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Successful plastic recovery is necessary to mitigate the harmful environmental impacts 

resulting from its disposal and virgin material manufacturing from fossil sources. The 

source separation and collection are important steps to make sure that the quantity and 

quality of the material reaching the recovery processes is as high as possible. In Finland’s 

sparsely populated areas, however, the collection rate for plastic packages has remained 

low, possibly due to the inconvenience of the current system where the households are 

expected to transport their separated waste to regional waste points.  

One solution could be an alternative system where plastic packages are collected from 

households with other packaging materials mixed in a same bin. Commingled collection of 

packaging waste is a common practice in many countries, and it has the potential to reduce 

the transportation costs and environmental impacts resulting from extending the separate 

collection from households to sparsely populated areas.  

This thesis compares the climate change impacts of the current collection scenario to a 

commingled collection scenario where plastic is collected with metal and cardboard waste. 

This is done by conducting a life cycle assessment of the waste collection system.  

The results indicate that the commingled collection performs better in terms of the climate 

change. The most important factor found is the achieved higher collection rate resulting in 

both lower emissions from incineration as well as higher benefits from plastic and metal 

recovery. In future research, also other environmental impacts of the scenarios should be 

assessed. The economic aspects of commingled collection and local characteristics should 

be evaluated prior to implementation.  
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Muovijätteen kierrätys on tärkeää, sillä sen hävittämisestä sekä valmistuksesta syntyy 

haitallisia ympäristövaikutuksia. Syntypaikkaerottelulla sekä erilliskeräyksellä voidaan 

varmistaa, että kierrätysprosesseihin saatavan materiaalin määrä ja laatu on 

mahdollisimman korkea. Suomen haja-asutusalueilla muovipakkausten keräysaste on 

melko alhainen, johtuen mahdollisesti nykyisen järjestelmän epäkäytännöllisyydestä, jossa 

kotitalouksien on kuljetettava lajiteltu jäte alueellisiin keräyspisteisiin. Yksi ratkaisu voisi 

olla vaihtoehtoinen järjestelmä, jossa muovipakkaukset lajitellaan samaan jäteastiaan 

muiden pakkausmateriaalien kanssa ja kerätään suoraan kotitalouksista. Tämän tyylinen 

pakkausjätteiden ”sekakeräys” on yleinen käytäntö monissa maissa, ja se voi vähentää 

haja-asutusalueen jätteenkeräyksen kuljetuskustannuksia ja ympäristövaikutuksia. 

Tässä diplomityössä verrataan nykyisen erilliskeräyksen sekä sekakeräyksen 

ilmastonmuutosvaikutuksia, tavoitteena löytää optimaalinen vaihtoehto. Tämä tehdään 

mallintamalla molemmat jätteenkeräysjärjestelmät ja suorittamalla elinkaariarviointi.  

Tulokset osoittavat, että sekakeräys on parempi vaihtoehto ilmastonmuutoksen kannalta. 

Tärkein havaittu tekijä tähän on saavutettu korkeampi keräysaste, johtaen sekä pienempiin 

päästöihin jätteenpoltosta että suurempiin hyötyihin materiaalien kierrätyksestä. Tulevissa 

tutkimuksissa tulisi tutkia myös keräyssysteemien muita ympäristövaikutuksia. Myös 

sekakeräyksen taloudellisia näkökohtia ja muita paikallisia yksityiskohtia täytyy arvioida 

ennen käyttöönottoa.   
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1. Introduction 

Climate change is one of the biggest challenges people are facing now and in the near 

future. It causes global temperatures to rise leading to harmful impacts, such as rising sea 

levels and extreme weather events, which pose an immense risk for human health and 

wildlife, as well as heavy costs on societies and economy (EC, 2021). In order to mitigate 

these effects, the greenhouse gas (GHG) emissions from all human activities need to be 

drastically reduced.  

Waste management is a system including different processes and actions aiming for 

economically affordable, socially acceptable, and environmentally effective handling of 

waste produced by different activities. Direct GHG emissions from waste sector mostly 

result from biological processes happening in landfill disposal and composting (OSF, 

2020). However, waste management is strongly linked with GHG emissions from other 

sectors as well: transporting and processing of waste require energy, waste incineration 

produces GHG emissions, recovered material can reduce emissions from virgin material’s 

production and recovering the energy content of the waste may lead to avoiding emissions 

from combustion of other fuels.  

Plastic is a material that has an essential ingredient of a high polymer, and that can be 

shaped into different forms. Plastics come in a wide variety of types, and due to their 

versatility, they are today utilised in a lot of different applications, ranging from 

transportation and construction sectors to electronics. In EU, the largest type of plastics 

produced are packages (Eskelinen et al., 2016). Even though using plastics has a lot of 

benefits, they have also been a growing concern from the environmental point of view: 

virgin plastics are still mostly manufactured from fossil sources and, as their application in 

everyday life has increased, their amounts in different waste streams has also risen.  

Among other actions set to face the plastic waste problem, EU has placed recycling rate 

targets for plastic packages to be 50% by 2025 and 55% by 2030 (Packaging and 

packaging waste directive 94/62/EC). In 2019, the recycling rate of plastic packages in 

Finland was around 42% (Pirkanmaan ELY-keskus, 2020) meaning that current measures 

made for collecting and recycling the plastic packages are not yet enough. Salmenperä et 

al. (2019) has assessed on ways for Finland to meet the EU targets and the most efficient 
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way found was to increase the separate collection for each property and improve the 

sorting efficiency of waste producers.  

Current Finnish waste act obligates properties that hold five or more apartments to arrange 

separate collection of plastic packages latest from July 2023 (Ministry of the Environment, 

2021). The obligation excludes all detached and semidetached houses where almost 50% 

of people in Finland live (Salmenperä et al., 2019). Additionally, the obligation only 

covers properties in “urban areas” with population of at least 10 000 inhabitants. In 

Finland, however, around 800 000 people live in “sparsely populated areas” which are 

characterized by remote locations and long distances (Salmenperä et al., 2019).  

Due to the lack of established separate collection system from properties, the households in 

sparsely populated areas are currently expected to take their source separated plastic waste 

to “regional collection points”. Unfortunately, these points have not been very efficient in 

terms of increasing the separate collection of plastics: the estimated collection rate for 

plastic packages from regional collection centres in Finland is considerably lower than the 

rate from household collection (Salmenperä et al., 2019). Same effect has also been 

noticed by studies based in England (Hahladakis et al., 2018) and Netherlands (Cimpan et 

al., 2015) where the source separation efficiencies for plastic packages of “pickup 

systems” (i.e., waste collected from the property) has been found to be higher than from 

the regional collection type of “drop-off schemes”.  

Commingled collection of packaging waste is a system widely used in Europe (Cimpan et 

al., 2015). Here, multiple materials are source separated to the same bin, collected together 

and transported to a mechanical separation facility. The assumed benefits over collecting 

all waste fractions separately include reducing the collection costs and emissions from 

transportation, as well as increasing the recycling convenience for households (Lakhan, 

2015). These benefits may be even further enhanced when applied as a pickup scheme in 

sparsely populated areas, where the biggest issues in waste collection include the long 

distances, and the current inconvenience for the households by first having to source 

separate all the waste fractions and then additionally transport the fractions to a regional 

collection point.  

In general, the positive climate change impact from getting more plastic to recycling have 

been found in multiple studies (e.g., Von Velzen et al., 2013). Also, the potential of 
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commingled collection type of systems to increase the collection rate of recyclable waste 

have been concluded in multiple studies (e.g., Lakhan, 2015; EC, 2022). However, the 

different factors affecting the waste management are often very much location specific, 

especially concerning the collection, and therefore the results of previous studies cannot be 

straight-forwardly applied. In the Finnish context, Kemppi et al. (2020) report analysing 

the environmental impact of alternative waste collection obligations concluded that 

extending the separate household collection in Finland has an overall positive effect on 

climate change. This study however excludes the sparsely populated areas. Of all literature 

found on the topic, there doesn’t seem to be studies where climate change impact of drop-

off scheme is compared to the commingled pick-up collection - most comparisons are 

between systems that are both based on collection from properties. 

 

1.1. Study objectives  

This thesis analyses the climate change impact of two waste collection scenarios in 

sparsely populated areas. The studied scenarios are the current “regional collection” (REG) 

system and an alternative “commingled collection” (COM) system. The research questions 

this thesis studies are as follows:  

1. How does implementing commingled collection system in sparsely populated areas 

affect the climate change impact of the total waste system?  

2. What are the differences of commingled collection and the current practice in terms 

of climate change impacts?  

3. What are the most significant processes contributing to the climate change impacts 

of the scenarios?  

To answer these questions, a life cycle assessment (LCA) of the waste collection system is 

conducted. LCA is a quantitative method for evaluating environmental impacts of products 

and systems. It has been widely used in assessing waste management systems’ 

environmental performance. The results from this study are meant for aiding in decision-

making when developing the waste management in Finland’s sparsely populated areas.  
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2. Household plastic packaging waste management  

In general, waste is classified as a “substance or object which the holder discards or intends 

or is required to discard” (Directive 2008/98/EC). Waste is generated in almost all human 

activities. In waste management it is usually categorized according to the source, materials, 

and other properties, such as hazardousness. Municipal solid waste (MSW) includes 

residential waste and similar type of waste from, for example, stores and restaurants. In 

Finland, waste generated in households accounts for approximately 71% of the MSW from 

where different types of plastics make up the third largest share of a single material, most 

of this being packages (OSF, 2020; KIVO, 2020).   

In Finland, the waste management is based on the waste hierarchy defined in the EU Waste 

Framework Directive (2008/98/EC). According to this hierarchy, the priority for plastic 

packaging waste (PPW) include preventing the waste generation followed by preparing the 

products for re-use. Only when these options are not viable, the material of the waste 

should attempt to be recovered by recycling. From the plastic material that is non-

recyclable, the energy content can be recovered in waste incineration plant. The 

combustion without energy recovery and landfill disposal are the last options. In Finland, 

most of the generated PPW is currently treated in energy recovery (Pirkanmaan ELY-

keskus, 2020). 

 

2.1. Plastic waste generation  

Plastics are produced by first acquiring raw materials, usually petroleum or natural gas. 

The basic alkanes of this raw material are then synthesized into olefins which are then 

polymerized and plasticized into a plastic grade named after the polymer. During the last 

50 years the global consumption of plastics has increased 20-fold, and over the next 30 

years the use is estimated to at least double (YM, 2018). Most demanded plastic grades are 

polypropylene (PP) and different types of polyethylenes such as HDPE and LDPE 

(Eskelinen et al., 2016). Sustainability-wise, conventional plastic production face the 

issues of high energy demand, large GHG emissions and finite raw-materials. Currently 
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around 4% of all produced oil goes into manufacturing of virgin plastics (Eskelinen et al., 

2016).  

The largest industry using plastics in Finland is packaging, contributing to around 40 % of 

all use (Eskelinen et al., 2016). The benefits of using plastic as a packaging material are 

plenty: it is durable, lightweight, versatile in terms of shapes and colours, and cost 

effective. Even though alternatives have made their way to replace plastic in some 

packaging solutions, the trend in the amounts of plastic packages placed on Finnish market 

remains growing (Figure 1).  

 

 

Figure 1. Plastic packages placed on the market in Finland 2003-2019 (Pirkanmaan ELY-keskus, 2020). 

 

Since most packages are considered as “single-use”, i.e., discarded shortly after use, the 

amount of packages put on market reflects the amount of generated plastic waste. In 2019, 

the amount of PPW was around 133,000 tonnes (Pirkanmaan ELY-keskus, 2020). The 

amounts generated at a household-level depend on multiple factors, such as income level, 

consumption habits and the level of awareness. Re-usability and other eco-design measures 

made by the producer as well as restrictive legislation to some plastic products can also 

limit the amount.  
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2.2. Source separation and collection  

When plastic package is discarded it enters the waste management system (WMS). The 

first step in WMS is source separation where the waste generators sort their waste for 

collection. Source separation is often viewed as a critical factor for achieving higher 

recycling rates as the non-separated wastes (i.e., “mixed waste” or “residual waste”) do not 

generally reach the material recovery. The source separation efficiency of household waste 

is dependent on multiple factors such as public commitment, education, social norms, and 

quality of local institutions (Calabró and Satira, 2020). Also, the accessibility to waste 

collection as well as perceived economic and environmental benefits are often seen as 

determinant factors (Calabró and Satira, 2020).  

Waste collection is defined in the EU Waste directive as “the gathering of waste, including 

the preliminary sorting and preliminary storage of waste for the purpose of transport to a 

waste treatment facility” (Directive 2008/98/EC). In practice this means setting out waste 

bins for collection and picking them up with collection vehicles. The goal of a waste 

collection system (WCS) is to collect correctly separated waste as much as possible in a 

way that is efficient both in terms of used time and costs (EC, 2022). The way the source 

separation and waste collection are organised has a major impact on the waste system as a 

whole since it influences the composition as well as the quality and quantity of the 

recyclable waste (Pires et al., 2019; Bröckl et al., 2021).  

The two main approaches for waste collection are (1) pick-up system and (2) drop-off 

system. In the pick-up system waste is collected straight from the household or from its 

immediate proximity and in drop-off system the waste generator brings waste to a common 

waste facility. In an advanced WMS, these approaches are often integrated together (Pires 

et al., 2019). As the pick-up system is the more convenient solution for the households, it 

is generally seen as yielding more recyclable materials. One study estimated that in 

Netherlands, the separate collection efficiency for PPW was 30-64% in a pick-up system 

and only 12-53% in a drop-off system (Cimpan et al., 2015).  
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In addition to these different approaches, there is a vast number of different configurations 

applied for the waste collection with the most common ones being single stream, 

commingled recyclables, and multi stream (Table 1). 

 

Table 1. Common configurations for the collection of MSW (Calabró and Satira, 2020). 

Configuration Description  

Single stream   All waste collected in one stream.  

Commingled 

recyclables  

Dry recyclables collected as single stream, organic waste as well as residual waste in two 

supplementary containers.  

Multi stream  Several waste streams (e.g., paper, glass, plastic, metals, organics) and mixed waste are 

separately collected.  

 

The multi stream collection configuration is often linked to higher recycling rates and 

quality of materials (Calabró and Satira, 2020). Recently this view has however been 

challenged because the waste collection strongly depends on collection area’s 

characteristics such as population density and types of buildings, as well as public 

acceptability of different collection methods (EC, 2022). Also, it should be noted that the 

amount of waste to be collected separately and the distances between collection points 

affect the waste transport and logistics system: the more separately collected types of waste 

and the further apart the collection points are situated, the more challenging it is to 

organize efficient logistics. In the European Commission’s Best Environmental 

Management Practice on waste collection strategy (EC, 2022) it is advised that the optimal 

number of separately collected waste fractions for specific cases need to be considered.  

 

2.2.1. Waste collection in Finland 

Finnish waste act obliges different types and qualities of waste to be collected separately 

(Waste act 646/2011, 15§). The separate collection of PPW started in 2016 (Suomen 

Uusiomuovi Oy, 2020). In Finland, PPW is part of the “extended producer responsibility” 

(EPR) scheme meaning that the producer placing a package to market must organize the 

waste management of it, including the collection (Waste act 646/2011, 46§). In practice 

this is done by producer associations. The EPR does not currently apply to other plastic 
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waste from households so there is no separate collection organized for plastic waste 

outside the packages.  

In situations where the environmental impacts, technical issues and costs of separate 

collection are too high, the separate collection obligation can be waived (Waste act 

646/2011, 15§). The properties not covered by this obligation include detached and 

semidetached houses as well as all households in sparsely populated areas. For these 

properties, the packaging producer association must organise the collection with “regional 

collection points” (Figure 2). The waste act obliges that these points are geographically 

comprehensive and considers the occupants and population densities (Waste act, 646/2011, 

49a§). There is currently over 1850 regional collection points around Finland, but PPW is 

accepted only in around 600 of them (Rinki, 2022). 

 

 

Figure 2. Regional collection point (RINKI, 2016).  

 

In 2019, a total of around 45 000 tonnes of PPW were separately collected from 

households, regional collection points and companies (Suomen Uusiomuovi Oy, 2021). 

This number does not include the plastic bottles returned to the deposit scheme. From the 

generated PPW, there is around 122 000 tonnes that are not in the deposit scheme so the 

total collection rate of PPW can be calculated to be around 37% in 2019 (Suomen 

Uusiomuovi Oy, 2021). However, it should be noted that the reported amount of generated 

PPW does not include the packaging that ends up in Finland through consumer passenger 
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imports and foreign e-commerce purchases. Because this waste commonly still ends up to 

the waste management system, the actual collection rate is most likely lower. Additionally, 

even though the separate collection of PPW is meant for only plastic packages, there is a 

varied amounts of other plastic products that are often separated with them.  

The regional collection points yielded around 10 900 tonnes of plastic packages in 2019 

(Rinki, 2019). If it is assumed that around 50% of the PPW is generated outside the 

separate collection obligation, as this is an average share of people in Finland living in 

detached or semi-detached houses, the collection rate of plastic packages from regional 

collection points can be calculated to around 18 %. However, this number should be taken 

with caution and not as a fact, as in 2019 the separate collection obligation excluded more 

households, and the collection points generally yield waste also from people permanently 

living in households within the obligation but using the points for example for waste from 

holiday housing. In Salmenperä et al. (2019) report, the collection rate from the regional 

collection points is estimated as low as 4%. When PPW is collected from the properties, 

the rate is estimated as 22% (Salmenperä et al., 2019). 

Reasons for the low collection rate was assessed in economic research conducted for 

Finnish people in 2019 (Circwaste, 2019). It was found that even though most of the 

respondents voiced their concern over the environmental issues regarding the plastic waste, 

only 63% said that they separate plastic waste. The main reasons for low separation were 

found to be in the distance to the collection point. Of the respondents, 28% told that the 

point is too far and 40% did not separate due to not having a collection in their own 

housing association. Most respondents concluded that by bringing the collection closer to 

home would increase the motivation for recycling. It should be noted that the study was 

done by an online questionnaire, so it is likely that it drew in mostly people interested in 

recycling and therefore the results may not represent an average opinion. 

 

2.2.2. Studies on Finnish waste collection  

Kemppi et al. (2020) have assessed the impacts of extending the separate collection 

obligations in Finland to cover more households. The study evaluated, for example, the 

climate change impact of four different scenarios (Table 2) for packaging waste collection.  
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Table 2. Separate collection obligation scenarios studied in the Kemppi et al. (2020).  

Scenario Description  

0   Baseline situation, i.e., separate collection obligations in 2019.   

1 Obligation to all properties with five or more apartments in all of Finland.  

2  Different biowaste collection obligation, packaging waste obligation same as scenario 1.  

3 Obligation to all properties in Finland’s “urban areas” (i.e., excluding the sparsely populated 

areas).  

 

The results concluded that on all scenarios with extended separate collection, the climate 

change impact was better than in the baseline situation (Table 3). In all scenarios, the net 

CO2 equivalent emissions of the recovery processes were highest in the cardboard 

recovery, and biggest benefits resulted from mixed waste incineration as well as metal 

recovery.  

 

Table 3. Net CO2 eq. emissions with the 2019 separate collection obligations (Scenario 0) and extended obligations 
(Scenario 3) calculated in the Kemppi et al. (2020). 

Process  Scenario 0  

[tCO2eq./a] 

Scenario 3 

[tCO2eq./a] 

Plastic recovery  -3900 -4200 

Metal recovery -19 100  -25 100 

Cardboard recovery  +4600  +8600 

Mixed MSW  -83 300 -100 300 

 

Another assessment by Kemppi & Niskanen (2018) concerning the climate change impact 

of plastic packaging collection in Central Finland region concluded that biggest benefits 

would be gained with extending the regional collection network as well as collection from 

all properties with five or more apartments. The biggest factor to the climate change 

impacts here was found mostly to come from reducing the amount of PPW in incineration 

(90%), while only a minor importance was the benefits from plastic recycling (10%).  

 

2.3. Material recovery 

After the collection, the plastic packages are transported to a transfer station from where it 

is generally further transported to a material recovery facility. In Finland, most of the 
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separately collected PPW is processed at a Fortum plastic recycling plant, located in 

Riihimäki, South-Finland. Due to the limited capacity of the plant, some of the PPW has 

also been exported, mostly to Germany and Sweden, since 2020 (Miettinen, 2021a).   

The recycling rate of plastic packages is currently 42% (Pirkanmaan ELY-keskus, 2020) 

based on the amount of material successfully collected for the recycling, including the 

collected household waste as well as PPW from businesses. However, this does not reflect 

the actual circulation or recovery of material. With a new suggested calculation method, 

the recycling rate is calculated as the proportion of the successfully recovered material 

from the quantity placed on the market. When this method is applied, the recycling rate for 

plastic packages is only around 20 % (Suomen Uusiomuovi Oy, 2021). The biggest issues 

in plastic recycling are the large amount of different plastic grades and the dirtiness of 

consumer plastics (Eskelinen et al., 2016).  

 

2.3.1. Mechanical separation  

The separately collected PPW includes various types of plastic grades and impurities, 

making the mechanical separation an important step in the material recovery. The aim of 

mechanical separation is to separate different fractions of the incoming waste with minimal 

material and quality losses. Important parameters determining the efficiency of the 

mechanical separation are recovery rate and purity. The recovery rate is the share of the 

target material that is separated from the total amount of that material entering the 

separation. The purity means the share of target material in the separated fraction.  

For separately collected PPW, water flotation is a typical sorting method (Ragaert et al., 

2017). It is based on the density of the material, and it separates a ‘floating fraction’ of 

materials with lower density than water and a ‘sink fraction’ with higher density. The 

density of polyolefins (i.e., PP, LDPE, HDPE) is less than 1g/cm3 making them part of the 

floating fraction while other polymers with higher density will sink. Another method for 

plastic waste sorting is near-infra red spectroscopy (NIR) technology that is based on the 

reflectivity of an object within wavelength range of 1100 to 2100 nm. These types of 

sorting systems can distinguish different types of plastics as well as cellulose-based 

materials (Allen, 2016).  
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A more complex separation facility is required when multiple recyclable waste materials 

are collected together in the commingled collection system. Here, not only the plastic 

grades and impurities need to be separated but also the other packaging materials. The 

separation facilities set for commingled packaging waste usually include waste screening, 

air separation, ballistic separation, magnetic separation, eddy current separation, NIR 

sorting, and manual sorting (Kleinhans et al., 2021).  

 

2.3.2. Recycling  

The recycling practices of plastics can be roughly put in two categories: mechanical and 

chemical recycling. Of these two, mechanical recycling is the more commonly used. Here 

the plastic waste is either reprocessed into the same or similar type of end-product or 

down-cycled to lower value end-product. The processing is done so that the basic 

polymeric structure of the material is not affected. In general, the main processes included 

in the mechanical recycling after the initial sorting are washing, grinding and granulation 

(Ragaert et al., 2017).  

At the Fortum plastic recovery plant, the PPW is processed either to granulates or plastic 

profiles with estimated annual produced amounts of 9000 t and 1000 t respectively 

(Fortum Waste Solutions Oy, 2019). The plastic granulates can be utilised in plastic 

industry and profiles in construction industry. The granulation of the household PPW is 

done in two separate lines, one for plastic films producing LDPE granulates and one for 

hard plastics producing HDPE and PP granulates. The granulation includes the following 

processes (Fortum Waste Solutions Oy, 2019): 

1. Crushing to reduce the PPW’s particle size. 

2. Separating metal impurities with magnet.  

3. Washing to remove the heaviest impurities. 

4. Secondary washing to remove for example labels and adhesive residues.  

5. Drying. 

6. Melting of the PPW in extruder with heat.   
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7. Pressing the molten plastic through a shaped die into a thin strip. 

8. Cutting of the thin strip into granulates. 

9. Cooling of granulates.  

10. Storage in silos or bags.  

 

The plastic profiles are produced by first crushing the PPW, melting in extruder and 

dyeing. The molten plastic is then injected under pressure into a mould where it solidifies 

into the shape. The ready profiles are then cut to order with circular saw. (Fortum Waste 

Solutions Oy, 2019) 

In Lazarevic et al. (2010) study evaluating multiple life cycle assessments conducted for 

different treatments for plastic waste, mechanical recycling is concluded as generally the 

environmentally preferred option for plastic waste. However, important factors affecting 

the treatment’s potential are the ratio in which virgin material can be substituted as well as 

the organic contamination. In cases when the ratio is low and contamination high, the 

environmental benefits of mechanical recycling could lead to lower environmental benefits 

than incineration with energy recovery (Lazarevic et al., 2010).  

Astrup et al. (2009) study accounting GHG emissions of plastic recycling concluded that 

substitution of virgin plastic should be preferred because substitution of other materials, 

such as wood, reduces the potential benefits in terms of global warming. Another 

important issue regarding the mechanical recycling is the degradation of the polymers due 

to the exposure to heat and mechanical shear, among other conditions (Ragaert et al., 

2017). This reduces the amounts of possible cycles that the plastics can have in the circular 

economy.   

The chemical recycling of plastics is a possible solution for some issues faced by the 

mechanical separation and could be used as a complementary method to recover plastics 

that would otherwise be unrecyclable. Here, the plastic’s polymers are converted into their 

constituent monomers by chemical reactions. The monomers can then be used to produce 

virgin-like polymers that can create new plastic products. Different chemical recycling 

technologies include pyrolysis, gasification, hydro-cracking and depolymerisation (Plastics 

Europe, 2022). A major benefit of chemical recycling is the good quality of the recycled 
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materials that could be used even in food packages. Also, in Khan et al. (2021) study 

comparing different recovery options for the plastic reject from liquid packaging board, it 

was found that the climate change impact of chemical recycling by pyrolysis is lower 

compared to mechanical recycling and incineration.  

 

2.4. Energy recovery  

In Finland, the household PPW that has not been separately collected or that is 

unrecyclable is treated at an incineration plant where the energy content of the waste is 

recovered. In total there are 10 incineration plants that use waste as their only fuel. Eight of 

these are based on grate incineration technology where the municipal waste is combusted 

with no pre-treatment. One is a fluidized bed plant that requires some pre-handling of the 

waste, and one is a fluidized bed gasification plant that requires the waste to be prepared 

into SRF (Solid Recovered Fuel) by, for example, removing materials that are suitable for 

material recovery and that are unsuitable for the incineration. PPW from households, is 

mostly treated in grate combustion meaning that, once the PPW ends up at the incineration 

plant, no material is recovered except for the metal in the bottom ash (Bröckl et al., 2021).  

During recent years, energy recovery of waste has replaced landfilling as the most common 

MSW treatment and most of the generated PPW is incinerated (Pirkanmaan ELY-keskus, 

2020). The decreased amount of waste ending to landfills has greatly reduced the GHG 

emissions of waste sector. However, the incineration has its own environmental impacts 

mostly related to the emissions to air and water, ash and slag, energy consumption and 

production, and consumption of raw materials. Eriksson & Finnveden (2017) assessed the 

impact of different parameters to the CO2 emissions of energy recovery from waste and 

concluded the most important factors include the electricity efficiency and the emission 

level of the avoided electricity.  

Plastic waste as a fuel has its benefits and drawbacks. Its calorific value is quite high 

making it a viable source of energy. However, as the plastics are mostly made from fossil 

sources, its CO2 emission factor is also high. In the fuel classification by Finnish Official 

Statistics (OFC, 2005), the reported emission factor for plastic waste is around 74 

tCO2eq./TJ which is comparable to the oil fuels.  
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3. Commingled waste collection  

In commingled collection, multiple different waste streams are source separated to the 

same bin and collected together. The collection can be done as a pick-up or drop-off 

system. It is often considered to reduce the costs of collection as well as increase the 

conveniency and collection rates when compared to the single source separation method 

rates (Tallentire and Steubing, 2020).  

 

3.1. Existing systems 

Commingled collection of packaging waste is a practice widely used in multiple European 

countries such as Germany and the Netherlands.    

 

3.1.1. Waste collection in Germany  

Germany has the highest recycling rate in the EU (Statista, 2022). The recycling rate of 

PPW is 48.8 %, although with the new calculation method the rate is estimated to be 

around 38 % (DW, 2022). In general, the waste collection is organised so that residual 

waste, glass, paper, and light packaging waste each have their own containers 

(Umweltbundesamt, 2020a). Additionally, there is a deposit refund system for PET bottles.  

A commingled collection for lightweight packaging has been used since the early 1990s 

and, similarly to Finland, it is financed by EPR scheme. In this system packages made 

from plastics, composite materials (such as beverage cartons) and metals are collected 

together. In some municipalities, including Berlin, a pilot for a special type of recycling 

bin is carried in place for the light packaging waste collection (Umweltbundesamt, 2020b). 

Here, the types of recyclable materials are not limited to only packages but also, for 

example, plastic items such as watering cans, plastic bowls, and toys (Wertstofftonne, 

n.d.).  
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The commingled packaging waste is collected in yellow bags or containers, and both, pick-

up and drop-off systems, are implemented. This collected waste is transported to a 

separation plant where it is separated into twelve fractions. Among these, there are PET, 

PE, PP, PS, film fraction and mixed plastic sorted product (Picuno et al., 2021). Residuals 

from sorting are incinerated with energy recovery (Umweltbundesamt, 2020b). 

 

3.1.2. Waste collection in Netherlands 

Like Germany, the Netherlands also ranks high in the recycling rates in comparison to 

other EU countries. Currently the recycling rate of PPW is reported to be 52 %, however 

this has been argued against as only approximately half of the collected material is usable 

in the main recycled products: 25-30% of separately collected plastic is incinerated and the 

low-quality mixed plastics are exported mostly to underdeveloped countries in Asia 

(Gradus, 2020).  

For plastic packages there is three separate collection schemes applied: Plastics (P), 

Plastics together with Beverage Cartons (PD) and Plastics together with Beverage Cartons 

and Metal packages (PMD) (Brouwer et al., 2019). The used collection system differs 

between municipalities, but the most common approach is a pick-up system of 

commingled PMD with low-rise buildings and drop-off system for high-rise buildings 

(Picuno et al., 2021). As a relative new development, MSW collection in sparsely 

populated areas is changed in some cases to a “reversed collection scheme” where 

recyclables are collected in pick-up system, and mixed MSW is collected from drop-off 

containers (Picuno et al., 2021). In the Netherlands, material is also recovered from the 

collected mixed residual waste (so-called post-collection separation) increasing the total 

amount of PPW sent to recycling. Both the recovered and the separately collected plastic 

waste is sorted in the same fractions: PET bottles, PE rigids, PP rigids, flexible packages, 

mixed plastics and PET-trays (Picuno et al., 2021). 
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3.2.  Literature on commingled collection  

The potential of commingled collection type of systems to increase the collection rate of 

recyclable waste have been found in multiple studies. In Lakhan (2015) study based in 

Canada, the results show that the single stream recycling system (i.e., recyclable waste 

commingled) increased recycling rates by around 4.0% compared to communities who 

implemented multi-stream recycling. In an analysis conducted on UK’s waste management 

(EC, 2022), the commingled collection of dry recyclables was associated with the best 

recycling performances yielding annually 30-40 kg more recyclable waste streams from a 

household when compared to separate collection to all fractions. 

Brouwer et al. (2019) compared in a Netherlands based study the impact of different 

collection portfolios of the PPW between 2014 and 2017 on different indicators such as 

collection and material recovery rates. The main change between the years was the 

expansion of the collection portfolio from single collection of plastic packages to 

commingled collection also including beverage cartons and metal objects. In the study it 

was observed that the amount of produced recycled plastics grew from approximately 75 

000 tonnes to 103 000 tonnes. There was also found that the expansion of the portfolios 

caused the amount of residual waste in the packaging waste collection to rise from 19 000 

tonnes to 70 000 tonnes.  

Concerning the most optimal commingled configuration, in Tallentire and Steubing (2020) 

study it was found that the capture rate was greatest when PPW was collected with metal 

and/or composite material. It was also found, that when paper waste was also included in 

the commingled collection, the capture rates of every waste material were reduced 

significantly. Also, in Berlin where the configuration of the commingled packages has 

been piloted to extend to other products of similar material, it was noticed that as the total 

collection amounts increased after the change, also did the collection yield for the packages 

from 6.1 kg/capita to 8.4 kg/capita (Plastic ZERO, 2014).  

Additionally, Fitzgerald, Krones and Themelis (2012) assessed in a U.S. based study the 

GHG emissions of two different commingled collection systems of recyclables. It was 

concluded that the emissions from collection and mechanical separation if the commingled 

systems were insignificant compared to avoided emissions from reduced virgin material 

demand.  
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4. Methods 

The goal of the study was to compare two waste collection systems – regional collection 

and commingled household collection - in terms of their climate change impact. This goal 

was realized by conducting a life cycle assessment (LCA) according to the standards (SFS-

EN ISO 14040 and SFS-EN ISO 14044). GaBi LCA Software (version 10.5.1.124) was 

used in the system modelling. The life cycle impacts were assessed with ReCiPe 2016 v1.1 

Midpoint (H) -method and the assessment was limited to the “climate change impact” with 

biogenic emissions excluded.  

 

4.1. Scope definition  

The assessment focused on the sparsely populated areas in Finland in general, and there 

was no specific location established. The study was based on MSW data from year 2019. 

The study compared two scenarios that differ in the way the generated plastic, metal, and 

cardboard (PMC) waste fractions are collected (Figure 3). The functional unit in the 

assessment was 1 t of generated PMC waste. 

 

  

Figure 3. System boundary. 
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It was assumed that the waste properties (i.e., impurities and compositions) remain the 

same in both collection scenarios. The study only examines the plastic, metal and 

cardboard waste fractions, and all the other generated municipal waste fractions are 

excluded from the system. It is assumed that the separation, collection and recovery of 

other waste fractions is done similarly in both scenarios, making this cut-off reasonable.  

In the regional collection scenario (Figure 4), plastic, metal, and cardboard are source 

separated at households and transported to a regional collection point by the waste 

generator with a passenger car. At the collection point, the fractions are put to separate 

bins. The bins are emptied by waste trucks that transport the waste fractions to the 

recycling processes. The mixed waste is collected from households and transported to 

incineration.  

 

 

Figure 4.  Regional collection scenario.  

 

In the alternative scenario, i.e., commingled collection, all the plastic, metal, and cardboard 

waste fractions are source separated in a mutual bin that is collected by a waste truck from 

the households (Figure 5). The commingled PMC is transported to a mechanical separation 

plant, where plastic, metal, and cardboard fractions are separated and transported to the 

recycling processes. The mixed waste is treated similarly than in regional collection 

scenario, although its quantity and composition is different. 
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Figure 5.  Commingled collection scenario.  

 

4.2. Life cycle inventory  

Data used for compiling the life cycle inventory (LCI) was mostly secondary and from 

literature sources. For some processes, data from the GaBi software was used. Whenever 

possible, data from year 2019 was used.  

 

4.2.1. Waste generation, source separation and collection  

To first determine the amounts of annually generated PMC waste fractions, the statistics of 

separately collected MSW from Finnish statistics (OFS, 2020) were used. The paper and 

cardboard fractions were reported in statistics together so additionally recycled paper 

statistics (Pirkanmaan ELY-keskus, 2021) based on data provided by the producers were 

used to calculate the amount of separately collected cardboard.  

To further calculate the total generation of waste fractions, the mixed MSW composition in 

sparsely populated areas studied by Savallampi (2020) was used. The total generated 

amounts of different waste fractions were calculated by adding up the separately collected 

amounts to the amounts in mixed waste (see Appendix 1).  

The functional unit in the study was 1 t of generated PMC waste, so the reference amounts 

of plastic, metal and cardboard waste fractions needed to be calculated as well. This was 

done by first adding the total generated masses of these fractions together and then 

dividing them with this total. The shares of plastic, metal and cardboard in the PMC 

fraction were then multiplied with the functional unit of 1000 kg (Table 4).  
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Table 4. Generated amounts of PMC. 

MATERIAL GENERATED [kg] 

Plastic  365 

Metal  211 

Cardboard 424 

TOTAL  1000 

 

The values for the source separation and collection rates of the generated waste were from 

Salmenperä et al. (2019) assessment (Table 5). The regional collection rate for plastic 

packages includes a lot of uncertainties as the plastics had not been received in the regional 

collection points for that long. For commingled collection, the collection rates of separate 

collection from households, as reported in Salmenperä et al. (2019), were used  

 

Table 5. Collection rates, i.e., the shares of generated waste fractions that is source separated and collected for 
recycling. Values from Salmenperä et al. (2019).  

REGIONAL COLLECTION COMMINGLED COLLECTION 

 Separately collected  Non-separated  Separately collected Non-separated 

Plastic 4 % (15 kg) 96 % Plastic 22 % (80 kg) 78 % 

Metal  16 % (34 kg) 84 % Metal  32 % (68 kg) 68 % 

Cardboard 23 % (98 kg) 77 % Cardboard 50 % (212 kg) 50 % 

 

The plastic waste’s composition was determined both in the separately collected fraction 

and in the non-separated mixed waste. The figures of the compositions can be found in 

Appendix 2. The separated plastic waste stream included HDPE, LDPE, PP, other plastic 

grades, dirty packages and not plastic. The composition was based on a thesis study by 

Örså (2020) where separately collected plastic waste was manually analysed. The non-

separated plastic waste was assumed to include multiple different plastic grades and their 

compositions was based on a thesis study by Poliakova (2015).   

The separated metal waste was assumed to include ferrous metals, aluminium, and mixed 

waste. The figure of the composition can be found in Appendix 2. The composition was 

compiled using multiple sources: the share of rejects was based on Jokinen et al. (2019), 

and the share of aluminium on Kemppi et al. (2020). The ferrous metals share was 
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calculated as the share left from rejects and aluminium. It was assumed that all non-

separated metal in mixed waste was ferrous metal.  

The separated cardboard waste was assumed to include recyclable and unrecyclable fibre 

as well as rejects in form of plastic and aluminium. The figure of the composition can be 

found in Appendix 2. The fibre shares were based on Kemppi et al. (2020) and the rejects 

on Rämö (2020). The composition of the non-separated cardboard in the mixed waste was 

not assessed because all the non-separated cardboard was modelled in the same type of 

incineration process.  

 

4.2.2. Transportation  

Since the study was not based on any specific location, the distances used in the modelling 

were based on average distances reported in different sources (Table 6 and 7). It was 

assumed that there were no material losses during the different transportation phases.  

 

Table 6. Transportation in regional collection scenario.   

Transport Payload  Distance Distance reference 

Household – regional collection point 

(Passenger car)  

3 kg 18 km Salmenperä et al., 2019 

Household – waste centre (mixed waste)  4.5 t 170 km Arffman et al., 2003 

Regional collection point – waste centre 4.5 t 70 km Hupponen et al., 2014 

Waste centre – incineration plant 20 t 200 km Kemppi et al., 2020 

Waste centre – plastic recovery plant  20 t 200 km Kemppi et al., 2020 

Waste centre – metal recovery plant  20 t 200 km Kemppi et al., 2020 

Waste centre – cardboard recovery plant 20 t 150 km Kemppi et al., 2020 

 

In the regional collection scenario, the source separated plastic, metal, and cardboard were 

assumed to be first transported from households to a regional collection point with a 

passenger car. The used payload of 3 kg was an assumption of an estimate amount a person 

could transport at one time. The distance used for the passenger car was from Salmenperä 

et al. (2019) study, where the average distance of inhabitants from the collection points 

was reported to be 8.9 km. In the modelling of the passenger car transportation, CO2 

equivalent emission and fuel consumption data from Lipasto (2016) was used. The share of 

cars using diesel in Finland is around 45% (Autoalan Tiedotuskeskus, 2020) and this was 
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also used in modelling, placing the remaining 55% of transportation on cars using gasoline 

as their fuel. The small share of gas and electric cars were excluded from the assessment.   

All transportation in the commingled collection and the further transportations in the 

regional collection were assumed to be done by waste trucks fuelled by diesel. The trucks 

collecting waste from households and regional collection points were assumed to be 

smaller with a payload of 9.3 t. The payload used in the modelling, however, was around 

50% of this due to the assumption that the truck is not full for the whole distance. The 

transportation from the waste centres to recycling, mechanical separation and incineration 

plants is done on larger trucks with payloads of 20 t. It was assumed that the plastic 

recycling, mechanical separation and incineration are situated in the same location. In 

commingled collection, there was an additional transportation required for the 

mechanically separated metal and cardboard waste.  

 

Table 7. Transportation in commingled collection scenario. 

Transport Payload  Distance Distance reference 

Household – waste centre 4.5 t 170 km Arffman et al., 

2003 

Waste centre – mechanical separation plant 20 t   200 km Kemppi et al., 2020 

Waste centre – incineration plant 20 t 200 km Kemppi et al., 2020 

Mechanical separation plant – metal recovery plant 20 t  50 km Kemppi et al., 2020 

Mechanical separation plant – cardboard recovery plant 20 t  50 km Kemppi et al., 2020 

 

The truck transportations were modelled using processes from GaBi. For the smaller truck 

‘GLO: Truck, Euro 5, 12-14t gross weight / 9.3t payload’ – process was used and for the 

larger one ‘Truck, Euro 6, more than 32t gross weight / 24.7t payload capacity’ – process.  

 

4.2.3. Mechanical separation of the commingled waste  

In the mechanical separation, the ferrous metals, aluminum, and cardboard fractions are 

separated from the commingled waste. The assumed recovery rates (R) were based on 

Kleinhans et al. (2021) predictive mechanical separation model for packaging waste in the 

case of ‘P+MD facility’ that processes plastic items, metal cans and drink cartons. The 

details of the separation processes included in this facility can be found in Appendix 3. In 
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modelling, the process was simplified to just one ‘Mechanical separation’ -process (Figure 

6). The electricity consumption for the process was assumed to be 50 kWh/t based on 

Dehoust et al. (2016) value for lightweight packaging separation. 

 

 

Figure 6. Simplified process chart of PMC mechanical separation. R = Recovery rate.  

 

It was assumed that the mechanical separation plant is situated in the same location as the 

plastic recycling plant. The further separation of plastic waste was however modelled as a 

separate process in order to better compare the results of two scenarios. The separated 

ferrous metals, cardboard and aluminum were transported to further processing. The 

separation losses and impurities were assumed to be incinerated with energy recovery.  

 

4.2.4. Plastic recovery  

The plastic recovery was assumed to be similar for both scenarios with the only difference 

being that in modelling, impurities in the commingled scenario were removed and 

incinerated already in the mechanical separation process. The recovery was assumed to 

include the following processes: (1) mechanical separation, (2) extrusion, (3) granulation, 

and (4) incineration of separation losses and impurities.  
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The plastic separation (Figure 7) was modelled similarly to the commingled mechanical 

separation: the recovery rates are from the same Kleinhans et al. (2020) case and the 

electricity consumption was assumed to be the same. The separation losses and impurities 

were assumed to be incinerated with energy recovery. 

 

 

Figure 7. Simplified process chart of the plastic separation. R = Recovery rate 

 

In the extrusion, the separated ‘Other plastic’ fraction was assumed to be melt and then 

placed on a mould, producing plastic profile (Figure 8). In the model, a process ‘GLO: 

Plastic extrusion profile (unspecific)’ was used. For the inputs, processes ‘GLO: 

Compressed air 7 bar (medium power consumption)’ and ‘EU28: Lubricants at refinery’ 

were used. The input thermal energy was assumed to be from natural gas and electricity the 

Finnish consumption mix. The generated industrial waste was assumed to be incinerated 

with energy recovery.  
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Figure 8. Simplified process chart of the extrusion. 

 

The separated LDPE, HDPE and PP fractions were assumed to be first melt in a similar 

process as the ‘Other plastic’ fraction. The melted and hardened plastic mass was then 

assumed to be treated in a granulation process (Figure 9). ‘DE:Granulator’ -process with 

data based in Germany’s situation was used in the modelling. This process included (1) 

cutting of the material between fast moving rotor blades and fixed stator blades, (2) stirring 

the material particles until desired particle size, and (3) descending particles through a 

sieve. The processes were modelled separately for each plastic grade. The input electricity 

was assumed to be the Finnish consumption mix. The generated industrial waste and filter 

dust were assumed to be incinerated with energy recovery. 
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Figure 9. Simplified process chart of the granulation. 

 

It was assumed that the LDPE, HDPE, and PP granulates substitute their applicable virgin 

material and plastic profiles substitute construction timber (Table 8). The substitution rates 

for both scenarios were based on the purity of the material that was yielded from the 

mechanical separation as reported by Kleinhans et al. (2020).  

 

Table 8. Plastic recycling substitutes. 

RECYCLED MATERIAL  SUBSTITUTED PROCESS  SUBSTITUTION 

RATE 

Plastic profiles  EU28: Solid construction timber (softwood) 85% 

LDPE granulate  EU28: Polyethylene, LDPE, granulate PlasticsEurope 82% 

HDPE granulate  EU28: Polyethylene, HDPE, granulate PlasticsEurope 97% 

PP granulate  EU28: Polypropylene, PP, granulate PlasticsEurope 99% 

 

 

4.2.5. Metal recovery  

Metal recovery was assumed to include: (1) mechanical separation, (2) steel recycling, and 

(3) aluminium recycling. The separation process was only applicable to the regional 

collection scenario as in commingled collection scenario the metal fractions enter the 

recycling already separated.  

The metal separation (Figure 10) was assumed to yield the same recovery rates as the PMC 

mechanical separation. The electricity consumption was assumed to be 0.9 kWh/t based on 
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magnetic separation and eddy current process consumptions provided by Rahikainen 

(2021). The separation losses and impurities were assumed to be incinerated with energy 

recovery.  

 

 

Figure 10. Simplified process chart of metal separation. 

 

In the ferrous metal recycling, the separated ferrous metal (i.e., steel scrap) was assumed to 

be supplied straight to the steel making process. The process is modelled with ‘GLO: 

Credit for recycling of steel scrap’ plan. This plan includes both the recycling of the steel 

as well as the substitution of virgin steel in ‘GLO: Value of scrap worldsteel [worldsteel 

2020]’ process. The substitution rate is 1:1.  

The separated aluminium was assumed to be remelted into wrought alloy ingot. A process 

‘EU28+EFTA+Turkey Aluminium remelting: wrought alloys ingot from scrap (2015)’ was 

used in the modelling. These ingots are then assumed to substitute virgin aluminium ingot 

mix (‘GLO: Aluminium ingot mix IAI (2010)’) with a substitution rate of 1:1.  

 

4.2.6. Cardboard recovery  

The cardboard recovery was assumed to include (1) repulping, (2) mechanical removal of 

impurities, and (3) deinking. The recovery was however modelled only as one process 

where the cardboard waste enters and comes out as the recycled board. Electricity and heat 
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consumption of the process were assumed to be 550 kWh/t and 1850 kWh/t respectively 

based on average values for this type of process from Suhr et al. (2015).  

The impurities and unrecyclable material were assumed to be incinerated with energy 

recovery. The generated electricity and heat were assumed to be used by the recovery 

process. The energy demand that exceeded the generation was assumed to be met with heat 

from biomass and electricity consumption mix. The recycled corrugated board was 

assumed to substitute ‘EU-28: Corrugated board excl. paper production (2018), open 

paper input, average composition’-process. 

 

4.2.7. Waste incineration  

The generated PMC that is not source separated as well as the separation losses and 

impurities from recycling processes were assumed to be thermally treated by combustion 

with energy recovery. In practice, the incineration of different materials happens in the 

same process but, due to different heating values and emissions, each material was 

modelled in separate waste incineration plant -processes by Sphera reflecting the average 

situation in Finland. These processes included (1) thermal treatment and (2) corresponding 

processes, such as disposal of residues from air pollution control and metal recovering.  

The plants constituted of an incineration line fitted with a grate and a steam generation. 

The process description stated that the environmental impacts of pre-treatment of the waste 

were included, however these procedures were not specified. The air pollution control 

(APC) of the plants constituted of dry flue gas cleaning and Selective Catalytic Reduction 

(SCR) for NOx removal. In the model, the disposal of APC residues was emissions free 

due to disposal in underground deposits salt mines. The process also included bottom ash 

treatment: ferrous scrap and partly non-ferrous metals are first recovered, and the ash is 

then stabilised for three months. In the model, bottom ash left the system as ‘bottom ash 

for reuse’.  

The energy efficiencies were modified from the Sphera’s processes. For heat, efficiency 

was assumed to be 59% and for electricity, it was assumed to be 12% based on information 

from Fortum Waste Solutions Oy (2020). 
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4.2.8. Electricity and district heat  

Finnish electricity consumption mix (Table 9) was compiled from Finland’s own 

electricity production (73%) and supply from imports (27%). The mix was used both as 

electricity input for processes as well as the substituted electricity from incineration 

processes. For Finland’s production mix, official statistics for energy sources in electricity 

production (OSF, 2022) were used (see details in Appendix 4). For electricity from other 

countries, processes from GaBi were used.  

 

Table 9. Finland’s electricity consumption mix in 2019 (Finnish Energy, 2022). 

SOURCE  SHARE (%) 

Finland   73.4 

Sweden  8.4 

Russia  17.6 

Norway  0.3 

Estonia  0.3 

 

 

District heat production mix (Table 10) was used for substituted heat from the incineration 

processes. The heat and electricity from incineration in cardboard recovery was assumed to 

be utilised by the recycling process itself, so the heat was modelled to substitute ‘Process 

steam from biomass (solid) 85%’ process instead of district heat. Heat required by plastic 

extrusion was assumed to be from natural gas. 

 

 

Table 10. District heat production mix (OSF, 2020b). 

SOURCE SHARE (%) 

Biomass* 50.5 

Hard coal 18.1  

Peat  14.9  

Natural gas  10.7  

Oil** 5.80  

*Include also shares of black liquor, “other wood fuels”, “other renewables”.  

**Include also share of “other fossil”.  
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4.3. Sensitivity analysis  

Due to the multiple assumptions made in the assessment, sensitivity analysis was needed to 

account for possible changes in the systems. 

 

4.3.1. Marginal energy  

As the energy system is transitioning towards renewable, emission-free, energy production, 

it is necessary to view the results also in a possible future energy scenario. The marginal 

electricity mix used in the sensitivity analysis was 93% of wind power and 7% of solar 

power. The marginal heat production was based 100% on wood fuels. These values were 

based on Havukainen et al. (2022) study where the marginal energy mix was determined 

by first calculating the change of energy production from 2017 to 2030 and then choosing 

only the non-constrained energy production of increasing suppliers.  

 

4.3.2. Transportation  

The sensitivity analysis for transportation was done applying multiple scenarios with 

changes in the main factors, i.e., the distance and payload (Table 11). To analyse the 

importance of the passenger car distance, distances that were 50% and 150% compared to 

the baseline were applied. The smaller payload analysed was an estimation.  

 

Table 11. Transportation scenarios used for sensitivity analysis. 

Scenario Description  Payload Distance  

REG T0 Passenger car with baseline payload and distance. 3.0 kg 17.8 km 

REG T1 Passenger car payload smaller. 1.5 kg 17.8 km 

REG T2 Passenger car distance smaller. 3.0 kg 8.9 km 

REG T3 Passenger car distance and payload smaller.  1.5 kg 8.9 km 

REG T4 Passenger car distance longer  3.0 kg 26.7 km 

REG T5 Passenger car distance longer and payload smaller.  1.5 kg 26.7 km 

REG T6 Passenger car excluded  0 kg 0 km 

COM T0 COM household collection baseline distance.  - 170 km 

COM T1 COM household collection distance higher.  - 300 km 

COM T2 COM household collection distance lower.  - 100 km 
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Because commonly the regional collection points are situated next to supermarkets and 

therefore, they are used in connection to other transportation, the impact of total exclusion 

of the passenger car was also necessary to view and it was analysed in REG T6 scenario. 

 

4.3.3. Collection rates   

Collection rates that were yielded from regional collection points were assumed from 

Salmenperä et al. (2019), and there is a high uncertainty especially concerning the rate for 

plastic packages from the regional collection. It is also likely that in commingled 

collection, the rates are even higher than they are in the separate household collection 

(Lakhan, 2015; EC, 2022; Brouwer et al., 2019). To analyse the impact of different 

collection rates (CR) to the results, five scenarios were assessed (Table 12). 

 

Table 12. Collection rate scenarios. CR = Collection rate.  

Scenario Description Plastic 

CR 

(%) 

Metal 

CR (%) 

Cardboard 

CR (%) 

REG CR0 REG baseline 4 16 23 

REG CR 1  Higher collection for plastic in REG 18 16 23 

REG CR 2 REG collection rate same as in COM 22 32 50 

REG CR 3 For REG, higher collection for plastic + passenger car 

excluded. 

18 16 23 

COM CR0 COM baseline 22 32 50 

COM CR1 Higher collection for all fraction in COM.  27 39 61 

 

 

The higher collection rate for plastic used in the REG CR1-scenario was based on the 

calculation of regional collection point yield in 2019. The higher collection rate for COM 

CR1-scenario was calculated with the information from EC (2022).  

 

4.3.4. Purity  

In the assessment, the purity of collected waste fractions for commingled collection was 

assumed to be the same as in the regional collection. In literature (Lakhan, 2015; Brouwer 

et al., 2019) it has been stated that the purities of commingled waste fractions are often 
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worse compared to when collected separately. Four purity scenarios were assessed to 

analyse the impact of purity of the collected waste fractions (Table 13). For the higher 

purity, the mass of impurities in all waste fractions was reduced 50% and for the lower 

purity it was increased 50%.  

 

Table 13. Purity scenarios. 

 

Scenario 

 

Description 

Share of impurities 

Plastic 

fraction 

Metal 

fraction 

Cardboard 

fraction 

COM P0 Baseline purity  20 % 13% 10% 

COM P1 Higher purity 10% 7% 6% 

COM P2 Lower purity   30% 20% 16%  

COM P3 Lower purity, higher collection of plastic 30% 20% 16% 

 

4.3.5. Energy consumption  

The electricity and heat consumption related to the cardboard recovery were based on 

average values. Also, the used electricity consumption of mechanical separation for 

commingled waste as well as plastic was assumed. The scenarios that were used in 

analysing the impact of different energy consumptions are presented in Table 14. The 

maximum and minimum consumptions for cardboard recovery were from the Suhr et al. 

(2015). The higher electricity consumption for the mechanical separation was estimated. 

 

Table 14. Scenarios for energy consumption sensitivity analysis. CB = Cardboard recovery. MS = Mechanical separation.  

Scenario Description  Electricity  

(CB) 

Heat  

(CB) 

Electricity 

(MS) 

E0 Baseline consumption (CB) 550 kWh/t 1850 kWh/t 50 kWh/t 

E1 Minimum consumption (CB) 400 kWh/t 1000 kWh/t 50 kWh/t 

E2  Maximum consumption (CB) 700 kWh/t 2700 kWh/t 50 kWh/t 

E3  Maximum consumption (MS) 550 kWh/t 1850 kWh/t  75 kWh/t 

E4 Maximum consumption (CB & MS)  700 kWh/t 2700 kWh/t 75 kWh/t 
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5. Results  

5.1. Scenarios  

When viewing the climate change impact of the scenarios, the commingled collection 

performs better compared to the regional collection (Figure 11). The potential reduction in 

the CO2 eq. emissions is around 50%. In both scenarios, the emissions from the mixed 

waste incineration have the most impact to the climate change (Figure 12). The biggest 

differences between the two scenarios are in the metal recovery and emissions from 

transportation. 

 

 

Figure 11. GHG emissions of REG and COM scenarios. 
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Figure 12. Climate change impact of the processes in regional and commingled collection systems. 

 

The transportation emissions in the regional collection mostly originates from the 

passenger car transportation (Figure 13). When comparing only the emissions from truck 

transportation, the regional collection scenario is performing better. In the metal and plastic 

material recovery processes, the commingled collection system results in lower emissions. 

In cardboard recovery the regional collection performs better indicating that, with the 

assumptions used in the assessment, the energy recovery of the cardboard is better than 

recycling from the climate change point of view.  
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Figure 13. Climate change impact of collection scenarios excluding mixed waste energy recovery.  
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The change in the energy source for electricity and heat results in much higher emissions 

for both scenarios with still the commingled collection having smaller climate change 
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Figure 14. Climate change impacts when marginal energy applied. 

 

Applying the marginal energy sources also makes the impact of the mechanical separation 

more noticeable and reduces the benefits of plastic recovery from the climate change point 

of view. The commingled collection is resulting in higher emissions than regional 

collection in plastic and cardboard recovery. The metal recovery is not much affected by 

the marginal energy.  
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In all transportation sensitivity scenarios applied, the GHG emissions from commingled 

collection are lower (Figure 15). The different distances applied to household collection in 

commingled scenarios do not have any significant impact to the results. As could be 

expected, the passenger car transportation with smaller payload impacts negatively and 

smaller distance positively to the overall results. Even if the passenger car transportation is 

completely excluded (REG T6) the emissions in regional collection remain higher.  

 

 

Figure 15. Climate change impacts with different transportation scenarios. 
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higher than most COM scenarios. This is mostly due to the lower material substitutions 

from metal recovery. When the impurities in the commingled collection are increased 

(COM P2) the impact rises to the same level as in regional collection when the passenger 

car is excluded. In COM P3 scenario (i.e., lower purity but higher collection rate) the 

climate change impact is higher than in the baseline scenario (COM CR0) indicating that 

the benefit of collecting more waste does not necessarily outweigh the negative impacts of 

increase in impurities.  

 

 

Figure 16. Climate change impact with different collection rates and purities applied.  
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lowest energy consumptions are only around 7 kg CO2 equivalent (REG) and 17 kg CO2 

equivalent (COM). The impact is greater in the commingled scenarios due to the post-

collection mechanical separation and the higher amount of separately collected cardboard.  

 

 

Figure 17. Climate change impacts with different energy consumptions applied to cardboard recovery and mechanical 
separation processes. 
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6. Discussion  

The commingled collection scenario performed better than the regional collection scenario 

in the main results as well as all applied sensitivity scenarios. The results indicated that the 

most important factor affecting the climate change impact of waste collection system in 

sparsely populated areas is the collection rate as this can both decrease the emissions from 

mixed waste incineration as well as increase the benefits from material recovery. 

Additionally, the climate change impact increased significantly in both scenarios when 

marginal energy sources were applied, implying that the substitutions from incineration 

also play a vital role in the assessment.  

The results are in line with majority of the literature stating that the more waste is recycled 

the better it is in terms of the climate change impact (e.g., Von Velzen et al., 2013). Only 

exemption here is the recovery of cardboard waste where the emissions are mostly 

dependent on the emissions from incinerating the plastic impurities. This was also found 

by Kemppi et al. (2020) indicating that the incineration of cardboard is currently better 

option in Finland than recycling, at least when it comes to the GHG emissions. The results 

were also similar to Kemppi & Niskanen (2018) by indicating that reducing the amount of 

PPW in incineration is of a greater importance than increasing its amount in recycling in 

terms of climate change impact.  

The way the passenger car transportation is viewed in the system, i.e., whether it should 

have less contribution or be completely excluded, influences the regional collection 

scenario’s results. Yet, the climate change impact of the regional collection remains higher 

even in a sensitivity analysis scenario where the passenger car is completely excluded. 

However, it is notable that if commingled collection would result to higher amounts of 

impurities, the benefits over regional collection scenario with higher plastic collection rate 

and exclusion of the passenger car would be reduced to almost none. It should also be 

noted that the transportation emissions overall are affected by multiple factors that were 

not assessed in this study. Therefore, the results concerning them are meant to be only 

directive rather than any exact figures.   

In this study, from the separately collected plastic waste, most is incinerated (43%), and 

around 35% is recycled to granulates. This is pretty accurate to the actual situation in 
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Finland since, according to Fortum, in 2019 around 37% of the collected household plastic 

waste was recycled to granulates (Miettinen, 2021b). The substitution rates of recovered 

plastic were in this study mostly dependent on the efficiency of the mechanical separation 

in terms of the purity of output waste fractions, and the different purity levels were not 

assessed. In practical implementation, the potential purity yielded from the mechanical 

separation is likely to be dependent on the specific facility and therefore the substitution 

rates and the benefits from material recovery presented in this study may include some 

fluctuation. Additionally, different alternatives for substituted processes were not analysed. 

If the plastic profiles would substitute some form of plastic production instead of 

construction timber, plastic’s material recovery benefits would be higher.   

In developing sustainable waste management, the economic viability is also relevant. Even 

though the commingled collection is generally seen as the more feasible option, Lakhan 

(2015) analysis on costs of different waste collection systems concluded that collecting all 

recyclables in a single stream (i.e., commingled) is more expensive, mostly due to the 

investments required by the advanced mechanical separation facility. It is therefore 

recommended that the commingled collection works best when applied to densely 

populated areas because the processing costs would be lower the more waste is entering the 

facility. This conclusion brings up an issue of whether in Finland it would be reasonable to 

apply commingled collection only to sparsely populated areas where the waste amounts are 

relatively low. As the current separate collection obligations leave out also households in 

urban areas, the possibility to extend the commingled type collection to these areas as well 

could be an important point to consider.  

Finally, when viewing the results, the general uncertainties regarding the waste statistics 

should be noted. Also, the waste data used in this assessment is based on an average in 

Finland and does not necessarily represent the situation in sparsely populated areas. 

Exemption to this is the mixed waste composition where Savallampi (2020) figures for 

sparsely populated areas were used. However, Savallampi (2020) study only included two 

samples from these areas so there is a high uncertainty in the composition. Concerning the 

paper statistics used for calculating the carboard share in the separately collected fractions, 

it is stated that they exclude private online imports and the amount of paper imported by 

potential free riders, and therefore the figures do not represent the actual situation in 

Finland as whole (Pirkanmaan ELY-keskus, 2021).  
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The statistics on the plastic waste has also uncertainties and conflicting information was 

found regarding them. The reported amount of plastics placed on the market does not 

reflect the calculated amount of generated PPW and this might be due to multiple reasons, 

such as having packaging that ends up in Finland through consumer passenger imports and 

foreign e-commerce purchases as well as other plastic products in the separately collected 

PPW. The plastic waste compositions, both in mixed waste and separately collected, are 

from student works and analysed in quite limited amounts of samples increasing the 

uncertainty.  
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7. Conclusions  

Climate change is a major challenge that requires the GHG emissions of all human 

activities to be reduced. The plastic packages contribute to the climate change because they 

are still mostly manufactured from fossil sources and, as their application in everyday life 

has increased, their amounts in different waste streams has also risen. Due to the harmful 

impacts, successful recovery of plastic packages is important in order to keep them within 

the economy as long as possible. One of the main ways to increase the recycling rate of 

plastic packages include increasing the source separation and collection rates.  

In sparsely populated areas in Finland the collection rate of plastic packages has remained 

quite low even though the network of regional collection points has expanded. One 

solution for higher collection rate is to move from a “drop-off” collection to a “pick-up” 

scheme. In order to reduce the excessive transportation costs and emissions possibly 

resulting from this transition, a commingled collection of plastic packages with other types 

of packages could be considered.  

This thesis studied the potential climate change impact of two different collection systems 

for household plastic waste in sparsely populated areas. The results indicated that a 

commingled waste collection system would potentially perform better in terms of climate 

change. Biggest differences between the two scenarios are in the emissions from 

transportation and mixed waste incineration, as well as in benefits resulted from metal 

recovery. In a situation where the commingled collection would result in higher share of 

impurities and the collection rate of plastics would be increased in the regional collection 

with passenger car transportation excluded, the two scenarios have almost similar impact. 

The mechanical separation of the commingled waste did not play a major role in the 

overall impacts.  

The most significant factors in the climate change impact of waste collection systems can 

be concluded to be the achieved collection rate and also the purity of the collected fractions 

to some extent. Because most of the waste was treated in the incineration in both scenarios, 

the substituted energy source also plays a major role in climate change impacts. When it 

comes to material substitutions, biggest impact was found in the metal recovery. The 

plastic material substitutions were not observed to have very significant impact to the 
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results. The cardboard recovery with the assumptions made in this study does not result in 

net negative impacts indicating that, in terms of climate change, incinerating cardboard 

waste should be preferred. A possibility to improve this would be to develop methods for 

recovering the plastic impurities rather than incinerating them.  

This study only assessed the potential impacts to climate change. The waste management 

system is however relevantly connected to a lot more environmental impacts that should be 

further studied. Also, the economic factors in Finnish context and the potential of applying 

the commingled collection also to detached and semi-detached houses in urban areas may 

be relevant to further assess. Regarding the plastic recovery, different substituted processes 

and substitution rates should be assessed in more details. Also, the impacts of reinforcing 

the mechanical recycling with chemical recycling could be relevant as it is a technology 

that might become a permanent part of the plastic recycling in the near future.  

Prior to any actual implementation of a waste collection system, regional specifics should 

always be considered and assessed. Additionally, it may be relevant to consider and study 

the impacts of including other waste fractions (such as glass and paper) to the commingled 

collection. Even though the quality of the material might be compromised, the conveniency 

of the source separation would probably increase and higher collection rates could be 

yielded. It should be noted that the collection rates for the commingled collection system 

used in forming the conclusions of this study are not based on any actual situation as this 

type of system has never been applied in Finland. In order for them to be realized and also 

to decrease the risk of higher level of impurities, it is important that the households are 

motivated and properly educated on the suitable materials accepted in the separate 

collection.  

The plastic packages remain a global issue that cannot be solved only with increasing the 

separate collection. The fact that in Finland a significant share of the separately collected 

PPW still ends up in incineration tells that the efficiency and capacity of the material 

recovery processes need to be further developed. Additionally, creating market for 

recycled plastics, and decreasing the unnecessary consumption are an important part of the 

solution.  
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Appendix 1. MSW generation 

Table 1. Generated MSW in Finland 2019. 

Fraction 

Separately collected 

(OSF, 2020) 

Mixed waste 

(Savallampi, 2020) Total generation 

[t/a] [%] [t/a] [%] [t/a] [%] 

Mixed 1 536 962 49.2 % - - - - 

Biowaste 464 267 14.9 % 482 606 31.4 % 946,873 30.3 % 

Plastic  74 497 2.4 % 299 708 19.5 % 374,205 12.0 % 

Cardboard 264 971 8.5 % 170 603 11.1 % 435,573 13.9 % 

Paper  176 909 5.7 % 64 552 4.2 % 241,461 7.7 % 

Glass 80 350 2.6 % 27 665 1.8 % 118,015 3.5 % 

Metal 164 145 5.3 % 52 257 3.4 % 216,402 6.9 % 

Other  360 605 11.5 % 414 980 27.0 % 663,442 25.6 % 

 

 

Figure 18. Composition of the generated MSW (OSF, 2020; Savallampi, 2020). The ‘Other’ fraction includes wood, WEEE, 
textiles and miscellaneous waste. 
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Appendix 2. Compositions of the waste fractions  

 

Figure 19 Source separated plastic waste composition (Örså. 2020) 

 

 

Figure 20. Plastic waste composition in mixed waste (Poliakova, 2020) 
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Figure 21. Separated metal waste composition. Compiled from: Kemppi et al. (2020) and Jokinen et al. (2019) 

 

 

Figure 22. Separated cardboard waste composition. Compiled from: Kemppi et al. (2020) and Rämö (2020) 
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Appendix 3. Mechanical separation facility set-up 

 

Figure 23. Mechanical separation facility set-up for P+MD excluding the manual sorting units (Kleinhans et al., 2020). 



 

 

Appendix 4. Finland’s electricity production mix  

 

Figure 24. Finnish production mix in 2019 (OSF, 2022). NG = Natural gas.  
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