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In recent years, the issue of plastic waste has arose wide concerns. Its continuously
growing trend posts severe threat on the environment and on human-kind. Thus, with
an attempt to mitigate this plastic crisis, we proceed as follows.

Firstly, we devise a PWH model to simulate the Production-Waste-Harm life circle
of plastics. PWH model is based on collected data of annual plastic production, plas-
tics’ life-time, annual recycle and incinerate rates. PWH model outputs annual wastes
and harm generated respectively by single-use or disposable plastics and other plas-
tics (We have introduced a function to quantify the harm).

Secondly, we used the PWH model to determine maximum levels of single-use
plastic waste alleviated without further environmental harm: by 2020, at a single-
use plastic ratio 27.8%, annual waste generated by single-use plastics of 10.97 million
tonnes, the maximum mitigation is 3.43 million tonnes.

Thirdly, we integrate the PWH model into IPWH model by adding to it multi-
ple impacting factors: plastics’ alternatives; policy intervention; the rise of citizens’
eco-awareness; and the removal of accumulated plastic wastes from oceans and land.
Apart from the same outputs with PWH model, IPWH also outputs growth trend of
plastics’ alternatives, accumulated plastic harm.

Then, we use the IPWH model to make predictions with the help of linear regres-
sion and compare them against predictions with PWH model. Based on this, by using
the Dynamic Programming, we set targets for the minimal achievable plastic waste
levels: Target 1, decrease of annual plastic waste generated by single-use plastics,
achieved by 2125; Target 2, decrease of plastic harm, achieved by 2131.

Next, we studied the impacts of achieving the aforementioned targets by using
results of IPWH. By the time when Target 1 is achieved: on the environmental level: 489
million tonnes (46.0%) of annual single-use plastic wastes and 44.9 billion tonnes
(58.2%) of accumulated mismanaged plastic wastes would have been reduced; on the
economical level, there would be an economic loss of 37.64% for traditional plastic
industry, while there would be 9.61% new jobs provided in the plastics’ alternative
industry; finally, human living conditions would improve.

Finally, we analyze the regional difference of plastic waste levels on a globe-wide
scale. Using the AHP method and K-means Algorithm, we establish a metric system
and provided graded scores for 186 countries. We offer solutions to the global equity
issues: improvement of waste manage systems and multilateral cooperation.

Keywords: Plastic waste, Single-use or disposable plastic, Dynamic Programming,
AHP, K-means Algorithm
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1 Introduction

1.1 Problem Background

The large-scale plastic production industry has thrived since the 1950s. On the
one hand, this is as an inevitable result of the increasing demand of plastic products:
domestic, industrial, medical, etc after the World War II. Furthermore, plastics have
prevailed thanks to its cheapness, versatility, light weight and resistance. [1]

However, due to their corrosion-resistant properties, most plastics are difficult to
break down, and will persist in the environment for up to a century. [2] This has arose
growing concerns to the problems of plastic wastes. According to previous researches,
in 2015, primary plastic production was 407 million tonnes; around three-quarters (302
million tonnes) ended up as waste, yet only 9% of them was properly recycled. [1]
And among these mismanaged plastics, single-use or disposable plastics make up a
vast majority.

Making the situation worse, the mismanaged plastics do significant harm to the en-
vironment. Those discarded into oceans are regularly ingested by and easily entangle
marine creatures such as seabirds and sea turtles. In terms of human health, “Bisphe-
nol A” –a chemical used to make plastic beverage containers that causes endocrine
health effects– was found in 93% of urine samples taken from people above six. [3]

Thus, an accurate model is in urgent need to evaluate and predict current, and
future plastic waste situations, and to therefore provide reasonable plans accordingly
to alleviate the plastic waste crisis.

Figure 1: Plastic Wastes in Ghana [4]

1.2 Restatement of the Problem

We are first required to establish a model to assess the maximum levels of single-
use or disposable plastics without worsening the current environmental level of plastic
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pollution. Then we need to develop a further comprehensive model witch takes into
account multiple factors influencing the plastic waste severity (usage of single-use or
disposable plastics ; policies monitoring this usage; its possible non-harmful alterna-
tives...). Then we use this integrated model to make predictions of future trends, figure
out ideal alleviation strategies, and assess possible impacts of alleviation. Finally, we
are asked to consider the regional differences concerning the plastic waste problems
and to discuss its equity issues.

2 General Assumptions

Our model makes the following general assumptions. Other assumption based on
different models will be listed in the following model-related sections.

1. We ignore the plastic wastes generated before 1950.

2. The production proportions between one another of annual plastics other than
“Packagings” remain constant.

3. Plastic products of all kinds are put into use once they are manufactured. There
is no time lag between production and usage.

4. All single-use or disposable plastics are unable to be recycled.

5. Successfully recycled plastic wastes will be used in next year’s annual total plas-
tic production.

3 Notation

In this paper we adopt the notation in table 1.

4 PWH(Production-Waste-Harm) Plastics’ Life-Circle Sim-
ulation Model

In this section, we devise a model PWH (Production-Waste-Harm) to simulate the
process of annual Production, usage and consequent Waste, and the Harm, or pol-
lution done to the environment by plastics. In this model, we distinguish 2 kinds of
plastics: single-use or disposable plastics and other plastics.

In terms of programming, we adopt the Dynamic Programming instead of recur-
sive prediction. This way, calculation efficiency and accuracy of the model can be
largely improved while solving the optimization problems.

Input data collected and used in the PWH model include annual plastic production,
recycle rate, incinerate rate, discarded rate and different plastic’s life-time information
from [1] and [5].
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Table 1: Notation

Symbol Definition

t Time (year)

s Percentage of plastics that are single-use or disposable

αs Percentage of single-use or disposable plastics replaced by plastics’ alternatives

αo Percentage of other plastics replaced by plastics’ alternatives

AP (t) Total annual production of plastics of year t

APs(t) Annual production of single-use or disposable plastics of year t

APo(t) Annual production of other plastics of year t

APa(t) Annual production of plastics’ alternatives of year t

AWs(t) Annual production of single-use plastic wastes of year t

AWo(t) Annual production of other plastic wastes of year t

AWa(t) Annual production of plastics’ alternatives’ wastes of year t

i The type of plastics

βi Production proportion of the type i plastics

j Life-time of one plastic product

Di(j) Life-time distribution of the type i plastics

is(t) Incinerate rate of single-use or disposable plastics in year t

io(t) Incinerate rate of other plastics in year t

ro(t) Rate of successful recycling of plastics other plastics in year t

ra(t) Rate of successful recycling of plastics’ alternatives in year t

H(t) Harm to the environment done in year t

p(t) Policies’ strength level in year t

c(t) Citizens’ eco-awareness level in year t

η(t) Annual removal of accumulated plastic wastes in year t

Figure 2: Flow Chart Illustration of the PWH Model



关注数学模型

获取更多资讯

2

MATHmodels

Team # 2010035 Page 6 of 34

Assumption In this model, we assume that s = β1. This is based on two facts: A ma-
jority of present plastic packages are of single use; packaging plastics have the shortest
life-time among all sectors (Section 4.4), which accords with the “single-use” property.

4.1 Production Model

Based on the assumption above, we admit that the rate of single-use or disposable
plastics production is equal to β1, therefore we have,

APs(t) = β1 × AP (t) (1)

APo(t) = (1− β1)× AP (t) (2)

4.2 Waste Model

In our model we define the “Annual Waste” of a year as the plastics (produced year
or years before) whose usage terminate on that year .

Thus previous annual total production in Equation 1,2 enable us to calculate the
annual waste by summing up all types of previously-produced plastics that reach their
end of life-time this year [1].

AWs(t) =
t−1950∑
j=1

APs(t− 1)D1(j) (3)

AWo(t) =
t−1950∑
j=1

8∑
i=2

APo,i(t− j)Di(j) (4)

where the distribution of different plastics’ life-time will be extrapolated in Section 4.4.

Figure 3: Results of PWH model on annual plastic wastes generated
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4.3 Harm Model

This section describes the process of waste management when plastics become
wastes (expire their usage life-time). Currently, there exists several ways of disposal:
incineration, recycling, landfill, discarded into rivers and oceans. Among processed
wastes, those who pose overwhelming threat to the environment are mismanaged
wastes.

Mismanaged waste is material which is at high risk of entering the ocean via wind
or tidal transport, or carried to coastlines from inland waterways. Mismanaged waste
is the sum of material which is either littered or inadequately disposed. [1]

In our model, it is equal to wastes that are neither recycled nor incinerated. Thus
we define the annual “Harm” done to the environment H as the total amount of mis-
managed plastic wastes,

H(t) = AWs(t)× (1− is) + AWo(t)× (1− io − ro) (5)

Figure 4: Results of PWH model on annual harm plastic results in

4.4 Plastics Classification and Life-time Distribution

In our model, we classify all plastics produced into several categories. And we
collect data of their production rates, as well as each category’s average life-time and
standard deviation.

We adopt the Log Normal Distribution as the model of plastic life-times. This
is based on the fact that Log Normal Distribution can be used to describe the lives of
industrial units, of which we can make an analogy with lives of plastics. Thus, with the
average plastic life-times and standard deviations provided, we are able to calculate
the probability distribution of their lifetimes as follows.

Since we know,
E(X) = eµ+

σ2

2 (6)

var(X) = (eσ
2 − 1) · e2µ+σ2

(7)
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Table 2: Plastics’ categories and their life-time [5]

Category Production
Ratio

Average Life
-Time(year)

Standard
Deviation

Packaging 35.9% 0.5 0.1

Transportation 6.6% 13 3

Building and Construction 16.0% 35 7

Electronic 4.4% 8 2

Consumer and Institutional Products 10.3% 3 1

Industrial Machinery 0.7% 20 3

Textile 11.5 % 5 1.5

Other 14.5% 5 1.5

we are able to calculate µ and σ for programming with

µ = ln(E(X))− 1

2
ln(1 +

var(X)

E(X)2
) (8)

σ2 = ln(1 +
var(X)

E(X)2
) (9)

Finally, we have

D(x;µ;σ) =
1√
2π
· e−

(lnx−µ)2

2σ2 (10)

Figure 5: Probability distribution of different plastics’ lifetimes Di(j)

5 Implementation of PWH Model

From Figure 3, we observe that although the rate of single-use or disposable plas-
tics among all plastic production(35.9%) is considerably lower than the rate of other
plastics(64.1%), the annual wastes resulting from the two(AWs(t), AWo(t)) are close.
Moreover, the former cannot be recycled, contributing to a worse case in the annual
harm. We also observe from the figures that the growth rates continue to accelerate,
and thus show no signs of slowing down.
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Thus it’s reasonable to conclude that we’ve verified: single-use or disposable plas-
tics wastes contribute to a major part of plastic waste crisis. This accords perfectly with
reality. In other words, mitigating single-use or disposable plastics levels is crucial
to alleviating the whole crisis.

Therefore, in this section, we implement the established PWH model to tackle task1:
assess the maximum levels of single-use or disposable plastics wastes that can be mit-
igated without making further environmental damage.

We first have to define several terms.

Further Environmental Damage Due to technological limits, we are currently un-
able to: dispose of single-use wastes; recycle or incinerate all plastic products. This
means we’re unable to stop damaging the environment unless we eradicate a majority
of plastic usage, which is impossible. Thus, we define “without further environmental
damage”as: able to slow down the current annual harm to an extent (here we choose
10%).

Maximum Levels In this task, we aim to maximize the mitigation of single-use plas-
tic wastes as follows: change β1 of this year; calculate the new AWs(t+ 1)β1 associated;
calculate its maximum difference with AWs(t+ 1)original before changing β1.

To conclude,

max Mitigation = AWs(t+ 1)β1=35.9% − AWs(t+ 1)β1
s.t 0 ≤ β1 ≤ 1,

H(t+ 1)β1 ≤ H(t+ 1)β1=35.9% × (1− 10%)

(11)

where,

H(t+1)β1 = AWs(t+1)β1× (1− is(t+1))+AWo(t+1)β1× (1− io(t+1)−ro(t+1)) (12)

AWs(t+ 1)β1 = AWs(t+ 1)β1=35.9% + (β1 − 35.9%)× AP (t) (13)

Method of Optimization in Programming According to the regressive prediction of
the model, we adopt the idea of Dynamic Programming to calculate a maximum H(t)
within any time span. We take each year’s predicted H as a new state, and make new
decisions according to the variation of parameters to predict the value of the objec-
tive function, in order to achieve an optimal choice. (Full codes are provided in the
Appendix.)

Equation 12, 13 are based on the following modeling assumptions: annual waste of
single-use plastic result from the previous year’s production; other plastic wastes have
a life-time longer than a year and therefore we can ignore their relationship with last
year’s production.

Results of Task1 We solve the optimization problem of Equation 11 with the PWH
model. Solutions are provided in Table 3 and Figure 6.
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Figure 6: Results of Task1: Annual Single-Use Plastic Wastes’ and Maximum Mitiga-
tion

Table 3: Solution Of Task1

Year Single-Use Ratio
Annual Single-Use Waste Maximum Mitigation

(million tonnes) (million tonnes)

2016 27.6% 10.28 3.09

2017 27.6% 10.62 3.19

2018 27.6% 10.97 3.30

2019 27.8% 11.41 3.32

2020 27.8% 11.77 3.43

2021 27.8% 12.14 3.54

2022 28.0% 12.61 3.56

2023 28.0% 13.00 3.67

2024 28.2% 13.48 3.68

6 IPWH (Integrated Production-Waste-Harm) Model

In this section, we integrate the previous PWH model by adding into it multiple
factors impacting the levels of plastic waste. (Task2)

6.1 Alternatives of plastic material

Currently, plastics’ substitutes are partly recyclable materials such as paper or glass
and partly biodegradable materials such as PLA polyesters, starch-based Polymers,
etc. [6] Meanwhile, some bent on making conventional thermoplastics biodegradab le
by adding additives called prodegradant concentrates (PDCs). [6]

In our integrated model, we discuss the influence of the aforementioned types of
alternatives.
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Figure 7: Flow chart illustration of the IPWH Model

Assumptions

• We assume that all plastic alternatives wastes considered are either recyclable
with an recycle rate ra, or biodegradable (totally harmless to the environment)
with a rate of 1− ra.

• Since some packages are replaced by recyclable alternatives, the assumption made
in Section 4 is no longer solid. Instead, we have s = β1 × (1− αs)

• There were no alternatives manufactured before 2015.

• There exists upper limits for all recycle rates and alternative rates due to techno-
logical limits. We assume these limits in Equation 16, Equation 17.

We also consider the different percentage of single-use plastics between other plas-
tics that are replaced by alternatives. We set the initial alternative ratios at 2015 (αs,initial,
αo,initial). Specifically, we acknowledge that single-use plastics are easier to be replaced,
because they are more widely used; they are more easily manufactured.

0 ≤ αs < αo ≤ 1

Thus we are able to calculate the annual production and waste of plastic alterna-
tives.

APa(t) = AP (t)× β1 × αs + AP (t)× (1− β1)× αo (14)

AWa(t) =
t−2015∑
j=1

AP (t− 1)β1αsD1(j) +
8∑
i=2

t−2015∑
j=1

AP (t− j)(1− β1)αoDi(j) (15)
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6.2 Policy Intervention

Policies have been implemented across nations to alleviate the plastic waste cri-
sis. Notably, the number of policies regulating single-use or disposable plastics at the
national level increased steeply after 2015. [7]

Therefore, in this section, we emphasize on the effectiveness of policy intervention
after 2015 by defining the parameter p(t) that depict the policies’ “strength” level. We
simulate with a convex function with initial value p(0) = 1 (we adopt exponential) be-
cause we believe the development rate will increase since it is a process of propagation
across the globe.

We assume that annual demand of products (that were previously made from plas-
tic) remains its current growth trend. Since policy intervention decreases plastic prod-
ucts, it results directly to the increase of amount of plastics replaced by alternatives.
In other words, αs and αo are positively related to p(t). We devise this relationship as
follows.

p(t) = eap×(t−2016)

ap is a constant that controls the growth rate of policies’ strength.

αs(t) = min(αs,initial × p(t), 0.8)

αo(t) = min(αo,initial × p(t), 0.5)
(16)

(a) Policies’ strength level
(b) Citizens’ eco-awareness

Figure 8: Quantified measures (new parameters p, c) that control alternatives’ ratio and
recycle rates

6.3 Citizens’ Eco-Awareness

Social awareness of the plastic waste crisis is essential to slow down the environ-
mental damage. Its impact is focused on the reuse and recycling of resources, encour-
aging responsible use and minimization of waste generation and litter. [7]

We imitate the gradual process of citizens gaining environmental awareness with
c(t) (Figure 8b). And in this model, we focus on the impact of citizens’ awareness on
the recycling process. It functions similarly with the policies’ impact on the alterna-
tives’ ratio. Specifically, ra and ro are positively related to c(t). We devise c(t) and its
relationship with r as follows.

c(t) = eac×(t−2016)
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ac is a constant that controls the growth rate of citizens’ eco-awareness.

ra(t) = min(ra,initial(t)× c(t), 1)

ro(t) = min(ro,initial(t)× c(t), 0.5)
(17)

6.4 Harm Recovery

Assumption All accumulated wastes removed are not recyclable, but can be dis-
posed of in a harmless manner.

In recent years, efforts have been made and technologies have been developed in
order to recollect and reprocess the accumulated plastic wastes on earth. We define
this process as “Harm Recovery”, and we use η(t) to denote the annual removal of
accumulated plastic wastes.

H(t) = H(t)original − η(t) (18)

η(t) = ηocean(t) + ηland(t) (19)

We separate the annual removal into removal from ocean and from land. For the
ocean removal, in the past, manta trawlers, a hybrid between a fish trawler and a
plankton tow, were used for plastic collection from oceans. [8] Currently, an estimated
7.25 million t of plastic debris could be collected and removed from the ocean. [9]
And for the land removal, we assume that future human will be able to recover the
previously land-filled plastic wastes.

We assume the growth rate of removal to be linear and their equations. bocean, bland
in Equation 20 are constants that describe the exact growth rate of annual removal.

ηocean(t) = bocean × t+ 7.25× 106

ηland(t) = bland × t
(20)

7 Implementation of IPWH Model

In this section, we use our IPWH model to set target for a minimal achievable level
of global single-use plastic wastes. Then we discuss multiple impact of achieving our
goal. (Task3)

7.1 Targets of Minimal Achievable Goal of Plastic Waste Level

7.1.1 Targets Setting

As we have previously discussed in Section 5 and shown in Figure 3 and 4, AWs(t)
and H(t) will continue to grow exceedingly fast and will not converge if no measure is
adopted.

Thus we set 2 different targets for our IPWH model.
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• Target 1: AWs(t) starts to decrease.

• Target 2: H(t) starts to decrease.

The reasons are explained as follows. Firstly, with our IPWH model, we are able
to slow down the growth rates of AWs(t) and Hs(t) because IPWH is an integration
of multiple measures that alleviate the plastic waste crisis. Then, for AWs(t), since
single-use plastic wastes are harmful, we need to restrain its annual growth as much
as possible; for H(t), it represents the total harm done by all plastics.

Therefore, the turning point Target 1 represents the success of alleviation of plas-
tic waste crisis in terms of single-use plastic; Target 2 represents alleviation in terms
of the entire plastic industry.

7.1.2 Results

Figure 9: Comparison of AWs(t) by PWH and IPWH model.

Our calculation with IPWH shows that Target 1 can be achieved by year 2125, and
Target 2 by 2131 with the following parameter values.

Parameter αs,initial αs,initial ap ac bocean bland

Value 0.1 0.05 0.014 0.007 2.5× 105 2.5× 105

It is specially noteworthy that we can also calculate the difference between the re-
sult of IPWH and the prediction made by the PWH model:

∆AWs(t) = AWs,PWH(t)− AWs,IPWH(t)

= 489, 440, 602 tonnes
∆H(t) = HPWH(t)−HIPWH(t)

= 1, 416, 352, 725 tonnes
∆Haccumulated(t) = Haccumulated,PWH(t)−Haccumulated,IPWH(t)

= 44, 922, 807, 233 tonnes

(21)
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Figure 10: Comparison of H(t) by PWH and IPWH model.

Figure 11: Comparison of Haccumulated(t) by PWH and IPWH model.

7.2 Impacts of Achieving the Targets

7.2.1 Impact on Environment

The impact on environment can be directly described by the change of H(t). From
Equation 21, we know the exact reduced amount of plastic wastes and harm: When
Target 1 is achieved, 489 million tonnes, 46.0% of annual single-use plastic wastes;
44.9 billion tonnes, 58.2% of accumulated mismanaged plastic wastes would have
been reduced thanks to the measures integrated in IPWH model.
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7.2.2 Impact on Traditional Plastic Industry

Firstly, due to the appearance of plastics’ alternatives, the growth rate of production
APo(t) and APs(t) are slowed down, especially the latter.

Secondly, the increase of recycle rate ro(t) plays a role to decrease the manufacture
cost of plastic products. Because the recycled plastic are used in next year’s production.

Assumptions

• All plastic products are regarded as the same, and have same manufacture cost b
and profit.

• 70% of cost can be saved from recycling one plastic product.

• The profit of manufacturing one plastic product is 50% of its cost.

We calculate the economic loss of traditional plastic industry when Target 1 is
achieved.

Original Profit = (APo + APs + APa)× (50% + 70% · ro,original · β1)× b
Profit After Achieving Targets = ((APo + APs)× 50% + APo × 50% · ro)× b

Loss of Plastic Industry = 1− Profit After Achieving Targets
Original Profit

= 37.64%

(22)

7.2.3 Impact on Plastic Alternative Industry

Though plastic industry is negatively impacted to a great extent, the new manners
enable the plastic alternative industry to usher in a spring.

Due to the greater need of research and development; more complicated process
of manufacture, plastics’ alternatives industry needs a relatively larger scale of recruit-
ment. We suppose 30% larger. Then we can calculate the new jobs provided in the
plastics’ alternative industry at the time of achieving our targets.

New Jobs Provided(%) = 30%× APa
APo + APs + APa

= 9.61%

(23)

7.2.4 Impact on Human Life

Plastic is not inert, but contains several chemicals with toxic potential. Though lev-
els still uncertain, there are impact of chemicals on humans, either contained in plastic
or transported by plastic waste. [10] Thus the reduction of plastic waste and pollution
by the achievement of targets can relieve the negative impact on human health.
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Other impacts include: higher availability of safer sea-food and sea-products; in-
crease of annual expenditure on commodities (due to the higher price of plastics’ alter-
natives); wider awareness of environmental protection in future generations.

8 Global Disparity and Regional Constraints

The plastic waste crisis is a global problem, the causes and effects are not equally
distributed. Thus in this section, we discuss the global disparity in plastic waste levels
and the equity problems. (Task 4)

8.1 Metric System of Plastic Waste Level

Data Collection We choose three indicators in terms of both cause and effect of plas-
tic waste levels as our metric indexes: Plastic waste generation per capita (cause); Share
of plastic inadequately managed (effect); Share of global mismanaged wastes (effect).
We collected valid data for 186 countries from Database [1].

Data Normalization Since the three indicators are of different dimensions, we nor-
malize the data into values between 0 and 1 with Equation 24. Besides, our indexes are
all cost indexes: the bigger they are, the more serious the situation is.

ai,j,normalized =
ai,j −mini′∈{1,2,...186} ai′,j

maxi′∈{1,2,...186} ai′,j −mini′∈{1,2,...186} ai′,j

i ∈ {1, 2, ...186},
j ∈ {1, 2, 3}

(24)

Weight Determination We use the AHP method to determine the weights of the in-
dexes.

Table 4: Weights of indexes determined by AHP

Index (I)
I1: Plastic waste ge I2: Share of plastic I3: Share of global

-neration per capita inadequately managed mismanaged wastes

Weight (w) 0.242637 0.66941 0.087946

Final Score We can calculate the final score for each country with Equation 25 . How
high the score is depicts the severity of plastic waste crisis.

Final Score = w1 · I1 + w2 · I2 + w3 · I3 (25)

Scales of Plastic Waste Severity We categorize all 186 countries into three levels of
plastic waste severity: Serious, Moderate, Slight, by clustering the dataset into three
clusters using the K-means Algorithm.
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Table 5: Categories’ Information Based by K-means Algorithm

Level of severity Slight Moderate Serious

Maximum score 0.185724755 0.43091417 0.764190323

Minimum score 0.013298209 0.19443249 0.467481143

Number of countries 80 39 67

Scores and levels for all 186 countries and regions are provided in Appendix A.

8.2 Equity Issues

We calculate the score of all countries and regions considered by using the afore-
mentioned metric. We made Figure 13 to analyze the regional distribution of plastic
waste level.

The distribution is geographically uneven. On a continental level, the most se-
vere levels of plastic waste crisis appear principally in South-East Asia and Mid-East
Africa. An overall better situation is observed in North America and Southern and
Northern Europe.

Figure 12: Polarized distribution of countries’ plastic waste level

The distribution is polarized. As we can tell from Figure 12 and Table 5, countries
are somewhat concentrated at two poles, and relatively few countries are categorized
at the “Moderate” level. This may be due to the disparate economic levels worldwide
that leads to the imbalanced measures and awareness to deal with the plastic waste
crisis.
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Figure 13: Heat Map of Global Score Distribution

8.3 Possible Solutions

8.3.1 Improvement in “Serious” Level Countries to Increase Adequate and Good
Waste Management

It is noteworthy to cite U.S. as an example: U.S. has a final score of 0.119; it be-
longs to “Slight”. However, 0.34kg plastic waste is generated per person per day in
U.S., which almost tops the global list. But this is balanced with U.S.’s global share of
mismanaged waste, only 0.86%.

We note that this is a common trend for developed countries. Germany ranks first
in terms of daily plastic waste generation per person (0.56kg), but proper waste man-
agement (0.1%of global mismanaged share) still puts Germany in the ’Slight’ category.

Thus we attribute the mild level of plastic waste greatly to the high level of ap-
propriate plastic waste management. And this should be especially paid attention to
in “Serious” level countries that generate a great amount of plastic wastes but largely
mismanage them.

8.3.2 Multilateral Cooperation

We observe that the severity distribution of plastic waste levels accords with eco-
nomic levels to some extent.

Developing countries tend to have lower scores, especially in Asia and Africa. Fur-
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thermore, these countries also have a lower capability and availability to precess plastic
wastes properly. This is due to their economical and technological constraints.

Meanwhile, as is mentioned in the Section 8.3.1, developed countries have a better
situation thanks to their adequate waste management levels.

Thus, we suggest that multilateral cooperation should be established between
“Slight” level countries that can better tackle plastic challenges and “Serious” level
countries. After all, the plastic waste crisis is a challenge we all share as Earth’s habi-
tants.

9 Sensitivity Analysis

Figure 14: Influence of αs,original and αo,original on harm at 2015 H(t = 2050)

In our IPWH Model, the structure of the model is decided by two pairs of param-
eters: (αs,initial, αo,initial) and (p, c). Parameter pair (αs,initial, αo,initial) is related to the
percentage of alternatives to plastic while parameter pair (p, c) is related to policies
and citizens’ eco-awareness. In our process of establishment, these parameters are as-
sumed by us due to the lack or relative data. Thus we analyze their sensitivities.

Sensitivity of αs,initial and αo,initial From Figure 14, we can tell that H(t) is sensitive
to αs,initial and insensitive to αo,initial.

Sensitivity of p(t) and c(t) In previous sections, we determined the analytic formulas
of p(t), c(t) in Equation 16 and Equation 17: we assume that their growth trends are
respectively determined by ap and ac. Thus this analysis is performed by the changing
of ap and ac. From Figure 15, we can tell that H(t) is sensitive to p(t) and insensitive to
c(t).

10 Strength and Weakness

Strength
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Figure 15: Influence of p(t) and c(t) on harm at 2015 H(t = 2050)

1. We draw inspiration from [5] to devise our AW (t) equation. We optimize its core
algorithm and take into consideration the variation of multiple data sets. Thus
our model possess uniqueness and high accuracy in prediction.

2. Comprehensiveness of parameters: We introduce policy function p(t), human
impact function c(t) to quantify non-numeric influences; We adopt different func-
tions of recycle rates, incinerate rates, alternatives rates with respect to different
categories of plastics.

3. We devise function H to quantify the pollution level (harm to the environment)
of plastic wastes.

4. According to different trends of collected data, we use regression fitting to be
able to make long-term prediction.

5. Our program possess high velocity due to usage of Dynamic Programming.

6. Scalability: Our models can be used to simulate and predict situations of any
country or region, as long as relative data is provided.

Weakness

1. When prediction requests a vast time span, relatively big prediction error may
occur.

2. In terms of long-term prediction, we lack information on recycle and incinerate
rates, while prediction of these rates completely based on current trends lead
to big error, especially when they are approaching there upper limits, objective
function H(t) tends to become linear to time t.

11 Conclusion

In our paper, we establish the PWH and IPWH model to analyze the relationship
among plastic production, waste and its harm. Firstly, according to the data we col-
lected about plastic production, we forecast the future trend of plastics production and
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different parts of its waste. Secondly, by times of iteration we get the future values of
harm produced by plastic. In the meantime, we find that single-use plastic makes up
the largest proportion of all plastics. And then we introduce a new alternative material
to reduce the origin annual harm. Also, we use c(t) and p(t) to describe the effects of
citizens’ eco-awareness and policies. With the help of the modified model and those
data we set an achievable goal to reduce the single-use plastic as much as possible.
Finally, we also analyze the global difference and regional constraints.
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12 Memo

MEMO
TO: International Council of Plastic Waste Management(ICM)
FROM: Team #2010035
DATE: 2020.2.17
SUBJECT: Alleviating Plastic Crisis

Dear Sir or Madame,

In accordance to your requests, we have designed two models: PWH model and
IPWH model to simulate the Production-Waste-Harm of plastic life-circles. With the
help of them, we have provided a realistic, achievable target goal level of alleviating
the global plastic waste crisis (noted as Target in short).

1. Prerequisite Circumstances of Achieving the Target
Current Status: Based on simulation with PWH, we observe that the current
plastic waste growth trend will not slow down unless measures of alleviation are
adopted.
Thus we provide the following suggested measures.

2. The Target

• Target Goals Based on prediction of IPWH, we set two achievable targets.
Target Goal 1: decrease of annual plastic waste generated by single-use or
disposal plastics; Target Goal 2: decrease of annual harm done by plastic
waste to the environment.
• Time-Lines Based on IPWH, Target 1 can be achieved by year 2125 and Tar-

get 2 by year 2131.
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3. Impacts of Achieving the Target
The achievement of the aforementioned Target brings about various impacts, the
majority of which are of huge benefits.

• Environmental 489 million tonnes, 46.0% of annual single-use plastic wastes;
44.9 billion tonnes, 58.2% of accumulated mismanaged plastic wastes could
be reduced.
• Traditional Plastic Industry An economic loss of 37.64% would occur to the

plastic industry due to the wide-spread of plastics’ alternatives.
• Plastics’ Alternative Industry 9.61 % of new jobs would be provided in this

industry.
• Human Life The threats of toxic plastic chemicals on human health will be

lightened.

We also analyze the global difference and regional constraints of plastic waste level.
Specifically, we have established a metric system, and we provide the graded scores
and levels of severity for 186 countries.

Figure 16: Heat Map of Global Score Distribution

Ultimately, both our PWH and IPWH models and our metric system have good
scalability, and can be used to make simulation and prediction of any given region if
data is provided. (If your are interested, please see Appendix A.)

We sincerely hope that our models, results and suggestions could provide you with
valuable information.

Best Regards,
Team # 2010035
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Appendices

Appendix A Scores and Levels for All 186 Countries
and Regions
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Appendix B Code for PWH Model

import numpy as np
import pandas as pd
import csv
from scipy.stats import lognorm
import math
import matplotlib.pyplot as plt

D = [0.1, 3, 7, 2, 1, 3, 1.5, 1.5] # plastic lifetime standard deviation
E = [0.5, 13, 35, 8, 3, 20, 5, 5] # plastic lifetime expectation

b = 0.359

def use_age(kind, year):
d = D[kind] ** 2
s = math.log((1 + d / (E[kind] ** 2))) ** 0.5
mu = math.log(E[kind]) - 0.5 * math.log((1 + D[kind] / (E[kind] ** 2)))
res = lognorm.cdf(year, s, scale=math.exp(mu)) - lognorm.cdf(year-1,
s, scale=math.exp(mu))
return res

class Plastic(object):

def __init__(self, total, year, discard=100, inc=0, rec=0):
self.Total = total
self.Year = year
self.Trans = total * 0.066
self.Pack = total * b
self.Bui_Cons = total * 0.160
self.Elect = total * 0.044
self.Cons_Indus = total * 0.103
self.IndMach = total * 0.007
self.Other = total * 0.145
self.Tef = total * 0.115
self.DisRatio = discard / 100
self.Inc = inc / 100
self.Rec = rec / 100

def Recycle(self, rec):
self.Total += rec
self.Trans += rec * 0.067
self.Pack += rec * 0.448
self.Bui_Cons += rec * 0.188
self.Elect += rec * 0.038



关注数学模型

获取更多资讯

2

MATHmodels

Team # 2010035 Page 28 of 34

self.Cons_Indus += rec * 0.008
self.Other += rec * 0.132

# Read the annual plastic productions
Global_plastics_production_file = ’global-plastics-production.csv’
df_AP = pd.read_csv(Global_plastics_production_file, usecols=[2, 3])
df_AP_list = np.array(df_AP)
Ap_list = df_AP_list.tolist()
AP = list(Plastic(item[1], item[0]) for item in Ap_list)

# Read the ratios
G_P_F = ’global-plastic-fate.csv’
df_R = pd.read_csv(G_P_F, usecols=[0, 2, 3])
df_R_list = np.array(df_R)
R_list = df_R_list.tolist()

for item in R_list:
if item[0] == ’Discarded’:

AP[item[1] - 1950].DisRatio = item[2] / 100
elif item[0] == ’Incinerated’:

AP[item[1] - 1950].Inc = item[2] / 100
elif item[0] == ’Recycled’:

AP[item[1] - 1950].Rec = item[2] / 100

AW_s = np.zeros(66)
AW_o = np.zeros(66)
AW = np.zeros(66)
Plt = np.zeros(66)

for t in range(1, 66):
AW_s[t] += AP[t-1].Pack * use_age(0, 1)
AW_s[t] += AP[t-2].Pack * use_age(0, 2) # calculate the annual waste

#of single-use plastic

for j in range(1, t+1):
AW_o[t] += AP[t - j].Trans * use_age(1, j)
AW_o[t] += AP[t - j].Bui_Cons * use_age(2, j)
AW_o[t] += AP[t - j].Elect * use_age(3, j)
AW_o[t] += AP[t - j].Cons_Indus * use_age(4, j)
AW_o[t] += AP[t - j].IndMach * use_age(5, j)
AW_o[t] += AP[t - j].Other * use_age(6, j)
AW_o[t] += AP[t - j].Tef * use_age(7, j)

AW[t] = AW_s[t] + AW_o[t]
AP[(t+1) % 66].Recycle(AW_o[t] * AP[t].Rec)
Plt[t] = AW_s[t] * (1 - AP[t].Inc) + AW_o[t] * (1 - AP[t].Inc - AP[t].Rec)

with open(’data_1951-2015.csv’, ’w’, newline="") as csvfile:
writer = csv.writer(csvfile)
writer.writerow(["Year", "AW_s", "AW_o", "AW", "Pollution"])
for i in range(1, 66):

writer.writerow([i+1950, AW_s[i], AW_o[i], AW[i], Plt[i]])
x = np.arange(1951, 2016, 1)
plt.subplot(121)
plt.plot(x, AW_o[1:], label=’AW_o’, color=’r’)
plt.plot(x, AW_s[1:], label=’AW_s’, color=’b’)
plt.plot(x, AW[1:], label=’Total’, color=’g’)
plt.legend()

plt.subplot(122)
plt.plot(x, Plt[1:], label=’Pollution’, color=’y’)
plt.legend()
plt.show()

Appendix C Code for Task 1

import numpy as np
import matplotlib.pyplot as plt
from scipy.stats import lognorm
import math

a = 104580.93
b = 409084324.46
c = 400055166835.44
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D = [0.1, 3, 7, 2, 1, 3, 1.5, 1.5]
E = [0.5, 13, 35, 8, 3, 20, 5, 5]

ratio = [0, 0.103, 0.250, 0.069, 0.161, 0.011, 0.226, 0.179]
beta = 0.359 # the ratio of single-use plastic

def use_age(kind, year):
d = D[kind] ** 2
s = math.log((1 + d / (E[kind] ** 2))) ** 0.5
mu = math.log(E[kind]) - 0.5 * math.log((1 + D[kind] / (E[kind] ** 2)))
res = lognorm.cdf(year, s, scale=math.exp(mu)) - lognorm.cdf(year-1, s,
scale=math.exp(mu))
return res

def AP(t):
return a*(t**2) - b*t + c

def AW_s(t, x):
res = 0
res += AP(t-1) * x * use_age(0, 1)
res += AP(t-2) * x * use_age(0, 2)
return res

def AW_o(t):
res = 0
for i in range(1, t+1):

for j in range(1, 8):
res += AP(t-i) * ratio[j] * use_age(j, i)

return res

def Hp_test(year, x):
res = 0
t = year - 1950
res = AW_s(t, x)*(1 - (0.7045*year - 1394)/100) + AW_o(t)*(1 -
(0.7045*year - 1394)/100 - (0.7*year - 1391)/100)
return res

"""x stands for the ratio of single-use plastic"""

if __name__ == ’__main__’:
_Hp = [0]
for i in range(2016, 2026):

res = Hp_test(i, beta)
_Hp.append(res)

error = 0
for i in range(1, 10):

x = 0.3
min_x = x
while x > 0:

x -= 0.002
flag = False
error = abs(Hp_test(2015+i, x) / _Hp[i] - 1)
if error < 0.1:

flag = True
if flag is True:

if x < min_x:
min_x = x

else:
break

print(str(2015+i) + ": the minimum beta is " + format(min_x,
’.3f’) + ’, AW_s is ’ +

format(AW_s(i+2015, min_x), ’.2f’) + ’, AW_o is ’ +
format(AW_o(i+2015), ’.2f’) + " and Pull is " +

format(Hp_test(i+2015, min_x), ’.2f’) + ". The error is "
+ format(error, ’.4f’))

print(" the origin beta is " + format(beta, ’.3f’) +
’, AW_s is ’ + format(AW_s(i+2015, beta), ’.2f’) +

’, AW_o is ’ + format(AW_o(i+2015), ’.2f’) + ’ and Pull is ’
+ format(Hp_test(i+2015, beta), ’.2f’))
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Appendix D Code for IPWH Model & Task 2,3

import numpy as np
import math
import matplotlib.pyplot as plt
from scipy.stats import lognorm
import time
import csv

AP = np.zeros(202)
APs = np.zeros(202)
APo = np.zeros(202)
AP1a = np.zeros(202)
APoa = np.zeros(202)

AWs = np.zeros(202)
AWo = np.zeros(202)
AW1a = np.zeros(202)
AWoa = np.zeros(202)

a = 104580.93
b = 409084324.46
c = 400055166835.44
D = [0.1, 3, 7, 2, 1, 3, 1.5, 1.5] # plastic lifetime standard deviation
E = [0.5, 13, 35, 8, 3, 20, 5, 5] # plastic lifetime expectation
ratio = [0.359, 0.066, 0.160, 0.044, 0.103, 0.007, 0.145, 0.115] # plastic ratio

a1 = 0.1
ao = 0.05
C = 0
P = 0
def use_age(kind, year):

d = D[kind] ** 2
s = math.log((1 + d / (E[kind] ** 2))) ** 0.5
mu = math.log(E[kind]) - 0.5 * math.log((1 + D[kind] / (E[kind] ** 2)))
res = lognorm.cdf(year, s, scale=math.exp(mu)) - lognorm.cdf(year-1, s,

scale=math.exp(mu))
return res

def AP_Func(t):
# Forecast the future plastic production
return a*(t**2) - b*t + c

def AP_Gene(t):
for i in range(0, t):

tmp = AP_Func(1950+i)
AP[i] = tmp

for i in range(0, t):
tmp = AP_s(i)
APs[i] = tmp
tmp = APo_a(i)
APoa[i] = tmp
tmp = AP_o(i)
APo[i] = tmp
tmp = AP1_a(i)
AP1a[i] = tmp

def AW_Gene(t):
for i in range(1, t):

tmp = AW_s(i)
AWs[i] = tmp
tmp = AW_o(i)
AWo[i] = tmp
tmp = AW1_a(i)
AW1a[i] = tmp
tmp = AWo_a(i)
AWoa[i] = tmp

def ratio_a1(t):
# Alternative material ratio in single-use plastic
return min(a1 * P_Func(t), 0.8)

def ratio_a2(t):
# Alternative material ratio in other plastic
return min(ao * P_Func(t), 0.5)
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def AP_s(t):
# Single-use plastic production (alternated)
return AP[t] * ratio[0] * (1 - ratio_a1(t))

def AP1_a(t):
# Alternative material production in packaging
if t < 67:

return 0
return AP[t] * ratio[0] * ratio_a1(t)

def AP_o(t):
# Other plastic production
return AP[t] * (1 - ratio[0]) * (1 - ratio_a2(t))

def APo_a(t):
# Alternative material production in other plastic
if t < 67:

return 0
return AP[t] * (1 - ratio[0]) * ratio_a2(t)

def AW_s(t):
# Annual waste in single-use plastic
res = 0
if t < 67:

res += AP[t-1] * ratio[0] * use_age(0, 1)
res += AP[t-2] * ratio[0] * use_age(0, 2)

else:
res += AP_s(t-1) * use_age(0, 1)
res += AP_s(t-2) * use_age(0, 2)

return res

def AW_o(t):
# Annual waste in other plastic
# t = year - 1950
res = 0
if t < 67:

for i in range(1, t):
for j in range(1, 8):

res += AP[t - i] * ratio[j] * use_age(j, i)
else:

for i in range(1, 67):
for j in range(1, 8):

res += AP[67 - i] * ratio[j] * use_age(j, i)
for i in range(67, t):

for j in range(1, 8):
tmp = AP_o(t - i) * ratio[j] * use_age(j, i-66)
res += tmp

return res

def AW1_a(t):
# Alternative material’s waste in packaging
res = 0
if t < 67:

pass
elif t == 67:

res += AP1_a(t-1) * use_age(0, 1)
else:

res += AP1_a(t - 1) * use_age(0, 1)
res += AP1_a(t - 2) * use_age(0, 2)

return res

def AWo_a(t):
# Alternative material’s waste in other plastic
if t < 67:

return 0
else:

res = 0
for i in range(67, t):

for j in range(1, 8):
res += APo_a(t - i) * ratio[j] * use_age(j, i-66)

return res

def C_Func(t):
if t < 66:

return 1
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else:
return math.exp(C * (t - 65))

def P_Func(t):
if t < 66:

return 1
else:

return math.exp(P * (t - 65))

def i_o(t):
# incineration ratio in other plastic
year = t + 1950
return min((0.7045*year - 1394) / 100, (0.8 - r_o(t)), 0.5)

def i_s(t):
# incineration ratio in single-use plastic
year = t + 1950
return min((0.7045*year - 1394) / 100, 0.5)

def r_o(t):
# recycling ratio in other plastic
year = t + 1950
return min((0.7*year - 1391)/100 * C_Func(t), 0.5)

def J(t):
# human’s recollection of the plastic waste
year = t + 1950
if year < 2013:

return 0
res = 500000 * (year-2013) - 7500000
return res

def Hp(t):
# harm
return AWs[t]*(1 - i_s(t)) + AWo[t]*(1 - i_o(t) - r_o(t))

def Hp_origin(t):
# origin harm
res1 = 0
res1 += AP[t - 1] * 0.359 * use_age(0, 1)
res1 += AP[t - 2] * 0.359 * use_age(0, 2)

res2 = 0
for i in range(1, t + 1):

for j in range(1, 8):
res2 += AP[t - i] * ratio[j] * use_age(j, i)

year = t+1950
r10 = (0.7045*year - 1394)/100 # origin incineration ratio
r20 = (0.7*year - 1391)/100 # origin recycling ratio
r2 = min(r20, 0.5, 0.8-r10)
r1 = min(r10, 0.5)
res = res1*(1 - r1) + res2*(1 - r1 - r2)
return res

def max_H(Pollu):
maxh = 0
max_h_year = 1950
t = 0
for h in Pollu:

t += 1
if h > maxh:

maxh = h
max_h_year = 1950 + t

print(str(max_h_year) + ": " + "Max H is " + format(maxh, ’.2f’))

def figure():
plt.figure(1)
plt.subplot(121)
plt.plot(Year, Origin, label=’Original’, color=’b’)
plt.plot(Year, Pollution, label=’Alter’, color=’r’)
plt.plot(Year, H_J, label=’H-J’, color=’g’)
plt.title(’Pollution’)
plt.legend()

plt.subplot(122)
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plt.plot(Year, Accum, label=’Alter’, color=’r’)
plt.plot(Year, Acc_origin, label=’Origin’, color=’b’)
plt.title(’Accumulation’)
plt.legend()

plt.figure(3)
plt.plot(Year, AWs[:200],label=’AW_s’)
plt.legend()
plt.figure(3)
plt.subplot(121)
plt.plot(Year, Origin, label=’Original’, color=’b’)
plt.plot(Year, Pollution, label=’Alter’, color=’r’)
plt.plot(Year, H_J, label=’H-J’, color=’g’)
plt.title(’Pollution’)
plt.legend()

plt.subplot(122)
plt.plot(Year, Accum, label=’Alter’, color=’r’)
plt.plot(Year, Acc_origin, label=’Origin’, color=’b’)
plt.title(’Accumulation’)
plt.legend()

plt.figure(2)
plt.plot(Year, AWs[:200], label=’AW_s’)
plt.legend()

plt.show()

def write():
with open(’full_data_1951-2150.csv’, ’w’, newline="") as csvfile:

writer = csv.writer(csvfile)
writer.writerow(["Year", "AP", "AP_o", "AP_s", "APo_a",
"AP1_a", "AW_o", "AW_s", "AWo_a", "AW1_a", "H", "H-J"])

for i in T:
writer.writerow(

[i + 1950, AP[i], APo[i], APs[i], APoa[i], AP1a[i], AWo[i],
AWs[i], AWoa[i], AW1a[i], Pollution[i],
H_J[i]])

if __name__ == ’__main__’:

with open(’pc_data.csv’, ’w’, newline="") as csvfile:
writer = csv.writer(csvfile)
writer.writerow([’a1’, ’ao’, ’H(2120)’])
while C < 0.020:

C += 0.002
P = 0
while P < 0.03:

P += 0.003
AP_Gene(130)
AW_Gene(130)
res = Hp(100)-J(100)
print("p: " + str(P) + ", c: " + str(C) + ", H: " +
format(res, ’.2f’) + " AW_s: "

+ format(AWs[100], ’.2f’) + " AW_o: " +
format(AWo[100], ’.2f’))

writer.writerow([P, C, format(res, ’.2f’)])

AP_Gene(201)
AW_Gene(201)
Year = np.arange(1951, 2151)
T = Year - 1950
Pollution = []
H_J = []
Origin = []
Accum = []
Acc_origin = []
for i in T:

Origin.append(Hp_origin(i))
H0 = Hp(i)
Pollution.append(H0)
HJ = Hp(i) - J(i)
H_J.append(HJ)

res = 0
for item in Pollution:

res += item
Accum.append(res)

res = 0
for item in Origin:

res += item
Acc_origin.append(res)
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AWs_origin = []
for i in T:

res = AP[i - 1] * ratio[0] * use_age(0, 1) + AP[i - 2] * ratio[0] *
use_age(0, 2)

AWs_origin.append(res)

max_H(Pollution)
max_H(H_J)
with open(’714_1951-2150.csv’, ’w’, newline="") as csvfile:

writer = csv.writer(csvfile)
writer.writerow(["Year", "AP", "AP_o", "AP_s", "APo_a",

"AP1_a", "AW_o", "AW_s", "AWo_a", "AW1_a", "H",
"H-J", "H_origin", "Accum", "Accum_origin"])

for t in T:
i = t - 1
writer.writerow(

[i + 1950, AP[i], APo[i], APs[i], APoa[i], AP1a[i], AWo[i],
AWs[i], AWoa[i], AW1a[i], Pollution[i],
H_J[i], Origin[i], Accum[i], Acc_origin[i]])
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