Each seller can sell several commodity units in each 

period. 

An Overview of Your Decisions 

There are two steps in each period of the experiment: 

Step 1: Trading step, during which you submit your asks or accept the bids. 

Step 2: You decide whether and how much to recycle. 

Step 1 (Trading) in Detail: 

At the beginning of each formal round, you have 45 commodity units available for sale 

within the 10 periods. The buyers can gain an utility between 1 taler and 19 talers by 

purchasing a commodity unit. When you sell a commodity unit, a production cost of 4 talers 

will result and you will receive the transaction price as sales revenue. From each unit sold, 

0.25 units will flow into a recycling pool. That is, if 4, 8 or 12 commodity units are traded, the 

stock of the potentially recyclable units will increase by 1, 2 or 3 units accordingly. 

In the following, the trading screen that you will see on your computer screen in the first step 

of each period will be introduced. 

Your trading screen consists of seven boxes. In the 1
st
 box, your personal information is 

summarized. First, your role in this experiment is shown. Then you can see (a) the 

production cost (4 talers), (b) your initial commodity stock, (c) your remaining tradable 

commodity stock, (d) your period profit and (e) your account balance. The period profit is all 

that you have earned in the current period. The account balance is the sum of the interest-

bearing period profits earned by you in the previous periods with an interest rate of 20%. You 

can submit your ask for a commodity unit in the 2
nd

 box. Note that you can select any 

number between 4.00 and 20.00 (2 decimal places at most! Enter with point instead of 
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comma!). In the 3
rd

 box, all asks of other participants are displayed. Accordingly, you can 

see all bids of other participants in the 4
th

 box. The 5
th

 box lists all the previous transaction 

prices achieved in the current period. The 6
th

 box shows you the current period and the 7
th

 

box displays the remaining time of the trading step. The following figure is an example of 

your trading screen: 

 

A transaction can be concluded in two ways: 

 You accept the current highest offer of the buyer side by directly clicking the “Sell” 

button in the 4
th

 box. 

 You submit an ask in the 2
nd

 box. Important: only lower offers as the current lowest can 

be submitted. This means that you, as a seller, have to submit a lower offer than the 

current lowest ask shown in the 3
rd

 box. So that you can easily find the currently lowest 

ask, it is always placed at the top of the list in the 3
rd

 box. If you do not follow this, you 

will receive a short information window and be required to submit a new price. If your ask 

is accepted by a buyer, a transaction will result. If your ask is equal to or lower than the 

highest bid, a transaction will take place at the price of the highest bid. 
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Step 2 (Recycling) in Detail: 

The stock of the potentially recyclable commodity units is generated from the commodity 

units traded in the first step and amounts to a quarter of the commodity units traded in the 

current period. If you want to recycle, you have to specify how much you would like to 

recycle at the predetermined price of 3 talers per recycled commodity unit. You have to 

submit multiples of 0.25, e.g. 1.00, 1.25, 1.50, etc. The upper limit for your recycling request 

is the stock of the potentially recyclable commodity units. 

Similarly, all other sellers also have to submit their recycling requests. If the sum of the 

recycling requests of the seller sider is lower than the stock of the potentially recyclable 

commodity units, all recycling requests can then be satisfied. Your remaining tradable 

commodity units will then be increased by the units recycled by you. The unrecycled units, if 

any, expire. 

If the sum of the recycling requests is higher than the stock of the potentially recyclable 

commodity units, an allocation will occur and be oriented by your individual recycling 

requests. When you make decisions, please note that only complete commodity units can be 

sold during the trading step. 

To ensure that you cannot be insolvent, you can participate in recycling activities only 

when your account balance exceeds the value of -105. Otherwise, you can only participate 

in the trading step during which no losses can occur. Losses (which can only be incurred by 

recycling) are allowed to be offset by the initial asset (the show-up fee). So if you finish both 

formal rounds with the maximum loss of -105, you will lose all your asset - also the show-up 

fee. 

In the following, the recycling screen that you will see on your computer screen in the 

second step of each period will be introduced. 

Your recycling screen consists of four boxes. In the 1
st
 box, a variety of information is 

summarized. First, your role in this experiment is shown. Then you can see (a) the recycling 

cost per unit of recycled materials (3 talers), (b) the quantity of the potentially recyclable 

commodity units, (c) the total quantity of the commodity units recycled by you in the previous 

periods, and (d) your remaining tradable commodity stock. Your period profit and account 

balance are also shown here. 
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You can submit your recycling request in the 2
nd

 box. The 3
rd

 box shows you the current 

period and the 4
th

 box informs you of the remaining time of the recycling step. The following 

figure is an example of your recycling screen: 

 

Your Period Profit 

Then you can see the actual quantity of the commodity units recycled by you in this period, 

the quantity of your remaining tradable commodity units after recycling, your final period 

profit and account balance at the end of this period on your screen. This summary screen is 

shown as follows: 
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To calculate your period profit, you have to subtract your production costs (4 talers) from the 

achieved transaction prices. If you have recycled, you also have to deduct the recycling cost 

of 3 talers per recycled commodity unit. That is, 

Your period profit = (price of the 1
st
 commodity unit - 4) + (price of the 2

nd
 commodity unit - 

4) + (price of the 3
rd

 commodity unit - 4) + ... - 3 * quantity of the commodity units recycled 

in this period. 

For example, if you have sold three commodity units, each at the price of 9, 12 and 15 talers, 

and also have recycled 1.5 commodity units in a period, your period profit is then calculated 

as (9-4)+(12-4)+(15-4)-3*1.5=19.5 talers. 

Each period profit will be added to your account at the end of a period and an interest will be 

calculated on and added to your account balance with an interest rate of 20% at the beginning 

of the next period. For example, if you achieve a period profit of 10 talers in the 1
st
 period, 

then you will receive an interest at the beginning of the next period. That is, your account 

balance will be 10 talers * 1.2
1
 = 12 talers at the beginning of the 2

nd
 period. In each of the 

following periods, the period profit of the 1
st
 period will “appreciate” so that the value will 

increase to 14.4 talers, 17.3 talers and eventually to 51.6 (= 10 *1.2
9
) talers. Note that this also 

holds for negative period profits. 

How much a taler earned in the first period is worth in the following periods can be found in 

the following table: 

Period Value 

1 1.00 

2 1.20 

3 1.44 

4 1.73 

5 2.07 

6 2.49 

7 2.99 

8 3.58 

9 4.30 

10 5.16 
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Due to the interests, a taler earned in the first period is worth twice in the fifth period and five 

times in the tenth period. Similarly, you can read the development of 1 taler lost in the first 

period. 

Finally, please note that after the 10
th

 period, any unsold commodity units become 

worthless. 

Your total profit in this experiment is the sum of your interest-bearing period profits and will 

be paid to you after the experiment. This means that it depends on the value of your final 

account balance of each formal round. 

We are now at the end of the instructions. With the following questions on the screen, you can 

check whether you have understood the instructions correctly. If you have any questions, lift 

your hand. We will answer your questions at your seat. 

Please keep quiet till other participants also have finished the instructions and the 

comprehension test. 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 

 

Appendix 2 

Basic information on the participants of the two treatments and their payments at the session 

level:
97

 

Treat- 

ment 

Session Male/Female 

participants 

Average age Proportion of 

Bachelor/Master 

students 

Proportion of the students 

who study “Business 

Administration” or 

“Business and 

Engineering” 

B 1 65% / 25% 23.5 70% / 30% 45% 

B 2 75% / 25% 21.75 85% / 15% 55% 

B 3 70% / 30% 23 75% / 25% 70% 

B 4 75% / 25% 23.9 55% / 40% 45% 

B 5 80% / 20% 23.25 70% / 30% 55% 

R 1 66.67% / 33.33% 24.67 88.89% / 11.11% 44.44% 

R 2 75% / 25% 25.17 58.33% / 41.67% 58.33% 

R 3 81.82% / 18.18% 24.91 45.45% / 54.55% 63.64% 

 

Treat- 

ment 

Session Economic 

relevance in study 

Have ever taken the course 

“energy economics” 

Experience in 

economics 

experiments 

Environmental 

awareness 

B 1 70% 5% 55% -- 

B 2 70% 0% 65% -- 

B 3 70% 10% 60% -- 

B 4 60% 10% 60% -- 

B 5 85% 15% 50% -- 

R 1 66.67% 0% 66.67% 59.22 

R 2 66.67% 0% 58.33% 63.42 

R 3 63.64% 9.09% 72.73% 73.64 

 

Treat- 

ment 

Session Experimental 

duration 

(minutes) 

Average payment 

in the first markets  

(in €) 

Average payment in 

the second markets  

(in €) 

Average total payment  

(in €) 

B 1 90 5.78 7.34 13.12 

B 2 90 7.03 7.49 14.51 

B 3 90 7.53 7.37 14.91 

B 4 90 5.79 6.79 12.57 

B 5 90 6.16 6.70 12.86 

R 1 40 1.67 2.19 3.86 

R 2 40 1.09 1.47 2.57 

R 3 40 2.12 2.00 4.11 

                                                 
97 In the treatment column, “B” represents the basic treatment, while “R” represents the recycling treatment. 
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Appendix 3 

The relevant information on the sellers who actually recycled or had positive recycling 

requests in the final period in both markets of the basic treatment is shown as follows
98

. 

Seller 2 in the first session: 

 

 

 

 

 

                                                 
98 The first column indicates the markets in which the corresponding sellers participated. The second column shows the 

periods. The third column presents the actual recycling quantities of the sellers in each period. The fourth column shows the 

recycling requests of the sellers in each period. The fifth and sixth column shows the period profits and the quantities of the 

remaining tradable resource units of the sellers at the end of the trading step (i.e. before the recycling decisions were made) in 

each period. 
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Seller 9 in the first session: 

 

Seller 4 in the second session: 
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Seller 9 in the second session: 

 

Seller 10 in the second session: 
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Seller 5 in the third session: 

 

Seller 9 in the third session: 
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Appendix 4 

Instructions of the Recycling Treatment 

Welcome and thank you for participating in this scientific experiment! Its goal is to analyze 

the human behavior in an economic environment. First of all, please pay attention to the 

following information and requirements of the experiment: 

• The virtual currency used in the experiment is „taler“. The exchange rate between a taler 

and one euro is: 

700 talers ≙ 1 euro. 

Your starting asset is 3 € = 2100 talers and corresponds to your show-up fee that you may 

lose if you suffer from losses. 

• It is forbidden to talk with other participants during the experiment. Please turn off your 

mobile phone now. If you use your mobile phone during the experiment, we have to 

exclude you from the experiment. 

• Your decisions are completely anonymous at any time. 

• If you have questions now or during the experiment, please make a gesture. We will 

answer your questions personally at your seat. 

The experiment is organized as follows: 

1. Please read the instructions carefully first. 

2. You will then be asked some short questions to see whether you have understood the 

instructions completely and correctly. You have to answer these questions separately from 

other participants on the computer. 

3. Then a practice round is carried out. You can use this round to familiarize yourself with 

the program and its operation. 

4. After the practice round, the formal experiment begins. The formal experiment consists of 

two exactly identical but independent rounds, each lasting 10 minutes. 

5. After the formal experiment, there is a short questionnaire that you have to fill out. This 

ends the experiment. You will receive your payment directly after the experiment, but you 

have to return the calculator, the instructions and the pen first. 
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Basic Information 

In each period, all participants decide whether and how much they want to recycle. Each of 

the two formal rounds is divided into 10 periods and each period lasts 1 minute. Therefore, 

each formal round will take 10 minutes. 

Your Recycling Decision 

At the beginning of each formal round, you have no commodity units available for sale. You 

can get tradable commodity units by recycling. If you want to recycle, you have to specify 

how much you would like to recycle at the predetermined price of 3 talers per recycled 

commodity unit. You can select any number between 0.00 and 100.00 (2 decimal places at 

most! Enter with point instead of comma!). The recycled resource units will then flow into 

your stock of commodity units and increase the quantity of your tradable commodity units. 

Your stock of commodity units will be sold out automatically at the beginning of the next 

period at a predetermined price and a production cost of 4 talers per commodity unit will 

result. The following table lists the predetermined selling price for each period and you can 

see the selling price for the current period and that for the next period during the experiment. 

Period Selling price (talers) 

1 6.14 

2 6.56 

3 7.06 

4 7.52 

5 8.07 

6 8.74 

7 9.53 

8 10.49 

9 11.64 

10 15.02 
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Your Recycling Screen 

In the following, the recycling screen that you will see on your computer screen in each 

period of the experiment will be introduced. A screenshot of the recycling screen will be 

shown to you first and the individual elements of the recycling screen will then be explained. 

The following figure is an example of your recycling screen: 

 

Your recycling screen consists of four boxes. In the 1
st
 box, a variety of information is 

summarized. First, you can see the information on recycling: (a) the predetermined selling 

price for the next period, (b) the production cost per commodity unit (4 talers), (c) the 

recycling cost per recycled unit (3 talers), and (d) your period profit. The important 

information on trading is shown below: the selling price for the current period, the quantity 

of your commodity units sold in the current period, and your account balance. The period 

profit is all that you have earned in the current period. The account balance is the sum of the 

interest-bearing period profits earned by you in the previous periods with an interest rate of 

20%. 

In the 2
nd

 box, you can submit your recycling decision. The 3
rd

 box shows you the current 

period and the 4
th

 box displays the remaining time of the current period. 
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Your Period Profit 

Then you can see the quantity of the commodity units recycled by you in this period, your 

stock of commodity units after recycling, your final period profit and account balance at the 

end of this period on your screen. Your account balance at the beginning of the next period is 

shown here. This summary screen is shown as follows: 

 

To calculate your period profit, you have to subtract the production cost (4 talers) from the 

achieved selling price. Moreover, you also have to deduct the recycling costs of 3 talers per 

recycled commodity unit. That is, 

Your period profit = (predetermined price for this period - 4) * quantity of the commodity 

units sold in this period - 3 * quantity of the commodity units recycled in this period. 

For example, if you have sold 100 commodity units at the predetermined price of 9 talers at 

the beginning of a period and then recycled 60 commodity units, your period profit is then 

calculated as (9-4)*100-3*60=320 talers. 

Each period profit will be added to your account at the end of a period and an interest will be 

calculated on and added to your account balance with an interest rate of 20% at the beginning 

of the next period. For example, if you achieve a period profit of 10 talers in the 1
st
 period, 

then you will receive an interest at the beginning of the next period. That is, your account 

balance will be 10 talers * 1.2
1
 = 12 talers at the beginning of the 2

nd
 period. In each of the 

following periods, the period profit of the 1
st
 period will “appreciate” so that the value will 

increase to 14.4 talers, 17.3 talers and eventually to 51.6 (= 10 *1.2
9
) talers. Note that this also 

holds for negative period profits. 
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How much a taler earned in the first period is worth in the following periods can be found in 

the following table: 

Period Value 

1 1.00 

2 1.20 

3 1.44 

4 1.73 

5 2.07 

6 2.49 

7 2.99 

8 3.58 

9 4.30 

10 5.16 

Due to the interests, a taler earned in the first period is worth twice in the fifth period and five 

times in the tenth period. Similarly, you can read the development of a taler lost in the first 

period. 

Finally, please note that after the 10
th

 period, any unsold resource units become worthless. 

Your total profit in this experiment is the sum of your interest-bearing period profits and will 

be paid to you after the experiment. This means that it depends on the value of your final 

account balance of each formal round. 

We are now at the end of the instructions. With the following questions on the screen, you can 

check whether you have understood the instructions correctly. If you have any questions, lift 

your hand. We will answer your questions at your seat. 

Please keep quiet till other participants also have finished the instructions and the 

comprehension test. 
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