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Abstract
Recently, the concept of a circular economy for carbon neutrality is emerging. In particu-
lar, waste plastics are one of the key wastes, and efforts are being made to recycle them as 
energy rather than dispose of them. Accordingly, the technology of producing and utiliz-
ing pyrolysis oil from waste plastics attracts attention. As it is an early stage of technol-
ogy development, however, there are not many demonstrations and papers that analyze the 
technology broadly. The goal of this study is to propose building a circular economy on a 
university campus through waste plastic pyrolysis oil technology. To show its feasibility, 
waste plastic pyrolysis oil technology is analyzed comprehensively from economic, envi-
ronmental, and policy perspectives using the scenario analysis technique on the univer-
sity campus level. A methodology of the scenario analysis technique enables predicting the 
uncertainties. Since plastic pyrolysis oil technologies and carbon neutrality are accompa-
nied by many uncertainties, this technique is expected to be an appropriate methodology 
for this study. First, the amount of pyrolysis oil production from waste plastics from the 
campus is estimated. Then, the cost and carbon emissions from waste plastics are estimated 
if the pyrolysis oil technology is used instead of the traditional waste disposal process. As 
a result, the total economic profits of up to 425,484,022 won/year (354,570.01 $/year) are 
expected when a circular economy is built using waste plastic pyrolysis oil. In addition, it 
is also confirmed that greenhouse gas (GHG) emissions can be reduced by up to 840,891 
 kgCO2eq/year. The waste plastic pyrolysis oil satisfies Korea’s gas pollutant standards and 
is consistent with the GHG reduction policy. It can be concluded that building a circular 
economy at the university campus level using waste plastic pyrolysis oil technology is suit-
able from economic, environmental, and policy perspectives.
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1 Introduction

Discussions on how to respond to the climate crisis are taking place worldwide. Accord-
ingly, a low-carbon society is being emphasized, and the circular economy system is 
attracting attention. The circular economy refers to a new economic model for breaking 
away from the traditional economic model based on mass production, mass consumption, 
and mass disposal (Geissdoerfer et al., 2017). In the linear economy structure composed 
of raw material extraction, production, consumption, and disposal, various problems such 
as resource depletion and environmental destruction inevitably occur (Sariatli, 2017). To 
solve this issue, the circular economy concept is attracting attention, and various efforts are 
being made to realize it through large-scale investment and political support (Ranta et al., 
2018). To make the net emission of carbon dioxide ‘0’, an economic structure in which 
resources can be continuously circulated is needed rather than the traditional linear eco-
nomic structure that ends with a large amount of waste.

Plastics are one of the most widely used materials, and they emit a large amount of 
greenhouse gas (GHG) throughout the entire process from production to disposal (Sevi-
gné-Itoiz et  al., 2015). Plastics are widely used because of their light weight and excel-
lent durability. However, most of the plastics are still disposed of by incineration or land-
fill, leading to large amounts of GHG emissions. It is also known that waste plastics emit 
various pollutants and group 1 carcinogens such as dioxin (Shibamoto et al., 2007). The 
decomposition of buried plastic takes more than 500 years (Urtuvia et al., 2014). Globally, 
the recycling rate of plastics is 0–30%, and a large amount is still incinerated or landfilled 
(Kosior et al., 2018).

The amount of waste plastics in South Korea continues to increase, which has a signifi-
cant negative impact on the environment as most of them are incinerated or landfilled. As 
of 2018, when total household waste increased by about 10% in the last 10 years, house-
hold waste plastic increased by about 71.7%. The increase rate remained at 10.6% for five 
years until 2013, however, it increased sharply to 46.6% for the next 5 years (Korea’s ’noto-
rious’ plastic use, there is no place to bury it anymore, Hankookilbo xxxx). In addition, as 
non-face-to-face daily life has been prolonged since COVID-19 and the rate of courier use 
and food delivery has increased rapidly, the amount of waste plastics has been increasing 
sharply (Janairo, 2021).

There are physical, thermochemical, and biological methods for recycling plastics with-
out landfilling (Dai et al., 2022). To obtain oil from waste plastics, one of these methods is 
to use pyrolysis, which belongs to thermochemical technology. Waste plastic pyrolysis oil 
technology is a technology that recovers energy by heating polymer waste in a reducing 
atmosphere and decomposing it into light hydrocarbon compounds (Sekar et  al., 2022). 
Pyrolysis technology is a thermal degradation process that decomposes polymers into 
small molecules by applying heat. Main products such as CO,  H2, and hydrocarbons or 
liquid oil can be used as vehicle fuel after refining. The use of pyrolysis oil technology can 
reduce carbon emissions by recycling waste such as plastics and biomass (Yuliansyah et al., 
2015). Moreover, the cost of incineration or landfill can be reduced, and even profits can 
be created by producing and selling pyrolysis oil. In addition to the general plastic pyroly-
sis technology mentioned above, there are new technologies under their development. One 
of the new variations of plastic pyrolysis technology is supercritical pyrolysis technology. 
This technology extracts naphtha, an initial raw material, by thermally decomposing mixed 
waste plastics using supercritical steam at high temperature and high pressure, and is being 
actively researched.
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Waste plastic pyrolysis oil technology is at an early stage of development and demon-
stration level. In particular, the development of catalysts and processes for synthesizing 
pyrolysis oil using various waste plastics such as PET, HDPE, PVC, PP, and PS has been 
the main focus (Sharuddin et al., 2016). The techno-economic analysis was conducted for 
waste plastics based on chemical process model (Almohamadi et al., 2021), probabilistic 
economic model (Ibe & Kodera, 2021), and experiments (Lam et  al., 2019). Life cycle 
assessment was reported on plant levels (Neha et  al., 2022). In addition, comprehensive 
economic analysis research with wider perspectives than simple reactions and plants 
was mainly reported on the pyrolysis process for biomass, not waste plastic (Brigagão & 
O.d.Q.F. Araújo, J.L. de Medeiros, H. Mikulcic, N. Duic, 2019; Lee et al., 2020; Schalk-
wyk et  al., 2020; Shahbaz et  al., 2020; Shemfe et  al., 2017; Sorunmu et  al., 2020). The 
previously mentioned literature was limited to the economic and environmental analysis 
only within the scope of simple reactions and plants. However, for the commercialization 
of waste plastic pyrolysis oil technology, it is essential to be quantitatively analyzed and 
answered what advantages the technology has from economic, environmental, and policy 
aspects based on the circular economy models compared to the traditional waste disposal 
process.

The main goal of this study is to break away from the existing method of mass landfill-
ing and incineration of waste plastics and to circulate waste plastics as a resource, form-
ing a sustainable campus by constructing a circular economy. For the quantitative feasi-
bility assessment, the circular economy models based on the waste plastic pyrolysis oil 
technology was evaluated from economic, environmental, and policy perspectives, which 
has not been reported on the university campus level. In this process, there are uncertain-
ties expected, such as development of pyrolysis oil technology, the amount of waste plastic 
from the university, and changes in greenhouse gas emissions, thereby making a scenario 
analysis method to be chosen for this work. To achieve the research goal, a small-scale 
circular economy scenario for a university campus, a good example of a small commu-
nity, was constructed and analyzed as a case study. The scenario was established for Ewha 
Womans University, a leading university for a circular economy system in South Korea. 
Detailed sub-goals and steps of the work can be summarized as follows: first, the amount 
of waste plastic and its disposal methods were explored. After that, a campus circular econ-
omy scenario was proposed, and the pyrolysis oil production and cost were estimated based 
on the scenario. Then, the economic profits of the produced pyrolysis oil were quantita-
tively evaluated. In addition, the environmental feasibility was evaluated by estimating the 
amount of GHG, pollutant solids, and gas for the waste plastic pyrolysis oil production. 
The consistency of the circular economy based on waste plastic pyrolysis oil technology 
with government policy was also discussed. Finally, risk assessment on the scenario was 
conducted based on SWOT analysis. Through this study, the feasibility of waste plastic 
pyrolysis oil technology to establish a circular economy was comprehensively analyzed 
from economic, environmental, and policy perspectives.

2  Methodology

2.1  Concepts of the scenarios analysis

Scenario analysis is a tool for strategic planning for organizations to help understand how 
it might perform in uncertain and different future states (Maack, 2001). The scenario is 
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defined as a possible future situation. The scenario is not a complete description of the 
future, but focuses on the parameters which has a possible impact on the future (Kosow & 
Gaßner, 2008). Scenario analysis techniques can be used to examine the key uncertainties, 
impacts, and interactions that are expected to shape the future. The purpose of the scenario 
in this research was to examine whether applying waste plastic pyrolysis oil technology to a 
small-scale circular economy of the university campus is feasible from an economic, envi-
ronmental, and policy point of view. A research model was established as shown in Fig. 1. 
First, the current status of pyrolysis oil technology was identified through a literature sur-
vey, and data available for this study was explored. Afterward, the scenario analysis was 
conducted based on the circular economy scenario for the Ewha Womans University cam-
pus. By analyzing the results, the feasibility of the circular economy scenario was quantita-
tively investigated and discussed.

For this study, scenario components were selected as shown in Fig. 2. The number of 
waste plastics, and yield of pyrolysis oil was utilized to evaluate the amount of pyrolysis oil 
production from the waste plastics from the university campus. For the economic analysis, 
pyrolysis oil unit price and pyrolysis oil production unit cost per amount of waste plastic 
were considered, and pyrolysis oil net value, campus shuttle bus fuel replacement, and car-
bon credit values were evaluated. For the environmental analysis, the GHG reduction factor 
and pollutant substances emission ratio of the waste plastic pyrolysis oil technology were 
considered, and GHG reduction pollutant substance emissions were evaluated. For the pol-
icy analysis, the consistency of the waste plastic pyrolysis oil technology with the policy of 
South Korea was discussed. However, it was not considered a component of the scenario 
analysis because of the difficulty in quantitative evaluation.

2.2  Assumptions of the scenarios

The most ideal case and non-ideal case were set as listed in Table 1. In scenario 1, an ideal 
case, high production yield, and low production cost were assumed to produce pyrolysis oil 
economically. A high GHG reduction factor was set to maximize the GHG emission reduc-
tion, and a high pyrolysis oil net value was assumed to maximize the profits from pyrolysis 
oil sales. Scenario 2 is a non-ideal case with low production yield, high production cost, 
low GHG reduction factor, and low pyrolysis oil net value.

Table 2 shows the detailed assumptions for scenario 1 and 2, respectively. In Scenario 
1, yield 1, production cost 1, unit price 1, and reduction factor 1 were selected for the sce-
nario analysis. In scenario 2, yield 2, production cost 2, unit price 2, and reduction factor 2 
were used.

Table 1  Two scenarios for 
the waste plastic pyrolysis oil 
analysis

Scenario Assumptions

Scenario 1 Ideal case: high production yield, 
low production cost, high GHG 
reduction factor, high pyrolysis 
oil net value

Scenario 2 Non-ideal case: low production 
yield, high production cost, 
low GHG reduction factor, low 
pyrolysis oil net value
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2.3  Economic and environmental analysis

Based on the previous scenario components and assumptions, the following equations were 
established to conduct an economic and environmental analysis.

(2)
Pyrolysis oil net value (W) = Pyrolysis oil production (ton∕year) × Pyrolysis oil unit price ∕ton)

−

––

Pyrolysis oil production cost ∕year)

(W––

(W––

(1)
Pyrolysis oil production (ton∕year) = Amount of waste plastic (ton∕year)

× Yield of pyrolysis oil

Fig. 1  Research model for waste plastic pyrolysis oil for university campus

Fig. 2  Components of waste plastic pyrolysis oil scenario for university campus
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2.4  Environmental analysis—GHG reduction by utilizing pyrolysis oil technology

2.5  Economic analysis—profits by utilizing pyrolysis oil technology

(5)
Pyrolysis oil production cost ∕year) = Amount of waste plastic (ton∕year)
× Pyrolysis oil production unit cost per amount of waste plastic ∕ton)

(W––
(W––

(6)
Traditional waste plastic disposal cost /year)
= Amount of waste plastic (ton∕year)
× Traditional waste plastic disposal unit cost /ton)

(W––

(W––

(7)

Shuttle bus fuel cost reduction by utilizing pyrolysis oil ∕year)
= Shuttle bus fuel cost

− Amount of shuttle bus fuel (ton∕year)
× Pyrolysis oil production unit cost per amount of waste plastic ∕ton)
∕ Yield of pyrolysis oil

(W––

(W––

∕year)(W––

(8)
Pyrolysis oil sales revenue /year)
= (Pyrolysis oil production − Shuttle bus fuel utilization)(ton∕year)
× Pyrolysis oil unit price /ton)(W––

(W––

(9)
Pyrolysis oil sales revenue /year)
= (Pyrolysis oil production − Shuttle bus fuel utilization)(ton/year)
× Pyrolysis oil unit price /ton)(W––

(W––

2.6  Sensitivity analysis

Because the waste plastic pyrolysis oil technology is in the early stages of development, 
there are many uncertainties. Sensitivity analysis was conducted to understand the effects 
of various assumptions on the economic feasibility of constructing a circular economy 
based on waste plastic pyrolysis oil. More precisely, the sensitivity analysis’s purpose was 
to determine the change of scenario result values as the degree of scenario component val-
ues changes. For this purpose, the analysis was conducted based on the values shown in 
Table 3. To find out how much influence each assumption has, the effects on the final yield 
were analyzed when each concerning variable was changed at the same rate. The reference 
value was set based on the scenario, and high and low values were determined by introduc-
ing weights of 0.5 and 1.5, respectively.

(3)
GHG emission reduction (ton∕year) = Amount of waste plastic (ton∕year)

× GHG reduction factor

(4)
GHG emission (ton/year) = Amount of waste plastic (ton/year)

× GHG emission factor
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3  Results and discussion

3.1  Economic analysis on pyrolysis oil synthesis from plastics

The economic value of pyrolysis oil obtained from the annual waste plastic was calculated 
as shown in Table 4. The value of pyrolysis oil was ₩361,101,017/year ($300,917.51/year) 
for Scenario 1, and ₩43,879,101/year ($36,565.91/year) for Scenario 2. The pyrolysis oil 
net value was the economic value of pyrolysis oil itself. However, in this study, circular 
economy scenarios based on waste plastic pyrolysis oil were constructed. Accordingly, an 
additional comprehensive economic analysis was performed considering the replacement 
of campus shuttle bus fuel and pyrolysis oil sales revenue of carbon credits.

3.1.1  Shuttle bus fuel substitution

The shuttle buses of the campus are powered by diesel fuel, and a total of four are currently 
in operation. The on-campus shuttle bus travels 132,988  km/year and therefore requires 
about 12,429 L (= 10,316 kg) of fuel. The annual shuttle bus fuel cost reduction by utiliz-
ing pyrolysis oil instead of diesel fuel was estimated through Eq. 2 as follows:

Scenario 1: 24,857,570-(10,316 × 51,120) / (0.77 × 1000) = 24,172,695 ₩/year (20,143.91 
$/year)
Scenario 2: 24,857,570-(10,316 × 99,960) / (0.43 × 1000) = 22,459,460 ₩/year (18,716.21 
$/year)

As can be seen from the above equation, most of the shuttle bus fuel cost of 24,857,570 
₩/year (20,714.64 $/year) could be reduced by using waste plastic pyrolysis oil. As shown 
in Table 5, these results were attributed to the low pyrolysis oil production cost. The waste 
plastic pyrolysis oil utilizes waste plastic, leading to low pyrolysis oil production costs, 
while conventional diesel fuel price is much more expensive than the pyrolysis oil produc-
tion cost.

Table 3  Assumptions for sensitivity analysis

Assumptions Unit Low value (− 1.0) Reference value (0.0) High value (1.0)

Amount of waste plastic Ton/year 295.76 591.51 887.27
Yield of pyrolysis oil – 0.43 0.60 0.77
Pyrolysis oil production unit 

cost per amount of waste 
plastic

₩/ton ($/
ton)

51,120 (42.675) 75,540 (62.95) 99,960 (83.3)

Pyrolysis oil unit price ₩/L ($/L) 330 (0.275) 515
(0.42)

700 (0.58)

Shuttle bus fuel cost ₩/year ($/
year)

12,437,785 
(10,364.82)

24,875,570 
(20,729.64)

37,313,355 
(31,094.46)

Carbon credit price ₩/tCO2eq 
($/
tCO2eq)

11,200 (9.33) 22,400 (18.66) 33,600 (28)

GHG reduction factor – 0.6 0.7 0.8
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3.1.2  Pyrolysis oil sales revenue

The profits of selling the remaining fuel after some portion of pyrolysis oil was utilized 
as shuttle bus fuel was calculated. As shown in Table  6, for Scenario 1, the remaining 
pyrolysis oil was 426 tons/year, while 339 tons/year for Scenario 2. Assuming that all of 
the remaining pyrolysis oil was sold as fuel, the sales revenue was as follows.

Scenario 1 (700 ₩/L): 382,475,377 ₩/year (318,729.48 $/year)
Scenario 2 (330 ₩/L): 98,828,664 ₩/year (82,357.22 $/year)

3.1.3  Carbon credit sales revenue

Another economic value of waste plastic pyrolysis oil for a circular economy was securing 
carbon credits through GHG reduction. Because waste plastics were utilized as a pyroly-
sis oil instead of disposal, GHG emissions from the waste plastic could be reduced. In 
South Korea, the amount of GHG reduction can be recognized as a carbon credit (Leading 
circular economy & carbon neutrality by pyrolysis of waste plastics, Ministry of Environ-
ment, 2020). The carbon credit price is ₩22,400/tCO2eq ($18.66/tCO2eq) as of May 27, 
2022 (Ets Market Information Platform et al., 2022). As shown in Table 7, the economic 
value corresponding to the amount of GHG reduction was calculated to be ₩18,835,950/
year ($15,696.62/year) and ₩13,656,064/year ($11,380.05/year) for scenarios 1 and 2, 
respectively.

Through the above scenario analysis, it was confirmed that the economic value of 
waste plastic pyrolysis oil itself was ₩43,879,101—₩361,101,079/year ($36,563.41—
$300,917.56/year). However, when pyrolysis oil was used to build a university campus 

Table 5  Cost reduction by 
utilizing waste plastic pyrolysis 
oil for shuttle bus

Scenario Shuttle bus fuel cost (₩/year) ($/
year)

Pyrolysis 
production 
cost for shut-
tle buses (₩/
year) ($/year)

Scenario 1 24,857,570
(20,714.64)

684,875
(570.72)

Scenario 2 2,398,110
(1998.42)

Table 6  Residual waste plastic 
pyrolysis oil for sale

Scenario Pyrolysis oil 
production (ton/
year)

Amount of pyrolysis oil 
used for shuttle buses (ton/
year)

Residual 
amount
(ton/
year)

Scenario 1 436 10 426
Scenario 2 349 10 339
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circular economy, it showed a higher economic value of ₩134,944,188—₩425,484,022/
year ($112,453.49—$354,570.01/year) as shown in Fig. 3. These results were attributed to 
replacing conventional fossil fuels, selling pyrolysis oil, and selling carbon credits. There-
fore, it could be concluded that building a circular economy even in a small community of 
university campus can have up to about 1–3 times of economic value compared to simply 
producing and selling pyrolysis oil itself.

3.1.4  Sensitivity analysis on waste plastic pyrolysis oil

Sensitivity analysis was performed to analyze the effect of each assumption on the results. 
As can be seen in Fig. 4, it was confirmed that the amount of waste plastic, which is a raw 
material that directly affects pyrolysis oil production, and the yield of pyrolysis oil showed 
a great influence on the economic value when establishing a circular economy. In other 
words, it is expected that greater economic value can be created if a larger-scale circular 
economy system is built beyond the university campus level or if the yield of pyrolysis oil 
is improved through the development of new technologies.

It was also confirmed that the pyrolysis oil unit price and the shuttle bus fuel cost had a 
direct impact on the economic value of the circular economy. Pyrolysis oil unit price was 
expected to increase by diversifying future application fields and improving fuel quality. 
In the case of on-campus shuttle bus fuel cost, the effect was not large because the amount 
of fuel used for the shuttle bus on the university campus was not large. However, it was 
expected that it can have a larger impact in the future if a circular economy is built at the 
village and city level.

The price of carbon credits is a value that can vary depending on regulations and market 
fluctuations. Therefore, if regulations are gradually strengthened in the future, there is a pos-
sibility that the increase in the price of carbon credits can have a significant impact on eco-
nomic value. The GHG reduction factor is related to the maturity of pyrolysis oil technology. 
If the GHG reduction factor is increased through the development of new technology, a larger 
amount of carbon emission can be reduced and further economic value can be created.

3.2  Greenhouse gas emission from waste plastics pyrolysis oil

As shown in Fig.  5, it was estimated that about 1,033,277  kgCO2eq of GHG was emitted 
when 591.51 tons of waste plastic was incinerated through the traditional disposal process. On 
the other hand, when pyrolysis oil technology was applied, GHG emission was estimated as 
206,455—433,556  kgCO2eq. In the case of pyrolysis oil from waste plastics, a considerable 
amount of GHG that would have been incinerated and emitted into the atmosphere in the form 

Table 7  Greenhouse gas (GHG) 
emission and price of carbon 
credit

Scenario GHG reduction 
 (kgCO2eq/year)

Carbon credit sales 
revenue (₩/year)
($/year)

Scenario 1 840,891 18,835,950
(5696.62)

Scenario 2 609,646 13,656,064
(11,380.05)
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of gas remains in the form of pyrolysis oil. For this reason, GHG emissions could be reduced 
to about 19.98%—41.96%% compared to the traditional disposal process. In addition, because 
pyrolysis oil can be used as a replacement for fossil fuels, it is expected that additional GHG 
emission reduction is possible. According to the US Environmental Protection Agency (EPA), 
a typical passenger car emits 46,000 kg of carbon dioxide per year. Using this information as 
a tool for comparison, it can be said that using plastic pyrolysis oil technology can reduce the 
amount of carbon dioxide emitted by about 13–18 cars per year on average.

3.3  Discussion on pollution, government policy, and risk analysis

3.3.1  Pollution from waste plastics pyrolysis oil

Table 8 shows the major metals contained in waste plastic pyrolysis oil. The amounts of the 
heavy metals—Pb and Cr, the solid pollutant substances generated in the pyrolysis process, 
are approximately 0.00005 and 0.0003wt%, respectively (Yongtai, 2011). This was the 
number of pollutant substances that satisfied the criteria for good recycled products estab-
lished by the Korean Agency for Technology and Standards (KATS) (Announcement of 
notice of enactment, revision of good recycled product (GR) quality certification standards 
(draft) and collection of opinions, Korean Agency for Technology and Standards (KATS) 
2021). However, because there are not many reports on the component analysis of various 
heavy metals such as Cd and Hg, further studies are required for more pollutant substances.

Pollutant gases generated from the pyrolysis process must satisfy the emission gas 
regulations of Korea. The exhaust gas generated from the pyrolysis oil process includes 
 SO2,  NO2, HCl, and dioxins (Nho et al., 2006). Table 9 shows the content of the pollutant 
exhaust gas and the Korean air pollutant emission standard. As can be seen from the table, 
the pyrolysis oil production process met the criteria except for  NO2.

Fig. 3  Economic analysis on waste plastic pyrolysis oil for university campus



6306 H. Park et al.

1 3

For the production of pyrolysis oil, waste plastics are pyrolyzed, and substances that 
can be used as pyrolysis oil are separated through distillation. Only the residual gases are 
exhausted. In this process, because most of the chemical components of waste plastics are 
recycled in the form of pyrolysis oil, a small number of pollutants were emitted in the form 
of exhaust gas compared to the traditional disposal process such as incineration. However, 
it was also confirmed that a large amount of  NO2 above the criteria values were generated 
during the pyrolysis oil production. Therefore, it was believed that additional  NO2 treat-
ment processes such as selective catalytic reduction (Chen et al., 2004; Yan et al., 2016) are 
required to meet the regulation of South Korea.

3.3.2  The policy of pyrolysis oil synthesis from plastics

Waste plastic pyrolysis oil technology is considered one of the essential technologies for 
carbon neutrality and the circular economy. As shown in Table 10, on December 24, 2020, 
the Ministry of Environment announced the “Measures to de-plasticize household waste” 
(Measures for plastic free of household waste & Ministry of Environment, 2022). It was 
announced to reduce plastic production and consumption, expand the recycling of col-
lected plastics, and ultimately transition to a plastic-free society. In addition, in 2021, the 
Ministry of Environment announced: “Leading circular economy and carbon neutrality by 
pyrolysis of waste plastics” (Leading circular economy & carbon neutrality by pyrolysis of 
waste plastics, Ministry of Environment, 2020). The goal was to realize a circular economy 
and carbon neutrality by increasing the proportion of waste plastic pyrolysis oil production 
from the current 0.1% to 3.6% in 2025 and 10% in 2030. For this transition, the Regula-
tions of the Waste Management Act were revised to enact the law related to the pyroly-
sis oil industry (Waste Management Act Enforcement Rules & Ministry of Environment, 

Fig. 4  Sensitivity analysis on waste plastic pyrolysis oil for university campus
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2022). As a result, pyrolysis facilities, that were previously classified as incineration facili-
ties, were re-classified as recycling facilities. The demand for advanced recycling and 
stable waste treatment is expected to increase, and accordingly, the commercialization of 
waste plastic pyrolysis oil technology is also expected to be boosted.

3.3.3  SWOT analysis

SWOT analysis is an analysis technique that analyzes strengths, weaknesses, opportuni-
ties and threats to diagnose situations and evaluate risks. In this study, SWOT analysis 
was performed on the model that builds a circular economy in a university campus using 
waste plastic pyrolysis oil technology. The result is shown in Table 11. The strength of this 
model was its positive economic and environmental effects. On the other hand, the weak-
ness was mainly related to technological maturity. As an opportunity factor, the importance 

Fig. 5  Greenhouse gas (GHG) emission of conventional incineration and waste plastic pyrolysis scenarios

Table 8  Major metals from plastic pyrolysis oil

Materials Unit Solid pollutants

Measured value 
(Yongtai, 2011)

Criteria (Announcement of notice of enactment, 
revision of good recycled product (GR) quality 
certification standards (draft) and collection of opin-
ions, Korean Agency for Technology and Standards 
(KATS) 2021)

Pb wt %  < 0.00005 0.1
Cr wt %  < 0.0003 0.1
Zn wt %  < 0.000001 –
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of carbon neutrality is emerging, and the threat was the fluctuations of the energy market. 
Based on the analysis, possible strategies to manage the risks were proposed by consider-
ing the combined S–O, S-W, T-S, and T-W.

3.4  Implications and limitations

In this study, the feasibility of constructing a circular economy using pyrolysis oil technol-
ogy was analyzed from economic and environmental perspectives. As a result, the eco-
nomic profit was estimated as ₩134,944,188/year—₩425,484,022/year ($112,453.49—
$354,570.01/year). The carbon dioxide emission could be reduced by 609,646—840,891 
kgCO2eq/year. Through this analysis, it was possible to confirm that the circular economy 
scenario of this study is feasible. In addition, environmental pollution, policy status, and 
SWOT analysis, which must be considered in building a circular economy, were performed. 
Through the study, the application of waste plastic pyrolysis oil technology was confirmed 
to satisfy environmental standards and conforms to Korean policy. The strengths, weak-
nesses, opportunities, and threats of this scenario were analyzed and possible strategies 
to reduce the risks were proposed. It was comprehensively revealed that the waste plastic 
pyrolysis oil-based circular economy is a feasible scenario. The recommendations resulting 

Table 9  Gas pollutants from plastic pyrolysis oil

Materials Unit Gas pollutant from pyrolysis oil production

Measured value 
(Yongtai, 2011)

Criteria

SO2 ppm  < 14  < 30 (Emission criteria for air pollutants & Ministry of 
Environment, 2022)

NO2 ppm  < 111  < 70 (Emission criteria for air pollutants & Ministry of 
Environment, 2022)

HCl ppm  < 0.003  < 15 (Emission criteria for air pollutants & Ministry of 
Environment, 2022)

Dioxin ng-TEQ/sm3  < 0.0026 0.1 (Permissible emission standards for residual pollutants, 
2022)

Table 10  Korean government policy on plastic pyrolysis oil

Policy Details

Measures to de-plasticize household waste 10 public facilities (pyrolysis facilities) that produce 
fuel by pyrolyzing waste vinyl and residues by 
2025

Leading circular economy and carbon neutrality by 
pyrolysis of waste plastics

Realization of a circular economy and carbon neu-
trality by increasing the proportion of waste plastic 
pyrolysis from the current 0.1% to 3.6% in 2025 
and 10% in 2030

Part of the Enforcement Decree and Enforcement 
Regulations of the Waste Management Act

The pyrolysis facility, which was previously classi-
fied as an incineration facility, being included in 
the recycling facility in the future
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from this work can be summarized explicitly as follows: 1. The economic feasibility of the 
demonstration of a small-scale circular economy based on waste plastic pyrolysis oil was 
verified through scenario analysis, 2. To maximize the economic feasibility, selection of 
the place with large amount of waste plastic was essential, 3. The improvement in the yield 
of waste plastic pyrolysis oil was important to increase economic feasibility, 4. Establish-
ment of a circular economy was consistent with Korea’s pollutant regulations and policies, 
5. Risk analysis and management measures based on SWOT analysis was proposed.

However, there are still some limitations. First, the circular economy scenario of this 
work was established within the scope of university campus, and external facilities invest-
ment for the waste plastic pyrolysis oil plants was not considered (i.e., existing waste plas-
tic pyrolysis oil plants were assumed to be used). To analyze the scenario more accurately, 
the investment cost for the waste plastic pyrolysis oil technology should be considered. 
However, because the waste plastic pyrolysis oil technology is in the early stage of the 
research and development, it was challenging to obtain a reliable expected investment yet. 
Second, as carbon neutrality and GHG emission regulations are strengthened worldwide in 
the future, the construction of this circular economy is expected to expand to the city and 
even national level. Therefore, in the follow-up study, it is necessary to expand the circu-
lar economy scenarios to a large scale. Third, this study has a limitation in that scenario 
analysis was conducted only in the case of South Korea. It is expected that more reliable 
research results can be obtained if a vast amount of global status, data, and policy are col-
lected. Last, this study was conducted based on conventional waste plastic pyrolysis oil 
technology only. Recently, various new technologies such as supercritical pyrolysis tech-
nology have been proposed (Bai et  al., 2019; Goto et  al., 2006). However, Supercritical 
pyrolysis technology is more economical than conventional pyrolysis technology because 
it has a higher yield of pyrolysis oil. However, as it is still an early-stage technology, it was 
difficult to obtain the data required for economic and environmental analysis.

4  Conclusion

This study proposed and analyzed a university campus circular economy scenario based on 
pyrolysis oil technology utilizing waste plastics. It was confirmed that the economic value 
of ₩134,944,188/year—₩425,484,022/year ($112,453.49—$354,570.01/year) could be 
created through the construction of the campus circular economy. In particular, when the 
circular economy was built on a university campus, not only the value of the pyrolysis oil 
itself but also greater profits could be created by replacing the fuel for the campus shut-
tle bus, selling pyrolysis oil and carbon credits. In terms of the environment, waste plas-
tic pyrolysis oil technology significantly reduced GHG emissions by 609,646—840,891 
kgCO2eq/year. In terms of policy, it was confirmed that it was in line with South Korea’s 
de-plasticization policies such as measures to de-plasticize household waste, leading cir-
cular economy and carbon neutrality by pyrolysis of waste plastics, and the Enforcement 
Decree and Enforcement Regulations of the Waste Management Act.

Waste plastic pyrolysis oil technology is in the early stages of R&D and demonstra-
tion. The research on basic chemical reactions has been mainly conducted. In this study, a 
circular economy scenario model based on waste plastic pyrolysis oil was proposed for a 
small-scale economy of the university campus. In the future, the results of this study can be 
applied to larger-scale circular economy models on a village, city, and national level.
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