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Abstract

Facing markets with growing green awareness, an increasing number of firms are us-
ing recycled materials in their products. The most effective way to convey such green
efforts may be getting labeled by a third-party certifier, i.e., NGO or government
agency. Across industries, we observe two types of recycled labels: The continuous
label precisely displays the percentage of recycled materials in a product; the binary
label sets a minimum-percentage standard and is issued to a product if the standard
is met. In this paper, we build a game-theoretic model to investigate how a certifier
should design the recycled label to boost an industry’s environmental performance.
The industry is captured by a duopoly where firms determine product composi-
tion through recycled-technology investment and thereby compete for market share.
We consider three key metrics characterizing the industry: competition intensity,
average recycled-investment efficiency, and symmetricity of recycled-investment ef-
ficiency. We figure out a sandwich principle for label selection: For any of the three
metrics, the certifier should design the recycled label as continuous if the metric
is intermediate, and as binary if the metric is low or high. This principle is ratio-
nalized by contrasting between the continuous label’s transparency effect—firms are
spontaneously motivated by being able to entirely transfer their recycled investment
into market competitiveness—and the binary label’s enforcement effect—the certi-
fier can control firms to deviate from their self-motivated investment. We further
demonstrate that the cerifier’s label preference cannot align with both firms, but can
align with the industry as a whole. Comparative statics reveal that environmental
performance and industry profitability change nontrivially in the three metrics. In

particular, intenser (milder) competition or more efficient recycled investment does



not necessarily improve environmental performance (industry profitability).

Keywords: recycled label; market competition; ESG operations; operations-marketing

interface.
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Chapter 1

Introduction

Consumers are increasingly concerned with the utilization of recycled materials in
products they purchase. Studies have demonstrated that female millennials are
willing to pay 5-10% more for athleisure apparel made from recycled polyester (Chi
et al. 2021); that students are willing to pay a price premium for mineral water
bottled by recycled plastic (Galati et al. 2022); and that eco-friendly consumers are
willing to pay around 7% more for recycled paper towels (Srinivasan and Blomquist
2009). Such green awareness of consumers is changing the market. For example,
merely for recycled plastic, the global market size reached 47.60 billion USD in
2022 and will exhibit a compound annual growth rate of 4.9% between 2023 and
2030 (Grand View Research 2023). As a result, it becomes essential for many firms
to gain competitiveness by building recycled elements into their operational and
marketing strategies, which can be generally attributed to “green competition”—a
specific form of competition that is focused on the ecological side of the companies’
strategies and that refers to a green promotion strategy of the companies’ goods and

services (Popescu 2020).

However, utilizing recycled materials is not trivial. While firms compete on the mar-
ket shares of recycled products, they face varying challenges to invest in the relevant
technologies. First, the type of material matters. For example, paper can be much

more easily recycled than plastic (Miller 2021), which requires advanced technolo-



gies to change the chemical structures (PlasticsEurope 2023). Second, even for the
same type of material, brands can have distinct efficiencies of recycled-technology
investment, which depends on product design, existing technological base, and sup-
ply chain environment. For example, in the apparel industry, product design plays a
crucial role. Napapijri, an outdoor brand, can easily employ recycled materials be-
cause of its mono-material product design (Napapijri 2023); in contrast, some other
brands have to invest heavily in near-infrared (NIR) sorting technology because of

their multi-fabric product designs (STADLER Anlagenbau GmbH 2023).

When shaping demand for recycled products, firms need not only the above efforts
in utilizing recycled materials, but also a credible channel to convey these efforts.
The most effective way may be getting labeled by a third-party certifier, e.g., NGOs
or the environmental departments of governments. According to a survey by PEFC
(Programme for the Endorsement of Forest Certification), over half of consumers
consider certification labels as the most reassuring proof of sustainable materials
(PEFC 2014). A multi-national survey conducted by GlobalScan further reveals
that 74% of global consumers believe strongly in the importance of independent
certification for paper products; they check product information to make informed
choices, and a certified label motivates them to buy the products (Forest Stewardship
Council 2021). In sum, these labels help firms communicate their green efforts
to consumers in a trustworthy manner and enable consumers to assess products’

recycled contents without being an expert.

Interestingly, we observe two approaches to designing recycled labels across various
industries: continuous and binary. A continuous label directly displays the percent-
age of recycled content in a product. As is shown in Table 1.1, in the industries
of recycled plastic, bio-circular material, textile, and general post-consumer resin
(PCR) and post-industrial resin (PIR), there are various certifiers that issue contin-
uous labels. A binary label, by contrast, does not display the actual percentage of
recycled content. Rather, the certifier sets a minimum standard for the percentage,
and a product is issued the label as long as it satisfies the standard. Table 1.1 also

displays several instances of binary labels across industries of recycled forest-based
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material, PCR, and ocean-bound plastic. The minimum standards for these labels

range from 30% to 100% of recycled content.

The above context implies the multifacetedness of recycled-product industries. Sev-
eral considerations play significant roles in the formation of a recycled economy:
the design of labels by certifiers (the regulation side), the competition between firms
under varying technological efficiency (the operations side), and the consumers’ will-
ingness to pay for recycled products (the marketing side). In this paper, we seek
to understand the dynamics of this system. We ask the following research ques-
tions: First, should the certifier design the label as continuous or binary to motivate
competing firms’ usage of recycled materials? Second, do competing firms benefit
from a continuous label or a binary label? How do their preferences align with the
certifier’s selection? Third, how does the industrial condition, such as competition

intensity and maturity of recycled technology, influence the label design?

To address these questions, we build a game-theoretic model consisting of one cer-
tifier, two competing firms in an industry, and a mass of consumers with green
awareness. The certifier optimizes the environmental impact of the firms’ produc-
tions. It can design the recycled label to be either continuous (i.e., fully reveal
a firm’s recycled-content percentage) or binary (i.e., issue the label as long as a
firm’s recycled-content percentage exceeds the minimum standard) coupled with a
minimum-standard decision. The firms are profit maximizers. Each firm determines
product constitution as well as product price. More recycled content (and less virgin
content) in the product leads to a higher production cost and, more importantly, a
heavier investment in recycled technology. The two firms’ efficiencies of such invest-
ment differ, which reflects their distinct product designs, existing technology bases,
or business environments. Consumers are located along a Hotelling line and their
utilities comprise products’ green value, which depends on the recycled label. In par-
ticular, if the label is continuous, consumers can perceive the exact recycled-content
percentage in products; by contrast, if the label is binary, consumers can only per-
ceive whether the minimum standard is met. In this game, the certifier first designs

the label, the two firms second determine product constitution simultaneously, the



pricing decisions follow, and finally consumers purchase. We start with the analysis
of each subgame under the continuous/binary label and then move on to the two

labels’ comparison regarding environmental performance and firm profits.

Our analysis on recycled label design surrounds three key metrics of the indus-
try. First, the competition intensity between firms. Second, the average recycled
investment efficiency of the industry. As we mentioned earlier, depending on the
type of material, the maturity of recycled technology differs largely. Therefore, the
corresponding investment efficiency of the industry also varies and should be consid-
ered as a key factor in recycled label design. Third, the symmetricity of investment
efficiency between the two firms. Symmetricity is not only a matter of theoretical in-
terest in competition, but also an important feature of recycled investment—again,
as mentioned earlier, even for the same type of material, firms may face distinct

recycled investment efficiencies due to multifaceted causes.

Recycled label design principle. We figure out a sandwich principle for recycled
label design: To maximize environmental performance, the certifier should design
the label as continuous if the three above-stated metrics are intermediate, whereas
as binary if these metrics are low or high. The rationale of this principle stems from
distinct effects that the two labels impose on the industry. The continuous label
has a transparency effect that allows firms to entirely convert their green efforts into
public visibility and market competitiveness; this may provide them with sufficient
motivation for recycled investment. The binary label has an enforcement effect
that pushes firms to deviate from their own willingness-to-invest because any effort
beyond the standard is invisible; the label’s standard may be targeted to both
firms, evening out their efficiency advantages/disadvantages, or targeted to the more

efficient firm only, leaving the less efficient firm fully virgin.

When the competition intensity is low, both firms utilize a low percentage of recycled
materials under the continuous label and it is better for the certifier to enforce both
to invest more with a common standard of the binary label. When the competition
intensity is intermediate, the common standard limits the market expansion of the

more efficient firm, so the continuous label, which allows the more efficient firm to



spontaneously utilize a higher percentage of recycled materials and obtain a larger
market share, is better. When the competition intensity is high, the certifier should
adopt the binary label that targets only to the more efficient firm. As a result, fully-
recycled product from the more efficient firm dominates the market, and fully-virgin

product from the less efficient firm gains only a tiny market share.

Similar rationales apply for the average and symmetricity of recycled investment
efficiency. Along the path that the industry averagely grows more efficient (or be-
comes more symmetric) in recycled investment, the certifier should first focus on
motivating the relatively more efficient firm with the binary label, then leverage
the spontaneous competition between firms with the continuous label, and finally
enforce both firms to increase the recycled-material percentage with the binary la-
bel. Notably, the binary label always outperforms when the firms are completely
symmetric because a single standard can achieve the most effective control over

them.

Other implications. By examining the firms’ label preferences, we conclude that
the certifier’s choice cannot simultaneously align with both firms, but can align
with the industry as a whole. Two situations may emerge: The two firms align but
conflict with the certifier, or the certifier aligns with one firm but conflicts with the
other. In the former situation, both firms prefer spontaneous competition that leads
to adequate investment levels and market share allocation for them. However, the
certifier selects the binary label that distorts their competition, leading to investment
burden or market share shrinkage. In the latter situation, the certifier’s choice of
either label may turn out helping the more efficient firm further expand the market,
or protecting the less efficient firm from her rival’s market erosion. One firm’s loss

may exceed the other firm’s gain such that the industry benefits overall.

By sensitivity analysis, we find high non-monotonicity of environmental performance
and industry profit in the three key metrics. In particular, more intense green com-
petition may not benefit the environment. When the certifier selects the binary
label and sets a standard targeting both firms, more intense competition requires a

lower standard because otherwise the less efficient firm will quit due to the invest-



ment burden. Given the continuous label, more efficient recycled investment may
hurt the environment as well, although the certifier would select the binary label
instead in this circumstance. With a milder competition or a higher investment effi-
ciency, the industry do not necessarily become more profitable because the certifier
may extract the industry surplus and turn it into environmental surplus with its

label-selection power.



Chapter 2

Literature Review

Our paper is most related to two streams of literature: labeling/certification and
green competition. In the following, we review each stream of literature and position

our paper within.

Labeling or certification is considered as a tool to convey product quality infor-
mation from sellers to buyers. We classify the labeling/certification literature into
three branches. The first branch seeks to understand and explain the information
mechanism underlying certification in a general setting. Biglaiser (1993) shows that
a certifier with expertise can help mitigate information asymmetry and improve wel-
fare. Lizzeri (1999) argues that a certifier may reveal only partial information to
uninformed parties so as to extract surplus from the seller and buyers. Harbaugh
et al. (2011) demonstrate that, when buyers are unsure of a label’s standard, a small
extent of such uncertainty may reduce or even eliminate the label’s value to sellers.
Farhi et al. (2013) rationalize why a certifier may not publicize rejected applications.
Stahl and Strausz (2017) identify the distinct roles certification play for sellers (as
a signaling device) and for buyers (as an inspection device). The second branch
focuses on certification in specific contexts. In the context of intellectual property
(IP) promotion, Lerner and Tirole (2006) study the IP owner’s “forum shopping”
behavior—strategically selecting the most favorable certifier to endorse their work.

In the context of supply chain responsibility, Chen and Lee (2017) demonstrate that



certification is a more effective mechanism than process audit and contigent payment
for buyers to deal with suppliers’ responsibility risk. In the context of social-good
labeling, Heyes and Martin (2017) study the competition between NGOs, whose ob-
jectives are a mixture of their own label coverage and social benefit. In the context
of green product development, Murali et al. (2019) find that, under competition,
the less credible firm always seeks for external certification, whereas the more cred-
ible firm may self-certificate. In the context of electronic waste recovery, Esenduran
et al. (2020) study the competition between two collector-recycler channels that can
choose from either a high- or a low-standard certification. In the context of agri-
cultural products, Agrawal and Zhang (2024) compare flexible premium vs. fixed
premium that a firm should pay farmers to obtain an NGQO’s certification. The
third branch empirically examines the effects of labeling/certification. With a data
set on an environmental certification program, Rysman et al. (2020) find that in-
creasing the number of certification tiers (information granularity) may reduce some
firms’ quality investment but promote the overall quality investment. Furthermore,
Hui et al. (2023) conduct a field experiment on an e-commerce platform and find
that introducing a new certification tier may raise or reduce a seller’s quality effort,
depending on whether the seller is young or established. Houde (2022) uses the
data set of an energy-certification program to document that firms strategically use

certification to extract consumer surplus.

We position our paper within the second branch discussed above because our re-
search is motivated by a specific context of recycled label design. We capture three
salient features of this context: First, the environmental quality of products has a
clear measurement, the percentage of recycled materials, with a 100% ceiling. Sec-
ond, two particular labeling formats, binary label and continuous label, are observed
across various industries. Third, the effort required to obtain certification highly de-
pends on material category and industry characteristics. These features differ our
paper from the previous literature. Moreover, our paper also contributes insights
to the first branch and the third branch, because the continuous label and the bi-
nary label represent distinct information mechanisms—the former has the highest

information granularity whereas the latter has the lowest information granularity.



Green competition, as a general concept, can be related to various dimensions of
firm competition. We classify this stream of literature into two branches: without
or with a third-party policy (government or NGO) maker’s intervention. In the
first branch, green competition can manifest in various forms. Ferguson and Toktay
(2006) show that a manufacturer’s profit can increase in the presence of competition
with a remanufacturer. Orsdemir et al. (2014) further demonstrate that a manufac-
turer can either use quality or quantity as a lever to deal with a remanufacturer’s
competition; moreover, encouraging independent remanufacturing can worsen the
environmental performance. Raz and Souza (2018) study manufacturers’ competi-
tion motivated by the metal cutting tools industry and show that recycling can serve
as a strategic supply source that improves profitability. Tian et al. (2019) employs
cooperative game theory to study the stability of recycling cooperation between
competing firms. Fatehi et al. (2023) consider competition between an intrinsi-
cally responsible firm and a greenwasher who only makes observable environmental
investments and ignores unobservable ones; they show that greenwashing may im-
prove social welfare and a higher degree of transparency may reduce social welfare.
In the second branch, a third party (government or NGO) with environmental or
social-welfare objective can control green competition with various formats of policy
intervention. Plambeck and Wang (2009) study e-waste regulation on competing
firms when they introduce new products. Cohen et al. (2015) investigate a govern-
ment’s consumer subsidy on competing firms’ green technology products. Park et al.
(2015) find that, by imposing carbon penalty to competing retailers, a policy maker
can improve social welfare especially when the competition is intense. Anand and
Giraud-Carrier (2020) compare two approaches of pollution regulation to oligopoly:
cap-and-trade and taxes. Wang et al. (2021) employ the global game framework to
show that industry regulation should take into account competing firms’ voluntary
adoption level. Mohammadi et al. (2024) investigate how a budget-constrained reg-
ulator should adopt the penalty-and-subsidy combo to motivate competing firms’

clean technology investment.

Our paper belongs to the second branch as we consider a third-party policy maker

who controls green competition by labeling. The green competition in our paper has

10



a specific format of recycled-material usage and investment, which straightforwardly
connects the environmental aspect—the amount of recycled material consumed in
the market—with the competition aspect—the market share of firms. Such a con-
nection brings interesting and novel trade-offs. Regarding policy intervention, dif-
ferent from direct penalty or subsidy, labeling is an indirect approach that utilizes
marketing motive to encourage firms’ green effort. The third-party certifier’s pri-
mary decision is on how to reveal firms’ green effort to the market; that is, full
transparency (continuous label) or limited transparency (binary label). In sum,
our contribution to the green competition literature is twofold: introducing a new
problem context coupled with new trade-offs and deepening the understanding of

indirect, informational approaches for third-party intervention.
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Chapter 3

Model Setup

We consider a game-theoretic model consisting of one certifier (“it”), two competing
firms (“she”), and a mass of consumers (“he”). The certifier determines how to
design the recycled label; each firm determines her product constitution and product
price; consumers, with green awareness, make purchasing decisions based on their
personal tastes, product prices, and the recycled labels attached to products. In
the following, we elaborate on the details of the game, with a summary of notation

presented in Appendix C.

Firms. We capture the competition between the two firms, firm 1 and firm 2,
following the Hotelling fashion. They face a unit market interval [0, 1] and each sells
one product. Firm 1 is located at the left-hand side of the interval (point 0) and
firm 2 is located at the right-hand side (point 1).

Each firm’s product is processed using a combination of two types of materials:
recycled and virgin (non-recycled). A key decision of firm ¢ (i € {1,2}) is her
product composition; that is, the percentage of recycled content, ¢; € [0, 1], in her
product, product ¢. Then 1 — ¢; is the percentage of virgin content. In practice,
following ISO 14021, the recycled content is measured by the weight ratio of recycled
material to the whole product. For expositional convenience, we refer to a product

with recycled-content percentage ¢; as a ¢;-recycled product.

To prepare for the production of ¢;-recycled products, firm i needs to first invest

12



in the corresponding technology and facility that deal with the recycled materials,
which incurs a fixed cost of k;¢7. The quadratic functional form captures the decreas-
ing marginal return of investment. Without loss of generality, we let the investment
coefficients k; < ko; i.e., firm 1 is more cost-efficient than firm 2 in recycled invest-
ment. As mentioned in the Introduction section, the type of material determines the
recycled technological investment within a certain industry; e.g., utilizing recycled
paper is easier than utilizing recycled textiles. We then employ x = (k1 + k2)/2 to
measure the average investment coefficient of the industry. Moreover, within the
same industry, firms also face heterogeneous recycled investment efficiencies due to
their distinct product designs, existing technological bases, and business environ-
ments. We then define v = k;/ks € [0,1] to measure the investment symmetricity
between the two firms. With x and 7 defined, we can rewrite k; = 2yx/(1 4+ ) and
ke = 2k/(1+ 7). As we will elaborate later, both x and « will play important roles

in the subsequent analysis.

Besides technology investment, the firms incur variable costs of materials for pro-
duction. The variable cost of a ¢;-recycled product is ¢; = ¢; - ¢, + (1 — &;) - ¢y, the
weighted average of the two types of materials’ unit costs ¢, (subscript , stands for

4

“recycled”) and ¢, (subscript , stands for “virgin”). Recycled materials are usually
more expensive because they are labor and energy-intensive (Green and Grumpy
2022). Therefore, we assume ¢, > ¢, and let Ac = ¢, — ¢, denote the unit cost differ-
ential. Although there are also situations where recycled materials are cheaper, we
only consider the more-expensive situations to rule out any potential cost-reduction
incentive of recycled investment for firms and focus on the standard-compliance
and consumer-satisfaction incentives. Our analysis can easily carry over to cases of

¢ < ¢,. Besides materials costs, we normalize any other source of production cost

to zero, which does not affect the qualitative trade-offs.

After ¢; is set, each firm needs to determine her product price p;. The two firms’
products are horizontally differentiated and share a common base value v, which
helps us concentrate on the recycled-content aspect of products, the theme of this

paper. The demand for firm 4, d;, is characterized jointly by p;, p; (j # i), ¢;, and

13



¢;. The detailed demand formulations will be derived in the “consumers” part. The

payoff for firm ¢ is thus formulated as:

Certifier. The certifier is a third party (NGO or government agency) that provides
a voluntary and credible label of recycled content for products. It is able to verify
the recycled-content percentage ¢; in firm i’s product and, correspondingly, issue
a recycled label. The certifier can design the recycled label in two ways: The
continuous label exactly presents the value of ¢;. In contrast, the binary label sets
a pass/fail standard ¢ € [0, 1], and product i obtains the label only if ¢; > ¢; i.e.,
the standard is met. The certifier’s decision is on which type of label to provide for

the industry and, if the label is binary, the standard ¢.

The certifier is an environmental proactivist who only cares about the environmental
impact of products. Let /3, (8,) be the environmental impact of one unit of recycled
(virgin) content. f3. and [, can be either positive (meaning environmental benefit)
or negative (meaning environmental damage). Apparently, 5, > (,. We denote the
certifier as player 0 in this game. Its payoff, the environmental performance of the

industry, is then formulated as:

To=Y_[Bdi+ Bu(l— 1)) - d;. (32)

i€1,2
The linear formation of environmental performance is widely used in the literature,
e.g, Atasu and Souza (2013), Huang et al. (2019) and Long and Gui (2024). To
encourage the firms’ usage of recycled materials, the certifier does not charge them
any fee for adopting the label. That is, the firms have no costs for adopting the
recycled label, as long as they can meet the standard. Including the certification fee

only adds a trivial fixed-cost trade-off, which will not change the main insights.

Consumers. The total number of consumers is normalized to one, and they are

uniformly distributed over the Hotelling interval [0, 1]. A consumer located at posi-
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tion = experiences a mismatch disutility of ¢ |z — (i — 1)| (tx if i = 1 and #(1 — z) if
i = 2) if purchasing from firm i, where |z — (i — 1)| measures the extent of consumer-
product mismatch and ¢ is the unit cost of mismatch. Notably, according to the
literature (e.g., Villas-Boas and Schmidt-Mohr 1999, Boone 2001, and Bijlsma et al.
2018), a higher ¢ also means that the two firms are more differentiated, and thus
their competition is less intense. We then define 7 = 1/t to measure the competition
intensity between firms, which is a crucial metric of the industry. When purchasing

product i, a consumer also obtains its base value v and incurs disutility from its

price p;.

The final segment of a consumer’s utility is the green value he obtains from purchas-
ing the products. That is, they care about how much materials are recycled in the
products. However, consumers are unable to directly learn the recycled-content per-
centage in a product; instead, they have to perceive this number through the label
issued by the certifier. If the label is designed as continuous, a consumer observes

¢; and obtains utility
1 .
ui:v+‘9'¢i_;'|x_(l—1)‘_pi (3.3)

by purchasing product ¢. Here, we let # denote the unit value obtained from recycled
content, which also measures the green awareness of consumers. We focus on the
situations of § > Ac; otherwise the model collapses to a trivial one that no firm uses
any recycled content. If the label is designed as binary, a consumer only observes
whether product i is issued the label or not; i.e., it passes or fails the standard ¢.

By purchasing product i, his utility is
1 .

In other words, a consumer believes that product ¢ has a recycled-content percentage
of ¢ if the product is issued the label, and the belief is zero recycled content if
the label is absent. We note that this belief is rational because, besides demand

boosting, investing in recycled content does not bring the firms any other benefit.
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Figure 3.1: Timeline of the Game

Design continuous label Decide the percentage Purchase based on the
or binary label of recycled content ¢; exact percentage ¢;

If continuous
o o F o >
v Y v v

If bi;wary

Certifier
Set the minimum Decide the price Purchase based on whether the
standard ¢ for the product p; minimum standard ¢ is met

Hence, lacking an effective information channel to convey any additional usage of

recycled materials, firm ¢ has no incentive to make ¢; deviate from 0 (if she does not
intend to be labeled) or ¢ (if she intends to be labeled). This fact will be validated

later by equilibrium characterization.

Demand d; is shaped by consumers’ utility maximization. To ensure that the two
firms are in an competitive setting instead of isolated monopolies, we assume that
the base value v is sufficiently large (v > 3/(27) + ¢,) such that the market is fully
covered; i.e., a consumer either purchases product 1 or product 2 and does not seek
the outside option. This full-coverage assumption is a norm in the literature that
study competition within the Hotelling framework (see, e.g., the seminal textbook
Tirole 1988). Under this assumption, the total amount of materials used by the two
firms is constant and so, in the whole industry, one more unit of recycled material
used means one less unit of virgin material used. Moreover, to make sure that neither
firm is forced out of the market, we assume the competition intensity between the

two firms is not too high (7 < 3/(60 — Ac)).

Game sequence. The timeline of this game is depicted in Figure 3.1. The certifier
first designs the recycled label as continuous or binary. If the label is binary, the
certifier also sets the minimum standard ¢ for a product to obtain the label. Then
the two firms simultaneously determine ¢; and ¢, the recycled-content percentages
in their products; the labeling follows. After observing each other’s product compo-
sition, the firms further simultaneously determine p; and p,, their product prices.

Finally, consumers make purchasing decisions. As aforementioned, if the label is
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continuous, consumers purchase according to the exact recycled-content percent-
ages; if the label is binary, consumers purchase according to whether the minimum

standard is met.

Throughout the paper, we used accent (= )/( ") to mark certain variables in the
subgame where the recycled label is designed as continuous/binary. We also make
the following tie-breaking rules: When a firm is indifferent between two recycled-
content percentages, she adopts the higher one to benefit the certifier. When the
certifier is indifferent between the two labels, it chooses the binary label. For the
binary label, when the certifier is indifferent between two standards, it sets the

high one. The latter two rules have no impact on our results as they only occur in

boundary situations.

Finally, we elaborate on several issues regarding the scope of this model. First, we
focus on the continuous label and the binary label instead of other labels in more
complex formats. This is consistent with our industry observation that the focal
two label types are most prevalent. Theoretically speaking, the continuous label
and the binary label respectively represents the highest and the lowest information
granularity of labeling, and therefore understanding them can also shed light on
other labels, which has intermediary information granularity. Second, the usage of
recycled content does not affect product quality. This is claimed by firms across
industries, such as the usage of recycled aluminum in Apple (Apple 2023), wood in
IKEA (IKEA 2022), plastic in Logitech (Logitech 2023), and textiles in Patagonia
(Bastone 2022). We refer readers to Gao and Souza (2022) for a similar assumption.
Third, we focus on a non-profit-driven (instead of profit-driven) certifier issuing
voluntary (instead of mandatory) recycled labels. This captures the majority of
the cases in practice. Most recycled-label issuers are government agencies or NGOs
that do not seek profitability. While there are initiatives for mandatory usage of
recycled content, the current and near-future practices are still voluntary (Taylor
2022). Fourth, we consider a monopolistic certifier. In practice, it is prevalent that
a certain label dominates a specific domain. For example, according to the official

statistics in FSC (2023) and PEFC (2023), for recycled forest-based materials in the
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US, the FSC (Forest Stewardship Council) label is issued eight times as the PEFC
(Program for the Endorsement of Forest Certification) label. For recycled textiles,
the GRS (Global Recycled Standard) label is the most common and is issued more
than three times the second-most common (Textile Exchange 2022). Moreover, as
most certifiers share a common goal of promoting environmental well-being, the

monopoly can also be regarded as a union of multiple certifiers.
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Chapter 4

Analysis

4.1 Continuous Label

In this section, we characterize the equilibrium of the subgame when the certifier
selects the continuous label. We also conduct some primary sensitivity analysis to

show how firms’ competition dynamics affect environmental performance.

4.1.1 Equilibrium

We solve for the equilibrium following backward induction. Recall that consumers
are uniformly located in the interval [0, 1] and that the market is fully covered by
the two firms. Given utility Formulation (3.3), we suffice to find the location of the
consumer who is indifferent between products 1 and 2, then derive the two firms’
demand functions accordingly. Combining the demand functions with Equation

(3.1), we formulate firm i’s profit as:

T = % (pi —[gi-cr +(1 =) Cv]> : <1 +7-[0(¢i — ¢5) —mepj]) — kg7, (4.1)

where (7,7) € {(1,2),(2,1)}, k1 = 2vs/(1 +7), and ke = 25/(1 + 7).

The firms make two-stage simultaneous decisions, first on product composition ¢;
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and then price p;. The sequence naturally follows the practice that firms normally
first develop products and then determine prices when the selling season starts.
Throughout the paper, we use the prime symbol (' ) to denote interim equilibrium

characterizations. We have:

Lemma 1. Under the continuous label and given product compositions ¢1 and ¢s,

the firms’ pricing decisions are:

(ﬁlbﬁlg) _ (% + 9(¢1 - ¢2>3+ 261 + 62, % + 9(¢2 - ¢1)3+ 202 + Cl)))

where ¢; = ¢; - ¢ + (1 — ;) - ¢y

Some direct observations can be obtained from Lemma 1. A firm prices higher
when: The competition is less intense (a lower 7); the firm’s product contains more
recycled content than her competitor (a higher ¢; — ¢;); the material cost for either
firm is higher (a higher ¢; or ¢;, with ¢; more impactful). Note that the product
costs also depend on recycled-content percentages. Substituting p] and p,, back into
Equation (4.1), we can reformulate the firms’ profits that only depend on ¢; and ¢

and then solve for the corresponding equilibrium decisions.

Lemma 2. Under the continuous label, the firms’ equilibrium recycled-content de-
cisions are:

(

(1,1) if (1,6,7) € Quy

TN 0—Ac)(3—710+71AcC : ®
(¢1,¢2) = 9 (1, (%;é,l(_T(w)l(?(e_:C)Q 1) if (1,5,7) € Qg

(DO A0fI88 41002 (+1)(0-Bo)lsn—ro+1)0_Acf))
6r[367x—T7(7+1)2(0—Ac)?] ’ 6k[367k—T(7+1)2(0—Ac)?]

if (7,5,7) € Quy
(4.2)

\

where parameter regions Q1. Qldw and §~2¢¢ are characterized in Appendiz A'.

Throughout this paper, we focus on three key metrics (parameters) that represent

important characteristics of the industry: first, the competition intensity 7; second,

In a small sub-region of Q 14, multiple equilibria may arise. We refine the equilibrium following
the plausible criterion that the more efficient firm 1 invests more in recycled-content usage. This
results in the uniqueness of equilibrium. In Appendix B, we provide the results in alternative
criteria and show the robustness of our results.
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Figure 4.1: Equilibrium Outcome Under Continuous Label

Parameter Region Equilibrium Outcome Pattern
ﬁu Both firms conduct fully-recycled production
ﬁl,,, Firm 1 conducts fully-recycled production & firm 2 conducts partially-recycled production
ﬁ¢¢ Both firms conduct partially-recycled production

0 2 4 6 8 10 0 0.2 0.4 0.6

T 14 14
(a)y =04 (b) k = 0.1 ()t =52

Note. 8 = 0.4 and Ac=0.1.

the average recycled investment coefficient x; third, the investment symmetricity ~.
Lemma 2 then characterizes the equilibrium of the continuous-label subgame based
on (7, k,7). The whole parameter space can be segmented into three regions. Figure
4.1 illustrates these regions by depicting two-dimensional slices of the (7, k, ) space.
As shown in Figure 4.1(a), when « is low (region Q, 1), both firms enjoy efficient
recycled investments and are willing to make their products with 100% recycled
materials. When & is not low: If the competition is not intense (7 is low), both
firms use recycled materials partially to save the investment cost (region Q¢¢); if
the competition is intense (7 is high), the more efficient firm 1 can maintain 100%
recycled content to grasp more market share whereas the less efficient firm 2 cannot
(region €,,). The former situation tends to occur more if the firms’ investment

efficiencies are more symmetric (7 is high), as is shown in Figure 4.1(b) and (c).

4.1.2 Environmental Performance

To further understand the dynamics in the equilibrium, we examine how 7, the

environmental performance as well as the certifier’s payoff, changes in the three
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Figure 4.2: Environmental Impact of (7, k,7) Under the Continuous Label
(Proposition 1 Ilustration)

. recycled content market share . virgin content market share T/l / — environmental performance increase/decrease/constant

Qp Qg

(a) Impact of competition intensity (b) Impact of average investment coefficient (c) Impact of investment symmetricity
k=0.04,y=04 7=8.5, y=0.65 7=25k=0.15

Note. 8, =1, 8, =0,0 =0.4, and Ac=0.1.

key parameters 7, k, and . We note that, since we are focusing on the situation
of full market coverage, the two firms’ equilibrium demands dy and dy sum up to
one and therefore also represent the corresponding market shares. Moreover, d;
(i € {1,2}) can be further divided into ¢;d; and (1 — ¢;)d;, the recycled content
and virgin content respectively. The whole size-one market is therefore separated

into four segments: firms 1 and 2’s recycled and virgin market shares. The total

recycled-content market share then equals ¢1d; + ¢ody. By Equation (3.2):

To= Y 1Bt + Bu(1— &) - di = By + (B, — Bo) - (drdy + adla). (4.3)

i€1,2
Since B, > [, (recycled content has a more positive environmental impact than
virgin content), the monotonicity of 7y aligns with that of the total recycled-content
market share. It then suffices to examine the latter. Throughout this paper, we
use a sequence of “” and “]” to represent monotonicity. For example, “1]” means

“first increases and then decreases”. Following this norm, we have:
Proposition 1. Under the continuous label, environmental performance 7y: (i) T,

W, or 14 in 7 (id) L oor W) in sy (i) 1, Lt U5 or W1 in . In particular,

more intense competition or a lower average investment coefficient may lead to worse
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environmental performance.

Proposition 1 shows various patterns of environmental performance’s monotonicity,
and we discuss several representative ones: |1 in 7, [1] in &, and 1 in ~; the other
ones are delegated to Appendix A. We illustrate these representative patterns in
Figure 4.2. In this figure, without loss of generality, we let g, = 1 and 5, = 0 to
normalize the environmental performance such that it numerically equals the total
recycled-content market share. We depict how the market shares of each firm’s
recycled /virgin content vary in 7, &, and v, with firm 1 represented above the x-axis
and firm 2 below. Green (grey) fills represent recycled (virgin) content. Given any
T, K, or 7y, the thickness of the green area then represents the total recycled-content

market share (environmental performance).

While the first intuition suggests that more intense green competition pushes the
industry to employ more recycled contents, our results demonstrate that it is not that
trivial. Figure 4.2(a) examines a situation in which the industry is overall efficient in
recycled investment (x is low) such that firm 1 always keeps 100% recycled content
in her product as 7 varies. When 7 is low, increasing 7 can worsen the environmental
performance. This is because firm 2 chooses cost saving (a lower gz~52) coupled with
market shrinkage (a lower CZQ) to avoid competing with the aggressive firm 1; here,
firm 2 still maintains a considerable market share (dy) such that her reduction of
recycled investment is sufficiently influential to lower the total recycled content in
the market (5)1011 + QEQCZQ, as well as Ty under normalization). Competition intensity
benefits the environment only when 7 becomes high. Now firm 2 loses too much
market share such that her decision is no longer that influential to the industry. The
100%-recycled firm 1 dominates to a greater extent as 7 increases, so the industry-

wise recycled content grows.

Moreover, even when the whole industry becomes more efficient in recycled invest-
ment (a lower k, or k1 and ko are both lower with their ratio fixed), the environment
performance does not necessarily improve. In Figure 4.2(b), 7y may locally increase
as k increases; i.e., a less efficient industry leads to better environmental perfor-

mance. The dynamics is as follows. When « is low, both firms make 100%-recycled
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products. When x is moderate, firms 1 maintains 100%-recycled because k; is still
low; we note that the 100%-recycled ceiling plays a key role here because it locally
fixes firm 1’s product composition as k varies. Firm 2 makes her product partially
recycled because ks is high now. Her recycled content percentage (qgg) and market
share (czg) both decrease in x, which makes 7 first decrease (when firm 2 still mains
a considerable market share and is influential) and then increase (when firm 2’s
market share becomes too small and firm 1 dominates). As k becomes high, the
more efficient firm 1 also turns into partial-recycled production. The whole industry

thus reduces recycled-content usage as k further increases, which follows intuition.

The increase of v means that the two firms are getting closer in the investment
of recycled technology, while the whole industry’s investment efficiency is fixed. In
particular, firm 1 becomes less efficient (k; becomes larger) and firm 2 becomes more
efficient (ko becomes smaller). This, as demonstrated in Proposition 1, can lead to a
variety of monotonicity patterns for 7 in v, and Figure 4.2(c) captures one of them.
Here, when v is low, firm 1 conducts 100%-recycled production, and firm 2 conducts
partial-recycled production. An increasing v makes firm 2 raise Qgg such that 7
also increases. When + is high, both firms conduct partial-recycled production. An
increasing v makes firm 1 reduce $1 and firm 2 raises ¢»; the former prevails the

latter due to firm 1’s larger market share, such that 7y also decreases.

4.2 Binary Label

In this section, we move on to characterize the equilibrium of the binary-label sub-

game, as well as the sensitivity analysis regarding environmental performance.

4.2.1 Equilibrium

Different from the case of continuous label, the binary-label subgame has an addi-
tional stage of decision: the minimum standard set by the certifier (See Figure 3.1).

Again, we solve for the equilibrium of this three-stage subgame following backward
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induction. Firm ¢’s profit, following Equation (3.1) and utility Formulation (3.4), is

formulated as:

Ty =

( —[¢i-cr+(1 ¢)'Cv])'<1+T'[0?<1{¢i29}_1{¢j29})_pi+pj])_ki(b?v (4.4)

l\DlH

where (4,7) € {(1,2),(2,1)}, k1 = 2yx/(1 +7), and ky = 2x/(1 + 7). This is
analogous to the characterization in the continuous-label case, except that now
consumers cannot observe each firm’s exact product composition; they can only
observe the minimum standard and whether this standard is satisfied. The demand
is therefore shaped by ¢; and ¢; in a discrete way, as represented by the indicator

functions (1.;). We can obtain the final-stage pricing decisions as:

Lemma 3. Under the binary label, given standard ¢ and recycled contents ¢ and

¢o, the firms’ pricing decisions are:

1 0¢(ﬂ{¢1>¢>} - ﬂ{¢2>¢}) +20 4+ 1 9¢(]1{¢2>¢} — ]1{¢1>¢}) + 2¢o + 1)

f  eef _ - I ey =¥ - I ey @
(plapQ) <T+ 3 a7_+ 3 >7

where ¢; = ¢; - ¢ + (1 — ;) - ¢y.

In the next, we directly present the equilibrium of the whole subgame, which
combines the characterizations of the certifier’s minimum standard and the firms’

product-composition decisions.

Lemma 4. Under the binary label, the certifier’s equilibrium minimum-standard

decision and the firms’ equilibrium recycled-content decisions are:

(1’ L 1) if (1,5,7) € Q4

(g%, él; ¢2) = (36”+Zt’2(19)(9ACA)C)2’ 36“6+(Z(+71JZ(1)(9A2C)2’ 36££Z(+vl+)(1)( Aficﬁ) if (1, 5,7) € Q@ ,
: (1’ ) if (1.K,7) € Qo
\ (3675 7TJriJrf)(eAC)Ac)% 3675(7;(2&5?)(5626)2 ,0) if (1,k,7) € ng

where parameter regions Q1. Q@, Q0. and Q?O are characterized in Appendiz A?

2 Again, multiple equilibria may arise in a small sub-region of 9. We refine the equilibrium
following the plausible rule that the more efficient firm 1 invests more in recycled technology. We
show the robustness of our results under other rules in Appendix B.
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Figure 4.3: Equilibrium Outcome Under Binary Label

Parameter Region Equilibrium Outcome Pattern
[ Standard is fully-recycled and met by both firms
ﬂ¢¢ Standard is partially-recycled and met by both firms
[ Standard is full-recycled and met by firm 1 only; firm 2 conducts fully-virgin production
("14,0 Standard is partially-recycled and met by firm 1 only; firm 2 conducts fully-virgin production

Qg0

0 0.2 0.4 0.6 0.8 1

T Yy 12
(@)y =04 (b) k=0.1 ()t =52

Note. 8 = 0.4 and Ac=0.1.

An initial observation from Lemma 4 is that firms only choose from two levels of
product composition: exactly the minimum standard (¢; = @ or zero (¢; = 0).
This fact echos consumer-utility Formulation (3.4) that consumers do not believe
any additional recycled content usage beyond what the label tells. Therefore, the
certifier essentially sets a target product composition, only leaving firms to adopt or
deny it. Moreover, the certifier can adjust the standard to induce different extents
of adoption in the industry. On one hand, it can set a both-targeted standard; that
is, the standard is sufficiently low® such that both firms are willing to adopt it. On
the other hand, it can also set a single-targeted standard; that is, the standard is

relatively high such that only the more efficient firm 1 is willing to adopt it.

Figure 4.3 depicts the parameter regions characterized in Lemma 4. Figure 4.3(a)
shows that, when the industry is in general very efficient (k is very low), the certifier
sets a both-targeted standard that requires 100% recycled content. When & is
medium, competition intensity 7 matters. If the competition is not intense (7 is low),

the certifier simply lowers the both-targeted standard. If the competition is intense

3The definition of being “low” varies in the industry’s investment efficiency; when & is very
small, 100% can be considered as “low.”
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(7 is high), the certifier intentionally induces an extreme strategic differentiation
between the two firms—one focusing on market expansion while the other focusing
on cost reduction. That is, it insists on the 100% recycled standard such that
firm 1 conducts 100%-recycled production and firm 2 completely gives up recycled
content. We note that such strategic differentiation may occur even if the two firms
are completely symmetric (7 = 1), as is shown in Figure 4.3(b) and Figure 4.3(c).
This occurs when the competition is intense (a high 7) such that both firms suffer
if they employ symmetric strategies; for one firm, the best response to the other
firm’s 100%-recycled production is not to adopt the standard. When « is high,
even the one-adopted standard cannot be 100%. Based on competition intensity 7
and investment symmetricity 7, the certifier selects between a low, both-targeted
standard and a relatively high, single-targeted standard. A related observation is
drawn in Figure 4.3(b) and Figure 4.3(c): As the two firms are more symmetric (vy
is higher), the standard is more likely to be both-targeted than single-targeted (in
the figures, the height of region Q@ becomes greater). Moreover, as shown in Figure
4.3(c), when = is high, region Q@ first arises when & is relatively low and then arises
again when it is high enough. This is because when « is relatively low, both firms
are willing to invest in recycled content, and thus the certifier is willing to target
both firms. As k increases within a moderate region, the certifier prefers to raise
the standard to target a single firm. However, as k becomes high enough, given
that ~ is also high, both firms are very inefficient, which makes a single firm’s effort

insufficient. As a result, the certifier switches back to a both-targeted standard.

4.2.2 Environment performance

We next conduct sensitivity analysis on 7 following a similar fashion as in Section
4.2. Again, we normalize 3, = 1 and [, = 0 such that environmental performance
is equivalent to the total market share of recycled content. A sequence of 1T and |

are used to represent various patterns of monotonicity. We have:

Proposition 2. Under the binary label, environmental performance io: (i) 1, |, or

iin; (i) | in k; (i) 1, 4, or [T in . In particular, more intense competition
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Figure 4.4: Environmental Impact of (7, x,~) Under the Binary Label (Proposition
2 Tlustration)

. recycled content market share . virgin content market share T/l / — environmental performance increase/decrease/constant

Gy ifgg fp fgo | g

fgg fho o Hgo fgo |
(a) Impact of competition intensity (b) Impact of average investment coefficient (c) Impact of investment symmetricity
k=0.08,y=04 7=25 y=0.65 7=25k=0.15

Note. 8, =1, 8, =0,60=0.4, and Ac=0.1.

may lead to worse environmental performance, whereas a lower average investment

coefficient always leads to better environmental performance.

We select several representative monotonicity patterns for 7 (J1), £ (J), and v (1)
and illustrate them in Figure 4.4. The other possible patterns are presented in
Appendix A. Figure 4.4 not only presents the market share of each firm’s each type
of content, but also implies the minimum standard set by the certifier. Namely, in a
both-targeted situation, the two firms’ common product composition, which equals
the total recycled market share, reflects the standard; in a single-targeted situation,

firm 1’s product composition reflects the standard.

As competition intensity 7 increases, 7y may first decrease and then increase, as
is depicted in Figure 4.4 (a). When 7 is low, the certifier gradually adjusts down
the standard as 7 increases; the environmental performance also gradually decreases.
Here, given a mild competition, both firms have the incentive to utilize a certain por-
tion of recycled content. The certifier thus sets a low standard to comply with their
common interest. A more intense competition requires more compliance (a lower
standard) from the certifier to maintain both firms’ willingness-to-adopt. When 7
becomes high, such a compliance becomes unacceptable to the certifier, who thus

switches to a high, single-targeted standard. Now the firms employ differentiated
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strategies—firm 1 focuses on market expansion and firm 2 focuses on cost saving.
Therefore, a more intense competition makes firm 1 willing to adopt a higher stan-
dard set by the certifier, which helps firm 1 further dominate the market. The

environmental performance then improves.

In contrast to the continuous label, under the binary label, more efficient recycled
investment in the industry (a lower ) always benefits the environment. In Figure 4.4
(b), we observe that the certifier changes the standard scheme from both-targeted to
single-targeted and back to both-targeted as x increases. Yet, under these changes,
7o always decreases in k. The rationale can be understood by examining how the
minimum standard Q changes in k. When & is low, the both-targeted standard can
be 100%. As k increases, the both-targeted standard decreases. Here, Q = (51 = éz
so the total recycled market share as well as the environmental performance also
decreases. When « is medium, the certifier switches to a single-targeted standard.
Note that, at the switching point, the environmental performance must be the same
under the optimal both-targeted standard and the optimal single-targeted standard;
otherwise the certifier would switch at a smaller or a larger . In this single-targeted
range, an increased k requires the certifier to tune down the standard such that firm 1
is willing to compromise. When x becomes high, a single firm’s effort is insufficient,
so the certifier switches back to a both-targeted standard and the decrease of 7
continues. In summary, under the binary label, the power of setting the minimum
standard always enables the certifier to take advantage of the industry-wise recycled

investment efficiency by manipulating the recycled-content market share.

The investment symmetricity v also plays a key role in the certifier’s standard deci-
sion. In Figure 4.4 (c), as y increases (x is fixed, k; becomes higher and ks becomes
lower), 7 first decreases (coupled with a single-targeted standard) and then in-
creases (coupled with a both-targeted standard). When v is low, the two firms’
recycled investment efficiencies are distinct such that the ceitifier focuses on induc-
ing firm 1’s compliance. Increasing v means that firm 1 becomes less efficient (k; is
higher) so the standard has to be lowered. When - is high, the two firms have close

investment efficiencies such that the certifier focuses on making both comply. The
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standard has to be tailored for the less efficient firm 2. Hence, increasing + means
that firm 2 becomes more efficient (ks is lower) so the standard can be higher, which

improves the environmental performance.

4.3 Label Selection

After understanding the dynamics under each type of label, we are now able to
make a comparison between them. In this game and in practice, it is the certifier’s
entitlement to determine the label design. Therefore, we first examine which type
of label the certifier should choose. Nevertheless, it is also important for social
planners to understand how label selection influences industry profitability. Hence,
we also examine the firms’ preferences and whether they align with the certifier’s
selection. We finally re-conduct sensitivity analysis with respect to 7, x, and v under

the certifier’s label choice.

4.3.1 The Certifier’s Choice

The certifier compares the environmental performances under the two types of labels,

7o and 7p. Then, we have the core result of this paper:

Proposition 3. There exist parameter regions C, B, and I (characterized in Ap-
pendiz A) such that the certifier chooses the continuous label if (1, k,7) € C, chooses
the binary label if (1,k,v) € B, and is indifferent if (1,k,v) € Z. In particular:

(i) When T increases, the choice changes following the pattern B — C — B, C — B,
B, orT.

(i) When k increases, the choice changes following the pattern T — B — C — B or
7 — B.

(111) When ~ increases, the choice changes following the pattern B — C — B or
C—BorB—1.

The most notable result from Proposition 3 as well as the corresponding Figure 4.5

is the “sandwich” principle of label selection: With respect to competition intensity

30



T, average recycled investment coefficient x, and investment symmetricity =, the cer-
tifier should choose the continuous label if these metrics fall within an intermediate

range, whereas the binary label if these metrics are low or high.

Before diving into the detailed comparison result between the two labels, we quali-
tatively discuss the pros and cons of each label based on the implications obtained

in Sections 4.1 and 4.2.

The advantage of the continuous label is the transparency effect. That is, it endows
firms with full information transparency to convey their recycled effort to consumers,
which turns into market competitiveness. Competition under transparency may
drive firms to spontaneously intensify recycled investment. This is a disadvantage
for the binary label-—once the minimum standard is set, no firm is willing to invest
beyond the standard because such effort is unobservable to consumers and does not
bring additional market share. Such a disadvantage is especially significant when
firms’ investment efficiencies are distinct. To cope with the less efficient firm, the
certifier has to tune down the standard, which loses potential effort boost from the

more efficient firm.

Conversely, the advantage of the binary label is the enforcement effect. That is,
the certifier can set a standard that pushes the firms to deviate from their own
willingness to invest. Under the binary label, a firm only has two options: to adopt or
not to adopt. To induce a firm’s adoption, the certifier only needs to make sure that
the firm prefers to adopt than not to, instead of offering the most favorable standard
for the firm. The certifier then has the space to enforce a standard that is higher or
lower than firms’ spontaneous choices, by which controlling their competition. This
is a disadvantage for the continuous label—the certifier essentially has no control
over the firms’ product composition decisions, which is purely driven by market

conditions and firm costs.

Next we provide the rationales behind the sandwich principle by discussing when one
label scheme’s advantageous effect can outweigh the other. We preface the discussion
with a general principle: The continuous label induces a moderate level of strategic

differentiation between firms with their spontaneous competition, whereas the binary
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label enforces either no differentiation (with a both-targeted standard) or an extreme
differentiation (with a single-targeted standard). When the firms have little incentive
to be differentiated (a low 7), the whole industry is efficient in recycled investment
(a low k), or the firms are relatively symmetric (a high v), the enforcement effect of
the binary label is particularly effectual, since the certifier can set a both-targeted
standard to enforce both firms to invest “a bit more”. Besides, when the firms have
great incentive to be differentiated (a high 7), the industry overall is inefficient in
recycled investment (a high k), or the firms are relatively asymmetric (a low =),
the enforcement effect of the binary label is also effectual, since the certifier can
set a single-targeted standard to greatly leverage the investment capability of the
more efficient firm by enforcing extreme differentiation between the firms. However,
when these three metrics are within the intermediate range, the disadvantage of
the binary label becomes prominent. To cope with the investment capability of
the less efficient firm, the certifier has to knock down the standard, which loses
potential additional effort from the more efficient firm. Alternatively, to exploit
the investment capability of the more efficient firm, the certifier has to build up
the standard, which deters the less efficient firm from participating in the green
competition. Under these conditions, the continuous label then stands out, since
the transparency effect enables each firm to sustain adequate recycled investment

under differentiation. Thus, the sandwich principle is intuitively explained.

Next, recall the parameter regions characterized in Lemmas 2 and 4. We elabo-
rate the detailed dynamics behind the sandwich principle by going through these
parameter regions with the help of Figure 4.5.

We highlight several direct observations across Figure 4.5(a), (b), and (c). First,
the certifier is indifferent between the two label types when k is very low. The
corresponding parameter regions is Q;; N ;;, where both firms conduct 100%-
recycled production under each label. Second, the binary label always outperforms
in Q 160 Q;, and Q¢¢ N€;;. These regions are where the binary label’s enforcement
effect can push both firms to conduct 100%-recycled production, whereas at least

one firm spontaneously conducts partial-recycled production under the continuous
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label. Third, the binary label always outperforms in QMHQQO as well. In this region,
k is high such that, under the continuous label, both firms utilize low percentages
of recycled materials in their products. With the binary label, however, the certifier
can enforce their differentiation with a single-targeted standard: The more efficient
firm 1 is pushed to utilize more recycled materials and grasp more market share
whereas the less efficient firm 2 is pushed out of the recycled strategy and shrink
her market share. Letting firm 1 dominate the market turns out more beneficial for

the environmental performance.

Figure 4.5: Certifier’s Label Preference
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Note. 8 = 0.4 and Ac=0.1.

With the discussions above, the continuous label may be selected only in four sce-
narios (region intersections): Q¢¢ N Q@, Q1¢ N Qw, Qd)d) N Qw, and de, N Q@ We

will then focus on these four scenarios in the subsequent discussions.

Competition intensity. Let us first pay attention to the left side of Figure 4.5(a),
region Q¢¢ N Q@. Here, under either label, both firms partially utilize recycled
materials in their products. As competition intensity 7 increases, the label selection
changes from B to C. Under a very mild competition, the firms have very weak
motivations to differentiate. Then the binary label’s enforcement effect can push
both firms invest more in recycled technology. When the competition becomes
a bit more intense, the firms gain higher incentive to differentiate, such that a
common minimum standard is insufficient to serve as an effective control. Instead,
the transparency effect of the continuous label allows them to maintain sufficient

recycled investment under differentiation, and is therefore selected.
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Moving to the right side of Figure 4.5(a), let us then pay attention to region
Q 16 N (2,0. Here, under either label, firm 1 conducts 100%-recycled production.
As competition intensity 7 increases, the label selection changes from C to B. When
the competition is not too high, spontaneous competition under the continuous label
results in firm 1 100%-recycled and firm 2 partially-recycled. Under the binary label,
due to lack of transparency, the certifier has to set a 100% standard, making firm
2 give up recycled materials. The continuous label is then selected. However, when
the competition becomes very high, the two firms are too differentiated such that,
given her small market share, firm 2’s partial-recycled product under the continuous
label benefits the environment insignificantly. The certifier would rather select the
binary label to enforce firm 2 out of the recycled strategy, shrink her market size,

and therefore help the 100%-recycled firm 1 seize an even larger market share.

In sum, along the increasing path of competition intensity 7, the certifier’s strat-
egy evolves according to the following pattern: enforcing both firms to adopt the
minimum standard with the binary label — leveraging the firms’ spontaneous com-
petition with the continuous label — enforcing the more efficient, 100%-recycled
firm to dominate the market with the binary label. The B — C — B sandwich
principle is thus rationalized. Besides Figure 4.5(a), such a rational is also reflected

by Figure 4.5(b), which illustrates parameter regions in (v, 7)-coordinates.

Average recycled-investment coefficient. Let us first pay attention to the
upper side of Figure 4.5(a), Q¢¢, N ,y. Here, the firms act distinctly under the two
labels. Under the continuous label, both firms produce partially-recycled products;
under the binary label, the certifier adopts a single-targeted standard such that
firm 1 conducts 100%-recycled production whereas firm 2 conducts 100%-virgin
production. Locally, when « is high, both firms are not so efficient and their recycled-
content percentages would be low under the continuous label. It is better for the
certifier to enforce one firm’s 100%-recycled production with the binary label. On
the contrary, when « is locally low, both firms are relatively efficient such that the

continuous label, which allows both firms to exert recycled efforts, outperforms.

Moving to the bottom side of Figure 4.5(a), let us then pay attention to region
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Q 16 N Q@. Here, under the continuous label, firm 1 conducts 100%-recycled pro-
duction and firm 2 conducts partially-recycled production; under the binary label,
the certifier sets a both-targeted standard to motivate partially-recycled produc-
tion. Locally, a relatively high x means that the binary label’s standard has to be
lowered and letting 100%-recycled firm 1 dominate the market is a better choice.
In contrast, a relatively low x means that the binary label’s standard can be set
higher and enforcing both firms adopt this standard leads to a better environmental

performance.

In sum, along the decreasing path of average recycled-investment coefficient (increas-
ing path of average recycled-investment efficiency), the certifier’s strategy evolves
according to the following pattern: enforcing the more efficient, 100%-recycled firm
to dominate the market with the binary label — leveraging the firms’ spontaneous
competition with the continuous label — enforcing both firms to adopt the mini-
mum standard with the binary label. The B — C — B sandwich principle is thus
rationalized. Besides Figure 4.5(a), such a rational is also reflected by Figure 4.5(c),

which illustrates parameter regions in (v, k)-coordinates.

Recycled-investment symmetricity. Like competition intensity 7, the two firms’
symmetricity v also influences their differentiation strategies. They are less inclined
to differentiate as 7 increases. As a result, in Figure 4.5(b) and (c), we observe that
increasing 7 locally leads to a switch from B to C within 16N Q0 and a reversed
switch from C to B within Q¢¢ N 9. The sandwich principle for ~ is therefore
established.

An accompanied implication is that, where the firms are completely symmetric (7 =
1), the binary label always outperforms the continuous label. This is because one
standard can uniformly control both firms when they share a common investment
efficiency. Hence, the continuous label is meaningful only when the firms have a

sufficient degree of differentiation.
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4.3.2 Preference Alignment with Firms

Although the recycled label is selected by the certifier, it also matters for social
planners to understand how label selection affects industry profitability. In the
next, we examine which label is preferred by the firms, and how their preferences

align with the certifier’s label selection. We obtain:

Proposition 4. The certifier’s label selection never aligns with both firms’ prefer-
ences (except for the cases that the two labels are indifferent), but may align with
the industry’s (two firms’ total) preference. Formally: (i) 7o > 7y, 71 > 71, and
T > Tty (T < Tro, T < 71, and T < 7o) cannot simultaneously hold; (ii) 7y > 7y
and 7y + g > 71 + 7y (To < 7o and Ty + T < 7y + 72) can simultaneous hold for

certain parameters.

Figure 4.6 illustrates the preferences of the certifier, firm 1, and firm 2. Despite
the many combinations that may arise, we prove in Proposition 4 that the BBB
pattern or the CCC pattern may never arise. There may be two situations: the firms’
preferences align, but conflict with the certifier; the certifier’s preference aligns with

one firm but conflicts with the other firm.

The former situation specifically refers to the BCC pattern (the CBB pattern never
arises); i.e, the firms both prefer the continuous label whereas the certifier selects the
binary label. Here, both firms hope they can enjoy free competition, under which
the market share allocation and investment levels are adequate for them. However,
the certifier’s binary-label standard may distort their competition in two ways. In
the first way, the standard is both-targeted, which is too low for firm 1 to fully
exploit her efficiency advantage, but too high for firm 2 to escape from investment
burden. In the second way, the standard is single-targeted, which creates investment

burden even for firm 1 but makes firm 2 lose too much market share.

The latter situation contains various patterns, including BBC, BCB, CBC, and CCB.
That is, the certifier’s either label selection may align with either firm and conflicts
with the other. When aligning with firm 1, the certifier may select a binary label

(BBC) with single-targeted standard to enhance her market share, or select a con-
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Figure 4.6: Label Preference of Certifier and Firms
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Note. 8 = 0.4 and Ac = 0.1. For example, BCB means that the certifier prefers the binary label,
firm 1 prefers the continuous label, and firm 2 prefers the binary label. BC means that the certifier
prefers the binary label whereas the industry prefers the continuous label.

tinuous label (CCB) that otherwise the binary label’s both-targeted standard would
undermine firm 1’s efficiency advantage. When aligning with firm 2, the certifier
may select a binary label (BCB) with both-targeted standard that protects firm 2
from the aggressive market share erosion of firm 1, or select a continuous label (CBC)
that otherwise the binary label’s single-targeted standard would enforce firm 2 to

be fully virgin and lose too much market share.

When the certifier’s label selection aligns with one firm, the firm’s total gain in
market share expansion, price increase, or investment savings may exceed the other
firm’s loss in these aspects. Consequently, the certifier and the industry as a whole
reach an agreement. As is shown in Figure 4.6, the break-even boundaries of such
alignment can present many patterns and, for the ease of exposition, we no longer

go through them one by one.



Figure 4.7: Environmental Impact of (7, k,7) Under the Certifier’s Choice
(Proposition 5 Illustration)
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Note. 8, =1, 8, =0,60=0.4, and Ac=0.1.
4.3.3 Sensitivity Analysis

We finally examine how the environmental performance and industry profit change

in the three key parameters 7, x, and ~.

Proposition 5. Under the certifier’s label choice, environmental performance

maX{ﬁ-O; 7T0} (Z) T; i/; or \H\ in T, (Z) *l/ in Ky (/&7’7’) T; J/: T\L; i/T: or TiT in -

Proposition 5 is a result of combining Propositions 1 and 2 under the certifier’s
label selection. For 7, as is illustrated in Figure 4.7, the decreasing monotonicity
occurs when the certifier selects the binary label. This is because the certifier has
to lower the both-targeted standard when the firms compete more intensely and the
less efficient firm has a stronger incentive to quit recycled-content utilization. The
increasing monotonicity occurs when the certifier switches to the continuous label,
such that more intense competition leads to higher recycled-content percentage and
larger market share for the more efficient firm 1. Then the certifier switches to the
binary label with single-targeted binary to further help the more efficient firm enlarge
market share such that the increasing monotonicity patterns continues. For k, since
the certifier has an even stronger control over the industry than the scenario of

binary label only, it can also take more advantage of a more efficient industry. For
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Figure 4.8: Industrial Impact of (7, x,7) Under the Certifier’s Choice (Proposition
6 [lustration)
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Note. 8, =1, 8, =0,60=0.4, and Ac=0.1.

v, we observe a first-increase-then-decrease pattern when the certifier selects the
continuous label, whereas a first-decrease-then-increase pattern when the certifier
selects the binary label. The combination gives rise to the increase-decrease-increase

pattern.

Proposition 6. Under the certifier’s label choice, industry profit (71 +72)- Lizysio) +
(71 +72) - Lzo<io} 18 non-monotonic in 7, k, and vy, and may increase and decrease

multiple times.

The monotonicity of industry profit is complex because the firms do not own the
power to select the label, and therefore have to face the many distortions brought
by the certifier’s decision. We highlight two observations. First, milder competition
does not necessarily lead to higher industry profit. As is shown in Figure 4.8,
although the general trend is decreasing, local upward jumps occur when the certifier
switches from one label to the other. Second, higher efficiency does not always
benefit the industry as well. Here, even without the certifier’s label switch, a lower
k (higher industry efficiency) may still lead to lower industry profit. Under the
continuous label, a general high efficiency helps the less efficient firm 2 but hinders

the relative competitiveness of firm 1, making the total effect ambiguous. Under the
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binary label, the certifier can manipulate the minimum standard such that the profit
surplus brought by higher efficiency is extracted and transformed to environmental

surplus.
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Chapter 5

Conclusion

Firms who proactively invest in the usage of recycled materials should be recog-
nized and rewarded by the market. In this process, government agencies or NGOs
can serve as a credible information channel by recycled-label certification. Across
various recycled industries—paper, plastic, and textile, two types of labels are most
commonly adopted by certifiers: The continuous label precisely reports a product’s
recycled-content percentage, while the binary label sets a minimum standard and
is issued only when the standard is met. This research addresses a fundamental
question in this context: Which label should the certifier select to maximize envi-

ronmental performance?

The answer depends on three key metrics of the industry: firms’ competition inten-
sity, the average efficiency of recycled technology investment, and firms’ symmetric-
ity of investment efficiency. When the competition is fierce, the recycled investment
is inefficient, or the investment symmetricity is low, the certifier should adopt the
binary label associated with a standard that targets only at advanced (relatively
higher investment efficiency) firms. When the competition is moderate, the recycled
investment is mediumly efficient, or the investment symmetricity is intermediate,
the certifier should adopt the continuous label that allows firms to compete sponta-
neously on the green market. When the competition is mild, the recycled investment

is very efficient, or the investment symmetricity is high, the certifier should adopt
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the binary label associated with a common standard that enforces all firms in the in-
dustry. In summary, along the increasing/decreasing paths of the three key metrics,
the certifier should follow the binary—continuous—binary “sandwich” principle to

determine the recycled label selection.

Policy makers and stakeholders should keep in mind that the more environmental-
friendly label may not favor industry profitability. In particular, when the binary
label is selected by the certifier, all the firms in the industry may prefer the contin-
uous label. It can also be that the certifier’s label preference, either continuous or
binary, aligns with the more (less) advanced firms but conflicts with the less (more)
advanced firms. In this situation, the winners’ gain may exceed the losers’ loss,
making the whole industry better off. Policy makers and stakeholders should also
be aware that fiercer green competition or higher efficiency of recycled investment
may not benefit the environment, due to the distortion brought by the label mecha-
nisms. Milder competition or higher efficiency may not benefit the industry as well,
as the economic benefit may be extracted by the certifier with sophisticated label

design, and converted into environmental benefit.

The study in this thesis can be extended in several possible directions for future
research. One potential research direction is to consider the existence of multiple re-
cycled labels. Although a single label often predominates in a specific area, exploring
the coexistence of multiple recycled labels can introduce an additional competitive
dimension—the competition among labels. This might provide valuable insights
and a deeper understanding of label dynamics. Moreover, it is also interesting to
investigate the impact of different recycled labels on the overall social welfare and

explore appropriate mechanisms to align the incentives of various parties.
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Appendix A

Proofs of Results

Proof of Lemma 1: Under the continuous label, each firm chooses a price and the

percentage of recycled material to maximize her profit. Given the firms’ decisions,

consumers located at Z(py, pa, ¢1, ¢2) = 3 + T[9(¢1—¢;)—p 1472) are indifferent between

products 1 and 2. Then, the demand of firm 1 is d; (p1, D2, b1, 02) = T(p1, P2, 41, P2)
and of firm 2 is Jg(pl,pg,gzﬁl,qbg) = 1 — Z(p1,p2, $1,P2). Combining the demand
functions with Equation (3.1), each firm’s profit maximization problem is shown in
Equation (4.1). The profit of firm 7 is concave in her price p;. Thus, solving the first-
order condition %}W = 0 yields the maximizer p(¢1, ¢2) = %—l—w,
where ¢; = ¢; - ¢, + (1 — @) - ¢, dJ
Proof of Lemma 2: When the prices are as shown in Lemma 1, the corre-
sponding profit for firm i can be reformulated as 7; (P} (¢1, P2), Po(d1, D2), b1, P2) =

[3+T(9—A1§)T(¢i_¢j)]2 — k;¢? by substituting p) (é1, ¢2) and ph(¢1, ¢2) back into Equation

(4.1). Then given ¢;, we discuss the best response recycled content of firm i (i.e,

¢i(¢;)) by cases.

1. If0<k; < G’GAC, for any given ¢; € [0,1], firm ¢’s profits always increases in

¢; when ¢; € [0,1]. Thus, in this case, we have:

¢i(d;) = 1.
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2 If H—Ac < k? < 3(0— Ac)—i—;—(& Ac)?

, there are two subcases: 1) Given ¢; €

[0, =8k +3(9(9A2):)”(9 Ad)? ], firm #’s profit increases in ¢; when ¢; € [0,1]; 2)

Given ¢; € (- 18’“’”5?{_{:2;7(97&) ,1], firm 4’s profit is concave in ¢; when

¢; € [0,1]. Specifically, it increases in ¢; when ¢; € [0, 3<9;§;ifgi(§:)§c)2] and

( 3(0—Ac)—¢;7(0—Ac)?
18k;—7(0—Ac)?

decreases when ¢; € ,1]. Thus, in this case, we have:

. —18k;+3(0—Ac)+1(0—Ac
~ 1, Zf¢] [0 + ((9 A)c—; ( )2 ]

3(0—Ac)—g;T(0-Ac)? . 18k 43(0—Ac)Fr(0—A)® 11
T8k, —r(0—A0Z if¢; € ( T(0—Ac)? ]

3(0—Ac)+1(0—Ac)?
3. If by > o

, for any given ¢; € [0,1], firm ¢’s profit is concave

3(0—Ac)—g¢;7(0—Ac)?
[0, T8k, — (—A0)? ] and

in ¢; when ¢; € [0, 1], increasing in ¢; when ¢; €

3(0—Ac)—¢;T(0—Ac)?
( 18k; —7(0—Ac)?

decreasing when ¢; € ,1]. Thus, in this case, we have:

3(0 — Ac) — ¢;7(0 — Ac)?

01) = TR (0~ Acp

Denote k;, = % and ky = 3(9_&);;(0_&)2. Then, there are six cases regarding

the relationships between kr, ky and the two firms’ fixed recycled cost k;. By
solving the firms’ best response recycled content simultaneously under these cases
(i.e., ¢ = ¢i(¢;)), we derive the recycled content equilibria (¢, d,) in each case.
The conditions are collected in sets €, Vi € {1,2,...,9}. Moreover, due to the focus

of our study, all sets are described with focus on (7, k, 7).

1L IFO < ky < ky <k (¢1,02) = (1,1) in set Qy, where Q; = {(7,5,7) : 0 <
K < ('7+21)]:3L}‘

2. If 0 S k’l S ];}L < /{72 S ii’HI (&1,(&2) = (1,(5145) in set QQ, where QQ = {(T Ii,’}/) :

(v = 0,% <k < %H)H(O <7< 1,% <k < mm{(7+1 kL7 Lt kH})} and

T (v*D(0—Ac)[3—T7(6—Ac)]
¢1¢ o 736&—7(7+1)(9—Ac)2

3. 160 < ky <kp < ky < ky: (qgl, gz~52) = (1,&1(;3) in set Q3, where Q3 = {(7,k,7) :
(vy=0,k > %H)H(O <7< 1,% < Kk < %)} Note this case only

existswhen[)g’yg§—§<1,thatiswhen0§’y§%orwhen%<fy<1and
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3(1—)

T < Y(0—Ac)*

4. If ky, < ky < ky < ky, there are three subcases:
o (61, 02) = (1,h14) in set Q;
o (01, 62) = (o1, Pgp) in set Os;
o (91,02) = (1,615), (D1, 1) and (Pgo1, Pog) in set Og;

7 _ (v D) (0—A)[18k—T(v+1)(0— Ac (v D) (0—-A)[18yk—T(y+1)(0—Ac)?]
Where ¢¢¢>1 = 6r[36vK— T(’Y-i-l);/(e Ac)? ’¢ P2 a 6r[367K— T(’Zy—&—l) ’(YG Ac)?] )’

ngﬁl (1) (6—A0)[3—T(0—Ac)] Q4 {(7_ Ii,’}/) :% 7<1 (7_1 <7<
SU—). <

(kg
0—Ac Ac7 ( 2y <

36vk—7(y+1)(0—Ac)?
k< R)ll(R2 < & < min{ O FNIE0 < 7 o< F (DR < g <

min{ DR B} Q5 = {(rey) s <y S LA <7< iR <

5<M}Qi{(Tﬁ;,fy):%<7§1,%1§T<9%AC,%1§/<;§@},
1= —y— 2\/2(1 1(0-Ac)’
E— ('y+1)(9 AC)[3’Y+T(’}/+1)(97AC)+\/’yQ(3+T977AC)2+T2(2’y+1)(97AC)2718T’Y(97AC)}

1 — T2y )
P (YH 1) (0—Ac) [3y+7(v+1) (0—Ac)+— /2 (3+T0—TAC)2+72(27+1) (0—Ac)2—1877(0—Ac)]

2 — T2y 9
s — (7+1)(97Ac)[3+T('7+1)(97A0)+\/7:2:y+1)2(GfAc)2+6T(173'y)(97A0)+9}' Note this case

only exists when I% < v < 1, that is when % <~ <1and 3(1—7) <7<

~v(0—Ac) 0— Ac

5. If l;:L <k < l;:H < ko, there are two subcases:
o (¢1,0) = (1, b1p) in set Oy
o (01,02) = (Ppo1, Posn) in set O;
Where 7 = {(1,k,7) : max{ﬁglw)h, (v+;)fm} < k < Rs}, Qg = {(1,k,7) :

max{ (74;17)1%’ (7+;)kH,/%3} <K< (74'2#} Note (74'2% < Ky always holds.

6. If ]%H < ki < ko, (61, 09) = (dg1, Doge) in Qo, where Qo = {(,r,7) : & >

The results show that there exist multiple equilibria in set Qg. We implement a
strategic policy assigning a higher percentage of recycled content to the more efficient
firm in the equilibrium, refining these equilibria. This is based on the rationale that
greater efficiency provides stronger incentives for increased utilization of recycled
materials. Note in set (g, we have, q~51¢ <1, q~5¢1 < land q~5¢¢1 < q~5¢¢2. Thus after the
refinement, there remains a unique equilibrium ((51, éQ) = (1, éw) in set Qg. Then,

there are three possible equilibrium candidates under the continuous label, namely
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(1,1), (1, ¢~51¢), (&Ml, (Ewg), and we combine the condition sets for each equilibrium
in O, QM and Q¢¢, respectively, where Qy; = Q) = {(1,r,7) : 0 < & < %},
Ql¢ = QQUQgUQ4UQ6UQ7 = {(T, Ii,’y) : (/7 = 07l€ > %)H(O <7 < 1, % <
k< Rs)}, and Qup = Qs U Qs U Qg = {(7,/,7) : 0 <y < 1,k > i3}

Given the recycled content equilibrium, the corresponding pricing equilibrium (py, po)

is given by:

0(h1 — o) + 261+ 1 O(dy — b1) + 26 + &
3 P 3 ):

L 1
(P1,P2) = (; +
where ¢; = ¢; - ¢, + (1-— qgl) Gy

Then, given the recycled content and pricing equilibrium, the corresponding firms’
equilibrium demand (ch, JQ), profits (71, T2) and the certifier’s equilibrium payoff 7,

are respectively given by:

(% TG~ ) e+ 1 Tl6(G— ) +ay

<d17d2) = 6 ) 2 6

(71, 7o) = ([3+T(Q_AC)(€Z~51 —€52)]2 B 27/{@233 B4 7(0— AC)(§£2 _ le)]z - 2,%;3)
1,72) = 187 1+7’ 187 1+~ )

3(¢1 + 6a) +7(0 — Ac) (1 — 432)2.

ﬁozﬁr_‘_(/@r_ﬁv) 6

Proof of Proposition 1: Given Equation (A.1), the monotonicities of 7, with
respect to 7, k, 7 within region Qij, for i,7 € {1,¢}, can be easily proved via
checking the first-order conditions. Thus, to prove this proposition, we first analyze

the monotonicities within each region, and then combine the results in these regions.

1. With respect to 7, we can easily check: (1) Within QH, %o = (; (2) Within

Q1¢, % <0, if K < min{ +1)(6 =3 (w(lg)vilm} and 7 < [(Zﬁigﬁf)__ﬁg—fd?
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Otherwise 2% > 0; (3) Within Qg,, 222 > 0.

Then we combine the results in these regions, which are shown in Table A.1.

Note HDU=29) jq the upper bound k of region Q1 and the lower bound & of

12
(v+1)(6—Ac) (v+1)(6—Ac) is the
12~

is the lower bound « of region Q¢¢. o

region Q1¢.

upper bound k of region Ql¢.

Table A.1: The Monotonicities of 7y with Respect to 7 by Cases

Cases Qpo ‘ Qi | Qi

0< n< CEOTA0 —

EFIU=ET _ ;< i CE0080 GEOOS} | [ 1 |
BAO=a0) _ < LATO=ae P e

(“/+1)(9 Ac) <K 2(“/2‘(12)(5: Ac) 1 " =
yScER 5d- T Sy, < GEUST [y | g | -
K> (7+1)6(z Ac) 0 — | —

. With respect to , we can easily check: (1) Within Qy;, % = 0; (2) Within
5 o : 9 3
g, Ge > 0if (—27+6)(0—Ac) 9—Ac

T(y+1)(0=Ac)? Otherwise,
Q1or G2 < 0. (3) Within Q. 52 < 0.

<7< and x >

12[27(0—Ac)— 3]’

9
(—2746)(6—Ac)

Thus, there are two cases, i.e, 7 < and <7<

When 7 <

9 3
(—2v+6)(0—Ac) 0—Ac”

7o always decreases in k. When % <7<

(- 2’y+6)(9 Ac)”? 2v+6)(0—Ac)

0%&7 7o firstly remains constant in x (i.e, in region €27), then experiences a
decreasing-then-increasing trend (i.e, in region {2;4), and may finally consis-

tently decreases when Q¢¢ exists.

. With respect to v, we can easily check: (1) Within QH, = 0; (2) Within

12/4[—3+27(9—Ac)]
T(0—Ac)?

g, F2 < 0,1 0 < v < 1, where 753 =

%o > 0. (3) Within g, &2 < 0.

— 1; Otherwise,

Then we combine the results in these regions, which are shown in Table A.2

and G_TAC is the upper

0—Ac
6

bound x of region (1. In particular, is also the lower bound x of region

Qgp When 7 < ﬁ, while when 55 3 x5 < 7 < -ag, the lower bound

T(0—Ac)?

5 Thus, we discuss the results in two subcases, i.e.,

Whene—A) <7< ﬁ, :}/,\/1 is

of region quqb is

<7< ,and 7 <

3
2(0—Ac) A) O—Ac) A 2(0—Ac)"

smaller than the lower bound 7 of region Qhﬁ if kK < R4y1. This implies when
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K < Fy1, 7 > Y41 always satisfies in Ql¢, and thereby < 8”0 > 0 holds. Moreover,
A1 is larger than the upper bound v of region Ql¢> if K > Ry or kK > Ky3. This
means when K > Kyo O K > Rq3, 7 < 741 always satisfies in Ql¢, and thereby

9% ~ (), When 7 <

T . m, we find 4,1 < 0, which means v > 7,; always

satisfies in Qw. Hence, %—? > 0 holds.

Table A.2: The Monotonicities of 7y with Respect to v by Cases

o}l

Cases My 11 o2t
0<r< B2 — 1 - 1 =~
L AC < x < min{ =2 &1} 0 - —
Fy1 < K < g 6AC . 3T - —
9=fe AC <H<m1n{m71,w} 0 — | -
Z
max{ =8¢ %1} < k < min{i,o, (engC) Y -
3 3
20-80 =T < =50 Ry <k < w {1 | — | —
0—Ac)”?
77(96) <K< By T — 4
max{fy1, M} < Kk < Rys U e +
K> max{eiAc) Ry3} J — b
0—Ac 0—Ac
T < 30-Ac) 12 PES 9 Ar i T — T
Lo~ 7(0—Ac)? ~ (0 Ac) (0—Ac)[9—87(0—Ac)]
Note: fy1 = 3 tar=ag) 712 = §5tar 0=’ *13 = — 24B-27(0-A0)]

O

Proof of Lemma 3: Under the binary label, given the label standard ¢ and the
firms’ decisions (p1, p2) and (¢1, ¢2), marginal consumers who are indifferent between
products 1 and 2 are located at &(py, p2, @1, @2, ¢) = % + T[%(l{m29}712{@2?})71)1%2].
Thus, the demand of firm 1 is dl(pl,pg,gbl,gbg,gﬁ) = Z(p1, P2, 1, P2, @) and of firm
2 is czg(pl,pg, b1, 2, 9) = 1 — &(p1, p2, $1, ¢2,¢). Then, given the label standard ¢,

each firm’s profit maximization profit is as shown in Equation (4.4). The profit of

. . . . . L 8 K3 J. K ) I
firm ¢ is concave in her price p;. Solving the first-order condition W =0
' o . 00(1 (. 501 — 1o, 501 )+2ci+e;
yields the maximizer fi;(¢1, d2,¢) = % + QU {3% 2} T c], where ¢; = ¢; -

+ (1 — ¢i) - ¢y. Substituting the prices pi(¢1, ¢2,¢) back into Equation (4.4),

the profit for firm 7 can be reformulated as 7;(P1(d1, @2, @), Po(@1, P2, @), b1, d2, @) =

BH7(0—Ac)(Iig, >0} —1{p;>0})] 2
1é7’ . Z¢ |:|

Proof of Lemma 4: We prove Lemma 4 by firstly showing given binary label
standard ¢ and ¢; € [0, 1], any ¢; € (0,¢) and ¢; € (4, 1] cannot be an equilibrium.
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We firstly show given ¢ and ¢; € [0,1], any ¢; € (0, ¢) cannot be an equilibrium.
FOI' ¢1 € [O, 1], we have ]1{@2?} = O lf (ﬁl € [O,?), and 1{¢12Q} =1 lf (bz € [Q, 1]
Then we proceed to analyze two cases, i.e., ¢; € [0,¢) and ¢; € [¢, 1]. Firstly, given

¢ and ¢; € [0, 9), 7;(d;]0i, ¢) = % — k:jgb? when ¢; € [0, ¢). Secondly, given ¢ and
b € (9. 1], T (0;]05, 0) = % — k;j¢? when ¢; € [0,¢). Thus, we can verify
75 (0]¢s, @) > ¢§I€1(€%))’§5) 7t (d51¢s, @), since 7;(d;]¢s, ¢) decreases in ¢; when ¢; € [0, ¢).
This implies given ¢ and ¢; € [0, 1], for any ¢; = (0, ¢), firm j would at least deviate

to ¢; = 0. Therefore, we can conclude given ¢ and ¢; € [0, 1], any ¢; € (0, ¢) cannot

be an equilibrium.

Next, we show given ¢ and ¢; € [0, 1], ¢; € (¢, 1] cannot be an equilibrium. For ¢; €
[0, 1], as earlier mentioned, there are two cases and we proceed to analyze these two
cases, respectively. Given ¢ and ¢; € [0, ¢), we have 7;(¢;]¢;, ¢) = W— 107
when ¢; € [¢,1]. Given ¢ and ¢; € [¢,1], we have i;(¢;|¢s, ¢) = 5= — k;¢? when
¢; € [¢,1]. Thus, we can verify 7;(¢[¢;, §) > ¢§Iel(%;,(1] Ti(@jlds, @), since 7;(@;|ds, @)
decreases in ¢; when ¢; € [¢,1]. This implies given ¢ and ¢; € [0,1], for any
¢; = (¢,1), firm j would at least deviate to ¢; = ¢. Therefore, we can conclude

given ¢ and ¢; € [0,1], any ¢; € (¢, 1] cannot be an equilibrium.

Then, given ¢ and ¢; € [0, 1], by ruling out the equilibrium of any ¢; € (0, ¢) and
¢; € (¢,1], we can show there remain four possible equilibrium candidates, in which

(¢1>¢2‘?) = (O>O)> (97 0)7 (0>?) and (?7 ?)

Next, to verify when each candidate is an equilibrium, we need to solve the corre-
sponding no-deviation requirements. Note when firms are indifferent from obtaining
or not obtaining the label, we apply the tie-breaking rules that the firms will obtain
the label so as to benefit the certifier.

1. (¢4, ¢2|@ = (¢, ¢) is an equilibrium when both firms cannot be better off by
deviating from gb,, = ¢ to any other recycled content ¢;, given ¢; = ¢ and
the binary label with standard ¢, i.e., (9|9, ¢) > ¢£2%),<1} i(pil@, @), for i €
{1,2}. Firstly, we observe that 7;(¢[¢,¢) > ﬁé@fﬁ] 7i(¢i|@, ¢) holds trivially.

This means to verify the no-deviation requirements, we only need to check
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(9|9, ¢) > m[a[));) i(¢i|¢, ¢). Then due to the fact that m[%ﬁ) (Pl @, ) =
&,

i:(0[¢, #), we can rewrite the above requirements as 7;(¢|¢, ¢) > 7;(0|9, ¢), for
bothi € {1,2}. By comparing the profits, we find these inequalities holds when

in set Q@, where Q¢¢ = {(7‘ k,7:9) 1 (0 <k < Epa)l[(k >R, 0< 9 <9, )}

(y+1)[6(0—Ac)—T(0—Ac)? 6(y+1)(6—Ac)
- 36 I and P14 365+Z(7+1)(0—Ac)2'

Rp1 =

- (¢n, ¢2|q§) (#,0) is an equilibrium when firm 1 cannot be better off by devi-
ating from ¢ = ¢ to any other recycled content ¢y, given ¢, = 0 and the label
standard ¢, i.e., 71(¢[0,¢) > ¢rlré%))’<1] ©1(¢1]0, ¢), and firm 2 cannot be better
off by deviating from ¢, = 0 to any other recycled content ¢,, given ¢; = ¢
and the label standard ¢, i.e., 7(0|¢, ¢) > ¢£Iel?0),(1] 7to(p2|@, ¢). For the first
no-deviation requirement, we find (4|0, ¢) > ¢£Ié%z)>f1] 71(¢1]0, ) holds triv-
ially. This means to verify the first no-deviation requirement, we only need to
check 7 (¢[0, ¢) > ¢m%>;) 1(¢1]0, ¢). Due to the fact that ¢m[%)§)) 1(91]0,¢) =
1(0]0, ¢), the first requirement can be rewritten as 71(¢[0,¢) > 71(0]0, ¢).
For the second no-deviation requirement, it is easy to verify 75(0[¢,¢) >
max o (d2|d, ¢). This means for the second no-deviation requirement, we

¢2 ( No )
only need to check (0|9, ¢) > (pm[a(ubx 7t2(¢2|@, ¢). Then by using the fact

that m%x] 7o (@a|d, @) = T2(@]@, ¢), we can rewrite the second requirement as
2(0|p, @) > 7a(d|¢, ). By comparing the profits, we find these two inequali-
ties hold in QQO, where QQO ={(1,8,7,0) 1 k> kr1, ¢, <¢ <min{¢, ,1}},

6(v+1)(6—Ac)
and ¢ 3675 ’YT('y+1)(0—Ac)2 :

- (¢n, gb2|qb) (0, ¢) is an equilibrium when firm 1 cannot be better off by devi-
ating from ¢, = 0 to any other recycled content ¢, given ¢o = ¢ and the label
standard ¢, i.e., 71(0]¢, ) > ¢?€%}7{1} ©1(¢1]9, ¢), and firm 2 cannot be better
off by deviating from ¢, = ¢ to any other recycled content ¢,, given ¢; = 0
and the label standard ¢, i.e., 72(¢[0,¢) > ¢IQI§[%J),(1] 7o (¢a|d, ¢). For the first
no-deviation requirement, we find 7;(0|¢, ¢) > ¢1II€1(E%)}72> : 71(¢1]¢, @) holds triv-
ially. This means to verify the first no-deviation requirement, we only need to
check 7, (0[¢, ¢) > mz[a(ubx 1(¢1]9, ¢). Due to the fact that m%ﬁx1 w1(p1]9, @) =
T1(¢|¢, #), the first requirement can be rewritten as 71(0|¢, ¢) > 71(¢|@, ).
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For the second no-deviation requirement, it is easy to verify 7»(¢[0,¢) >

max 75(¢2/0,¢). Then we only need to check 75(9|0, ¢) > max 7a(d2|0, ¢).
$2€(8,1] - = $2€[0,9) -

By using the fact that d)m[%);) 7o (2|0, ¢) = 2(0]0, $), we can rewrite the sec-
ond requirement as 75(¢$|0, ¢) > 7(0[0, ¢). By comparing the profits, we find
these two requirements hold when (7, k, v, ¢) € QOQ, where QO? ={(7,Kk,7,9) :
0 <y <Lk > ko, <¢< min{¢ 2,1}}, Kro = (VH)[G(B*AC)*T((FAC)Q},

36y
6(y+1)(6—Ac) 6(v+1)(6—Ac)
¢L2 36vk+T(v+1)(0—Ac)2? and Qb ~ 36m— T(v+1)(0—Ac)2 "

4. (¢4, ¢2|£S) = (0,0) is an equilibrium when both firms cannot be better off by
deviating from ¢ = 0 to any other recycled content ¢;, given ¢; = 0 and

the binary label with standard ¢, i.e., ;(0]0, ¢) > ¢>?1(E}J},{1] (9|0, @), for i €
{1,2}. Firstly, we observe that 7;(0(0,¢) > d)im(aﬁ) 7i(¢:]0, ¢) holds trivially.
This means to verify the no-deviation requirements, we only need to check
:(0[0, ) > &I@ﬁ] i(¢i|0,¢). Then due to the fact that ¢£I€1%5}’<H i(¢il0, 9) =

(9]0, $), we can rewrite the above requirements as 7'%1-(0|O,@ > (4]0, 9),
for both i € {1,2}. By comparing the profits, we find these inequalities hold

when in Qqo, where Qgp = {(r,K5,7,0) : k > K @y < ¢ < 1}, and &gy =

(v+1)[6(8—Ac)+T7(6— Ac)}
36y

From the above discussions, we find k71 < Kra, ?Ll < Qm, and ngl > ¢H2, which
means QO? € QQO. Thus, there are multiple equilibria (i.e., (¢,0) and (0, ¢)) in QOQ.
Nevertheless, after implementing the refinement policy as mentioned earlier, the
only left equilibrium in QOQ is (¢,0). Moreover, sets Qoo. QQO and Q@ are exclusive
and complementary. Therefore, given the binary label standard ¢, we conclude the

recycled content equilibrium under the binary label is (¢1,¢2\q_5) = (0,0) in Qoo
(61, 6219) = (6,0) in Qgo, and (61, Ga|@) = (¢, ¢) in Qo.

Finally, the certifier chooses the binary label standard ¢ to maximize its payoff to(¢).
For a clear discussion, we next discuss the certifier’s decision by cases in Table A.3,
where (7, K, 7, @) space is divided into three components. Each part could correspond
to various subcases, requiring additional comparison of the certifier’s associated
payoffs. Note in Table A.3, ¢, intersects ¢ = 1 at k1, and ¢ intersects ¢ = 1

at igy. Moreover, Oy = {(,r,7) : (0 < v < 2k < k< /ﬁ)H( <v<1,(n
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T < ik < k< BT < Tk < k< Em))} Qo = {(Tory) (v = 0,6 >

F)N0 < v < 5.k <k <km)llG <7< LA <7< 5720k <k < Em)l

Qp = {(1,5,7) 1 2 <y <L (F <7< 520k > k)||(T < Fiy6 > B}, Qu =

{(r,6,7) : (0 <y < 5,6 > km)llG <7 < LA <7< 720 km < k< i)l
. (pFD(0—AC)[36—3T(0—Ac)—T2(0— Ac)] . Ty By 144/ 172+ 149+ 1) (0— Ac)2

where K = 36[3 1 7(0—Ac)] K2 = 727(27-1)

and 7, = 122y 1)

(v+3+ \/1772+14'\/+1)(9—Ac) '

Table A.3: The Certifier’'s Minimum-standard Decision Under Binary Label

Cases Subcases (¢>1 , (52 ) ) 7o () ?
0< k<K Q(;b(,‘b (Qa ?) [Oa 1] /87' 1
¢a¢ Oa¢ 51}"" 5r_6v (b . .
k1 < k < Kg1 Q@ (7 7) [ 7L1] Bv (+ (ﬂT)Ll ?Ll if (7'7 Ha’Y) 6 Ql;
Qe0 (9,0) (¢, ,:1] g,) 629 Lif (1,k,7) € Q2
Q@ (97 Q) [07 (bLl] BU (ﬂr BU)QLl
.. - Bo + (Br =] o, if(r,k,7) € Qs;
K> R Qeo | (£,0) (@, 4] 51;)3%1“((27&)@1 §z11 £ ) & Q?;
QOO (O’ 0) (¢H17 1] Bv

Table A.3 shows there are four possible recycled content equilibria for firms, namely
(61, 2) = (1,1), (¢,,:9,,), (1,0) and (¢,,,,0). Then we combine the conditions for
each equilibrium in sets 1, Q%, (10 and QQO, respectively, where Oy = {(7, K, 7) :

0 <k < &}, Q@iQ1UQ3i{(T»H77)5(0§7§ R < R < R)||(5 < <

1,(’};1 <7< ﬁ,(/’%[/l < KR < Kl)l‘(/ﬁ > /’ig))H(T < T,k > HLl))}, QlO = QQ

{(mh,y) c (v =0,k 2 &0 <y <58 <k <Em)llG <y LA <7

<
i <k < Ep)h 0 = Q= {(1r,7) 1 (0 <y < Lk > Em)| <y <

1,7 <1< Em < k < Kg)}. The corresponding label decision (i.e., @ are 1,

9A’

QL ol and QH N respectively.

Given the certifier’s optimal label standard and the firms’ recycled content equilib-

rium, the corresponding pricing equilibrium (f1, fis) is given by:

. 1 0 b — ¢ + 26 4+ ¢9 1 0 o7 96, 4 &
(Pr,72) = (= + (1 ¢2)3 are ~ (¢2 ¢1)3 ¢ cl)’
where Cz = gbz -+ (1 _ sz) - Cy.

Then, given the recycled content and pricing equilibrium, the corresponding firms’

equilibrium demand (ch, dé), profits (71, 72) and the certifier’s equilibrium payoff 7,
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are respectively given by:

T[0(d1 — o) — 1 + ¢ 1+ 7[0(ds — b1) —52+51])’

. 1
(di, dn) = <§ + 6 "9 6

([3 +7(0 — Ac)(py — ¢))? B Wkd? [34 7(0 — Ac)(dy — ¢n))? B 2k )

(71, 72) = 187 11 187 11~

361+ da) + 7(0 — A)(1 — $)*

Wozﬁr"i_(ﬁr_ﬁv) 6

Proof of Proposition 2: Given Equation (A.2), we first check the monotonicities
of 7y with respect to 7, k, v within each region Qij, for 7, j € {1, ¢,0}, via solving

the first-order conditions. Then we combine the results in these regions.

1. With respect to 7, we can easily check: (1) Within €, % = 0; (2)Within
Q¢¢, 2 < 0; (3) Within {2y, 9% > 0; (4) Within QQQ, %o > 0.

Then we combine the results in these regions, which are shown in Table A .4

Note FDE-20) (+1)(0-A0)
12

by cases. is the lower bound x of region Q@, G is

g (DE-20)

the upper bound s of region Qi1, an 7

is the upper bound k of
region (19. When 0 < ~ < l M is the upper bound & of region Qs

7= e
OHDO-29) g the lower bound k of region Q¢0 Moreover, when v > 3, K is

the lower bound « of region QQO, k.o is the upper bound x of region Qéo.

2. With respect to x, we can easily check: (1) Within 911, % = 0; (2)Within
Q¢>¢>a Bm < 0; (3) Within Q10, % = 0; (4) Within ng, % < 0.

Thus, we can summarize 7y always (weakly) decreases in k.

3. With respect to vy, we can easily check: (1) Within My, aa;’? = 0; (2)Within
Q¢>¢>’ 2 > 0; (3) Within €y, %;7;0 = 0; (4) Within ng, % < 0.

Then we combine the results in these regions, which are shown in Table A.5
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Table A.4: The Monotonicities of 7g with Respect to 7 by Cases

Cases Q1 Q¢¢ Q¢0 Q1o
0 <k < OHIE=2) N
GIOU—AT - ('y+1)(69 Ac) L =11
GENO=2e _ OO [ — | | |~ | 1
0<y<l CEOUST < GRO=ag [ [ [ ¢
(7+1)6($ 59 - . < (“H-U(f’/ A2 I R B 7
K> %ﬁm) — | 0 —
w < K < K — d — T
ST T
<K < Kro — + 0 —
K > Kro — A — |
(A1) BV HIHV1T2+ 147+ 1)(0-Ac) .. (1) (5y+14+4/1772+147+1) (60— Ac)
Note: Ii—rl = y hvr2 =
67(7+34++/1772+14v+1) 247(2y-1)

6(0—Ac)—T1(0—Ac)?
36

by cases. Note is the lower bound k of region Q@, K1 is the

6(0—Ac)—1(0—Ac)?

lower bound & of region €24, s

. 3
Q1. When m <7<

Q@, 2K+ is the upper bound x of one, an

6(0—Ac)+T1(6—Ac)?
18

is the upper bound k of region

there emerges two separate regions within
d (6+4v2)T(6—Ac)?
36

HA’

is the lower bound

k of the other. Moreover, is the lower bound « of region QQO

when ——=2—— <7 < 3. Otherwise, (9_6%25)57_(25?8)] serves as the lower

(1+v2)(6—Ac)
bound k.

Table A.5: The Monotonicities of 7y with Respect to v by Cases

Cases QIO Qéo Q@ Qll
P
0 S K S 6(0—Ac)—T1(0—Ac) - - - -
6(07Ac)gg(07Ac) <k < 1{721 - - T B
/%A/I <K< G(G_AC);;—(Q_AC) o - T o
P
6(0—Ac)—7(6—Ac) <r< 2kw1 B e 4 e
7§T<ﬁ 2]{:71<ng _ _— _— _—
(1+v2)(6-Ac) e 6(9—AC)J£87(9_AC)2 < p < (OFAVDT(0-A0)" B I =
K> (6+4V2)7(0—Ac)? B \L T e
6(6—Ac)—T(6—Ac) (6—Ac)[9+7(6—Ac)]
(1+\/§)3(0 Ac) = @ Z;ng @ 6A[3J)FJT(0_AC)] S e et
—Ac —Ac)|94+1(0—Ac
K> 8Btr0-Ad)] B + T~

(0—Ac)[36—37(0—Ac)—72(0—Ac)]

Note: K, = 36[3+7(0—Ac)]

Proof of Proposition 3: Following Lemma 2 and 4, we compare the certifier’s pay-
off under the continuous and binary label. The comparison is valid in the following

non-empty regions: (1) When v = 0, there are Q1 Ny, Qlaﬁ N, Ql¢ N Q@, and
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Ql¢ﬂ010; (2) When 0 < Y S %, there are Qll lel, QM}QQH, Ql¢ﬂ0@7 Ql(z)mﬂlo,
Q¢¢ N Q0 and Qaﬁb N Qég; (3) When Ll; <~ < %, there are Qq1 N Qy1, Qw N,

QM’ N Q@, Qw, N ng, Qd)d) N QIO; quqg N QQO and Q¢¢ N Q@, (4) When % <7 < 1,
there are Qll N Qlla th N Qll? qug N Q@, quﬁ N Qlo, Q¢¢ N Qlo, Q¢¢ N 9907 Q¢¢ N Qll
and Q¢¢ N Q@ . Otherwise, the intersection is empty. Then, the comparison is given

below by cases.

1. When vy = 0: (1) Q11N 1, Ty = 7o holds trivially. (2) Qld,ﬂflu, o < 7o holds
trivially. (3) Qlab N Q@, o — 7 increases in k. The solution to 7y = 7 is the
third root to this equation, which we denote as k. Thus 7y < 7 when k < K,
and (7,k,7) € Ql¢ N 9@7 otherwise, g > 7. (4) Qw N Qo, To < 7o when

3

6—Ac’

_ () (0-Ac)®
T 36[—3+27(0—Ac)] "

<7< k > kg and (7,K,7) € (~21¢ N Qqo, otherwise, 7y > 7o,

__3
2(0—Ac)

where K

2. When 0 < v < }l: The first three cases are the same. For quﬁ N Qlo, T < 7

3

A k> Kk and (7,k,7) € Ql¢ N Qy, otherwise, 7o > o,

when 7 < 7 <

12
5(0—Ac)++/(9-87)(0—Ac)?
the solution to 7y = 7y is unique, which can be either the first or the third root

. For §~2¢¢ﬁflw, o — o decreases in k. Thus,

where 71 =

to this equation, specifically depending on the symmetricity of the two firms’
recycled efficiency (i.e., 7) and the competition intensity (i.e., 7). Note that
regardless of the specific root, it is the upper bound & in QM, N Quo that the
certifier prefers the continuous label, which we denote as kgo. For Q¢¢ N QQO,

Ty < .

3. When }L <y < %: The first six cases are the same. For Q¢¢ N 9@7 There are

two subcases, i.e., }l < v < % and % < v < % When }L <7<

1
3

Ty > 7.
When % <v< %, there is a unique solution to 7y = 7y, which is identified as
the first root to this equation and denoted as kp3. Moreover, 1y < 7g when

Kk > kps, and Ty > 7o when kK < Kpys.

4. When % < v < 1: The first seven cases are the same. For Q¢¢ N QH, Ty < 7o

holds trivially.
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Note k1, and kg intersect at 7 = which we denote as m; kg1, kg2 and

24
5+ 73(0—Ac)
ks intersect at m; kpo, kg3 and ki intersect at 73 which is the second root to the
equation Kgs = Ki1. Kr, kg3 and k3 intersect at 74, which is the first root to the

57331 .- ~
16 hL, kgl, kg2 Kgs, K1 and &3 all

equation kK = k3. Moreover, when v =
intersect at the same point 7, which means sy, kg1, kg2 and Ky3 become a point.
Recall, ky, is lower bound x that the certifier prefers the continuous label, and kg1,
ko and kg3 are the upper bounds x that the certifier prefers the continuous label.
Thus, when 5‘/?% < v < 1, the certifier would always (weakly) prefers the binary
label, since 7y > 77 no longer exists. Then we summarize the comparison results and
combine the conditions in space (7, k,7) in sets Z, C and B as follows. Z = Qi Ny,
C={(r,57): (v=0,(n <7 <7k <k < kg)||[(T <711,k > k)]0 < v <
Ln <7 <mkp <k < rm)||(T < mykn < k< km))||(2 <y < 8L (5 <
T < T,k < K < Kp)|[(13 <7 < 1,60 < K< km)||(T < 73,k < K < Kus))}
Otherwise (7,k,7v) € B. By the definition of each region, we can easily find the
certifier is indifferent between the two labels (i.e., 7y = 7) when (7,k,7) € Z,

prefers the continuous label (i.e., Ty > 7o) when (7, k,7) € C and prefers the binary

label (i.e., m9 < 7p) when (7, k,7) € B. O

Proof of Proposition 4: Let 7; = 7 + 7 and 7; = 7 + 75 denote the overall
industry profit under the continuous and binary label, respectively. Then following
Lemma 2 and 4, we also compare the firms’ and the whole industry’s profits under
the continuous and binary label in the non-empty intersections. To simplify the
analysis, we’ll stick to strict inequalities for now and address equality in the final
results. Note we use the tie-breaking rule that when the firms and the industry are
indifferent between the two labels, they prefer the binary label. This rules has no
impact on our results as it only occurs in boundary situation. Then, the comparison

is given below.

1. When v = 0: (1) Q1 Ny, #; = #; holds trivially for i € {1,2,1}. (2)
Q1¢ N Qyq, 7; > 7; holds for i € {1,2,1}. (3) Ql¢ N Q@, for firm 1, we obtain
7 > 71. For firm 2, we have 7o — 7y decreases in k, and we also find 7o > 7

at the lower bound « of Qw N Q@. At the upper bound « of Qw N Q@, there
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3

are two subcases: Ty > 7y if 7y < T < 57k,

and Ty < 7o if T < 741, where

N 6
T/ = (B (0-h0)

this set. When 7 < 741, a unique solution will emerge for 7o = 75, which is the

. Thus, when 7/, < 7 < e—iAw o > 79 always holds within

first root of this equation and we denote as ~¢. Thus, in the latter subcase,
we obtain 7y > 7T, when k < Ay and 7y < 7 when Kk > A. Additionally, we
can derive Ry intersects with the upper bound of this intersection at 7 = 7.
For the industry, we have 7; > 7;. (4) Ql¢ N Qyo, we have 7, < 7y, Ty > i,

and 7; < 77.

. When 0 < vy < 71: The first four cases are the same as above. Within Q¢¢ﬂ§210,
there is a unique solution, denoted as &1, to the equation 7 = ;. This
solution corresponds to the forth root of the equation. Consequently, for firm
1, we have m; < 7 when K < Ky and 7y > 7 when K > Ky For firm 2,
we have 7y > 7. For the industry, a unique solution exists for the equation
7w = 7, identified as the third root to this equation and denoted as x;. As
a result, for the industry, we have 7; < 7; when k < k; and 7; > 7; when
k > k7. Within Q¢¢ N QQO, 7 > i, for i € {1,2,1}.

. When i < v < %: The first sixth cases are the same as above, except for
Ql¢ N Q@. In this specific set, both 77 > 7; for firm 1 and 7; > 7 for
the industry persist. For firm 2, we discuss the outcomes in two subcases,
depending on the symmetricity of firms’ recycled efficiency (i.e., 7). In the
first case where }l << %, the results are the same as above. In the second
case where % <y < %, k1 intersects with the upper bound of this intersection
not only at 7 = 7, but also at 7 = 7yo. 7o is the third root to the equation
kg = Ry and is established as greater than 7. Recall that 7, — 75 decreases
in k and Ay stands as the unique solution to 7y = 7, within this set. Thus
in this subcase, we can derive 7y > 7 when 7/ < 7 < Q%AC and 7 < Tyo.
Additionally, when 7o < 7 < 741, we have Ty > 7y if Kk < Ry; and Ty < 7y if
k > kg. For Q¢¢ N Q@, m > 71 holds for firm 1. For firm 2, similarly, we

1 2

analyze the results in two subcases. In the first case where 7 < v < £, we

have 75 < 75. In the second case where % <v< %, a unique solution, denoted
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as Ry, exists for the equation Ty = 7y, where Ao is the third root to this
equation. Furthermore, within this intersection set, we obtain 7y < 75 when

Kk < Ko, and Ty > 7T when K > Kfy. For the industry, we have 7; > 7.

4. When % < v < 1, the first seven cases are the same as above for the industry.
For the firms, the outcomes in cases QH N QH, Ql¢ N QH and qub N Qlo are

the same as the above, and the outcomes in cases Ql¢ N Q@ and §~2¢¢ N Q@

are the same as those when £ < 4 < 1. Within Qgo N Q1o and Qyy N QQO,

Ty > 7o still holds for firm 2. While for firm 1, we need to discuss the results
in two subcases, i.e., % <v< %ﬁ and %6 <~ < 1. In the first case where
:<y< %é, the outcome within Qg N g is the same as the above. While

within QWHQQO, a unique solution, denoted as &2, emerges from the equation

(DD By=D+(1 =) /92 =27+1]7(6—Ac)?
72v(2y-1) :

within this set, we obtain 7; > 7, when K < Kgy, and m; < 7 when K > Fyo.

T = 1, where Kpy = Furthermore,

In the second case where %ﬁ <~ <1, m < 7 consistently holds in Q¢¢ﬂﬁlo

and Qg N Qgo. Within Qus N Quy, 71 > 7y, T > i, and 77 > 7.

12(2v—1)
[(+1)(By=1)+(1=7)/97°—29+1)(6-Ac)
Moreover, kf1, Ao and Rz intersect at Tyo. Ago intersects Ky at 7r3, where 743 is the

9-3v/3
4

Note i1, fyo and kg intersect at 771, where 74 =

sixth root to Ay = k;. Particularly, when v = , Kf1, Kfa, R3, K1 all intersect
at the same point 771, which means /¢ and Ky become a point. Recall that A is
the lower bound « and A ¢ is the upper bound « that firm 2 prefers the binary label.
Thus, when # < v < 1, firm 2 would always (weakly) prefers the continuous
label, as Ty < 75 no longer exists. Then we summarize the comparison results for
each firm and combine the conditions in space (7, ,7) in sets Z, B and C for firm
1 and Z, B and C for firm 2. Specifically, Z = Q; Ny, B = {(r,K,7) : (v =
0,k > A0 <y <1k <k <Rp)|(3 <y <087 <7< 230, (ln <k <
F)llRps < 5 < E)I(R <7< Fasi < 5 < R)I(508 <y < Lk < 5 < )}

Otherwise, (7,x,7) € C. Additionally, Z=01N0, B= {(r,K,7) : (0 <7y <

2hn <k <R)IG <y < 9_2\/3’(7?3 <7 < TpLhp <k < RD))|[(Tp £ 7 <

Trs,kpn < k < Rye))}. Otherwise, (7,kK,7) € C. By the definition of the regions,

we can easily find firm 4 is indifferent between the two labels (i.e., 7; = ;) when
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(T,K,7y) € f/f, prefers the continuous label (i.e., 7; > ;) when (1, k,7) € @/(f, and
prefers the binary label (i.e., 7; < 7;) when (1, k,7) € B/B.

For the industry, we find x; will intersect with the lower bound of set Q N Qm (i.e.,
k1) at 7 = 77 when H\ﬁ < v < 1, where 7; is the sixth root to the equation k; =
k1. Then, we also summarize the comparison results for the industry and combine
the conditions in space (7, k,7) in sets f, l’;’, and C. Specifically, 7 = Qi NSy
B={(1,/,7): (v =0,k > i&)[|(0 <y < B i) < < pip)|| (2B <y < 1,77 <

T < i < K < kp)}, otherwise, (7, k,7) € C. By the definition of these regions,

Ac
we can easily find the industry is indifferent between the two labels (i.e., 7; = 7;)
when (7, ,7) € Z, prefers the continuous label (i.e., #; > 7;) when (7,,7) € C,

and prefers the binary label (i.e., #; < #;) when (7, x,7) € B.

After showing the label preferences of the certifier, the firms, and the entire industry,

we proceed to compare these preferences to demonstrate the alignment among them.

Next, we show there is no win-win-win label design for the certifier and the two firms.
To elaborate, we begin by demonstrating that they cannot all be better off under
the binary label, and then we illustrate that the same holds true when under the
continuous label. Firstly, when contrasting the label preferences of the two firms, we
find both firms cannot simultaneously benefit from the binary label. This is because
firm 2 would prefer the binary label only within (Qhﬁ U Q¢¢) N Q@ In contrast,
within region Q@, firm 1 always prefers the continuous label. Consequently, we
can straightforwardly infer that the certifier and the two firms cannot collectively
achieve a better outcome under the binary label. Secondly, we establish that they
cannot collectively be better off under the continuous label. This is demonstrated
by proving that when the certifier prefers the continuous label, either firm 1 or firm
2 would prefer the binary label. Recall the proof of Proposition 3, the certifier would
prefer the continuous label exclusively in the intersection sets Qw N Qlo, Q¢¢ N Qlo,
Qwﬂf)@, and Qwﬂf'}@. This means we can divide C into four subsets: CNQy5MN$0,
CQQMHQN, COQMQQ@, and CHQMQQ@. Then we proceed to compare the firms’
label preference in these four subsets. Within C N Ql¢ N Qm and CN Q¢¢ N Qlo, we

obtain 7; < 71, indicating firm 1 prefers the binary label within these two subsets.
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Similarly, within C N Ql¢ N Q@ and C N Q¢¢ N Q@, we find 7y < 79, indicating firm
2 prefers the binary label within these two subsets. As a result, we establish that
in the subsets where the certifier prefers the continuous label, either firm 1 or firm

2 prefers the binary label.

Finally, we show there is a win-win label design for the certifier and the industry
either under the binary or continuous label. Firstly, we establish that they can be
both better off under the binary label. This is because the certifier prefers the binary
label within a subset of the intersection Qwﬂﬂlo and the industry prefers the binary
label across this whole intersection. Thus, there must be an overlap where both the
certifier and the industry prefer the binary label. Secondly, we show they can be
both better off under the continuous label. This is because, the certifier may prefer
the continuous label in the intersection (Qy5 U Qgg) N Q@ and the industry prefers
the continuous label across this whole intersection. Hence, there must be an overlap

where both the certifier and the industry prefer the continuous label. 0

Proof of Proposition 5: To assess the monotonicities of the certifier’s final payoff
max{7, o} with respect to 7, k, and 7, we can process as follows: Firstly, recall
the monotonicities of the certifier’s payoff under the binary label within each region
Qij, where 7,7 € {1,,0}; Secondly, recall the regions where the certifier would
prefer the continuous label in the final equilibrium and check the monotonicities of
the certifier’s payoff under the continuous label in these identified regions; Thirdly,

combine and analyze the results under the two labels in the final equilibrium by

enumerating all the possibilities and verifying their existence.

We first show the monotonicity of max{o, 7o} with respect to 7. Under the binary
label, 7y decreases in 7 within Q@, increases in 7 within Q0 and Qég, and remains
unchanged within ;. In the final equilibrium, we note the certifier may prefer
the continuous label within Q@ and Qlo- Then, we check the monotonicities of 7
in these potential continuous label preference regions. The result turns out that
7o always increases in 7 in these regions. Considering both labels, if the certifier
prefers the continuous label in region o, max{7g, Tp} continuous to increase in T,

as both 7y and 7y increase in 7 in this region. In contrast, if the certifier prefers
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the continuous label in region Q@, max{7o, 7o} may decrease, increase or firstly
decrease and then decrease in 7, as 7, increases in 7, 7y decreases in 7 and the
certifier chooses the label offering higher payoff. Combing these results with the
provided Table A.4, we can conclude the final payoff max{7, o} may “” or “/[1”
in 7. These outcomes are feasible because when ~ is large (i.e., v > 5‘/?%), the
binary label dominates over the continuous label (i.e, max{7m, 7o} = 7). In this

circumstances, max{, 7o }(i.e, ) can either “1” or “}1” in 7.

Next, we show the monotonicity of max{my, 7o} with respect to x. Under the bi-
nary label, 7, always weakly decreases in x. Under the continuous label, 7, can

increase in ~ in region 24. Specifically, within this region, 7y increases in £ when

7(y+1)(0—Ac)?

9 3
ST < goae and K> e Rs T

o0 (0=bg = Referring to the proof of Proposi-

tion 3, we find ( > Ty, where 75 is the upper bound 7 that the certifier

9
—27+46)(0—Ac)
prefers the continuous label. Thus when the certifier finally chooses the continuous
label, its payoff cannot increase in k. Considering both labels, we can conclude the

final payoff max{7g, 7o} always decreases in k, as both 7y and 7y decrease in k.

Finally, we show the monotonicity of max{my, 7} with respect to v. Under the
binary label, 7y increases in v within Q@, decreases in 7y within Qfo, and remains
unchanged within Q19 and ;. In the final equilibrium, the certifier may prefer
the continuous label only within Q@ and 9. Then, we check the monotonicities
of Ty in these potential continuous label preference regions. The result turns out
that 7y increases in v when Qw arises in the final equilibrium, and decreases in
when Q¢¢ arises in the final equilibrium. Apparently, as v increases, the region may
switch from Q1¢ to Q¢¢. Thus, in the final equilibrium, 7y may increase, decrease or
first increase and then decrease in . Considering both labels, if the certifer finally
prefers the continuous label in region €239, the overall trend of max{#y, 7} follows
that of 7y, as 7o is not affected by . That is max{g, 7o} may increase, decrease
or first increase and then decrease in 7. If the certifier prefers the continuous label
in region Q@ and Qlo — Q@, max{7g, 7o} may increase, decrease, first increase
and then decrease, first decrease and then increase, or first increase then decrease

finally increase in . Here, Qm — Q@ refers to combination of QIO and Q@ when
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the region switches from o to Q@ under the binary label. This is because, in
these regions, 7y weakly increases in 7y, g is non-monotonic (i.e, “1”, “|” or “t]”)
in v and the certifier selects the label that yields higher payoff. Next, we combine
these results in the provided Table A.5. We note the certifier would not choose the
continuous label in the specific case of Q@ that follows QQO. Recall that region QQD
only intersects with region Q¢¢, and the certifier always prefers the binary label in
region QQO. This preference implies 7 in region Q?O is greater than 7 in (~2¢¢. As
v increases, the region under the binary label switches from QQD to Q@, and the
region under the continuous label remains in §~2¢¢. Consequently, 7y continuous to
decrease in vy in region Q¢¢, while 7y begins to increase in 7 in region Q@. Thus, we
can easily infer 7 in region Q@ that follows QQO is greater than 7 in Q¢¢. Then,
based on this label preference analysis and the outcomes detailed in Table A.5, we
can conclude the final payoff max{7g, 7o} may “1”, “/”, “}1”, “t/",and “1}1” in
. The first three cases are feasible because when 7 is large (i.e., 7 > WM),
the binary label dominates over the continuous label (i.e, max{7g, 7o} = 7). In
this circumstances, 7y can either “17, “|” or “|[1” in . Next, we prove patterns
“rl” and “1,1” are also feasible. When v = 0, as shown in Proposition 3, the
certifier prefers the continuous label (i.e., max{7y, T} = 7Tp) under the conditions
when 7 < 71 and kK > k. This preference corresponds to the region Qw under the

continuous label, which indicates that max{mg, 7o} (i.e., Tg) would firstly increase

3
(1+V2) (—Ac)

ki < 2ky1. Therefore, referring to Table A.5, we can conclude the fifth and the

in 7 in these conditions. Moreover, when v = 0, we find 7, > and
last case in the table satisfy the conditions when max{7y, 7o} would first increase
with 7. Combining this result with that of the last case, we can easily establish the
pattern “1]1”. For the fifth case in the table, after the initial increase, we can infer
the certifier’s final payoff would experience a subsequent decrease. This is because
when ~ reaches to 1, the certifier payoff under the continuous label should reduce
to be lower than that under the binary label, since the certifier always prefers the
binary label when the two firms are symmetric. Hence, this observation explains

the “1]” pattern. 0]

Proof of Proposition 6: We define (71 4+ 72) - Liz,>i,) + (71 + 72) - Lizo<io} as the
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industry’s final profit. To show the monotonicities of the industry’s final profit with
respect to 7, k, and ~y, we firstly analyze those monotonicities separately by solving
the first-order condition within each region under both the binary and continuous
label. Then we integrate the findings to reveal the combined results in the final

equilibrium.

We begin by analyzing the monotonicity of the final industry profit with respect to
7. To elaborate on this, we first check the monotonicity of (71 +72) - L {zy>#,} + (71 +
7t9) - Lizo<ioy When the certifier chooses the continuous label in the final equilibrium
(i.e., Ty > 7o), and then examine this profit expression when the certifier chooses
the binary label in the final equilibrium(i.e., 7y < 7 ). Our analysis reveals that
within each region, both 7 + 75 and 7 4+ 75 decrease in 7, indicating a decrease in
the final industry profit concerning 7 within each region. However, when 7y < 7,
the final profit can increase in 7 when the region switches from Q@ to ng or Qyp.
Moreover, when the certifier’s label preference switches from the binary label to
continuous label, or from the continuous label to binary label, the final profit may
also increase in 7. Specifically, when 7 = k' (x), where x; (k) is the inverse function
of k = kL(7), the label preference switches from the binary label to continuous label.
We find at this boundary, 7, + 75 may surpass 7, + . Similarly, when 7 = s} (x),
where k3 (k) is the inverse function of kK = kp1(7), the label preference switches
from the continuous label to binary label. At this boundary, we also find 7; +

may be greater than m; + 7.

We next show the monotonicity of the final industry profit with respect to k. When
o > 7o, it is noticed that 71 + 79 is non-monotonic in k. Specifically, within region
Q1¢, it increases in kK when & is greater than a threshold which is the third root to
the equation W = 0. Otherwise, it decreases in k. Additionally, within region

(~2¢¢, it increases in k when k is smaller than a threshold which is the first root to

O(71+72)

5~ = 0. Otherwise, it decreases in k. When 7y < 7y, 1 + 7

the equation
increases in k within regions Q@ and QQO, decreases in xk within regions QH and 5"210-
Therefore, even when the binary label dominates the continuous label in the final

equilibrium (e.g, v > 5‘/?%), the final industry profit will experience a “[ 111"
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trend as the region switches from Qll — Q@ — Qlo — QQD — Q@. Notably, as the
region switches from QQO to Q@, there is a sharp decrease in industry’s profit due

to the intensified competition between the firms.

Finally, we examine the monotonicity of the final industry profit with respect to ~.
When 7y > 7y, it is noticed that 7; + 75 is non-monotonic in «. Specifically, within

region Ql¢, it decreases in v. Additionally, within region Q¢¢, it increases in v when

9’4}[3’7’(9—AC)2+\/87’2(9—AC)2+162H2—108H7‘(9—AC)2]—81,‘62—27'2(6—AC)2 Oth
[272(0—Ac)2—27KT](0—Ac)? - Oth-

K> 27’(99—Ac)

and v >
erwise, it decreases in v. When 7y < 7y, 7 + 72 increases in v within region ("290,
decreases in vy within regions Q@ and 0, and remains unchanged within region
Q. Thus, it is obvious when combining the results of both labels in the final
equilibrium, the industry profit exhibits a non-monotonic trend in 7. Specifically,
as show in Figure 4.8, it may initially undergo a “|1” pattern when the certitifer

prefers the continuous label, and then transition to a“}T]” pattern when the certifer

switches to prefer the binary label. O
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Appendix B

Alternative Refinement Criterion

In the main text, when there are multiple recycled content equilibria, we follow the
refinement policy that the more efficient firm adopts a higher percentage of recycled
content. In this section, we employ an alternative policy by allocating a higher
percentage of recycled content to the less efficient firm. The subsequent results

validate the robustness of our earlier analytical findings.

Next, under this new refinement policy, we first analyze the case of continuous label
in Section B.1, and then study the binary label in Section B.2. The comparison
regarding the certifier’s payoff and the industry’s profit under the two labels are

given in Section B.3.

B.1 Continuous Label

Here, we extend Lemma 2 to scenarios where the less efficient firm 2 invests more

in recycled-content usage under the continuous label.

Lemma 5. Under the continuous label, two cases emerge regarding firms’ equilib-

rium recycled-content decisions:
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Case a:

.

(1,1) if (r,5,7) € Q7
(v+1)(6—Ac)(3—T0+TAc)
(61, %o) = (1, 255 (1) (0-Ac)? ) if (m5,7) € Q7
( )(0—Ac)(3—T10+TAc) ra
( o 6'yn T '\/Jrl (6—Ac)? ’1) Zf (7-7 ’iaf}/) S Qqﬂ
(D (O-A)186—T(v+1)(0—Ac)?] (y+1)(0—Ac)[18vk—T(y+1)(0—Ac)?] ; Ayra
\( . 6/{[36v: 77+1)7( Ac)2]c , 6&[3672—78{+1)2?0—Ac)2} : ) if (1,5,7) € Qg
(B.1)
Case b:
( ~
(1,1) if (1,5,7) € Q7
L2 1)(0—Ac)(3—T10+TAc
<¢17¢2) - (1’ (W—;—GiET(W—I}f)(G—Xc)Z )) Zf (7— /i’f}/) € QZ¢ ’
(D O-A)18k—T(y+1)(0—Ac)?]  (v+1)(0—Ac)[18yr—7(y+1)(§—Ac)?] ; yrb
\( . 6&[367577(’Y+1);’(97Ac)2] ) - 6&[367n77(”yy+1)2’(y07Ac)2} ) Zf (7-7 ’%77) S Q¢¢
(B.2)

where parameter regions QZ‘}, Q’;‘fb, Qg;ﬁ, Q;‘é and Q’;Z}, Q%, Q’”¢ are characterized

i the following proof.

Proof: By the proof of Lemma 2, we establish that multiple recycled content equi-
libria exist exclusively in set {s. Therefore, within the other remaining sets, the re-
sults remain unaffected. Specifically, in set (g, there are multiple equilibria: (1, q31¢),
(¢~>¢1, 1) and (q~5¢¢1, ¢~>¢¢2), where &w <1, ggd,l <1 and &qm < q~5¢¢2. Thus, under the
new refinement policy, the recycled content equilibrium within this set can be either
(g5¢1, 1) or (gz~5¢¢1, g5¢¢2). Our following analysis will cover both cases. Specifically,
we refer to Case a when considering (qz~5¢1, 1) as the equilibrium, and Case b when

considering (éwl, (5¢¢2) as the equilibrium.

Case a: There are four possible equilibrium candidates, namely (1,1), (1,(51(1,),

(661,1), (dg1, o), and we combine the condition sets for each equilibrium in 52,

Q{‘;ﬁ, Q“{ and Q¢¢, respectively, where Q¢ = Oy = {(1,r,7) : 0 < Kk < %},
Qe = QU UQUQ = {(1,5,7) 1 (v =0,k > SEMY||(0 < v < §, 08 <

3 ((v+1)7€L
0—Ac’ 2

7, DR < B}, O = Qg = (k) b <y < LA <7<

K < /@3)||(§ <yv<1,(7 <7< < Kk < R)|[(Ra < k < R3))||(T <

gAa'LilSHS

Ra}, and Qg‘;b—ﬂg)UQgUQg—{(T Kyy):0<~vy<1,k>Rs}
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Case b: There are three possible equilibrium candidates, namely namely (1,1),
(1,&1(;5) (gz~§¢¢1,<;3¢¢2), and we combine the condition sets for each equilibrium in
b, it Qib respectively, where Qff = Q; = {(r,r,7) : 0 < K < %},
O = O UQUO U = {(7,5,7) (v = 0,k > DR (0 < 5 < 1 DR o
k<R3 <v<L(R <7< ﬁ,(% < Kk < R)|[(F1 < k < R3))||(7 <
71, m < k <Rg)))}, and Q¢¢—Q5UQ6U§28UQQ {(r,k,7): (0<y<1,k>

)| <7 <1L,A <7< 20, Rk <k < Ro)} O

Proposition 7. Under the continuous label, environmental performance 7y is non-
monotonic in T, Kk, and . In particular, more intense competition or a lower average

mvestment coefficient may lead to worse environmental performance.

Proof: By the proof of Proposition 1, 7y can be non-monotonic in the three key
parameters (i.c., 7, #, and 7) within region 4. Under the new refinement policy,
we recheck the monotonicities of 7y within regions Q{‘é and ngs- The results confirm
that 7y continuous to be non-monotonic in these parameters, with the threshold

remaining consistent with that established in Proposition 1. U

B.2 Binary Label

Lemma 6. Under the binary label, the certifier’s equilibrium minimum-standard

decision and the firms’ equilibrium recycled-content decisions are:

(1, 1,1) if (1.5,7) € 0},
(36;-;+ZJ;2(19)(9ACA)0)2’ 36/{—‘,532:1—1)—(19)(0ACA)C)2’ 365453222(16)(?2@ ) if (1,5,7) € QT
(é, b1, bo) = q (1,1,0) if (1,5,7) € Q5
(1,0,1) if (7,5,7) € 2y
(36m V:ij)(eA C)AC)Q’ 3675(?{711(%(? C)Ac)2 ,0) if (1, k,7) € QQO

where parameter regions Qu, di), Q”m, Q’(’H, and ng are characterized in the fol-

lowing proof.
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Proof: By the proof of Lemma 4, given the binary label standard ¢, we find
there are two recycled content equilibria, namely @, 0) and (0, Q) in set QOQ. Thus,
under the new refinement policy, the unique recycled content equilibrium in set
QOQ becomes (0, ¢). Then we combine the conditions sets for each equilibrium (i.e.,
(0,0), (¢,0), (0,9), and (¢, ¢)) in Qfy, Qig, Qby> and Q. Specifically, Qfy = Qoo,
QEO = ng - Qog, QE? = Qog, and Q;ﬁ = Q@-

Next, the certifier chooses the binary label standard ¢ to maximize its payoff 7(¢).
For a clear discussion, we discuss the certifier’s decision by cases in Table B.1, where
(7, k,7) space is divided into seven components. Note in Table B.1, ?Lz intersects

¢ =1 at Ko, QHQ intersects ¢ = 1 at Kp, and QLQ intersects ?Hz at Ko, where

QFD6(0=Ac)=7(0=Ac)] .~ (1+D[6(0—=Ac)+7(6—-Ac)’] (y+1)7(6—Ac)?
36 » WH2 36 18(1—7)

/.{LQ = s and i{[g =

Recalling the impact of the new refinement policy, the only change occurs in region
Q6¢, where firms’ recycled content equilibrium shifts from (¢, 0) to (0, ¢). Due to the
equivalence in the certifier’s payoff between (¢,0) and (0, ¢), we can easily find the
certifier’s binary label standard decision, as shown in Table B.1, remains unchanged
from Table A.3. Nevertheless, given the label standard ¢, the recycled content
equilibrium for cases 3, 4, and 6 in Table B.1 may undergo adjustments, considering
the emergence of Q6¢ in these cases. A noteworthy finding is that (0,$) cannot
materialize in cases ZI and 6. This is because under these two cases, the certifier,
instead of allowing firm 2 to obtain the label (i.e., (0,¢)), at least benefits from
setting a higher label standard to only encourage firm 1 to obtain the label (i.e.,
(#,0)). In contrast, in case 3, the certifier may benefit from only inducing recycled
content usage from firm 2. By further comparing the certifier’s payoff in case 3, we
find the certifier would set Q =1 when O, = {(1,r,7) : 7 > s, max{ky, Ko} < K <
Rpo}, resulting in the firms’ recycled content equilibrium being (0,1) within this
set. Specifically, le € . Thus, there are five possible recycled content equilibria
for firms, namely (1,1), (¢,,,4,,), (1,0), (0,1) and (¢,,,0). Then we combine the
conditions for each equilibrium in set Q{l, ngﬁ, Q{O, le and ng, respectively, where
Q= {(1,k,7) : 0 < Kk < i}, ngﬁ = UQs={(r,r,7): (0<~ < Tk <k <

Ii1)||(% <7y < 1,(7:1 <7< ﬁa(kLl < R < I{l)H(/ﬁJ > KQ))”(T < 7.;1,I<J > /%Ll))}a
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Table B.1: Alternative Results of the Certifier’s Minimum-standard Decision
Under Binary Label

Cases Subcases| (41, p2|0) @ 7o (9) &
0 S R S "%Ll Z;ﬁ (?a ?) [Oa 1] ﬁ'f 1
Zbﬁ (?7 ?) [O’?Ll] ﬁv + (ﬁr - 51’)?L1
LS RS L “250 (¢,0) (¢, ,:1] gv)sJ:(e—A(cﬁ)r -
¢ y) ri=ad)
Z& (97 ?) [OvéLl] ﬂv + (ﬁr - 51’)?L1
. Bv + (67” -
Kro < k < Ko CQO <9’ O) (ng’?LZ] Bv)gfoH—(Z_AC)QZLQ
Giy |09 | @t | Jsdu-dd
L U G .
o6 (0,9) 0,9, ] Bo+(Br = Bu)¢,, | Opyif (1, 5,7) €y
Q,ﬁ (d) 0) (¢ ¢ ] Bv + (67" — Lif (Ta K:v’Y) € QZ
$0 @ Cr1¥re 3¢, ,+7(0-Ac)g?
. hd Bv) L2 L2
Ko < k < 6
. . . . v + Id -
min{#r2, g} Qog | (0,9) (@100 o [; )3¢H2+T((95_Ac)¢§m
v 6
G | @0 | @l | ) ssr- g
Q;ﬁ (?a ?) [O’QLl] ﬁv (ﬂr - ﬂv)?Ll
Rra < k < km1 ..¢0 (6,0) (6, 1] gv)g_:(g A(?)r -
b0 (0, 9) 0,9,,] Bo+ (Br — Bu)d,
. v + Br -
EO (?7 0) (?Ll’?lQ] g )ZS(,{)Lz—5—‘1’((6’—Ac)¢72L2
v 6
. . . v + r -
Er1 < Kk < Kro ng (0, 9) (I, g )3¢H2+T((95—AC)¢22
v 6
. ﬁv + (Br - if s Iy Q ;
w | @O | @l g sy 3r0-00s, %“ i (<TT ; 77))66 o,
v G Y1 s vy
QSO (Oa O) (Q 71] B'u
Oy, [ @0) | 0.0,,] | B+ B =By,
i . B’u + (ﬂr -
:I;;nax{mm %0 (0,0) (@, @5] 5,) 3fH1+T(96—Ac)9§H
QSO (07 0) (?Hlv 1] ﬂv
Do = Qo — Qg = {(1,5,7) - (7= 0,8 > R[] (0 <y < 3,7 < m)ll(z <7 <
1, ((R1 < & <max{iy, e h)||(Fre <k <Em))(G <7< LA <7< 520, (B <
Kk < max{iy, ko D)||(Fre < & < Em)))}, Uy = {(1,6,7) 1y > s max{iy, krs} <

K < KEpg2}, and Q;O =, = {(r,k,7) : (0 <y < 5,/{ > /le)H(% <v7<1,/ <7<

Q%AC)RHI <K/§/€2>} [l

Proposition 8. Under the binary label, environmental performance ito: (i), |,

or 11 in 7; (i) | in k; (1) T, |, or 1. In particular, more intense competition
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may lead to worse environmental performance, whereas a lower average investment

coefficient always leads to better environmental performance.

Proof: By the proof of Lemma 6, we observe that the region le under the new
refinement criterion is a sub-region of Qlo under the previous refinement criterion.
As the certifier’s payoff remains equivalent in both cases, we can conclude that
the certifier is indifferent to the change in firms’ recycled content equilibrium un-
der the binary label with the alternative refinement criterion, indicating that the

monotonicity of the environmental performance is also consistent. 0

B.3 Label Selection

Proposition 9. The certifier’s label selection remains consistent: It chooses the
continuous label if (1,k,7v) € C, chooses the binary label if (1,k,7y) € B, and is
indifferent if (1,k,7) € L.

Proof: Recalling the impact of the new refinement criterion, the change under
the continuous label arises in region g, where firms’ recycled content equilibrium
shifts from (1, ¢14) to either (¢g1,1) (i.c., Case a ) or (g1, deg2) (i.c., Case b).
Meanwhile, under the binary label, the change arises in region le, where firms’
recycled content equilibrium shifts from (1,0) to (0,1). Thus, alongside the non-
empty intersections outlined in Proposition 3, we identify additional intersections:
Q6 N, Qe NGy, Q6 N, Qe N, Qfy N QL) O QL — ), and O, N Q7YY
Q5 N Q{Z, Note that region Q% in Case a is equivalent to the region ng; — Qg in
Case b. Similarly, region fl’l"‘;j in Case a is equivalent to the region Q{’; in Case
b. Then, to validate the robustness, our focus lies on examining the certifier’s label
selection in these new intersections, as the results drawn from the earlier intersections

remain unchanged.

Next, we compare the certifier’s payoff under the continuous and binary label (i.e.,
7o and 7o) in these intersections. Note that the certifier is indifferent to the change

in firms’ recycled content under the binary label, as its payoff is consistent in regions
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7, and le. As a result, our focus is directed towards the new intersections arising
from the continuous label: Qg N Q% Qs N QG Q6 N Q;& and Qg N ;. The payoff
comparison in these intersections is given in two cases, depending on the firms’

recycled content equilibrium under the continuous label.
Case a: (].) Q6ﬂ§:21£17 Ty < Tp. (2) QG N (Q{OHQ&), Ty < Tp. (3) QG QQ;¢, Ty < 7.
Case b: (1) Qs N, 7o < fo. (2) Q6N (2N, To < 0. (3) QeNEY,, 7o < io.

Therefore, regardless of firms’ recycled content equilibrium in set Qg under the

continuous label, the certifier always prefers the binary label in region Qg. Note

when v < 5‘/?%, 71 < 71, which means Qg falls within region B—the region where
the certifier prefers the binary label in the prior refinement policy. This observation
establishes a robustness pattern in the certifier’s label preference across distinct

refinement criteria. OJ

Proposition 10. The certifier’s label selection never aligns with both firms’ prefer-

ences, but may align with the industry’s (two firms’ total) preference.

Proof: Then we compare the firms’ and the industry’s profits under the continuous
and the binary label in the new intersections. The profits comparison is given in

two cases, depending on the firms’ recycled content equilibrium under the continuous

label.

Case a: (1) QN €Y, 7, > 7, holds for i € {1,2,1}. (2) Qg Ny, Ty < 7y, Ty > 7o,
and 77 < 7. (3) Qg Ny, 71 > fy, T < iy and 77 < 7. (4) Qg N, for firm
1, a unique solution exists for 71 = 71, which is the first root to this equation and
we denoted it as R Moreover, in this subcase, 7 > 7 if K > Ry and T < 7 if
k < &Y. For firm 2, 7y > 7fy. For the industry, 7y > 7. (5) Qg‘; N le, T > 7,
o < T9. For the industry, a unique solution exists for the equation 7; = 7, which is
the third root to this equation and we denote it as 7. In this subcase, when £ > K7,
#r > i, otherwise, 77 < #. (6) Q% N Qpy, @1 > 71, 72 < . For the industry,
two solutions, denoted as k73 and 7§, exist for the the equation 7; = 7;. These
solutions correspond to the second and third roots of this equation, respectively.

More specifically, when x < k7§ or k > K75, Ty > 77, otherwise, 7y < 7.
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Case b: (1) Qs N, 7; > 7; holds for i € {1,2,1}. (2) Qs Ny, 71 < 7y, Ty > 7o,
and and 7y < 77, (3) Q6 Ny, T1 > 1, T2 < fa, and 7y < 7. (4) Q6 N, for
firm 1, two solutions exist for m; = 71, which is the second and the third root to
this equation and we denoted them as /2;7}[’1 and /2;7}’5, respectively. Moreover, in this
subcase, T > 7ty if kK < A} or k > &%), and T < 7y if £ < Kk < R}, For firm
2, fp > ity. For the industry, #; > 7. (5) Q% N, 71 > iy, T < . For the
industry, a unique solution exists for the equation 7; = 77, which is the third root
to this equation and we denote it as &}{. In this subcase, when x > &}, 71 > 7,
otherwise, 7y < 7. (6) (b — Q6) Ny, 71 > iy, 72 < ip. For the industry,
two solutions, denoted as k75 and K73, exist for the the equation 7; = ;. These

solutions correspond to the second and third roots of this equation, respectively.

More specifically, when k < k7% or k > k"%, 75 > 77, otherwise, 7 < 7.
’ 12 13 ) )

Then we summarize the comparison results in these new intersections for each firm.
In Case a, firm 1 prefers the continuous label in O, (i.e., Q5 N (Qg U ng) U Q%)),
Qs 96095&0(& > K'}), while prefers the binary label in QN Qﬁﬂﬁgﬁﬂ(n <
i7%). In Case b, firm 1 prefers the continuous label in (2 (i.e., Qp, N(QUQLLUQY)),
Qe Qgﬂﬂgd)ﬂ((n < K U(k > /7)), while prefers the binary label in QN
Qs N di) N (R}l’l <k < /%;%) In these two cases, firm 2 prefers the continuous label
in Qg N Q{l, Qs N Q{O, Qs N Q?sz’ while prefers the binary label in le. Notably,
we observe le and Qg N Q’{O fall within region B-the region where firm 1 prefers
the binary label in the prior refinement policy. While Qg N Q7{1 and Qg N Qg‘ﬁ fall
within region C-the region where firm 1 prefers the continuous label in the prior
refinement policy. This observation establishes that in le, firm 1’s label preference
shifts from binary to continuous. In Case a, the preference shifts from continuous
label to binary label in g N Q:w N (k < &%), while in Case b, this shift occurs
in QN ng N (kY < Kk < &7). Moreover, we observe all these new intersections
fall within C-the region where firm 2 prefers the continuous label. This observation
establishes that firm 2’s label preference shifts from continuous label to binary label
in . After the preference adjustment under the new refinement policy, we show

the firms’ label preference as below. Specifically, firm 1/firm 2 prefers the binary
label if (7, %,7) € B /B, prefers the continuous label if (7, k,~) € C™/C™, and is
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indifferent if (7, k,~) € 2 /Z".
Case a: T = T = T = 2, B = BU (@ 010 1 (s < #7) — B, € =

A

CU — (Qs N, N (k> &), Be = BUQ,, and €@ = C — Q.

Case b: 7" =7 =7 =7, B> = BU (Q¢ N Qi,;ﬁ N(FH < v < RH)) — 1,
Cr = CUg, — (N, N ((k < BH)U(k > &), B = BUQg,, and €™ = C— (.

Next, we summarize the comparison results in these new intersections for the indus-
try. We observe regardless of the firms’ recycled content equilibrium in set Qg under
the continuous label, the industry prefers the continuous label in QsN anﬁ’ QsN Q{l,
U5 NNk > &79), and QO NQIAN((k < £78)U(k > £73)), while prefers the binary
label in Qg N2, Q6 Ny, U5 N QL8N (k< &%), and Qfy NQLL N (F]3 < K < &)
Notably, Qg N Q;d) and Qg N Q{l fall into the region C—the region where the indus-
try prefers the continuous label in the previous refinement. Qs N Q’l'o, Qs N le,
Qo NN (k< /), and QO N Q4 N (&3 < K < &79) fall into the region
B-the region where the industry prefers the binary label in the previous refine-
ment. Thus, within these sets, the industry’s label preference maintain robust.
However, we find (5, N Q{‘; N (k > &5%) and QN Qg‘}z) N((k < K5 U (k > K3))
may fall into region B. This observation establishes that in these sets, the indus-
try’s label preference may shift from binary to continuous. Then after the label
preference adjustment under the new refinement policy, we conclude the indus-
try is indifferent to the two labels when (7,k,7) € 7", prefers the binary label
when (7,k,7) € Br, while prefers the continuous label when (1,K,7) € Cr, where
I =1, B" = B— (O, N N (k> /59) — 5, N Qe 0 (s < #78) U (k> /35))),
Cr=C U NN (k> &5)) U (N QN (5 < #73) U (k> #59)))-

By showing the label preferences of the certifier, the firms, and the entire industry

under the new refinement policy, we proceed to analyze the robustness of label

preference alignment between them.

We first show the conclusion that there is no win-win-win label design for the cer-
tifier and the two firms is consistent. This conclusion is supported by the following

rationale. Firstly, given both firms cannot be better off under the binary label with
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the previous refinement alignment-implying the absence of any intersection between
B and B, it follows that they cannot both be better off under the binary label with
the new refinement alignment, as indicated by the absence of any intersection be-
tween B and Bm, and between B and B'. Thus, we can also readily conclude
the certifier and two firms cannot achieve a better outcome under the binary label
simultaneously. Secondly, similar to the proof of Proposition 4, we show that when
the certifier prefers the continuous label, one of the firms would prefer the binary
label. Note the certifier’s label preference remain consistent under different refine-
ment policies. Within the four subsets where the certifier prefers the continuous
label, we observe C M Q14 N Qo and € N Qg N Qo fall into B, while € N QN Qg
and CN Q¢¢ N Q@ fall into B. Under the new refinement policy, recall the definition
of C" in Case a and C' in Case b, we find firm 1’s label preference may shift
from binary to continuous within €2,. Nevertheless, the intersection of (%, and C
is empty. Hence, we can deduce C N Ql¢ N Qm and CN (NZ(M, N ng also fall into B
or B™. Moreover, recalling the definition of B in Case a and B in Case b, we
find B € B = B, Thus, we can get C Ny, N Q@ and C N Qyy N Q@ also fall into
B or BY. Finally we conclude when the certifier prefers the continuous label, it is

evident that either firm 1 or firm 2 would prefer the binary label.

Finally, we show the conclusion that there is a win-win label design for the certifier
and whole industry is consistent. Recalling the definition of CD”, we observe C € C".
Therefore, since there is an intersection between C and C , it logically follows that
there must still be a intersection between C and C’. This implies that both the
certifier and industry can potentially benefit under the continuous label with the

new refinement policy. U

Proposition 11. Under the certifier’s label choice: FEnvironmental performance
max{ 7o, 7o} remain non-monotonic in T and vy, while always decreases in k; Industry

profit (71 4+ 72) - Lzgsaey + (1 4 12) - Lizg<io} T€MaAIN non-monotonic in T, K, and .

Proof: In addition to the original equilibrium regions, a new region le may emerge
within the existing region () in the final equilibrium under the new refinement

policy. The certifier’s payoff is consistent across these two regions, ensuring that
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the monotonic trends in environment performance remain unaffected. Moreover,
industry profit displays non-monotonic behavior even without this new region under
the previous refinement policy. Thus, the introduction of this additional region

further solidifies the non-monotonic nature of industry profit. 0J
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Appendix C

Summary of Notations

Table C.1: Notation

Endogenous variables

i

&

]

the percentage of recycled content in product ¢ (firm i’s product)

variable cost of a ¢;-recycled product

the price of product ¢

demand for product ¢

the binary recycling label’s standard (lower bar for recycled-content percentage)
firm ¢’s payoff

the environmental performance, the certifier’s payoff

Exogenous variables

k;

firm 4’s cost factor of recycling investment

k = (k1 + k2)/2 average recycled investment coefficient of the industry

v =ki/ks investment symmetricity of the industry

cr (¢y) unit cost of recycled (virgin) material

Ac=c, — ¢, the unit cost differential between recycled and virgin materials

Br (Bv) unit environmental impact of recycled (virgin) material

v the base value of products

x location of a consumer in the Hotelling interval

t unit mismatch cost in the Hotelling framework

T=1/t competition intensity

0 consumers’ green awareness (unit willingness-to-pay for recycled content)
Accents

the accent for variables when continuous label is adopted

the accent for variables when binary label is adopted
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