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Highlights 14 

 35% of 149 ± 11 kt of plastic waste was reused/recycled in Northern Ireland (2018). 15 
 Improved data monitoring needed for transition to a circular plastics economy. 16 
 Standardised designs, and dialogue between manufacturers and waste sector 17 

necessary. 18 
 Designed-in contamination should be minimised to improve recyclability. 19 
 Life cycle assessment of planned changes required to avoid negative consequences. 20 

Abstract 21 

Plastics are used in a wide range of applications generating significant waste streams. This is 22 

driving policy interventions to increase circularity, reduce waste and improve resource 23 

efficiency. However, information on plastic waste flows is not widely available across 24 

regions and nations. With an overarching aim to make recommendations for supporting the 25 

transition to a circular plastics economy in Northern Ireland, this study used quantitative 26 

uncertainties to conduct regional material flow analysis and geospatial mapping to identify 27 

local hotspots. It was observed that 149 ± 11 kt of plastic waste were produced in Northern 28 

Ireland (79.2 kg/capita) in 2018. Reuse and recovery for recycling reached up to 35%, while 29 

62% of plastic waste was landfilled with the remainder (3%) incinerated. This study found 30 

that there are increasing amounts of plastic waste locked in sectors with long product 31 

lifetimes, such as the construction sector with 21.3 kt for 2018. It is therefore important to 32 

consider the processing capacities and environmental impacts of plastic waste management, 33 

not only for current plastic waste flows but also for tackling possible future growth of these 34 

flows. The results indicate that there is a need for a holistic all-island approach for effective 35 
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plastic waste management in both Northern Ireland and the neighbouring Republic of Ireland. 36 

Furthermore, stricter enforcement of existing waste management rules and regulations could 37 

prevent the need for additional policies to support a circular economy. This research provides 38 

robust scientific data to aid the transition to a circular economy for plastics in the region. 39 

Keywords: Plastic waste management; Packaging; Circular economy; Material flow analysis 40 

(MFA); Extended Producer Responsibility (EPR); Northern Ireland 41 

1. Introduction 42 

Plastics are used in a wide range of applications due to their advantageous properties such as 43 

lightweight, cost-effectiveness, affordability, strength and durability (Thompson et al., 2009). 44 

The success of plastics is reflected in global production levels escalating from 2 million 45 

tonnes (Mt) per year in 1950 to 350 Mt per year in 2015 (Fig.1) (Ritchie and Roser, 2018). 46 

However, increased use of plastics has led to environmental concerns. Conventional plastics 47 

are manufactured utilising fossil fuels, with 4% of annual petroleum production used for 48 

feedstock and another 3-4% for energy supply during production processes (Van Eygen et al., 49 

2017). While the pace of plastics production and their applications have accelerated, the 50 

development of viable waste management systems has remained stagnant (Turner and 51 

Holmes, 2015). Plastic waste is commonly found in the environment (Alam et al., 2018). 52 

During fragmentation by weathering, microplastics can be generated (Jambeck et al., 2015; 53 

Nakashima et al., 2012; Eriksen et al., 2014), causing human health concerns (Prata et al., 54 

2020), soil contamination and negative impacts on seed germination (Bosker et al., 2019). 55 

Plastic pollution has been recognised as a planetary threat impacting almost every 56 

freshwater and marine ecosystem (Borrelle et al., 2020). Proper management of plastics using 57 

circular economy principles can ensure resource efficiency and mitigate environmental 58 

impacts. 59 

The circular economy principles, where materials are recirculated, reduced, reused, recycled, 60 

and recovered, have been increasingly adopted by governments, e.g., in China (National 61 

People’s Congress, 2021), the European Union (EU, European Commission, 2018) and Japan 62 

(MOE Japan, 2019). In the United Kingdom (UK), the Plastics Pact aims “to move away 63 

from a linear plastics economy, where we take, make and dispose of plastic, and move 64 

towards a circular system where we keep plastic in the economy and out of the natural 65 

environment” (WRAP, 2018). To identify opportunities for reduction, reuse, and recycling, it 66 



3 
 

is imperative to understand stocks and flows. This can be achieved using material flow 67 

analysis (MFA) which is an approach to model the flow of materials through the 68 

anthroposphere (Kawecki et al., 2018).  69 

 70 
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Fig.1. Timeline showing discovery and widespread production of plastics along with 71 
concerns and legislative measures. Solid blue line shows plastic production in million tonnes 72 
per year (Statista, 2021) and the map depicts the % production of the global total created 73 
using Bing maps (PlasticsEurope, 2018). 74 

In recent research, MFA has been used to evaluate plastic packaging stocks and flows in 75 

Austria (Van Eygen et al., 2018), Germany (Picuno et al., 2021), Japan (Nakatani et al., 76 

2020), Ireland (EPA Ireland, 2020), Italy (Lombardi et al., 2021), the Netherlands (Brouwer 77 

et al., 2018) and South Korea (Jang et al., 2020). In a similar vein, Ciacci et al. (2017) 78 

estimated polyvinyl chloride stocks and flows in Europe from 1960 to 2012, Eriksen et al. 79 

(2020) computed stocks and flows for polyethylene (PE), polyethylene terephthalate (PET) 80 

and polypropylene in Europe, and Jiang et al. (2020) evaluated trends in China’s plastic 81 

economy from 1978 to 2017 for five types of polymer. 82 

Research has been undertaken on plastic stocks and flows using static MFA such as in 83 

Austria for the year 2015 (BMNT, 2017), Denmark for 2016 (DEPA, 2019), the EU for 2016 84 

(Hsu et al., 2021), Japan for 2013 (MOE Japan, 2018), Trinidad and Tobago for 2016 85 

(Millette et al., 2019), and the UK for 2016 (Domenech et al., 2020). Detailed uncertainty 86 

analysis was conducted in the 2010 Austrian study by Van Eygen et al. (2017), and in a more 87 

recent probabilistic flow analysis to evaluate polymer specific mass flows for commodity 88 

plastics across Europe and Switzerland by Kawecki et al. (2018). Material flow analysis of 89 

plastics in the United States in 2015 was performed by Di et al. (2021) by accounting for 90 

overarching uncertainty of 10% for the use stage in data sources. Qualitative uncertainty 91 

based MFA was used by Olatayo et al. (2021) to discuss challenges and solutions to improve 92 

circularity for plastics for South Africa in 2017.  93 

This study builds on previous research by including: (1) detailed data quality analysis and 94 

quantitative uncertainties to conduct an MFA, and (2) geospatial mapping to identify local 95 

hotspots requiring development of advanced plastic waste management infrastructure. The 96 

goal is to use the findings to make recommendations for supporting the transition to a circular 97 

plastics economy. The paper focuses on the Northern Ireland context; the region follows EU 98 

environmental regulations, including the Waste Framework Directive (European 99 

Commission, 2008), and therefore has a similar waste landscape to the EU. Previous research 100 

on plastic waste flows in Northern Ireland (rx3, 2011) did not include the plastic consumption 101 

stage and did not undertake uncertainty analysis. This study goes beyond previous work by 102 

evaluating plastics consumption to understand the plastic stocks locked in various sectors 103 
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which could potentially enter waste streams after the completion of the useful life cycle. All 104 

calculations were made for 2018 (January-December) as the reference year. 105 

 106 

2. Methods 107 

2.1 Material flow analysis 108 

For evaluating plastic waste flows a static MFA was used, which includes the flows and 109 

stocks of materials through a holistic system that is defined in space and time. It encompasses 110 

the quantification of sources, pathways, intermediate by-products, and final sinks of the 111 

material in physical units (Klinglmair et al., 2015; Zoboli et al., 2016). The overall analysis 112 

applies the law of conservation of mass. The procedure entails outlining the goals and opting 113 

for relevant substances, system boundaries, and processes. The software STAN v2.6.801 114 

(available at STAN, 2012) was used to perform the MFA calculations using the standardised 115 

method (Van Eygen et al., 2017).  116 

For the model, the system boundary consisted of product distribution and consumption, along 117 

with plastic waste production and treatment. The trade of plastics into and out of Northern 118 

Ireland was not considered, since data on the primary production of polymers and import-119 

export statistics are only available for the UK as a whole. This is in line with the approach 120 

used in rx3 (2011). 121 

Material flow analysis studies are simplified models of the real-world system, and thus are 122 

inherently uncertain (Lloyd et al., 2007). In this method: (1) The quality of each input data 123 

point was characterised qualitatively using five quality indicators shown in Eq. (1) following 124 

method in Supplementary Material: Table S1; and (2) The quantitative uncertainty values 125 

were derived based on coefficients of variation  (CV, standard deviation divided by mean) for 126 

each data quality indicator score, which are described by continuous characterising functions, 127 

i.e. uncertainty increases exponentially with worse scores (see Laner et al. (2015) for more 128 

details) (Supplementary Material: Table S2). The overall uncertainty of each data point 129 

was determined using Eq. (1). The estimated input uncertainties were then propagated 130 

through the model using Gaussian error propagation and the material flow results were given 131 

as mean values and relative standard deviations of a normal distribution. This is in line with 132 

the approach used by Van Eygen et al. (2018) and Kawecki et al. (2018).  133 
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𝐶𝐶𝐶𝐶 =  �𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 + 𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐2 + 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐2 + 𝐶𝐶𝐶𝐶𝑔𝑔𝑟𝑟𝑐𝑐𝑔𝑔𝑟𝑟𝑟𝑟𝑐𝑐ℎ𝑟𝑟𝑐𝑐 𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
2 + 𝐶𝐶𝐶𝐶𝑐𝑐𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

22           (1) 134 

where, CV = Coefficient of variation, CVreliability = CV according to the reliability, 135 

CVcompleteness = CV based on the completeness, CVtemporal correlation = CV based on time span 136 

recorded, CVgeographic correlation = CV based on the geographic distribution, CVother correlation = CV 137 

based on the products and technology captured in the data source 138 

2.2 Description of plastic waste flows 139 

The plastic flows across society consist of four main phases:  140 

(1) Trade and production of plastics: Primary polymers are produced by the chemical 141 

industry. The primary polymers and finished products are imported and exported.  142 

(2) Aggregate product use: Following domestic production, import and export, products are 143 

distributed over consumption sectors. These products are then used by consumers and 144 

accumulate as stocks in respective consumption sectors.  145 

(3) Waste collection: When products are discarded by consumers, waste flows go to the 146 

waste management stage, including collection and sorting systems. In Northern Ireland, 147 

municipal waste is collected through a multi-bin system at household kerbsides and civic 148 

amenity sites by local authorities and/or private companies. Generally, each household pre-149 

sorts their waste in differently coloured bags and/or bins, e.g., separate bins for organics and 150 

garden waste; cardboard; recyclable packaging including glass, aluminium, and plastics; and 151 

non-recyclable waste such as films. However, there is no region-level standardisation for 152 

availability and type of bins/bags and collection systems (more details in Section 4).  153 

End-of-life vehicles are accepted free of charge at Authorised Treatment Facilities following 154 

Waste Management Licensing Regulations (Northern Ireland) (2003). Healthcare waste is 155 

collected in accordance with HTM07-01 (2013). Farm wastes are produced on a 'farm' in the 156 

course of 'farming' and are gathered by farm waste collectors which could be operating under 157 

the commercial association of collectors, i.e. the UK Farm Plastics Recycling Scheme 158 

(UKFPRS Ltd, 2020; Zero Waste Scotland, 2020). Waste electrical and electronics 159 

equipment is collected, and then dismantled/recovered by Designated Collection Facilities 160 

regulated by The Waste Electrical and Electronic Equipment Regulations (2013). Mattresses, 161 

rugs, and furniture are collected via local authority kerbside bulky waste collections and/or at 162 

Household Waste and Recycling Centres (WRAP, 2012a). 163 
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(4) Treatment: Plastic waste that can be cleaned and retain functionality, such as clothing 164 

textiles, is reused. If reuse is not possible, the plastic waste stream is handled through 165 

recycling and recovery. Materials recovery facilities separate the co-mingled recyclables 166 

into individual material streams and provide quality raw materials to industry or reprocessors 167 

(WRAP, 2016). Reprocessors process recyclable plastics to recyclate, typically using 168 

mechanical recycling techniques. In Northern Ireland, recyclable plastics such as PET bottles 169 

are transported to private recyclers to produce plastic products. Non-recyclable plastics (e.g. 170 

mixed plastics), and/or those without viable recycling infrastructure and end markets, are 171 

either landfilled or sorted, baled and supplied to refuse-derived fuel producers for energy 172 

recovery facilities outside the region (DEFRA, 2014). 173 

In this study, municipal plastic packaging recycling maps were produced using annual data 174 

provided in WasteDataFlow (n.d.) (verified by the Environment Agency) and open-source 175 

cross-platform desktop geographic information system application QGIS 3.4.5 (QGIS, 2019). 176 

2.3 Data sources  177 

Data (Table 1) were gathered from the waste management monitoring information of the 11 178 

local government districts (local councils) and national waste treatment statistics reported by 179 

the Department of Agriculture, Environment and Rural Affairs. This was supplemented with 180 

data from literature and expert meetings with government and non-governmental 181 

organisations. As the data for many waste categories is not updated regularly and is not 182 

available on an annual basis, all calculations were made for 2018 (January-December) as the 183 

reference year.  184 

The quantity of plastic used for packaging was estimated using the plastic packaging waste 185 

data as a proxy. WRAP (2019) justifies use of waste proxy, because: (1) There is a lack of 186 

data for non-packaging plastics due to the longer lifetime of the products, an absence of any 187 

regulatory requirement for companies to report production by material type, and a lack of 188 

data showing the domestic production placed on the UK market versus imported non-189 

packaging plastics; and (2) Estimating plastic packaging consumption by using the packaging 190 

placed on the market by producers can lead to underestimation of the mass of packaging. This 191 

is because businesses below the de minimis threshold (i.e. with a turnover less than £2 192 

million/year and that handle <50 t/year of packaging) are not required to report the data under 193 

the current producer responsibility scheme (Eunomia, 2018).  194 
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Where data was not available (estimated values in Table 1), an uncertainty value was 195 

selected (41.3% if related literature available and 124.6% where no literature was present) 196 

following the uncertainty categorisation method (expert estimate) by Laner et al. (2015) 197 

(Supplementary Material: Table S3). After considering reuse, recycling and incineration, 198 

the remaining plastic waste was considered to be disposed of in landfills (Supplementary 199 

Material: Table S4).  200 
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Table 1: Data sources for material flow analysis of plastics in Northern Ireland. 201 

Sector  Assumptions and data sourcesa,b 
 Consumption  Waste quantity  Compositional factor (% 

plastics in waste stream)c 
 End-of-life management: 

reuse, recycling and 
incineration 

Packaging  Waste data as proxy was used for 
estimating plastic packaging 
consumption for households from 
annual data provided in 
WasteDataFlow (n.d.) and commercial 
and industrial sector from WRAP 
CYMRU (2020) 

 Household waste from kerbside 
collections and civic amenity 
sites (WasteDataFlow, n.d.). 
Commercial and industrial 
waste from (WRAP CYMRU, 
2020) scaled from Wales to NI 
population 

 Eunomia (2018)  Household packaging recycling 
from WasteDataFlow (n.d.). 
Commercial and industrial 
packaging recycling % assumed 
same as % household packaging 
recyclingd 

Commercial 
and industrial 

 Waste data as proxy was used for 
estimating hard plastics in commercial 
and industrial sector (WRAP 
CYMRU, 2020) 

 Hard plastic waste quantities in 
commercial and industrial sector 
in Wales (WRAP CYMRU, 
2020), adapted using population 
estimates of Wales and NI 

 100%  The recycling rates of municipal 
waste were used from 
Wasteflowdata (n.d) in line with 
rx3 (2011) 

Construction   UK data from Domenech et al. (2020) 
scaled to NI population  

 2009 waste production data for 
construction and demolition 
sites (RES148-001, 2011) 
adapted using NI Composite 
Economic Index (NICEI, 2020) 
for the construction sector from 
2009-2018 

 Apricod (2004), Llatas 
(2011), Eunomia (2018) 

 RES148-001 (2011) for plastic 
waste reused at construction and 
demolition sites without further 
treatment 

Automotive  UK data from Domenech et al. (2020) 
scaled to NI population 

 DAERA (n.d.)  Mashek et al. (2016)  Recycling and incineration 
estimated as 2.5% eache 

Electronics  UK placed-on-market data provided 
by Environment Agency (2020) scaled 
to NI population 

 UK Environment Agency waste 
electrical and electronic 
equipment collected data by 
Environment Agency (2019) 
scaled to NI population 

 Maisel et al. (2020)  Recycling and incineration % 
assumed the same as that in the 
UK (WRAP-WEEE, n.d.) as the 
majority of the waste electrical 
and electronic equipment is sent 
to Britain for treatment (rx3, 
2011; expert communications) 

Healthcare  Waste data as proxy from Percival 
(2019) 

 UK data from Percival (2019) 
scaled for NI population for 
healthcare plastic waste 

 100%  Recycling data from Percival 
(2019) 
Incineration estimated as 80%  

Farm  Waste data as proxy was used for  Farm plastic waste was  100%  Plastic fraction collected from 
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estimating farm plastics (European 
Commission DG Env, 2011)f 

estimated from UK farm plastics 
values (WRAP, 2006) using 
agricultural area in NI relative to 
UK (DAERA, 2019) 

farms for recycling from WRAP 
(2006) 

Furniture  UK data from Resource Futures 
(2012) scaled for NI population  
 

 Wales data from (WRAP 
CYMRU, 2020) scaled for NI 
population for commercial 
sector 
Household furniture waste 
derived by using ratio of 
commercial:household furniture 
from Resource Futures (2012)  

 Estimated as 2%  End-of-life management 
proportions Resource Futures 
(2012) 

Clothing 
textiles  

 UK data from WRAP (2012b) scaled 
for NI population  

 WRAP (2012b) UK data scaled 
for NI population 

 WRAP (2012b)   End-of-life management 
proportions from purchase of 
pre-owned clothing (WRAP, 
2012b)  

Other  Waste data as proxy by using ratio 
from Resource Futures (2012) 
 

 Rugs, mattresses, and underlay 
from WRAP (2012a) UK data 
scaled for NI population 
Plastic waste present as cutlery, 
sports equipment, shoes etc. 
assumed as 1% of household 
waste from WasteDataFlow 
(n.d.) 

 Rugs, mattresses and 
underlay from Anthesis 
(2018) 
 
 

 Reuse data from Resource 
Futures (2012) 

aMid-year population estimates for the United Kingdom (UK), Northern Ireland (NI) and Wales were taken from annual data by UK GOV (n.d.).  202 
bFor some calculations, estimates from Wales were used because they represent the most up-to-date UK data. 203 
cCompositional factors taken from references are provided in the Supplementary Material: Table S4. 204 
dThis is because the UK has adopted a definition of municipal waste that includes both household waste and waste from other sources that is 205 
similar in nature and composition and so includes a significant proportion of waste generated by businesses (WRAP, 2020a). 206 
eCurrently, plastic materials from end-of-life vehicles tend to be landfilled because there are no viable alternative markets. One exception is the 207 
removal by some dismantlers of bumpers as these are generally made of a single material (impact modified polypropylene) for which there is 208 
market demand (estimated as 2.5% in the present study). 209 
fCommon plastic farm wastes are pesticide containers, bags and sheets, old machinery, and packaging.  210 
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3. Results  211 

3.1 Plastic stocks and flows 212 

Total plastics consumption in Northern Ireland in 2018 was 217 ± 11 kt (Fig.2). Packaging 213 

was responsible for the highest consumption among all sectors at 47%. The 214 

commercial/industrial and construction sectors accounted for 15% and 12%, respectively, 215 

while the automotive and electronics sectors each contributed 4%. Sectors with the lowest 216 

consumption were farm, healthcare, and furniture, accounting for 4% of the total.  217 

 218 

Fig.2. Plastic flows across Northern Ireland in kt (kilo tonnes) calculated for 2018.  219 

(C&I: Commercial and industrial, C&D: Construction and demolition, ELV: End-of-life 220 
vehicles, WEEE: Waste electrical and electronic equipment, Other: Rugs, mattresses, sports 221 
and leisure equipment, cutlery, shoes. The import and export of plastic products and waste 222 
were not computed and are therefore not shown in system boundary.)   223 

Stock changes relate to the in-use period of plastic products. The difference between input 224 

and output, i.e. between the waste production and plastics consumption stages, was 67 ± 16 225 

kt, representing a net increase in stocks of 31% of incoming plastic products. The packaging 226 

sector had the lowest stock change, as these plastics typically have an average service life of 227 
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only six months (Bucknall, 2020). The construction sector showed the largest build-up of 228 

stocks, with 32% of the total.  229 

Total plastic waste production in 2018 was 149 ± 11 kt of which 68% was attributed to the 230 

packaging sector. The next sector generating significant waste quantities was commercial and 231 

industrial with 16.6 ± 0.7 kt. All other sectors contributed less plastic waste, varying from 232 

0.5% to 7% of the total. A minor amount (2%) of the total plastic waste was reused (clothing 233 

textiles, and construction and demolition waste). About 33% of total plastic waste was 234 

recovered for recycling. Plastic waste disposed of using landfill and incineration accounted 235 

for 62% and 3% of the total, respectively. 236 

3.2 Uncertainty analysis 237 

Systematic data quality analysis was carried out based on Laner et al. (2015) to estimate the 238 

uncertainties associated with plastic flows (Supplementary Material: Table S4). The 239 

uncertainties in the plastic products consumption stage ranged from 4% to 41%. Placed-on-240 

the-market data for electrical and electronics equipment (Environment Agency, 2020), led to 241 

an uncertainty of 7%. Construction and automotive sectors accounted for 4% of uncertainties 242 

each (data from Domenech et al., 2020). 243 

Generally higher uncertainties, ranging from 4% to 125%, were observed in the waste 244 

generation stage. This is because of the difficulties associated with estimating plastic waste 245 

flows due to uncertainties in: (1) estimation of mass of waste produced; and (2) quantification 246 

of plastic content percentage in the waste generated in a sector. Lower uncertainties were 247 

present in the waste sectors with tighter regulations which require regular reporting, such as 248 

packaging (7%), waste electrical and electronic equipment (7%), and end-of-life vehicles 249 

(12%). Highest uncertainties were observed in furniture (125%) and other sectors (72%). 250 

Focusing on the waste treatment stage, uncertainty computed for waste recovered for 251 

recycling and reuse was computed as 8%, while 10% was calculated for landfilling and 13% 252 

for incineration.  253 

3.3 Recycling destination of recovered municipal plastic packaging waste 254 

The present study evaluated overall recovery of plastic waste for recycling as 33%. However, 255 

only 6809 tonnes out of a total of 25313 tonnes of municipal plastic packaging waste (with 256 

recorded destination) gets recycled within Northern Ireland and the remaining 73% is 257 
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exported (Fig.3). An additional 103 tonnes of municipal plastic packaging waste were sent 258 

for recycling with no destination recorded (categorised as ‘other/exempt’ in WasteDataFlow 259 

(n.d.)). It was observed that Armagh City, Banbridge and Craigavon Borough, Causeway 260 

Coast and Glens Borough, Fermanagh and Omagh District, Mid Ulster, and Newry, Mourne 261 

and Down district councils recycled less than 16% of municipal plastic packaging within 262 

Northern Ireland (Fig.3). It was assumed that municipal plastic packaging waste recovered 263 

for recycling purposes was recycled. However, there can be sorting losses or illegal dumping 264 

and burning of exported plastic packaging waste from the UK (Greenpeace, 2021). Relatedly, 265 

ICPO-INTERPOL (2020) has highlighted an increase in plastic waste crime worldwide. 266 
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 267 

Fig.3. Geographic maps showing the recycling destination of municipal plastic packaging 268 
waste for the year 2018. Local government district boundaries are based on Ordnance Survey 269 
of Northern Ireland published in 2012, reproduced with permission from Land and Property 270 
Services, Open Government Data Licence v3.0.  271 
(EU: The European Union, ROI: Republic of Ireland, UK: The United Kingdom) 272 
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3.4 Comparison with other regions 273 

Quantitative comparison of studies of plastic flows across various regions and timescales is 274 

challenging, due to the complex nature of plastic streams and different assumed boundary 275 

conditions. Nevertheless, plastic waste generation in Northern Ireland of 79 kg/capita-year is 276 

comparable to the findings for other regions (Table 2). The exceptions are the United States 277 

and Austria, which had higher throughput of plastics, and South Africa, which is still in the 278 

developing stages of the plastics economy. 279 

When it comes to plastic waste treatment (Table 2), recycling accounted for 33% in Northern 280 

Ireland, which is comparable to rates in Austria, Denmark, Japan and the UK (which range 281 

from 22-34%). In contrast, Trinidad and Tobago and South Africa had the lowest recycling 282 

rates; this is likely due to the “developing economies” of these countries (IMF, 2019) 283 

compared to the others in Table 2. The United States also recorded lower recycling rates, 284 

which are attributed to single-stream mixed waste collection. Incineration rates vary widely 285 

and were lowest in Northern Ireland (3% of plastic waste). Conversely, Northern Ireland had 286 

the fourth highest rate of landfilling of plastic wastes after Trinidad and Tobago, the United 287 

States and South Africa. Both landfilling and incineration are undesirable routes from a 288 

circular economy perspective as explained in the zero waste hierarchy (Simon, 2019) 289 

(hereafter referred to as the waste hierarchy). The preferred routes for resource conservation 290 

follow the trend: Refuse/rethink/redesign > Reduce and reuse > Preparation for reuse > 291 

Recycling/composting/anaerobic digestion > Material and chemicals recovery > Residuals 292 

management (including biologically stabilised materials to landfill) > Unacceptable (e.g. 293 

landfill/incineration) (Simon, 2019). Therefore, incineration should only be considered when 294 

the valuable plastic components have been reused and recycled (Papineschi et al., 2019). 295 

Possible reasons for reliance on landfilling are: (1) differences in population distribution, 296 

underlying geology and land use patterns, and the impact of regional bans. Denmark, for 297 

example, was the first country globally to ban landfilling of incinerable wastes in 1997 due to 298 

potential contamination of drinking water from groundwater sources and limited space for 299 

landfills (IVL Report E006, 2012); and (2) the allocation of plastic waste management costs. 300 

In Northern Ireland, these are mainly borne by local councils rather than the polluter, which 301 

hinders innovation in the recycling and energy recovery sector. In fact, the current 302 

implementation of Extended Producer Responsibility (EPR, a policy approach under which 303 

producers are given a significant responsibility for the treatment or disposal of post-consumer 304 
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products (OECD, 2016)) has been criticised in the UK, as it has been stipulated that only up 305 

to 10% of the financial responsibility of plastic packaging is borne by industries (Eunomia, 306 

2018).307 
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Table 2. Comparison of plastic waste generation and treatment in Northern Ireland with other regions. 308 

Region  Year  Plastic waste generation  Reusea  Recyclingb  Incinerationc  Landfill  Reference 
    kt  kg/capita  %  %  %  %   
Northern 
Ireland 

 2018  149  79  2  33d  3  62  This study 

United 
Kingdom 

 2016  5300  81  -  34e  35e  31e  Domenech et al. 
(2020) 

Austria  2015  920  106  -  28f  71  1  BMNT (2017) 
Denmark  2016  440  77  -  22g  78  <1  DEPA (2019) 
Japan  2013  9400  74  -  25h  57  18  MOE Japan (2018) 
South 
Africa 

 2017  2247  40  -  15i  -  85  Olatayo et al. (2021) 

Trinidad 
and 
Tobago 

 2016  96  70  -  0  0  100  Millette et al. (2019) 

United 
States 

 2015  35200  110  -  9j  14  77  Di et al. (2021) 

aReuse: Studies compared here did not quantify reuse %. 309 
bRecycling: Chemical and mechanical recycling.  310 
cIncineration: Incineration with/without energy recovery. 311 
dThe present study reports plastic waste recovered for recycling and did not compute sorting losses. 312 
eThe waste treatment proportions reported for the UK were for 2690 tonnes of plastic waste. 313 
fBMNT (2017) recorded recovered plastic waste. 314 
gDEPA (2019) reported recycling rates after considering sorting losses. 315 
hMOE Japan (2018) did not mention if the estimates accounted for losses.  316 
iFor South Africa the proportion of plastic waste recovered for recycling was reported as 15%. 317 
jThe recyclables collected in United States in 2015 corresponded to 9% while the recycled quantities amounted to 6.2%. 318 
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4. Discussion: Supporting the transition to a circular economy 319 

4.1 Monitoring and data management 320 

What gets measured gets managed. However, available data for plastics management in 321 

Northern Ireland are patchy (Table 1 and Section 3.2). This results in: (1) absence of 322 

identification of opportunities for recycling and reuse by industry and consumers; and (2) 323 

lack of baseline or year-on-year plastic flows and stocks data, which could be used to 324 

measure the impacts of upcoming legislation and innovations in plastics management 325 

systems. To eliminate this shortage of data, policymakers with input from various 326 

government and non-governmental organisations should: (1) improve data monitoring so that 327 

it goes beyond municipal waste and includes other sectors e.g. construction; (2) foster the 328 

dialogue between stakeholders; and (3) invest in research where needed to analyse current 329 

use of plastics across various sectors.  330 

A potential solution is trans-sectorial collaboration between the manufacturers and waste 331 

collectors, as statutory bodies are demanding higher recycling rates from local councils 332 

(Gent, 2020) and legislation is driving manufactures to use greater amounts of recycled 333 

polymer within products (Rhein and Sträter, 2021). Poor capture and quality rates are of 334 

concern to both parties, therefore mechanisms that allow a greater flow of data between them 335 

may provide effective measures to deal with the rapidly evolving polymer packaging/product 336 

marketplace, decrease the cost of recovery and reduce the need for additional legislation. It is 337 

recommended that government engages with clusters like the Northern Ireland Polymers 338 

Association, which has membership from polymer companies across the region (NIPA, 2021) 339 

and could support manufacturers to track their plastic footprint through regular consultation, 340 

place-based initiatives, and stakeholder engagement workshops.  341 

4.2 Science and engineering 342 

The current economic system has focused on a produce-use-dispose model (Fig.2). In this 343 

study, only 31% of plastic materials contributed to stock changes for a year, indicating high 344 

throughput and the disposable characteristics of current plastic use. Standardisation and 345 

simplification of design could increase circularity, as differences in polymer chemistries, 346 

grades, colour, shape, size, and branding of products present challenges for both recycling 347 

and reuse.  348 
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Designed-in contamination is another barrier to effective resource management, as it may 349 

render the product unsuitable for further processing. Examples include additives like colour 350 

pigments, lacquers, layering of different polymers, and labels. Designed-in contamination is 351 

an issue both for short service-life plastics (e.g. packaging) and long service-life plastics (e.g. 352 

in the construction sector). Construction accounts for the largest increase in plastic stocks in 353 

Northern Ireland (Fig.2). The use of plastics in construction has been rising due to their 354 

versatility (TEPPFA, 2019). As construction plastics can have a service life of up to 35 years 355 

(Bucknall, 2020), and construction practices and legislation change over time, end-of-life 356 

management can be challenging. For instance, despite a recent ban on phthalates (UK GOV, 357 

2019), these plasticisers are likely to be present in long service life products (Pivnenko et al., 358 

2016) and measures to limit their toxicity during end-of-life management will be required for 359 

decades to come. 360 

The design phase determines up to 80% of a product’s environmental impacts (European 361 

Commission, 2014), so to ensure product circularity and to avoid being restricted to the 362 

bottom of the waste hierarchy, changes at the design stage are key. While the aim is to move 363 

to circular economy designs that are at the top of the waste hierarchy, it is recognised that 364 

plastics are used in a variety of products with different service lives. Tailored solutions are 365 

therefore needed. Reuse, for example, is higher up the waste hierarchy than recycling, but 366 

may not always be possible due to logistical, hygiene or practical reasons (highlighted by the 367 

fact that only 2% of total plastic waste was reused (Table 2)). Refilling schemes for 368 

packaging have not become widespread due to similar reasons. Currently only 1.8% of plastic 369 

packaging is made reusable by manufacturers globally (Ellen MacArthur Foundation, 2020), 370 

and a step-change would be required to support a transition to reusability.  371 

There are also technological barriers to be overcome in the recycling sector. Performance can 372 

be a problem when there are high levels of recycled plastics. Plastic moulders usually 373 

incorporate 20-25% of recycled content with virgin, as blending regrind into virgin resin 374 

beyond 25% can significantly affect material performance (Getor et al., 2020). Plastics 375 

degrade during reprocessing due to crosslinking and chain scission. Mixed waste streams can 376 

also cause problems; a polypropylene recycling flow contaminated by PET can result in 377 

formation of spherical drops of PET reducing the overall quality of the product (Ragaert et 378 

al., 2017).  379 

This study recorded that 33% of total plastic waste is recovered for recycling (Table 2). This 380 

is because recovered plastics are a valuable resource (e.g. plastic bottles can sell for over 381 
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£400/t (WRAP, 2017)), however, many plastic items are small, insufficient in volume and 382 

made of difficult to recycle polymers, e.g. plastic films (WRAP, 2019). For difficult to 383 

recycle plastics (e.g. due to logistics, contamination, and deterioration of product 384 

functionality), chemical recycling could improve resource efficiency. Polymers in plastic 385 

waste can be broken down to basic molecules that can be used to synthesise new plastics 386 

(Häußler et al., 2021), but the process is still not available at commercial scale anywhere in 387 

the world (Hatti-Kaul et al., 2020). Other methods of chemical recycling are pyrolysis and 388 

gasification, which produce fuels (Benavides et al., 2017) but are near the bottom of the 389 

waste hierarchy and sensitive to feedstock quality (Sophonrat et al., 2019). Moreover, the 390 

REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) registration 391 

should be carried out to standardise the liquid oil as a product, before commercial adoption of 392 

pyrolysis as a recycling method (Qureshi et al., 2020). 393 

Changes in the plastics economy may be challenging, but they are both possible and essential. 394 

Proposed changes need to be examined carefully to assess potential environmental and social 395 

impacts over the whole life cycle and minimise unintended negative consequences. An 396 

example of unintended negative consequences can be found in the current regime for disposal 397 

of biodegradable plastics. In Northern Ireland, and more widely (Kakadellis and Harris, 398 

2020),  managed disposal routes for compostable plastics are limited (Hutchings et al., 2021), 399 

meaning that such plastics are often sent to landfill/incineration and the intended 400 

environmental benefits are not therefore realised.  401 

It should be recognised that a circular approach does not necessarily translate to a sustainable 402 

one (Walker et al., 2021). Gregson et al. (2013) highlighted that trials to prevent waste which 403 

aim to move up the waste hierarchy should be compared to existing and projected 404 

performance of recycling and energy from waste. Life cycle assessment of planned changes is 405 

required to avoid negative consequences. Life cycle assessment is a comprehensive tool (ISO 406 

14040:2006; ISO 14044: 2006) that sits at the interface of science, engineering, and policy 407 

(Jeswani et al., 2020) and is used to assess environmental and human health impacts of 408 

products and processes (Osman et al., 2021). It has also been suggested that life cycle 409 

assessment should be used to evaluate and substantiate sustainability claims of plastics 410 

produced using renewable sources (i.e., biobased plastics) (Lynch et al., 2017; Moshood et 411 

al., 2021). The primary objective should be to use less in the first place and that perverse 412 

incentives do not increase waste production to meet recycling targets. 413 
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4.3 Policy and behaviour 414 

The material flow analysis supported the identification of policies and behaviours that both 415 

enable and act as barriers to circularity in the plastics economy. This is exemplified by the 416 

fact that only 27% of municipal plastic packaging waste is recycled within the region and the 417 

remaining 73% is exported for recycling (Fig.3). Identification of the regional hotspots 418 

provides important information to help local councils understand the development needs for 419 

plastic waste management infrastructure (Fig.3). The barriers to a more advanced recycling 420 

infrastructure in Northern Ireland are:  421 

 (1) The limited demand from manufacturers for recycled content unless there is a significant 422 

price advantage for recycled over virgin feedstocks. The use of recycled content by 423 

manufacturers is inextricably connected to the price of virgin polymer. The volatile prices of 424 

virgin feedstock and recyclate, due to oil price fluctuations and/or UK government subsidies 425 

in the oil and gas sector (CIEL, 2017; European Commission, 2019), caused a disinclination 426 

among recycling companies to develop infrastructure (Burgess et al., 2021); and  427 

(2) The current implementation of EPR has unintentionally incentivised export of unsorted 428 

plastics rather than developing recycling capacities locally. This is attributed to the volatility 429 

in the prices of Packaging Recovery Notes (PRNs) and Packaging Export Recovery Notes 430 

(PERNs) (Eunomia, 2018), which disincentivises investment in recycling infrastructure. A 431 

further barrier is that PRNs are issued by a reprocessor when the polymer has been recycled, 432 

but after removal of contaminants and processing, there could be weight loss compared to 433 

original tonnage of plastics processed. In contrast, PERNs are issued by plastic exporters 434 

based on original tonnage of unsorted plastic. As PRNs and PERNs are issued to businesses 435 

at the same prices (BPF, 2021), this leads to distortion of the market in favour of export 436 

rather than reprocessing in the UK.  437 

Up until recently, Northern Ireland, and more widely the UK was heavily reliant on China as 438 

an end market for recovered plastics. Starting in early 2018 China introduced tighter 439 

restrictions on imports and other countries quickly became overwhelmed with shipments of 440 

recovered plastic (WRAP, 2019), with reports of mismanagement of exported plastic waste 441 

(ICPO-INTERPOL, 2020). The challenge now is ensuring that end markets for recovered 442 

plastics are commercially and environmentally sustainable. Wherever exports continue in the 443 

future, it is important that plastics exported from Northern Ireland are recycled to equivalent 444 

standards as here in Northern Ireland. Primarily, however, there should be emphasis on 445 
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increasing the breadth and depth of end markets closer to home and ensuring that there is a 446 

quality stream of plastics for recovery and recycling; policies also need to be carefully 447 

designed to promote lower overall resource use. The longer-term challenge will be to ensure 448 

that policy across different nations moves in the same direction to minimise the risk of 449 

plastics mismanagement. 450 

Moving from national level, there are also barriers at citizen level, as discarded plastic is 451 

often recognised by consumers as valueless (Green Alliance, 2020), resulting in loss of 452 

plastics in residual bins. This adds to the existing challenges caused by the public who often 453 

place the wrong items into recycling bins/bags/boxes or do not participate at all (Mehta et al., 454 

2021). This is further complicated by the multiple collection systems currently in operation in 455 

Northern Ireland, and throughout the UK (BBC, 2018). This results in difficulties for material 456 

recovery facilities in providing high-quality recyclate. 457 

At the extreme end of personal behaviours surrounding plastic waste are illegal dumping and 458 

fly-tipping which arise partly from a lack of strict enforcement of existing policies (EU 459 

IMPEL, 2019). An investigation of illegal dumps from 2006 to 2015 estimated they 460 

contained around 725 kt of waste with associated landfill costs of £22 million (NICVA, 461 

2016). Further investigations focusing on composition analysis of illegal dumps could 462 

provide information about mismanaged plastic waste flows in Northern Ireland. Similar 463 

research needs have been highlighted by Hsu et al. (2021) at the EU level. Illegal waste sites 464 

contain plastics and household waste along with other categories of waste (Brennan, 2016). 465 

The problem of illegal waste disposal is exacerbated by policy and regulatory differences 466 

between Northern Ireland and the Republic of Ireland (Cave, 2016), highlighting the need for 467 

a holistic all-island approach to waste management and, in the context of this paper, a circular 468 

approach to plastics. 469 

There has, however, been progress with policy, both in Northern Ireland and beyond, to 470 

support moves towards a circular economy, including: (1) Internationally, the Norway 471 

amendment to the Basel convention on transboundary movement of hazardous wastes has 472 

changed to include mixed plastic wastes in the category of waste which mandates full 473 

administration since 1 January 2021 (Basel Convention, 2019); and (2) The Single-use 474 

Plastics Directive (European Parliament, 2019) is to be implemented in Northern Ireland, as 475 

due to the Good Friday Agreement (The Agreement, 1998), the region continues to follow 476 

EU waste management rules and regulations (The Northern Ireland Protocol, 2020). The 477 
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Good Friday Agreement calls for greater coordination between Northern Ireland and the 478 

Republic of Ireland in an all-island approach to environmental issues, including plastics (rx3, 479 

2011), which could alleviate illegal waste transport between the two regions. 480 

At a national level, progress with policy in the UK includes: (1) Consultation on reforming 481 

the EPR by 2023 (DEFRA, 2019); (2) A £200/t tax from April 2022 on plastic packaging 482 

containing less than 30% recycled content, which could increase demand for recycled plastic. 483 

This is regardless of polymer type or the technical difficulty of achieving the target (HMRC, 484 

2020); and (3) Plans for a Deposit Return Scheme (DRS) to incentivise consumer recycling 485 

and improve recovered plastic quality (WRAP, 2020b). Such a scheme could see a significant 486 

rise in the quality and quantity of plastic diverted from existing waste streams, but this would 487 

lead to reduced income for collectors and, therefore a suitable funding mechanism would 488 

need to be implemented. 489 

We can also learn from existing systems that support “circular” behaviours, as there is 490 

potential for these to be implemented in other sectors. The current study recorded the highest 491 

proportion of reuse (48%) in the clothing textiles category (Section 3.1, Supplementary 492 

Material: Table S4), which could be due to the presence of charity shops selling pre-owned 493 

clothes (WRAP, 2012b). Charity shops or sharing schemes could improve reuse of other 494 

consumer products as well. WRAP (2012a) notes that nearly 30% of mattresses and underlay 495 

are reusable because they are identified as very clean, but the actual reuse observed in the 496 

MFA in the present study (other sector) was only 5% (Supplementary Material: Table 497 

S4). Consumer behaviour and a consistent approach to collection could play a strong role in 498 

enhancing reuse of plastics. 499 

In summary, the barriers to closed loop management of plastics are multifaceted: plastics are 500 

cheap (Section 1), there is insufficient infrastructure to produce high quality recyclate, and 501 

waste management and regulation systems are financially constrained and reliant on export of 502 

plastic waste (Fig.4). A transition to a circular plastics economy would not only include reuse 503 

(Section 4.3) and recycling but also design and manufacturing for circularity (Section 4.2). It 504 

is crucial that this transition is supported by robust scientific data and systems analysis to 505 

ensure sustainable design.  506 
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 507 

Fig.4. Barriers and enablers for transition to a circular economy for plastics.  508 

(DRS: Deposit Return Scheme, EPR: Extended Producer Responsibility, PRN: Packaging 509 
Recovery Note) 510 

4.4 Contribution and limitations of the study 511 

With an overarching aim to make recommendations for supporting the transition to a circular 512 

plastics economy, this study used: (1) quantitative uncertainties to conduct MFA, and (2) 513 

geospatial mapping to identify local hotspots requiring development of advanced plastic 514 

waste management infrastructure. In this study, Northern Ireland was presented as an 515 

example region, however, the approach used is universal and could be applied elsewhere. For 516 

the first time, research including plastic product consumption was conducted in Northern 517 

Ireland, providing information on long-term plastic stocks locked in various sectors. This 518 

supports a number of United Nations Sustainable Development Goals including Responsible 519 

Consumption and Production (SDG 12), Industry, Innovation and Infrastructure (SDG 9), and 520 

Climate Action (SDG 13). 521 
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The main limitation of the present study is the system boundary considered for plastics. 522 

Future studies would benefit from consideration of trade and manufacture of plastics across 523 

Northern Ireland. Nevertheless, the UK wide plastic trade flows are in Domenech et al. 524 

(2020). It would also be interesting to see the change in overall uncertainties, when data 525 

specifically for Northern Ireland (rather than UK wide) and updated reports recording plastics 526 

content in products across various sectors are available. Coupled with this is the need for an 527 

all-island approach to data management, so that waste flows with the Republic of Ireland can 528 

be better managed. Finally, it should be noted that, this study computed recovered plastics for 529 

recycling and did not account for losses in the system such as sorting losses. 530 

5. Conclusions 531 

This study investigated plastic stocks and flows using MFA for plastic products consumption, 532 

plastic waste generation and plastic waste treatment stages in Northern Ireland for 2018. The 533 

results indicated that 217 ± 11 kt of plastics are consumed, with packaging contributing 47% 534 

of total consumption. The commercial and industrial (33 ± 5 kt) and construction (25 ± 1 kt) 535 

sectors accounted for 15% and 12% of total consumption, respectively. 536 

The difference in the input and output contributed to stock changes, which amounted to 67 ± 537 

16 kt per year (31% net increase in stocks of the incoming quantity of plastic products). Total 538 

plastic waste production in 2018 was 149 ± 11 kt, of which about 68% was attributed to the 539 

packaging sector. Only a minor amount (2%) of the total plastic waste flow was reused, 49 kt 540 

(33%) of plastic waste was recovered for recycling, and plastic waste disposed of using 541 

landfill and incineration accounted for 96 kt (65% of the total). The findings from the present 542 

study support the following recommendations: 543 

 Implement effective collection and sorting to improve mechanical recycling yields. 544 

However, where mechanical recycling processes are not feasible, application of 545 

chemical recycling should be considered. 546 

 Standardise material designs, refilling and sharing schemes, and waste collection 547 

systems, to increase plastic reuse and recycling.  548 

 Develop a holistic all-island approach for transition to a circular economy for plastics 549 

in Northern Ireland and the Republic of Ireland. 550 

 Going forward, it is important that manufacturers, consumers, government, waste 551 

collectors and regulators, and non-governmental organisations do not act in isolation, 552 

but that their united efforts co-create the future of plastics in a circular economy.  553 
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