
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Life cycle assessment of plastic grocery bags and their alternatives in cities with
confined waste management structure: A Singapore case study
Ahamed, Ashiq; Vallam, Pramodh; Iyer, Nikhil Shiva; Veksha, Andrei; Bobacka, Johan; Lisak,
Grzegorz
Published in:
Journal of Cleaner Production

DOI:
10.1016/j.jclepro.2020.123956

Published: 29/08/2020

Document Version
Accepted author manuscript

Document License
CC BY-NC-ND

Link to publication

Please cite the original version:
Ahamed, A., Vallam, P., Iyer, N. S., Veksha, A., Bobacka, J., & Lisak, G. (2020). Life cycle assessment of plastic
grocery bags and their alternatives in cities with confined waste management structure: A Singapore case study.
Journal of Cleaner Production, 278, [123956]. https://doi.org/10.1016/j.jclepro.2020.123956

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1016/j.jclepro.2020.123956
https://research.abo.fi/en/publications/d89d5398-bb12-442b-a8e1-8ca3af3ec0f1
https://doi.org/10.1016/j.jclepro.2020.123956


1 
 

Life cycle assessment of plastic grocery bags and their alternatives in cities with confined 1 

waste management structure: A Singapore case study 2 

Ashiq Ahameda,b, Pramodh Vallamc, Nikhil Shiva Iyerd, Andrei Vekshaa,*, Johan Bobackab, 3 

Grzegorz Lisaka,d,* 4 

a Residues and Resource Reclamation Centre, Nanyang Environment and Water Research 5 

Institute, Nanyang Technological University, 1 Cleantech Loop, CleanTech One, Singapore 6 

637141 Singapore.  7 

b Laboratory of Molecular Science and Engineering, Johan Gadolin Process Chemistry Centre, 8 

Åbo Akademi University, FI-20500 Turku/Åbo, Finland. 9 

c Nanyang Environment and Water Research Institute, Nanyang Technological University, 1 10 

Cleantech Loop, CleanTech One, Singapore 637141 Singapore. 11 

d School of Civil and Environmental Engineering, Nanyang Technological University, Singapore 12 

639798, Singapore. 13 

 14 

* Corresponding authors: aveksha@ntu.edu.sg (A. Veksha) and g.lisak@ntu.edu.sg (G. Lisak). 15 

 16 

 17 

 18 

 19 

 20 

 21 



2 
 

Abstract 22 

Plastic grocery bags are one of the most ubiquitous single-use packaging products. Recently, 23 

‘eco-friendly’ options of plastic grocery bags have gained traction such as kraft paper, cotton, 24 

biodegradable, and reusable polypropylene non-woven bags. However, the impact of using 25 

various grocery bags in cities with dense population, well-developed infrastructure and thermal 26 

treatment as an end-of-life waste management option has been insufficiently documented. In this 27 

study, commonly found single-use (HDPE, biodegradable plastic, kraft paper) bags and reusable 28 

(cotton, polypropylene non-woven) bags were considered for the life cycle assessment (LCA). 29 

The usage characteristics (reusability, dimensions, carrying capacity) of bags, the production 30 

process (raw materials extraction, production processes), and emissions were determined as the 31 

significant factors contributing to the negative environmental impacts. In a model city with 32 

confined waste management, the assessment determined that the reusable polypropylene non-33 

woven bag (PNB) caused the least overall negative environmental impacts when there are 50 34 

instances of reuse, followed by single use HDPE plastic bag (HPB). The global warming 35 

potential (excluding biogenic carbon) was 14, 81, 17 and 16 times higher for HDPE plastic, kraft 36 

paper, cotton woven and biodegradable polymer bags, respectively, when compared to PNB. 37 

Moreover, kraft paper or cotton woven bags demonstrated the highest negative impacts for the 38 

impact categories including abiotic fossil depletion, freshwater-, marine- and terrestrial- 39 

ecotoxicities, human toxicity, acidification and eutrophication potentials. Further, sensitivity 40 

analysis indicated that the inflexion point for the PNB was minimum 4 reuses to avoid emission 41 

equivalent to the HPB. Singapore was adopted as the model city with confined waste 42 

management structure that imports most of the grocery bags, either as finished goods or as raw 43 

materials. Through comprehensive insights based on the new outlook of the integrated LCA 44 



3 
 

model (cradle-to-grave) that included full-scale transportation component, the usage of the real 45 

case data from a city to develop the life cycle inventory, and consideration of the existing 46 

grocery bags options, the environmental assessment along with critical evaluation was 47 

conducted.  48 

Keywords: LCA, plastic, environmental impacts, global warming, waste management, grocery 49 

bags  50 

List of abbreviations  

ADP-f Abiotic depletion potential (fossil) 

AP Acidification potential 

ASTM American Society for Testing and Materials 

BPB Biodegradable polymer bag 
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FAETP Freshwater aquatic ecotoxicity potentials 
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GWP Global warming potential 

HDPE High-density polyethylene 

HPB HDPE plastic bag 

HTP Human toxicity potential 

ISO International organization for standards 

KPB Kraft paper bag 

LCA Life cycle assessment 
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LCI Life cycle inventory 

LDPE Low-density polyethylene 

LLDPE Linear low-density polyethylene 

MAETP Marine aquatic ecotoxicity potentials 

MSW Municipal solid waste 

PE Polyethylene 

PHA Polyhydroxyalkanoate 

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

PNB Polypropylene non-woven bag 

PP Polypropylene 

TETP Terrestrial ecotoxicity potential 

tkm tonne-kilometer 

 51 

1. Introduction 52 

The usage of plastics has increased by twenty-fold in the past 50 years, and it is expected to 53 

double in the next 20 years (World Economic Forum, 2016). The types and applications of 54 

plastic have multiplied since its advent. Over 350 million tonnes of polymers, excluding fibers, 55 

were manufactured across the globe in 2018 (PlasticsEurope, 2019). Most applications of plastics 56 

are either short lived or single use. However, recent efforts have been undertaken to improve the 57 

sustainability of the resources. One of the targeted products for such efforts are the plastics. 58 

Polyethylene (PE) is one of the most common plastic products in the world (Saibuatrong et al., 59 

2017). Polyolefins (PE and polypropylene (PP)) are inexpensive, light, robust, highly malleable 60 

and ductile, resist damage by water, air, grease and cleaning solvents that the polymers encounter 61 
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during its usage (World Economic Forum, 2018; Lewis et al., 2010; Perugini et al., 2005). Low-62 

density, linear low-density and high-density PE (LDPE, LLDPE, HDPE, respectively) 63 

represented 26% of the global plastics demand in 2012 (Saibuatrong et al. 2017). Nearly 65% of 64 

PE is used for packaging applications such as grocery shopping bags, food packaging, garbage 65 

bags, and films (APME, 2007). HDPE bags are often used in supermarkets and convenience 66 

stores due to its low cost, high strength and durability. (Teasdale-Hensby and Lin-Heng, 2015; 67 

SEC, 2018; Morales-Mendez and Silva-Rodríguez, 2018). As the benefits seemingly outweigh 68 

the usage of any other viable alternative material, it is difficult to completely replace plastics in 69 

the near future. However, the extent of the human carbon footprint is underscored by the usage 70 

of grocery shopping bags, a symbol of the throwaway society (Muthu et al., 2011). The rate of 71 

plastic bag waste generation is expected to escalate with 752 million people projected to live in 72 

densely populated cities (>10 million inhabitants) by 2030 (United Nations, 2018). Hence, a 73 

multi-pronged strategy is being undertaken to address the consumption of bags (NEA, 2019a). 74 

Concurrently, the various stakeholders within the business community have emphasized the need 75 

for reduction in the consumption of plastics, and the concomitant generation of waste. Therefore, 76 

these concerted efforts have provided the impetus for the public to understand the impacts of the 77 

omnipresent plastic grocery bags.  78 

The low success rate of the packaging waste prevention initiatives indicates the need for life 79 

cycle thinking and substantial changes in production, consumption and distribution pattern 80 

(Tencati et al., 2016). The possible negative environmental impacts arising due to the usage of 81 

plastic bags include resource consumption, air and water pollution, and stress on the limited 82 

landfill space (SEC, 2018). Life cycle assessment (LCA) is one of the best environmental 83 

management tools for comparing alternative eco-performances of recycling or disposal systems 84 
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(Perugini et al., 2005) and for application in MSW management involving specific geographic 85 

location (Hou et al. 2018). LCA assists to gauge environmental perspective and aids in decision-86 

making (Kaab et al., 2019).  87 

Muthu and Li (2014a) demonstrated the environmental impacts of grocery bags via an eco-88 

functional approach. The authors developed a scoring system to evaluate and integrate the 89 

functionality of the various options with the environmental impacts. Saibutrong et al. (2017) 90 

compared three garbage bag alternatives including PE, Bio-PE (produced from bio-ethanol), and 91 

poly (butylene adipate-co-terephthalate) (PBAT)/Starch bags. The environmental impacts of PE 92 

were lower than the Bio-PE and PBAT/Starch in all the impact categories except the climate 93 

change potential despite the carbon offsetting effect of the biogenic carbon origin. Morales-94 

Mendez and Silva-Rodríguez (2018) studied the ozone layer depletion potential due to the plastic 95 

bags production at a manufacturing plant in Columbia. LCA of only the production process of 96 

the various grocery bags would underestimate the impacts of plastic bags (The Danish 97 

Environmental Protection Agency, 2018); hence, an integrated approach is essential. Civancik-98 

Uslu et al. (2019) presented a comparative LCA for HDPE, LDPE, PP woven, single-use 99 

recycled paper and biodegradable bags in the context of Spain cited from a 2008 report and 100 

correlated the outcome with a preliminary approach for marine litter impacts. A recent study by 101 

Abejon et al. (2020) concluded that reusable plastic crates are environmentally superior to the 102 

single-use cardboard boxes in food packaging application. There have been few LCA studies 103 

reporting plastic as an environmentally friendly option (Chaffee and Yaros, 2007; Muthu and Li, 104 

2014b; Saibutrong et al. 2017; Edwards and Fry, 2011) while some promote other materials, 105 

such as paper and biodegradable bags (Khoo et al., 2010; Muthu and Li, 2014d). The outcome of 106 

studies varied based on the system boundary conditions such as transportation distances, the 107 
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different geographical coverage, the weight of products, the recycling infrastructure, and the rate 108 

of mismanaged waste, which is in agreement with Abejon et al. (2020). However, a critical 109 

evaluation of an integrated cradle-to-grave impact of using various bags in cities with dense 110 

population, well-developed infrastructure, and thermal treatment as an end-of-life waste 111 

management option has been insufficiently documented. Especially, an analysis conducted with 112 

reference to existing waste management practices. The novelty of this research work is 113 

conducting a comprehensive and integrated LCA of the existing grocery bag options from 114 

cradle-to-grave including production processes, transportation distances in the context of cities, 115 

and addressing the environmental impacts from the perspective of cities with the prevailing end-116 

of-life thermal waste management. The research provides new insight into the environmental 117 

implications of various options of grocery bags, enabling review in a densely populated urban 118 

area, and provide perspectives for further improvements. The integrated life cycle based critical 119 

evaluation would aid in focused waste prevention initiatives, efficient resources management, 120 

environmental footprint reduction, and policy decision making. The objective of this research 121 

paper is to compare the environmental impacts associated with the usage of HDPE plastic bags 122 

and their common alternatives in cities with confined waste management structure like 123 

Singapore. The results discussed herein provide the comparative impacts of three single use 124 

(HDPE, biodegradable plastic, kraft paper) bags and 2 reusable (cotton, polypropylene non-125 

woven) bags that are currently in vogue. GaBi 6 LCA software equipped with ecoinvent 3.5 126 

database is used for the assessment.  127 

2. Methods 128 

2.1. Sample characterization 129 



8 
 

The average weight of the standard HDPE bag (approx. 53 × 31 cm, thickness 21 µm) from 130 

different supermarkets in Singapore was calculated to be 8.31 g. The carrying capacity by 131 

volume of an average HDPE bag was approximately 12 liters. Hence, the weight of each type of 132 

bag was estimated based on the 12 L volume capacity. The material characteristics of the 133 

different types of bags studied are provided in Table 1. The various types of bags chosen for the 134 

study are representative of the selection available currently for the public consumption. HDPE 135 

plastic bag (HPB), kraft paper bag (KPB), cotton woven bag (CWB), biodegradable polymer bag 136 

(BPB), and polypropylene non-woven bag (PNB) were the five variants of grocery bags studied.  137 

Table 1. Material characteristics of the different types of grocery bags in the LCA study. 138 

 
HPB KPB CWB BPB PNB 

Weight (g/12L) 8.31 58.34 69.51 8.31 26.25 

Moisture content (%) <0.1 7.0 6.2 0.5 <0.1 

Organic content (%) 74.0 89.0 92.3 84.5 81.6 

Ash content (%) 26.0 4.0 1.5 15.0 18.3 

N (%) 0.1 0.1 0.4 n.d. 0.1 

C (%) 61.0 41.1 44.3 74.1 71.9 

H (%) 9.3 6.1 6.0 12.1 11.2 

S (%) n.d. n.d. n.d. n.d. 0.2 

O* (%) 3.6 41.6 41.6 - - 

Calorific value (MJ/kg) 37.6 16.0 16.3 39.7 37.0 

Bag equivalents 1 1 50 1 50 

Weight equivalent of 1 FU (t) 6814 47839 1140 6814 430 
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*Estimated using the formula O = 100 – (N+C+H+S) – ash content – moisture 

content 

 139 

2.2. Analytical methods 140 

The calorific values were measured using a bomb calorimeter (IKA C2000 basic, Germany). The 141 

proximate analysis was conducted to measure moisture content in the sample by reporting the 142 

mass change before and after drying the samples in hot air oven at 60 °C for 24 h, while the 143 

organic and ash content in samples were measured by combusting the dried samples in a muffle 144 

furnace at 550 °C for 2 h. The ultimate analysis was conducted using the CHNS elemental 145 

analyzer (Elementar, Germany). The emission data and energy recovery (Table 2) for the 820 146 

million bags were estimated based on the laboratory analysis using elemental analyzer and bomb 147 

calorimeter.  148 
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 149 

Figure 1. System boundary diagram of the life cycle stages of a typical grocery bag produced for domestic consumption depicting 150 

foreground, background and excluded processes151 
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2.3. Life cycle methodology 152 

ISO14040 standards were followed in this LCA study, which comprises the recommended four 153 

steps, (1) goal and scope definition; (2) life cycle inventory (LCI); (3) life cycle impact 154 

assessment; and (4) interpretation of the results (ISO, 2006). The goal of this LCA was to 155 

determine the environmental impacts of the HPB used in supermarkets in Singapore and 156 

compare the impacts with four other substitutes in the market. The scope of this comprehensive 157 

LCA covers the entire life cycle processes including the production, distribution, upstream and 158 

downstream transportations, waste collection, treatment, and end-of-life disposal of the studied 159 

bag types. The system boundary (Figure 1) is subsumed within the cradle-to-grave concept of 160 

typical LCA methodologies. A report by Singapore’s Environmental Council (SEC, 2018) 161 

revealed that the annual uptake of plastic bags from supermarkets in Singapore amounted to 820 162 

million bags, which was roughly 141 bags per person in that year. Hence, the functional unit 163 

(FU) of the system was 820 million bag equivalents. For the CWB and PNB bags it was assumed 164 

that the bags were reused 50 times amounting to 16.4 million bags per FU. Original LCI was 165 

developed from various sources including laboratory analysis, ecoinvent database, computation 166 

and estimation from published literature and reports, and calculations from industrial and 167 

commercial sources. A detailed description of the LCI are disclosed in the section 2.4. Impact 168 

assessment was conducted using the CML 2001 method as the method (i) provides baseline 169 

midpoint characterization with disaggregated results; (ii) includes the highest number of factors 170 

under the ecoinvent database (Acero et al., 2015); and (iii) was applied by numerous LCA 171 

studies (Edwards and Fry, 2011; Ahamed et al., 2016; Yi et al., 2017; Nabavi-Pelesaraei et al. 172 

2019a; Nabavi-Pelesaraei et al. 2019b; Abejon et al., 2020). The impact indicators, namely 173 

global warming potential for a time horizon of 100 years (including and excluding biogenic 174 
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carbon), freshwater- and marine- aquatic ecotoxicity potentials, terrestrial ecotoxicity potential, 175 

human toxicity potential, acidification potential, eutrophication potential, and abiotic depletion 176 

potential (fossil) were reported in this LCA study. Hotspot analysis was conducted to identify the 177 

contribution of each of the sub processes involved in the life cycle.  178 

2.4. Life cycle modelling 179 

The foreground processes covered in the LCA study are grocery bag production, transoceanic 180 

shipping, local distribution transport, waste collection, incineration of the waste, energy recovery 181 

from incineration process, ash transport to transfer station, and ash transport to offshore landfill. 182 

The background processes include raw materials extraction, and production of precursors. Figure 183 

1 maps the entire foreground and background processes for the Singaporean context, providing 184 

the exhaustive steps of the LCA methodology. The inventory data for material properties (Table 185 

1), energy and emission (Table 2) are from primary sources while the data involving material 186 

production and transportation are from secondary sources (Table 2, ecoinvent database and 187 

supplementary material). The data for material production were acquired from the ecoinvent 188 

database for HDPE granulates, kraft paper, cotton, polyester-complexed starch biopolymer, and 189 

PP granulates. Due to advances in the manufacturing process of bags (such as thermal methods 190 

instead of conventional sewing methods), and the non-availability of their respective data, the 191 

production process involving the final step after plastic granulates, textile, and kraft sheet was 192 

modelled. The inventory of the final product from the granulates or sheets were estimated using 193 

the rated power load required for the operation of respective machineries. The average energy 194 

consumption of different manufacturing methods was adopted in order to minimize the variations 195 

among the methods. The corresponding life cycle inventory datasets are provided in Table 2 with 196 

supporting information in supplementary material.  197 
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Table 2. Life cycle inventory data for different life cycle stages of the grocery bag. 198 

Process Input/output flow HPB KPB CWB BPB PNB Corresponding datasets 

Grocery bag  

production from 

precursor 

Power consumption for 

production of 1 FU 

(kWh) 

947,376 1,597,898 38,303 947,376 126,514 SG: market for electricity, 

high voltage 

Transport to 

Singapore 

Transport from 

manufacturing source 

(tkm) 

94,074,756 675,529,738 3,503,734 78,686,630 3,254,235 transport, freight, sea, 

transoceanic ship 

Transport to 

point-of-sale 

Transport, domestic 

distribution (tkm) 

204,426 1,435,175 34,199 204,426 12,900 transport, freight, light 

commercial vehicle 

Transport to 

incineration plant 

Waste collection, 

transport (tkm) 

182,777 1,283,185 30,577 182,777 11,534 municipal waste collection 

service by 21 metric ton lorry 

Direct emissions 

from incineration 

of the waste 

CO2 (t)  15,244 72,129 1,850 18,507 1,136 Carbon dioxide, fossil 

[ecoinvent long-term to air] 

NO2 (t)  29 204 15 n.d 1 Nitrogen dioxide [Inorganic 

emissions to air] 
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SO2 (t)  n.d n.d n.d n.d 2 Sulfur dioxide [non-urban air 

or from high stacks] 

Ash (t)  1,771 1,905 17 1,020 79 - 

Energy recovery 

from incineration 

process 

Energy recovery (23%) 

(GJ)  

58,890 176,015 4,271 62,216 3,664 SG: market for electricity, 

high voltage 

Ash transport to 

transfer station 

and landfill site 

Ash transport (tkm) 25,559 27,483 244 14,721 1,136 1. transport, freight, inland 

waterways, barge 

2. transport, freight, lorry 

>32 metric ton 

 199 
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 200 

Figure 2. Waste collection services in Singapore (each color represents a different MSW collector) and the location of the incineration 201 

plants (marked in red), Source: NEA, 2019b 202 
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The transport from the manufacturing country to Singapore was estimated based on the import 203 

data from top ten countries, specific for each type of material (Supplementary material). The 204 

average import quantity was revised to represent import from the shortlisted ten countries. The 205 

transportation distance was calculated from the top two ports of these countries to Singapore, and 206 

the supply was assumed to be evenly distributed between the two ports. The tonne-kilometer 207 

(tkm) is an LCA unit that is used for estimating the transport distance while incorporating the 208 

weight factor. Subsequently, the tkm for the bags were estimated based on the tonne requirement 209 

for 1 FU and the distances from its major exporters to Singapore. The average distribution 210 

distance of the materials from warehouse to point-of-sale within Singapore was assumed as 30 211 

km for all types of bags.  212 

The waste collection and transport were modelled based on the existing framework in Singapore. 213 

With four incineration plants and waste from six zones (Figure 2), the allocation of waste based 214 

on their capacity and proximity was important. The waste generation was estimated based on the 215 

population size (Department of Statistics, 2019) of each zone. The means of waste collection 216 

across Singapore relies on the provision of garbage chutes within various housing and office 217 

buildings. Also, rubbish bins are provided at various locations to consolidate the waste while 218 

minimizing leakage into the environment. For transportation, the existing six zones (Pasir Ris – 219 

Bedok, City – Punggol, Woodlands – Yishun, Clementi – Bukit Merah, Ang Moh Kio – Toa 220 

Payoh and Jurong (NEA, 2019b)) were allocated based on their proximity to the incineration 221 

plants and the plants’ capacities (Supplementary material).  222 

The amount of ash generated from Senoko (33.3%), Tuas South (41.7%), Keppel Seghers 223 

(11.1%) and Tuas (13.9%) incineration plants in Singapore were estimated based on the capacity 224 

of waste treated at each plant (TSIP, 2018; Keppel seghers, 2019a; Keppel seghers, 2019b). The 225 
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ash from individual type of bags were calculated according to the ash content measured from 226 

laboratory analysis. The ultimate destination of the generated ash is the Semkau landfill island, 227 

located offshore of Singapore. For this conveyance, ash transport to the Tuas Marine Transfer 228 

Station was calculated from each plant, and the corresponding tkm values were estimated for 229 

each type of bag. The transport to Semakau landfill (30 km) via barge (NEA, 2019c) was 230 

included for all the scenarios.  231 

2.5. Assumptions and excluded processes 232 

Printing inks and dyes used in the bags were excluded due to lack of information and usage of 233 

negligible quantities. Transport from the supermarket to the consumer destination is excluded 234 

due to the variability of the distance, mode of transport, and small quantities being transported. 235 

The human and mechanical device utilization in waste collection activities, and cleaning 236 

processes are excluded due to lack of data. One-way transport of the waste unloaded vehicles are 237 

excluded. All the generated waste was assumed to be treated by incineration representing 238 

Singapore’s scenario and complete combustion was assumed during the incineration process. 239 

Transportation within the Semakau landfill site is excluded due to the variability in the distances 240 

traversed for different cells in the landfill at different points in time. Environmental impacts 241 

associated with the storage and consumer usage activities were excluded due to the difficulties in 242 

quantifying the activities. Secondary usage of single-use bags was excluded from the LCA. 243 

3. Results and discussion 244 

The ‘CML 2001-Jan, 2016’ method version employed for this assessment covers 12 impact 245 

indicators supported by the professional software GaBi. The reported 9 indicators, namely global 246 

warming potential (GWP) (including and excluding biogenic carbon), freshwater- and marine- 247 
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aquatic ecotoxicity potentials (FAETP and MAETP), terrestrial ecotoxicity potential (TETP), 248 

human toxicity potential (HTP), acidification potential (AP), eutrophication potential (EP), and 249 

abiotic depletion potential - fossil (ADP-f) are the significant contributors to the environmental 250 

impacts. The remaining 3 indicators of the method such as abiotic elements depletion potential, 251 

steady state ozone layer depletion potential and photochemical ozone creation potential yielded 252 

insignificant contributions for the scenarios considered. 253 

  254 
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 255 

Figure 3. Global warming potential (GWP) (100 years) of the five categories of grocery bags, disaggregated based on the various steps 256 

of their life cycle. (ibc – including biogenic carbon; ebc – excluding biogenic carbon) 257 
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 258 

 259 
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 260 

Figures 4. Comparative breakdown of the eco-toxicity potentials of the various types of grocery bags.261 
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3.1. Impacts of resource extraction and production 

The different types of grocery bags consume varying quantities of natural resources during their 

production. The HPB and PNB bags are produced using ethylene and propylene polymers. In 

2015, 68 million tonnes of PP and 52 million tonnes of HDPE were produced worldwide (Geyer 

et al., 2017). The GWP for 100 years results are illustrated in Figure 3. PNB causes the least 

GWP for the extraction of raw materials needed for the production of 1 FU. The production 

efficiency by weight of the polymers can exceed 95%, indicating a high degree of conversion of 

the input hydrocarbon into polyethylene (European Union, 2006). KPB causes the highest GWP 

if the biogenic carbon is excluded from the process. Notably, the KPB demonstrates an offset in 

GWP including biogenic carbon, which is attributable to pulpwood from trees being the raw 

material. The source of wood might be considered as a renewable source (Zero Waste South 

Australia, 2009), especially when the wood supply is subject to sustainable measures that 

examine species, tree growth, and environmental factors (Nambiar et al., 2018). However, 

applying the sustainable practice for paper production determines the actual magnitude of the 

GWP of the KPB production process. There are many challenges that need to be addressed, 

including, timber identification (Hasyim et al., 2020), forest management policies (Dube et al., 

2006), and forest rehabilitation (Dai et al., 2013). Hence, it may be surmised that the actual 

magnitude may vary between 43 million kgs of CO2-eq offset from the total; to an additional 72 

million kgs of CO2-eq impact on the overall GWP for KPB. It was reported that the current 

supply of paper bags was from felling trees, which contribute to the destruction of both plants 

and animals in addition to the production process engrossing energy from coal or natural gas 

(Muthu et al., 2011).  
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Cotton plants are cultivated to produce raw cotton that consume substantial fertilizers and water. 

The cleaned seed cotton is baled, before being spun into thread, and woven into fabric. 

Following this, it is cut and re-stitched to produce cotton bags. They generally possess greater 

tensile strength than HDPE bags (Foulk et al., 2006), and are biodegradable. Despite the 

assumption of 50 bag equivalents for CWB, the GWP of the CWB production process (excl. 

biogenic carbon) is higher than HPB (excl. biogenic carbon) by a factor of 2 and PNB (excl. 

biogenic factor) by a factor of 29. This difference is diminished when the overall GWP of the 

CWB and the plastic bags’ life cycle is considered. For example, CWB and HPB have similar 

overall GWP for 1 FU. This is due to the larger magnitude in the CO2-eq footprint of HPB’s 

transport, direct emissions and consumption of electricity. PNB continues to yield the lowest 

GWP of 1.66 million kgs of CO2-eq; while CWB causes the next lowest GWP of 22.91 million 

kgs of CO2-eq. However, the comparatively lower GWP of these two options maybe attainable 

only when reaching or exceeding 50 instances of re-use. This would have displaced an equal 

carrying capacity of HPB, BPB and KPB, which are considered as single-use bags. The GWP of 

BPB was slightly higher than the HPB. About 28% offset in GWP was observed for the BPB raw 

material production due to the biogenic carbon embodied at source. Khoo et al. (2010) reported 

that the production impacts of bio-plastics are more detrimental than petroleum-based plastics if 

conventional energy sources such as oil, coal, and natural gas are used throughout the life cycle 

production stage.  

Among the eco-toxicity potentials (Figure 4), KPB generated the highest MAETP, and CWB 

generated the highest FAETP and TETP. The contribution is primarily attributable to the nature 

of production process of cotton, which involves pesticide emissions to agricultural soil, and long-

term heavy metals emissions into freshwater. Paper bags production involves significant 
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generation of liquid waste streams. The two plastic alternatives of PNB and HPB caused far less 

toxicity during the production processes. KPB caused the greatest human toxicity due to the 

heavy metals emissions into freshwater and volatile organic carbon emissions into air during 

production, while PNB was adjudged the least (Figure 5). It was reported that there are 

significant impacts of the paper production process, including, burning of sulfur compounds 

(Izmest'ev et al., 2019), organic load of waste water (Sharma et al., 2014), chlorinated 

compounds discharge (Roy et al., 2003), and NOx emissions (Vakkilainen et al., 2006). The HTP 

of transoceanic shipping of KPB was greater than the toxicity of the entire life cycle of HPB and 

PNB. However, CWB represents a significant toxicity potential if the number of re-use is fewer 

than 50. Similarly, KPB was determined to cause the largest AP and EP, while PNB caused the 

lowest magnitude of these potentials (Figure 6). The AP of CWB and BPB were 1.7 and 1.5 

times higher than that of HPB, whereas the EP of CWB and BPB were 8.1 and 4.4 higher than 

that of HPB, respectively.  
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Figure 5. Disaggregated human toxicity potential of the five variants of grocery bags. 

 

Figures 6. Acidification and eutrophication potentials of the different types of grocery bags. 
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Figure 7. Disaggregated abiotic fossil depletion of the various types of grocery bags 

 

The ADP-f refers to the depletion or the decreased availability of the naturally occurring fossil 

fuel reserves. Among the various types of grocery bags (Figure 7), KPB caused the highest 

depletion of fossil resources during the process of raw material production. Interestingly, plastics 

are known to require greater amount of fossil fuels for the manufacture of the monomers. 

However, paper generally requires four times the energy when compared with other plastic bags 

(Bell and Cave, 2011). Therefore, this ensures that the ADP-f of KPB is higher than plastic bags 

such as HPB, BPB and PNB. CWB demonstrated lower ADP-f than HPB and BPB due to the 

plant origin of the raw material. Secondly, the KPB and CWB provide lower carrying capacity 

than the plastic bags. The latter ones are able to withstand greater tensile forces and, therefore, 
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for the same amount of material, provide enhanced carrying capacity. Therefore, more paper and 

cotton is required in order to ensure parity for the FU measurement of annual consumption. 

Hence, this further exacerbates the magnitude of ADP-f for KPB and CWB. Nonetheless, KPB’s 

magnitude greatly exceeds all the other variants of grocery bags considered by this study. 

Therefore, it can be determined that KPB has the greatest negative impact on the ecosystems 

among the various types of grocery bags commonly used. 

A sensitivity analysis on the number of reuses of PNB indicated that the relationship between the 

impact indicator and the number of bags is linear for all the impact categories. For example, the 

impact indicator values of all the impact categories approximately doubled for the case of 25 

reuses. The reason for this trend is the linear correlation of the number and weight of the bags 

with the production, transportations involved and emissions from disposal. The inflexion point 

for the PNB was ≥4 reuses to avoid emissions equivalent to the HPB. 

3.2. Transportation 

A full-scale transportation model provided a thorough representation of the impacts of all the 

transportation involved in the LCA. The transportation distance, measured in tkm, was computed 

based on the distances between the production source and the port of Singapore, domestic 

transportation to point of sale, waste collection, and ash disposal. The individual distances (km) 

can be obtained by dividing the tkm values in Table 2 with the respective FU (t) provided in 

Table 1. The transoceanic shipping from the production source is the largest contributor for the 

negative effects, followed by domestic transport via a light commercial vehicle to the point of 

sale. The consumption of fossil fuel and the magnitude of transported quantity (tonnes) are the 

main contributors to negative environmental impacts. The contribution of the entire 

transportation chain to GWP was 7, 1, 6 and 5% for HPB, CWB, BPB and PNB, respectively. In 
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the case of KPB, excluding biogenic carbon, the transport contribution is 9%, which is 

comparatively higher due to the heaviness of the material. The negative effects could be 

diminished by environmentally sustainable supply chain and sourcing the materials from the 

nearest supplier when available, thereby avoiding long distances of transportation. However, the 

impacts due to domestic distribution cannot be minimized unless the overall consumption is 

lowered. The KPB indicates the greatest impact for all the impact categories, followed by HPB 

and BPB, due to the single-use pattern and transportation of large quantities. The waste 

collection system causes notable contribution to the GWP and ADP-f due to the associated 

emissions and fossil fuel consumption. However, it is important to note that the weight and 

volume of the existing paper and cloth bags are comparatively higher than the plastic bags for the 

same carrying capacity. This signifies added burdens due to the associated transportation. The 

environmental impacts during waste collection transport are lower than the domestic transport to 

point of sale via light commercial vehicles due to the usage of compression trucks with higher 

carrying capacity and better transport efficiency. The effects of ash disposal transport is minimal 

due to the considerable reduction in the volume after incineration. However, it is important to 

note that Singapore is a relatively small city-state (724 sq.km) with high population density; 

hence, the transportation model can be extrapolated to cities with similar population density and 

infrastructure. In the case of other cities with distributed population, the domestic distribution 

and waste collection transports may contribute to a greater extent depending on the actual 

distances transported. Contrarily, the implications associated with the transoceanic shipping and 

ash disposal might remain similar, as the cities largely import bags from major producers 

worldwide and the ash disposal facilities are generally situated in the vicinity of cities, 

respectively. 
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3.3. End-of-life and ash disposal 

Waste collection from various locations is carried out using the designated waste collection 

trucks. Various public waste collectors whose boundaries are delineated in Figure 2 collect the 

waste. Trucks then transport the waste to the various incineration plants (Figure 2), which 

constitute the end-of-life option in Singapore for waste. Incineration is one of the common 

municipal solid waste (MSW) management methods employed in metropolitan areas across the 

world, as it facilitates the reduction of waste volume of up to 90% for MSW (Intharathirat and 

Salam, 2016; Man, 2019). Direct emission of CO2 from incineration is a significant contributor 

to the GWP for all types of bags. Direct emission (GWP, excluding biogenic carbon) accounts 

for 66, 53, 7, 68 and 68% for HPB, KPB, CWB, BPB, and PNB, respectively. AP, EP and HTP 

are other notable impact categories affected by direct emissions from KPB. However, the 

remaining impact categories are uncoupled from direct emissions. The incineration process 

yields residual ashes, which are landfilled in Singapore at an offshore-engineered landfill (Pulau 

Semakau). The landfill is projected to run out of space by 2035 as it receives approximately 

200,000 tonnes of ash and solid waste each year (Ministry of the Environment and Water 

Resources, 2013). This underscores the need for a careful consideration of waste and ash 

generation rates in Singapore. The ash content of HPB measured was 26%, which is higher due 

to the addition of fillers. Regulating or minimizing the filler content would yield much lower ash 

content for plastics (<5%). It would facilitate the extension of landfill lifespan. In a similar study 

by the Danish Environmental Protection Agency (2018), the end-of-life options for various 

grocery bags from the Danish supermarkets were ranked. The study proposed that the preferred 

end-of-life option for the disposable grocery bags could be the usage as bin liners. However, 
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reuse as bin liners is an interim solution that makes it impractical to consider as an end-of-life 

option. 

3.4. Air and water pollution 

The different types of grocery bags cause varying degrees of impact on the air and water quality. 

The extraction, manufacture and transport of bags via shipping cause emissions, which impact 

the ecosystem. The primary reason for the difference in impacts is due to the various types of the 

raw materials, production methods, use of chemicals, location of manufacture and shipping 

distances, among other factors. CWB and KPB production processes are water intensive causing 

heightened emissions into agricultural soil and freshwater. Cotton and paper require over 680 

and 9 times more water per kilogram of fiber production, respectively, when compared to HDPE 

(Muthu and Li, 2014b). Civancik-Uslu et al., (2019) reported that Mater-Bi biodegradable bags 

consume 27 times more water than the HDPE bags. Within Singapore, the sources of air 

emissions are domestic transport of the grocery bags from the port of Singapore to their point of 

application, waste collection activities, and direct emissions from their end-of-life incineration. 

Water emissions are mainly associated with the cleaning processes and emission control 

measures for the incineration ashes. However, water pollution due to marine litter is an important 

issue worldwide. Civancik-Uslu et al. (2019) highlighted that marine litter can inflict 

considerable impacts on ecological (including marine organisms and their coral habitats), social 

(including bioaccumulation causing human health issues and environmental degradation), and 

economic values (including ocean clean-up activities, and disruption of fisheries and tourism). 

They developed an assessment method based on the number of bags used, surface area, weight, 

price, and biodegradability of the materials, to estimate the marine littering potential. It was 

concluded that HDPE bags demonstrated the highest littering potential when compared to paper, 
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biodegradable, and PP bags. Hence, it is critical to assess the end-of-life scenarios before the 

implementation of specific grocery bag material and enforce precautionary measures to avert any 

leakage into the natural environment.  

3.5. Limitations and recommendations 

Since complete combustion was assumed in this study, the final residual waste was estimated to 

be the original ash content. However, in real case, the combustion residues will have char or 

incomplete combustion residues. It may vary between products and various factors such as 

temperature distribution in the incinerator could play a role in the formation of the residues. 

Energy harvested from incineration was the direct benefit out of this life cycle. The net electrical 

efficiency of incineration plants is approximately 20-25% (Ahamed et al., 2016). Further 

advancing the recovery efficiency of incineration plants will enhance the environmental benefits 

from conventional energy offsetting. On the other hand, improving the energy efficiency of the 

production processes and opting for renewable sources of energy could minimize the 

environmental footprint. Yi et al., (2017) reported that the production stage consumes the most 

energy. Morales-Mendez and Silva-Rodríguez (2018) reported that plastic extrusion and printing 

processes were the most polluting among the plastic bag production processes. The reasons were 

cited as high energy consumption and low efficiency of the machineries and usage of chemicals 

including alcohol and inks, improving all of which will lower the environmental footprint of 

plastic bags further.  

Plastic grocery bags are one of the most common components of marine plastic litter (Green et 

al., 2015; Rothäusler et al., 2019; Xanthos and Walker, 2017; Ocean Conservancy, 2016; Wilcox 

et al., 2016). The implications of the plastic pollution in terrestrial and marine ecosystem are not 

thoroughly quantified, and continue to limit the understanding of impacts within this niche. 
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There are ongoing research activities studying the effects of micro-plastics on various trophic 

levels of organisms. However, the plastic pollution in aquatic ecosystem is negligible in 

Singapore as only an insignificant amount of plastic ends up in water bodies from Singapore’s 

waste streams or via direct disposal. This is due to the nation’s comprehensive waste 

management practices and strict anti-littering measures. Therefore, continual efforts to minimize 

leakage into the environment would be sufficient to avoid negative environmental impact, rather 

than opting for alternate resource- or energy-intensive alternatives to plastic. Contrarily, the 

biodegradable bag released into the environment still releases CO2 upon decomposition unless 

microbes or other organisms uptake the carbon, thereby ending up in the food chain (Chaffee and 

Yaros, 2007). The study performed by Bidlingmaier and Papadimitriou (2000) on PHBV (PHA) 

biodegradable polymers, which was in accordance with ISO 14855, demonstrated a degradation 

of about 85% within 45 days under dry aerobic conditions. The weight of the Mater-Bi plastics 

(composed of 60% or more starch and starch derivatives, and of about 40% hydrophilic and 

biodegradable synthetic resin) decreased by 27%, implying that they did not fully biodegrade 

within the 72-day period (Mohee et al., 2008). Similarly, biodegradation of paper was 33 - 36% 

after 45 days (Alvarez et al., 2009). Using the standardized ASTM D5988 - 03 for determining 

the aerobic biodegradation for cotton, 23% of 'no finish' cotton's carbon was converted to CO2 

after 90 days, while 50-77% weight loss by composting was achieved after 90 days (Li et al., 

2010). Moreover, the timeline of biodegradation for the paper, cotton and other biodegradable 

bags are irrelevant within the context of Singapore, as most of the waste are incinerated within 

few days after disposal. Further, the direct CO2 emission from the biodegradable bags can be 

discounted if the bag material is biogenic in origin and produced via sustainable practices. 

However, the biodegradable bags are more suitable for countries with non-thermal processing as 
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an end-of-life waste management option (i.e. landfilling and open dumping) and for regions with 

high leakage of waste into the natural environment. 

The secondary use of plastic bags for waste disposal was unaccounted in this study, which could 

further reduce the impact of HPB as reported in the study by the Danish Environmental 

Protection Agency (2018). Chaffee and Yaros (2007) concluded that the standard PE grocery bag 

has significantly lower environmental impact when compared to the paper bag (with 30% 

recycled content) and a compostable plastic bag. Moreover, banning one type of single-use 

plastic bag might result in another type of single-use bag replacing it given the consumer 

behavior remains unchanged (Chaffee and Yaros, 2007; Taylor, 2019), potentially implying 

worse environmental impact than the current HDPE single-use plastics. The negative 

environmental implications of CWB and KPB are dominated by the existing production 

processes that consume immense amounts of water and natural resources to obtain the finished 

products. Improving the production methods, optimizing the resource usage, and following 

sustainable practices can favor cotton and paper alternatives in the future. Khoo et al. (2010) 

reported that the production impacts of bio-plastics are 80% more environment friendly than 

plastic bags when clean and renewable energy is used throughout its life cycle production stages.  

According to the Singapore Environmental Council (SEC, 2018), the imposition of plastic ban or 

charge could potentially act as a competitive disadvantage for the supermarkets that implement 

it, while consumers suffer from increased costs. The plastic bags require significantly lower 

energy for production when compared to other alternatives. It implies that companies and 

corporations have to spend less money and use fewer resources to produce the plastic bags. 

Plastics bags also account for one of the lowest emissions during its life cycle. Furthermore, 

other alterative bags require multiple instances of reuse in order to achieve the same or similar 
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GWP as a single plastic bag (Edwards and Fry, 2011; The Danish Environmental Protection 

Agency, 2018).  

Essentially, minimizing the usage of plastic bags is the productive measure to mitigate the 

environmental impacts associated with grocery bags. According to the 2018 statistics in 

Singapore, reducing the plastic bag consumption by half could prevent over 11 million kg-CO2 

equivalent emissions in a year. Reuse of the plastic bags to the greatest extent possible is critical 

in reducing the environmental impact, and secondary reuse in application such as bin liners is 

beneficial where reuse for shopping is not practical (Edwards and Fry, 2011; Muthu and Li, 

2014c). Therefore, it may be beneficial to improve mechanical strength of PE bags aiding in 

multiple usage. However, a calibrated approach is required to select the end-of-life option for 

waste plastics. Thermal technologies such as pyrolysis or gasification can be considered, in order 

to achieve higher carbon capture, energy recovery, and production of value added materials. 

Recent studies have reported the technical and environmental feasibility of the production of 

value-added products from plastic waste (Borsodi et al., 2016; Veksha et al., 2019; Ahamed et 

al., 2019). It may be applicable to cities such as Singapore, Tokyo, Hong Kong, and Dubai, 

where the waste management system can be closed and treated locally. The use of a proper waste 

management system with a thermal process as an end-of-life option for waste treatment ensures 

marine and soil littering are minimized. In a closed waste management system, the leakage into 

the environment is minimal for the general MSW, which also includes plastic waste. 
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Figure 8. Conceptual model of the translation of the environmental impact assessment study into 

policy consideration. 

 

Around 60% of the global population are projected to live in urban settlements by 2030 (United 

Nations, 2018). Although most of the impacts presented occur outside the boundaries of cities, 

the improvement of the global sustainability requires documenting impacts at different scale of 

effects and adopting sustainable practices. Therefore, in summary, it would be beneficial that the 

results presented herein provide the wider movement towards sustainability by private players 

and public authorities. By examining the results for various indicators, this shift can be directed 

towards the domains as depicted in Figure 8. Furthermore, the hotspot breakdown within each of 

these impact categories provides the information for policy makers. Hence, this study would re-

inforce the utility of policies that encourage shift towards reusable bags.  
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However, the reported results are governed by the assumptions made in this study. Depending on 

the deviation, the computed results may be an under or over estimate. Nevertheless, this study 

was conducted to provide perspectives into the environmental impacts of plastic grocery bag and 

its alternatives in cities. Minimized usage is encouraged and reuse is recommended as the 

secondary option. Collection and reprocessing of the spent plastic bags and encouraging 

circularity of the material flow may yield additional benefits.  

4. Conclusion 

In the case of Singapore, usage of reusable plastic bags followed by HDPE plastic bags are the 

recommended options. Switching to paper or cloth bags would increase the environmental 

footprint resulting in heightened negative effects such as global warming and eco-toxicity 

potentials. It is advised to opt for reusable plastic bags that can be reused multiple times. 

Otherwise, single use HDPE bags are recommended over kraft paper and biodegradable single-

use options. However, minimizing the overall consumption would facilitate substantial lowering 

of the environmental impacts. Reusing or reprocessing the single-use HDPE bags may be an 

option to prevent excessive consumption of the plastic bags.  

Meanwhile, for supermarkets, sourcing of the bags from geographically closer suppliers is 

recommended to lower the environmental footprint. Transoceanic shipping is the major 

contributor among transportation methods and is the only possible sub-process for intervention, 

as the remaining transportation activities are essential for consumption and disposal of bags. It is 

further recommended that plastic bags with lower filler or ash content be utilized, to prolong the 

lifespan of the landfill. Additionally, seeking environmentally sustainable manufacturing sources 

such as usage of renewable energy for production and transportation processes would further the 

benefits accrued.  
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It is essential to evaluate the implications case by case for dealing with the plastic waste. In a 

well-structured closed metropolitan waste management system where the leakage into the 

environment is minimal, using plastic bags may be the best option that is currently available. It 

may be applicable to cities such as Singapore, Tokyo, Hong Kong, and Dubai. Contrarily, if the 

waste management option is landfilling and if there is a possibility of high leakage into the 

environment, opting for degradable packaging sources would be preferable. A similar model can 

be extended for other plastic waste streams, whichever applicable, apart from grocery bags. The 

factors that play critical role in the decision choices are, existing waste management options, 

waste collection systems, and the leakages into the environment. The recommended options are 

applicable within the context of Singapore and in metropolitan cities/areas with similar and 

completely confined waste management structure.  
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