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Abstract
Despite the time- dependent behavior of carbon stored in plastic materials, litera-
ture assessing carbon flows into and from plastic typically applies a static approach. 
To better understand the climate impacts of such storage, this study explores how 
carbon stored in plastics can contribute over time to the national climate inven-
tory with various emphasis on recycling. This is accomplished by implementing 
material stock change estimations for carbon in plastic materials that follow first- 
order decay and include impacts from recycling rates in the Integrated MARKAL- 
EFOM System model generator for Sweden (TIMES- Sweden). Thereafter, three 
approaches to how carbon released from the plastic material stock is accounted 
for in the national climate inventory were applied to determine how each ap-
proach affects resulting emission and net- zero pathways in different recycling 
rate scenarios. An accounting approach that follows the first- order decay pattern 
of material stocks was found to be important for capturing the impacts of recy-
cling and for neither over-  nor underestimating the emission impact from carbon 
stored in plastics. Accounting for carbon stored in plastics may provide important 
incentives for producing renewable plastics and reducing dependence on carbon 
removal technologies. Because of its synergies with recycling, the carbon storage 
potential of plastic products is well worth recognizing and promoting in a policy 
setting that aims for circularity. For Sweden, this reduces the need for bioenergy 
carbon capture and storage and makes more biomass- based carbon and electric-
ity available for use elsewhere in the energy system.

K E Y W O R D S

carbon storage, energy system modeling, material stock change, net- zero pathways, renewable 
plastic, TIMES- Sweden
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1  |  INTRODUCTION

Plastic products are infamous for impacts associated with 
littering (Geyer et al., 2017; Jambeck et al., 2015), but they 
have implications on climate change mitigation as well. 
If produced from fossil feedstocks, incineration of plas-
tic waste causes greenhouse gas emissions. At the same 
time, plastic products offer a temporary storage of carbon, 
which can contribute with negative emissions to a nation's 
climate inventory when produced from renewable carbon 
(in this study defined as carbon from biomass or atmo-
spheric carbon dioxide [CO2]). Negative emissions are 
required for reaching long- term climate targets globally 
(Riahi et al., 2022). Therefore, when assessing deep decar-
bonization scenarios, correctly accounting for this tempo-
rary storage of carbon is important for understanding its 
contribution toward climate targets.

As a case in point, Sweden aims to achieve net- zero 
greenhouse gas (GHG) emissions by 2045 (Miljö- och en-
ergidepartementet,  2017). The target, defined as an 85% 
decrease in such emissions, would be achieved by offset-
ting hard- to- abate emissions from agriculture and process 
emissions in industry, for example. Potential complemen-
tary measures for achieving this offsetting principally in-
clude bioenergy with carbon capture and storage (BECCS), 
and direct air carbon capture and storage (DACCS). In this 
context, the production of plastic using renewable carbon 
is another potential measure to offset emissions, as it cre-
ates a negative emission effect by temporary storage of the 
renewable carbon.

Despite the time- dependent behavior of material stocks, 
most literature assessing the GHG emissions impact of 
plastic applies a life cycle assessment (LCA) approach, 
which is static (Iribarren et al., 2012; Kätelhön et al., 2019; 
Oliveira et al., 2020; Schwarz et al., 2021). Simply stated, 
employing LCA creates the dilemma of whether to use 
so- called cradle- to- gate (CO2 flows into plastics will be 
seen as a net negative) or cradle- to- grave values (CO2 
into and from plastics will be seen as net zero) (Kätelhön 
et al., 2019; Oliveira et al., 2020; Spierling et al., 2018). The 
disparity between cradle- to- grave and cradle- to- gate val-
ues has been acknowledged in integrated environmental 
assessment models before by allowing a combination of 
both (Daioglou et al., 2014; Van Sluisveld et al., 2021). Still, 
neither approach considers that carbon is only stored in 
plastic products during their lifetime (and, therefore, only 
removed from the atmosphere during these years). Unless 
infinitely recycled, the carbon in plastic products will un-
avoidably be released as CO2 at some point, usually de-
cided by the end- of- life use of the product. In fact, Cowie 
et al.  (2021) request a more holistic biomass perspective 
that acknowledges the timing of emissions as well. These 
shortcomings can be overcome by applying energy system 

optimization models (ESOMs), which can consider emis-
sions over time and can include a process- detailed de-
scription of alternative material and energy routes. Thus, 
ESOMs can assess flows of CO2 not only into and from 
plastic during the life span of such products but also de-
scribe their downstream production chain and estimate 
their end- of- life use.

Emission impacts from carbon flows into and from ma-
terial stocks are typically not assessed in ESOMs (Hahn 
et al., 2020). Instead, the focus has been on using biomass 
for replacing fossil fuels, and as a source of BECCS, both in 
national ESOMs (Chepeliev et al., 2021; Forsell et al., 2013; 
Krook- Riekkola & Sandberg, 2018) and in integrated as-
sessment models (Bauer, 2018; Butnar et al., 2020). Even 
studies that focus partly on biochemicals target mainly 
their potential to replace fossil fuels (Lap et al.,  2019; 
Sandberg et al., 2019; Sandberg & Krook- Riekkola, 2022; 
Tsiropoulos et al.,  2017, 2018; Younis et al.,  2021). To 
some degree, various concepts for using CO2 for fuel 
production (Desport & Selosse,  2022) have been consid-
ered as well. Meanwhile, although circularity is seen as 
a key aspect of reaching net- zero emissions (European 
Commission, 2020), its impact on carbon stored in plastics 
has not been established.

To better understand how plastic materials may (or 
may not) contribute to climate mitigation and thereby af-
fect pathways to net- zero emissions in Sweden, this study 
explores how carbon stored in plastics contributes to the 
national climate inventory under different recycling rate 
assumptions. This exploration is accomplished by first 
identifying three different approaches for carbon account-
ing in ESOMs. These approaches are thereafter applied to 
TIMES- Sweden, an ESOM describing the comprehensive 
Swedish energy system (Sections 2 and 3). The model re-
sults are then evaluated, with a focus on how the different 
approaches affect net- zero pathways (Section 4). Next, the 
discussion goes beyond the model results and considers 
the conditions under which each of the approaches may 
be useful as well as why and how future emission re-
duction policy should also cover carbon stored in plastic 
(Section 5). Finally, the main conclusions of the study are 
summarized (Section 6).

2  |  MATERIALS AND METHODS

This study applies three different approaches that ac-
count for carbon flows into and from plastic products, 
which are evaluated using the TIMES- Sweden model. The 
model is built on the Integrated MARKAL- EFOM System 
(TIMES), described in Loulou et al. (2016), a framework 
that can be employed to assess energy transition on a 
local, regional, national, or global scale. TIMES- Sweden 
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210 |   SANDBERG and KROOK-REIKKOLA

has a national focus (based on Krook- Riekkola, 2015) 
with a process- detailed industry (in line with Sandberg, 
2020). The techno- economic assumptions of technolo-
gies potentially relevant for producing plastic materials 
are published as three open databases covering industry 
processes (Sandberg,  2021), fuel production technolo-
gies (Sandberg, 2022a), and heat- generation technologies 
(Sandberg,  2022b). While TIMES- Sweden is the model 
used in this study, all approaches and methods presented 
in this section are applicable to ESOMs in general.

2.1 | Carbon accounting approaches: 
How to account for carbon stored in and 
released from material stocks in a national 
climate inventory

Three different approaches are applied to determine how 
the storage and release of carbon (expressed as CO2) from 
material stocks can be accounted for in national climate 
inventory. The approaches differ with respect not only to 
national borders after trade between parties but also to 
estimates of when the carbon will be released into the at-
mosphere as CO2. The selected approaches are based on 
the Intergovernmental Panel on Climate Change (IPCC) 
guidelines on land use, land use change, and forestry 
(LULUCF) (IPCC, 2003) but are implemented, and inter-
preted, to fit the specific case of plastic materials.

In all approaches, fossil carbon is treated differently 
from renewable carbon. This is to acknowledge the circu-
larity of renewable carbon to ensure net- zero impact, as 
opposed to the linear flow of fossil carbon. CO2 emissions 
from fossil carbon stored in materials are accounted for 
as zero when the material is produced, and as territorial 
emissions in the country where the carbon is released 
from the material stock. CO2 emissions from renewable 
carbon stored in plastics are accounted for as negative 
when the material is produced (carbon is removed from 
the atmosphere, either directly via direct air capture or 
indirectly via biomass), while accounting for renewable 
carbon released from the material stock varies across CO2 
accounting approaches.

The stock- change approach (SCA) and the production 
approach (PA) are used in CO2 accounting for renew-
able carbon with respect to national borders. The SCA 
accounts for carbon strictly with respect to national bor-
ders, where released carbon is always accounted for in 
the country where it is released. Since emissions are as-
sumed to be net zero for renewable carbon, export leads 
to net- negative emissions in the exporting country. The 
PA accounts for renewable carbon in the national climate 
inventory if that carbon comes from national (renewable) 
resources, regardless of whether such carbon is released 

domestically or abroad. Emissions from imported renew-
able carbon count as net zero. In this paper, two different 
tiers are considered with regard to the timing of carbon 
releases. Tier 1 assumes that all renewable carbon is re-
leased from the material stock in the same year the ma-
terial is produced. Tier 2 estimations assume that carbon 
release follows a first- order decay pattern of material stock 
losses. Consequently, for carbon accounting purposes, re-
cycling rates only have an impact when tier 2 estimations 
are used. Furthermore, because of scenario assumptions 
specific for Sweden, tier 2 estimations have no impact 
from the SCA perspective when imported products are of 
fossil origin, and all products produced are exported. The 
following sums up the three different CO2 accounting ap-
proaches considered in this paper:

• SCA- tier1 represents a case that is optimistic when ex-
porting renewable plastics. Their impacts are similar to 
those when renewable plastic products' end- of- life is as-
sumed, according to the cradle- to- gate approach in LCA 
analysis.

• PA- tier1 represents a conservative estimation of the 
emission caused by renewable carbon. Its impacts are 
similar to those when renewable plastic products' end- 
of- life is assumed, according to a cradle- to- grave ap-
proach in LCA analysis.

• PA- tier2 represents a case where the emission impact 
from renewable carbon is delayed, according to material 
stock change estimations.

2.2 | Material stock change of plastics

A first- order decay formula (Equation 1) is applied to es-
timate the material stock change of plastics. The formula 
is in line with equation (12.1) of the IPCC guidelines on 
the carbon stock change of harvested wood products 
(IPCC, 2006). Furthermore, the formula uses the estimated 
mean service life (i.e., the mean number of years a product 
is in use) of plastic products to calculate the annual stock 
change of plastic materials. In the equation, C(i) represents 
the material stock in year i, k is the decay constant of plastic 
(calculated using the service life of plastics), and In(i) is the 
annual input of virgin materials, as follows:

For each type of plastic included, a material- equivalent 
service life is calculated from the plastic's demand distribu-
tion across end- use sectors of plastic products (Table 1). In this 
study, we primarily focus on high- density polyethylene (HDPE), 

(1)C(i+1) = e−k × C(i) +

[
(

1 − e−k
)

k

]

× In(i)
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   | 211SANDBERG and KROOK-REIKKOLA

low- density polyethylene (LDPE), and polyvinyl chloride (PVC), 
as these are the main plastic materials currently produced in 
Sweden (SCB, 2017). All other plastics are grouped into “Other.”

Using the material- equivalent service life of products 
in Equation (1) misses the fact that material can be bound 
up in a specific product for longer than its service life if 
that product is reused and/or recycled. The material stock 
changes calculated according to Equation (1) would yield 
the material equivalent of products remaining in use after 
products are discarded.

If a discarded product is recycled, chemically or me-
chanically, the material in the product is reintroduced to 
the material stock. That is, the amount of material leaving 
the stock is lower than the amount of material in discarded 
products. Therefore, the material equivalent of discarded 
products was estimated according to Equation  (2), and 
an adjusted version of Equation  (1) is introduced as 
Equation (3). Equation (3) considers the material equiva-
lent of discarded products that is reintroduced to the ma-
terial stock using recycling rates. In Equations (2) and (3), 
Rr(i) is the annual recycling rate and Disc(i) is the material 
equivalent of plastic in discarded products per annum:

To fit the linear characteristics of TIMES- Sweden, 
Equation (3) is parameterized. The implementation follows 

Equation (4), which returns an annual loss profile (via outputs 
from Equations 2 and 3), assuming production of virgin ma-
terials and recycling rates according to scenarios (described in 
Section 3). The annual loss profile, in turn, defines the char-
acteristics of a storage process that have plastics as input, as 
given in Equation (5). In these last two equations, loss(i) is the 
fraction of material lost from the material stock in a specific 
year, while Slvl(i) is the cumulative stored material in year i:

3  |  SCENARIO DESCRIPTION AND 
ASSUMPTIONS

The material stock changes (and their impact on total emis-
sions) are assessed across three different recycling rates 
while using the three previously described approaches to ac-
counting for CO2, resulting in nine different scenarios. This 
section presents the necessary assumptions for estimating 
material stock changes in Sweden when using a national 
ESOM. These include assumptions targeting recycling rates 
and material stocks as well as Sweden's trade patterns and 
future production levels, and its emission targets.

3.1 | Recycling rate and material stock 
assumptions

Most national ESOMs only have a detailed technology and 
commodity representation for domestic markets and for 

(2)

Disc(i) =
(

1 − e−k
)

× C(i) +

(

1 −

[
(

1 − e−k
)

k

])

× In(i)

(3)

C(i+1) = e−k × C(i) +

[
(

1 − e−k
)

k

]

× In(i) + Rr(i) ×Disc(i)

(4)loss(i) =

(

1 − Rr(i)
)

×Disc(i)

C(i)

(5)Slvl(i+1) = Slvl(i)
(

1 − loss(i)
)

+ In(i)

T A B L E  1  Material- equivalent service life of plastics (years) and annual demand for plastic products in the European Union (Mt).

End- use sector
Mean service life 
(years)

Demand per year in EU (Mt)

All plastics HDPE LDPE PVC Other

Packaging 0.5 19.8 3.6 6.0 0.5 9.7

Building and construction 35 9.8 1.3 0.5 3.6 4.4

Automotive 13 5.0 0.3 0.2 0.2 4.4

Electronics 8 3.1 0.2 0.3 0.1 2.6

Agriculture 3 1.6 0.0 0.5 0.1 1.0

Household, leisure and sport 5 2.1 0.2 0.0 0.2 1.6

Other 7 8.4 0.5 1.3 0.3 6.3

Material- equivalent service life of 
products

- 10.4 9.3 4.1 26.8 9.8

Note: The material- equivalent service life is calculated using the demand distribution of plastics across end- use sectors combined with the mean service life 
of plastic products in each end- use sector. Data for service life are taken from Eriksen et al. (2020) and Geyer et al. (2017). Demand is assumed for Europe 
according to Plastics Europe (2017).
Abbreviations: EU, European Union; HDPE, high- density polyethylene; LDPE, low- density polyethylene; PVC, polyvinyl chloride.
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212 |   SANDBERG and KROOK-REIKKOLA

export/import flows of plastic products. Thus, they do not 
consider the potential recycling or reuse of these products, 
which affects the recycling rate assumptions required for 
using Equation (3). In total, three different directions of 
future recycling rates are considered: low, medium, and 
high. The directions of these rates differ in terms of the 
total maximum recycling potential assumed for the year 
2050, and they differ for the domestic and export markets 
due to the way technology is represented (Table 2).

Material stocks in TIMES- Sweden are modeled as a 
black box (a model representation turning input into 
output without further details about the transforma-
tion) turning imported/exported plastics into either CO2 
or other commodities. This black box, indicated by the 
dashed boxes in Figure 1, is a substitute for all technol-
ogies and commodity flows that are not represented in 
the model but determine potential end- of- life impacts 
of plastic products. Technology and commodity repre-
sentations are more detailed for the domestic market 
compared with the international markets in the model. 
Thus, the assumed recycling rates used in, and com-
modity outputs from, Equation  (3) are market- specific 
(Table 2).

For the domestic market, the TIMES- Sweden model in-
cludes two technology pathways using plastic waste. These 
pathways are chemical recycling (that leads to subsequent 
production of plastic products) and technologies using 
waste plastics and/or plastics in municipal waste as fuel 
replacement. Recycling rate assumptions therefore only 
consider the potential of mechanical recycling (a tech-
nology not explicitly modeled in TIMES- Sweden). Thus, 
Equation (3) is used to estimate not only the availability of 
waste plastic streams resulting from material stock losses 
but also the carbon storage potential (Figure 1). Because 
waste plastics in municipal waste are not seen as suitable 
for chemical recycling, the scenario assumptions targeting 
domestic markets also determine the maximum share of 
nonmechanically recycled plastic waste that is available as 
feedstock in chemical recycling. All other waste plastics 
are assumed to end up as municipal solid waste, available 
as fuels in combined heat- and- power (CHP) plants.

For international markets, the TIMES- Sweden model 
does not include technologies for using waste plastics in 
other countries. Therefore, the recycling rate for export 
markets includes both chemical and mechanical recy-
cling. Again, Equation (3) is used purely to estimate emis-
sions resulting from losses in the material stock, on the 
one hand, and the carbon storage potential, on the other 
hand. In addition, all discarded plastics that are not recy-
cled are assumed to be incinerated and not to end up in a 
landfill. Landfills are excluded because they are the least 
preferred option in the European Union (EU) waste hier-
archy as according to the waste framework directive (The T
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   | 213SANDBERG and KROOK-REIKKOLA

European Parliament and the Council of the European 
Union, 2008, Directive 2008/98/EC).

The assumed maximum recycling rate potentials are 
estimated using findings from Eriksen et al.  (2020) and 
Thunman et al. (2019). Eriksen et al. (2020) only consider 
mechanical recycling (i.e., reusing the same plastic ma-
terial without chemically breaking it down into smaller 
molecules/olefins), which reaches its maximum potential 
when about 50% of all discarded plastic products are recy-
cled this way. Therefore, 50% is the assumed maximum re-
cycling rate for domestic markets (where only mechanical 
recycling is considered). Nonrecycled plastic products in 
Eriksen et al. (2020) constituted both sorted plastic waste 
and plastics in municipal waste. Sorted plastic waste could 
potentially be used as feedstock in chemical recycling. 
This feedstock would then determine the maximum share 
of plastic waste available for use in chemical recycling, 
which would in turn improve the total (mechanical and 
chemical) recycling rate.

For international markets, the recycling rate used in 
Equation (3) also accounts for the potential impact from 
chemical recycling (using sorted plastic waste). Thunman 
et al.  (2019) showed that chemical recycling with 100% 

carbon conversion (i.e., all carbon in incoming sorted plas-
tic waste becomes new plastics) was theoretically possi-
ble. Based on the assumption that carbon conversion rate 
roughly equals the recycling rate, and that 90% of carbon 
is converted into new plastic via chemical recycling (the 
remaining 10% is assumed to be incinerated), an estimated 
maximum overall recycling rate for discarded plastic prod-
ucts of 85% can be applied to international markets.

3.2 | Trade patterns and 
production levels

Plastic materials are traded on international mar-
kets. Thus, they are often produced in one country and 
thrown away in another. For simplicity, all plastics pro-
duced within Sweden are assumed to be traded on the 
international market with no reintroduction to Sweden. 
Accordingly, all plastic products supplied to the Swedish 
market are assumed to be imported and to have a fossil car-
bon origin, with an average service life corresponding to 
that listed under All plastics in Table 1. These assumptions 
are made because the trade balance of plastic products in 

F I G U R E  1  Flows of plastics targeted in (a) the domestic market and (b) the international market. The dashed boundaries encompass 
technologies and commodity flows not included in the TIMES- Sweden model. Such technologies and flows are instead implicitly accounted 
for via Equation (3) for each market.
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214 |   SANDBERG and KROOK-REIKKOLA

Sweden is complex, where domestic production generally 
does not feed domestic use (Nordin et al., 2019). Tracing 
the export destinations of plastics produced in Sweden to 
produce plastic products elsewhere, which are then rein-
troduced to the Swedish market as components (e.g., in 
cars) and which can be re- exported after that, is beyond 
feasible for this study. Instead, the domestic use of plastic 
products is assumed to follow strict trends for the genera-
tion of plastic waste in Sweden, as derived from statistics 
(SCB,  2017). Future consumption and production rates 
are given in Table 3.

3.3 | Emission targets

All included scenarios assume that Sweden will reach 
its net- zero target by 2045, that is, that GHG emis-
sions from Swedish territory will be reduced by at least 
85% from their 1990 levels. The remaining 15% rep-
resent hard- to- abate emissions which, in line with 
Miljömålsberedningen  (2016), can be offset by using 
the following supplementary measures: (i) increased 
net removal of carbon dioxide by LULUCF, (ii) veri-
fied emission reductions abroad, and/or (iii) BECCS. 
Carbon capture and storage (CCS), as a mitigation for 
fossil CO2 emission, is only allowed where no other 
options are available, such as from the calcination of 
limestone in the cement industry or from incinerating 
fossil waste. CCS technologies are generally not 100% ef-
ficient: They always generate some residual emissions. 
These count as hard- to- abate emissions and can be offset 
(Miljömålsberedningen, 2016).

In the TIMES- Sweden model, the supplementary mea-
sures include BECCS, DACCS, and the export of plastics 
produced from renewable feedstock (feedstock derived 
from renewable sources of carbon). These measures are 
assumed to offset both hard- to- abate CO2 (included in the 
TIMES- Sweden model) and other GHG emissions (not 
included in the model). Fifteen percent of the emissions 
in 1990 amount to approximately 10  Mt. In this study, 

therefore, the national net- zero target is translated into a 
net- negative emission target of −10 Mt of CO2 by 2045.

4  |  RESULTS

This section presents the results, which are divided into 
three main areas. The first presents the total emissions 
caused by the production, use, and trade of plastics. The 
second analyses the specific contribution to emissions by 
each material produced, while the third reports on the 
overall impact of plastics on Sweden's net- zero pathways, 
that is, its climate mitigation strategy.

4.1 | Total emissions caused by plastics

Total emissions combine net emissions from fossil and re-
newable carbon. The resulting emission patterns can be 
explained by the same activities in all cases. Because of as-
sumed trade patterns in Sweden, fossil CO2 emissions are 
caused by the incineration of municipal waste, while neg-
ative emissions are caused by the export of plastics. The 
production of plastics uses both fossil feedstock (feedstock 
derived from fossil sources of carbon; these are indirectly 
introduced into the Swedish energy system via the chemi-
cal recycling of imported plastic) and biomass- derived 
renewable feedstock. The latter feedstock, which cause 
negative emissions when exported as plastic material, 
largely comprise naphtha (a by- product of the Fischer– 
Tropsch production of fuel used in the transport sector), 
bio- oil by- products from pulp production, methanol, and 
ethanol.

The single largest source of the fossil CO2 seen in 
Figure 2 results from the use of municipal waste in CHP 
plants for district heating. During 2030– 2035, such plants 
switch to incineration in CHP plants using CCS, effectively 
removing 90% of fossil CO2 emissions from municipal 
waste and causing a sizeable drop in fossil (and total) CO2 
emissions (Figure 2). Changes in the availability of plas-
tic waste, caused principally by changes in recycling rates, 

Plastic Production/consumption 2015 2025 2035 2045

HDPE Production 0.31 0.31 0.32 0.33

LDPE Production 0.17 0.18 0.18 0.19

PVC Production 0.24 0.24 0.25 0.26

Other Production 0.22 0.22 0.23 0.24

All plastics Consumption 1.33 1.51 1.63 1.74

Note: Values for 2015 are based on statistics.
Abbreviations: HDPE, high- density polyethylene; LDPE, low- density polyethylene; PVC, polyvinyl 
chloride.

T A B L E  3  Assumed production of 
plastics and consumption of plastic (Mt).
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also affect fossil CO2. Increasing recycling rates reduces the 
available amount of plastic waste and allows a larger share 
of the available waste to be used as feedstock in chemical 
recycling, at the cost of municipal waste available to CHP 
plants. While TIMES- Sweden includes the option to use 
all available waste plastics for CHP production, this option 
is not seen as cost efficient. Instead, maximizing the use of 
waste plastics as feedstock in chemical recycling is seen as 
the superior choice. Chemical recycling reduces the need 
to use biomass as feedstock in olefin production, allowing 
more biomass to be used elsewhere. In addition, the high 
potential for carbon conversion via chemical recycling 
allows for most of the carbon to be exported, allocating 
emissions to the importing party's climate inventory. This, 
in turn, reduces the need for carbon removal technologies, 
which for Sweden is BECCS, further reducing the need for 
biomass. Because recycling is maximized in all cases, the 
resulting emissions are consequently aligned to the recy-
cling rates. The higher the recycling rate, the lower the 
availability of municipal waste requiring incineration, and 
the lower the fossil CO2 emissions.

The negative emissions seen from 2030 onward 
(Figure  2) result from the export of renewable plastics. 
By 2030, the existing olefin production technologies using 
fossil feedstock need to be replaced due to their age and 
will be replaced by technologies using renewable feed-
stock. Because the three chosen accounting approaches 
specifically deal with the release of renewable carbon, 
2030 marks the point where these approaches start show-
ing differences in total resulting emissions, as follows:

• In SCA- tier1 scenarios, all carbon is accounted for in 
the climate inventory of the nation where it is released. 
In combination with the assumed trade patterns for 
Sweden, where no renewable feedstock is imported, 
this means that the net emissions from renewable car-
bon are a direct reflection of plastic exports. Thus, SCA- 
tier1 scenarios achieve the lowest total emission of all 
three accounting approaches. Conversely, as increasing 
recycling rates results in increased focus on chemical 
recycling, which in turn reduces the need for biomass 
as feedstock, these higher rates also lead to lower neg-
ative emissions. When it comes specifically to the high 
recycling rate scenario, this potential for reduced nega-
tive emissions is greater than the decrease in fossil CO2 
emissions, which explains why the highest emissions 
among SCA- tier1 scenarios occur when recycling rates 
are high.

• In PA- tier1 scenarios, there is no difference between 
fossil and total CO2 emissions because emissions from 
renewable plastics are accounted for when the plastic 
is produced (and not when the carbon is released) for 
net- zero emission impact. Consequently, in comparison 
with the other two approaches, PA- tier1 accounts for the 
highest total emissions under the conditions in question 
(i.e., when fossil CO2 materials are imported for domes-
tic use and renewable CO2 materials are exported).

• In PA- tier2 scenarios, the delay in carbon released from 
material stocks is clearly visible by the gradual increase 
in total emissions from 2040 to 2045, with emission lev-
els registering in between those for the SCA- tier1 and 

F I G U R E  2  Total emissions of CO2 accounted to the national climate inventory resulting from domestic use of waste plastics and 
production (and export) of plastics for the different accounting approaches and recycling rates. Fossil CO2 is similar across all scenarios. 
Renewable CO2 is nonexistent until 2030– 2035 in all scenarios.
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216 |   SANDBERG and KROOK-REIKKOLA

PA- tier1 scenarios. Here, increasing recycling rates 
effectively increases the longevity of carbon bound to 
the material stock and, in turn, increases the annual 
net- negative CO2 contribution from renewable plastics 
accounted to Sweden's climate inventory. Increasing re-
cycling rates also prolongs the impact of negative emis-
sions from producing and exporting renewable plastics. 
Furthermore, going from a low (10%) to a medium (50%) 
recycling rate results in fewer net- negative emissions 
than going from a medium (50%) to a high (85%) one. 
This nonlinear benefit is clear even though the total ef-
fect is slightly reduced by the increased availability of 
fossil chemical recycling feedstock (caused by higher 
recycling rates) that replace renewable feedstock. Thus, 
increased recycling has great synergies with the produc-
tion of renewable plastics, as higher recycling rates al-
ways lead to lower total emissions in PA- tier2 scenarios.

4.2 | Material- specific contribution 
to emissions

Differences in the material- equivalent service life of plas-
tics cause fossil feedstock (from chemical recycling) and 
renewable feedstock to be allocated according to a certain 
pattern. This pattern shapes the emission profile for each 
plastic across all years considered here, where the opti-
mal allocation is the one where the aggregated emission 
profile of all plastics is the most cost efficient in terms of 

reaching the net- zero target. However, neither SCA- tier1 
nor PA- tier1 acknowledges the service life of materials in 
CO2 accounting (all possible allocation patterns of feed-
stock among the materials will generate the same total 
emission using these approaches). Only PA- tier2 is ana-
lyzed further here with respect to the allocation of fossil 
and renewable feedstock, therefore. The commencement 
date marks the point where renewable plastics will be pro-
duced, namely around 2030– 2035.

In PA- tier2, renewable feedstock is prioritized for the 
production of HDPE and the catchall category Other for 
other plastics, across all recycling rates considered. Thus, 
production of HDPE and Other using renewable feedstock 
should also be prioritized in Sweden for generating neg-
ative emissions. Figure 3 shows that the higher the recy-
cling rate, the higher the level of negative emissions will 
be for these two materials. PA- tier2 also reveals that the 
primary use of fossil feedstock primarily shifts between 
the production of LDPE and PVC, depending on the year 
in question.

The disruptive patterns for LDPE and PVC (Figure 3), 
where a sudden increase in emissions from LDPE is coun-
tered by a decrease in emissions from PVC and vice versa, 
indicate that micromanagement for optimal fossil and re-
newable feedstock allocation occurs for these two materi-
als. This interaction is noteworthy. The opposite emission 
profiles exhibited by LDPE and PVC are due to LDPE hav-
ing the shortest assumed service life of all four categories 
of plastics and PVC the longest. This micromanagement 

F I G U R E  3  Emissions accounting for 
four exported plastics in the production 
approach- tier2 scenarios. Renewable 
plastic production starts around 2030– 
2035. CO2 from exported fossil plastics is 
accounted for as net zero in the national 
climate inventory.
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diminishes when recycling rates increase. The increased 
availability of fossil feedstock covers almost the entire 
feedstock demand for LDPE and PVC when recycling 
rates are high, removing most of the allocation flexibil-
ity. Meanwhile, micromanagement by shifting renewable 
feedstock to fossil feedstock for the production of HDPE 
or plastics in the Other category is not considered efficient, 
although some small traces of feedstock switches can be 
seen for these two categories of materials as well.

4.3 | Impacts on Sweden's climate 
mitigation strategy

Accounting for emissions from plastics can contribute 
substantially to Sweden's climate mitigation strategy, al-
though it will have very little impact on the energy system. 
For example, in 2045, the share of negative emissions from 
renewable plastics compared to total negative emissions is 
15%– 18% in SCA- tier1 and 8%– 13% in PA- tier2 (Figure 4). 
In the latter, higher recycling rates in export markets are 
key for both the higher contribution by carbon stored in 
plastic materials toward Sweden's climate target and the 
prolonged effect of carbon stored in materials on total 
negative emissions.

The main reason why accounting for these emissions in 
Sweden has a limited impact not only on its energy system 
but also on its overall net- zero pathways, is the country's 
high availability of biomass. Comparing how the sources 
of negative emission change both across cases and over 
time (PA- tier2 only) reveals that lower— or diminishing— 
contributions by negative emissions from plastics are al-
ways compensated for by increased negative emissions 
from biorefineries (Figure 4).

Bioenergy with carbon capture and storage in biorefin-
eries is always utilized across cases to reach net- negative 
10 Mt CO2. Such capture is therefore seen as one of the 
cheapest solutions for negative emissions in the TIMES- 
Sweden model. For biorefineries, the domestic availability 
of biomass by- products from industry combined with a 
high demand of biofuels for multiple purposes (most no-
table for aviation, navigation, and feedstock in chemical 
industry) creates a pool of readily separated CO2 that far 
exceeds the required net- negative 10  Mt CO2. This pool 
can be sequestered at low additional cost with only a small 
increase in electricity use (many biorefinery concepts only 
require additional technology for carbon transport and 
storage). Thus, for the Swedish case, the high availabil-
ity of biomass in relation to current production levels of 
plastics makes the contribution toward negative emissions 
from plastics too small to have a major impact on the over-
all energy system, regardless of the accounting approach 
adopted.

As mentioned earlier in this section, the impact on the 
energy system in respect of waste plastic subjected to the 
three recycling rates is limited. Municipal waste, for ex-
ample, is primarily used to produce district heating. The 
lower availability of plastics in municipal waste (from 25 
to 6 PJ in 2045)— due to higher recycling rates— is coun-
tered by increasing electricity use. This increased use is 
achieved by using heat pumps and is aimed mainly at the 
residential sector. Nonetheless, the increase (0.5– 0.6 TWh) 
is not large enough to affect the overall electricity gener-
ation mix. Meanwhile, the increased availability (from 7 
to 13 PJ in 2045) of waste plastics as feedstock in chemi-
cal recycling with higher recycling rates reduces the need 
for biomass- based methanol by approximately 6 PJ. While 
chemical recycling is beneficial because of a reduced reli-
ance on biofuels, a drop of 6 PJ only has marginal impact 
on the energy system, considering that the total biofuel 
production in all scenarios is 260– 270 PJ in 2045.

5  |  DISCUSSION

The results presented in the previous section show that 
the way in which carbon is accounted for determines its 
impact on a net- zero or net- negative carbon pathway. 
The ensuing discussion now goes beyond the numbers to 
interpret the results from a policy perspective as well as 
what the aspects not captured within the TIMES- Sweden 
model will imply.

5.1 | Policy perspectives

Two of the key outcomes of this study are the quantifica-
tion, via PA- tier2, of Sweden's carbon storage potential as 
well as the impact that renewable carbon stored in plastic 
products will have on the country's total emissions over 
time. The two alternative approaches to PA- tier2— namely 
SCA- tier1 and PA- tier1, which apply static accounting— 
generate similar differences in accounted- for emissions 
compared to PA- tier2, but at different times (Figure  2). 
Thus, PA- tier2 provides a more accurate representation of 
carbon storage potential in plastics.

SCA- tier1 and PA- tier1 can still be useful, however, 
since the accounting method in modeling assessments 
should be chosen in line with what a particular study 
requires (Brown et al., 1998), and since each accounting 
approach represents a different means of trading carbon 
among parties. From this perspective, SCA- tier1 (which 
does not account for emissions released outside national 
borders) is only useful in policy assessments that deal 
with agreements between different countries that specif-
ically allows the emission impact of the CO2 release from 
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218 |   SANDBERG and KROOK-REIKKOLA

renewable carbon to be exported. PA- tier1, on the other 
hand, which underestimates carbon storage potentials, 
can be used to assess scenarios with conservative assump-
tions of the carbon stored in materials.

When PA- tier1 is used in this way, namely as a conser-
vative and safe- space scenario, the modeling assessment 
underestimates the negative emission impact of renew-
able plastics. In this case, the carbon storage potential of 
renewable plastics will not be accounted for. Instead, the 
TIMES- Sweden model will compensate for this account-
ing deficit by increasing the share of carbon removal tech-
nologies so that the climate target can still be reached. 
The results in this study uses BECCS as such compensa-
tory measure, but DACCS could be employed for the same 
ends. These compensatory measures use renewable car-
bon and electricity that could replace fossil fuels or ma-
terials elsewhere. Consequently, using PA- tier1 promotes 
the setting of ill- conceived incentives to deploy carbon 
removal technologies at the expense of using renewable 
feedstock for plastic production. This disadvantage is 
most keenly felt if the carbon removal is offsetting emis-
sion from the end- of- life use of plastics produced by fossil 
feedstock. Applying an accounting approach in line with 
PA- tier2 acknowledges and rectifies these shortcomings: 
Not only does it value the potential of renewable plastics 

to remove emissions but it also avoids a continued lock- in 
of fossil feedstock- based pathways.

For Sweden, accounting for the carbon storage poten-
tial of plastic products incentivizes the increased export 
of olefins and plastics. As the results of the current study 
indicate, accounting for carbon emissions associated with 
plastics has a limited impact on Sweden's energy system at 
their current domestic production levels, which can be ex-
plained by the high availability of biomass in the country. 
Nevertheless, Sweden's available biomass resources could 
very well be needed for increasing the supply of renew-
able plastics in Europe, instead of being used to replace 
fossil fuels or BECCS at home. Therefore, recognizing the 
extent to which carbon stored in plastics contribute to 
Sweden's net- zero targets could incentivize increased ex-
port of plastics produced from renewable feedstock. This 
would in turn offer an alternative means of reaching the 
nation's climate targets, while simultaneously replacing 
fossil feedstock for plastic production in Europe.

Climate change mitigation policies should not un-
derestimate the potential of plastic products to store 
carbon. As part of the “Fit- for- 55” package (European 
Commission, 2021a), the EU proposes a new forest strat-
egy that promotes wood- based products with a long service 
life (European Commission, 2021b). Typically, sawn wood 

F I G U R E  4  Total negative emissions generated between 2045 and 2100, by source, under low, medium and high recycling rate scenarios. 
Each row of figures represents one of three recycling rates, while each column of figures represents one of three emission accounting 
approaches.
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used in construction has great potential for carbon storage 
(Gustavsson et al.,  2006; Lundmark et al.,  2014). Plastic 
products are not usually considered in this context— even 
though there is great variance in service life among their 
various end uses (Table  1). However, unlike sawn wood 
products, which decay (or are incinerated) at the end of 
their life, recycling prolongs the longevity of carbon in 
plastic products, thereby improving their carbon storage 
potential. Because of its synergies with recycling, the car-
bon storage potential of plastic products is well worth ac-
knowledging and promoting in a policy setting that aims 
for circularity.

The link between assumed recycling rates and resul-
tant carbon storage potentials is twofold. On the one hand, 
increased recycling rates increase the longevity of carbon 
stored in plastics. Thus, higher recycling rates increase in-
centives for producing renewable plastics, because each 
metric ton of plastic produced generates more negative 
emissions, which further incentivizes Sweden to produce 
plastic from renewable feedstock. On the other hand, 
higher rates of recycling reduce the need to add materials 
produced from virgin feedstock to the market, thereby lim-
iting how much plastic (and negative emission) Sweden 
can export. A lower demand for renewable feedstock for 
plastics means that these renewable resources can be used 
for other purposes in the energy system— implying that 
recycling should always be promoted. Even if the EU fully 
prioritizes circularity, 15% of the total plastic production 
would still be from virgin feedstock (Eriksen et al., 2020). 
This would imply that the EU still needs 7– 8 Mt of virgin 
feedstock if demand remains constant. For a more sustain-
able plastic consumption, therefore, the virgin feedstock 
should be supplied using renewable carbon. If one consid-
ers that Sweden is rich in biomass, and that its exports of 
plastic materials amounted to approximately 1 Mt in 2015 
(SCB, 2017), the potential still exists for increasing exports 
of plastic from renewable feedstock. This potential would 
hold even if the EU recycled more, and it could contribute 
toward meeting Sweden's climate mitigation targets.

Another important factor from a policy perspective is 
the timing of the carbon release. Following the results of 
PA- tier2, the aggregated annual negative emission impact 
of carbon stored in plastic products is highest for years 
when annual production rates are ramping up, that is, 
where high recycling rates cause this negative emission 
impact to remain substantial up to 50 years or more after 
annual production stabilizes (Figure  2). If upscaling be-
gins by 2030 or earlier, the net negative emission effect 
from renewable plastics coincides with the period most 
critical for emission reduction (namely, 2030– 2070) (Riahi 
et al.,  2022). This further emphasizes the benefits and 
need for a quick upscaling of renewable plastics and tran-
sition to a circular economy.

If the target is permanent storage of carbon in plastic, 
the results suggest that the most efficient approach is to (i) 
promote recycling and (ii) ensure that waste is always in-
cinerated in technologies equipped with CCS. Promoting 
recycling is important because material is found to be the 
most efficient storage of carbon. Moreover, recycling rates 
improve that potential while minimizing the need for 
CCS. This is evident from the results where the chemical 
recycling of plastic waste is consistently prioritized over 
incineration, while all plastic waste not available for recy-
cling is always incinerated in CHPs with CCS.

Nonetheless, amending policies to include carbon 
stored in plastic products is not straightforward. As the re-
sults here have shown, using PA- tier2 to account for neg-
ative emissions estimates the timing of the carbon release 
from plastics with respect to recycling rates, according to 
Equation  (3). Meanwhile, the carbon path from natural 
resources— through carbon bound in plastic products and 
its eventual release as CO2— is much more complex than 
the mathematical estimation in Equation  (3) suggests, 
however. In reality, the carbon path tracks carbon from its 
feedstock origin, across multiple cycles of recycling, and 
in different markets with different recycling rates, until its 
eventual incineration and release as CO2.

Monitoring and tracking the carbon path will provide 
challenges for future policies with respect to when and 
where to allocate emissions. Given the poor efficiency 
with which this carbon path is captured by using one ho-
mogeneous recycling rate (as in Equation 3), controlling 
and monitoring the negative emissions in a climate in-
ventory requires the establishment and determination 
of region- specific recycling rates. Such recycling rates 
are preferably based on high quality waste statistics and 
cross- regional trade patterns. The establishment of such 
recycling rates makes possible the accounting of negative 
emissions caused by domestic renewable carbon stored in 
materials based on the location where the material is first 
used. The exact details of such accounting scheme need 
to be streamlined across countries and requires a frame-
work in line with, for example, how harvested wood prod-
ucts are assessed in the IPCC guidelines on carbon stock 
changes (IPCC, 2006).

The complexity with respect to monitoring these neg-
ative emissions raises questions from a policy perspec-
tive in terms of whether carbon released from materials 
should be accounted for when first classified as a fuel (at 
the assumed point of release), or when the exported plastic 
material is first classified as waste. The former promotes 
the production of renewable plastics, while the latter en-
courages increased recycling; both could be considered as 
positive outcomes for reaching net- zero emissions. Since 
there is a risk for overestimating the negative emissions 
via PA- tier2, either option should be used with care. In 
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220 |   SANDBERG and KROOK-REIKKOLA

the wrong context, using carbon stored in plastic to off-
set emissions can simply be greenwashing, for example. 
Thus, in line with other negative emission technologies, 
carbon stored in plastic should mainly be used to offset 
hard- to- abate emissions.

5.2 | Suggested improvements for future 
assessments

While PA- tier2 provides a good approximation of the 
carbon storage potential of plastics, the estimations de-
rived from the first- order decay rate (Equation 3) are not 
flawless. For example, PA- tier2 is vulnerable to overes-
timations in recycling rates. Overestimating these rates 
generates larger errors than underestimating them, 
meaning there is a risk for overestimating the carbon 
storage potential (Figure  2). This suggests that defen-
sive and careful estimation of future recycling rates is 
advisable, therefore, especially when applying higher 
recycling rates. Meanwhile, to better understand poten-
tial recycling rates, more attention should be devoted to 
material- specific attributes such as its service life and 
recycling rate.

According to the results in this study, material- 
specific attributes influence the allocation of feedstock, 
since renewable feedstock are prioritized for the pro-
duction of certain plastics. However, the study assumed 
homogenic recycling rates across all material types. This 
simplification enabled a specific focus on how such 
rates affected material stock changes and emissions re-
sulting from material losses. In reality, recycling rates 
are much more complex and depend on the end- use 
sector/product in which the material to be recycled is 
used. Achieving high recycling rates typically requires 
redesigning products so that they can be easier to recy-
cle (Brouwer et al., 2018; Hahladakis & Iacovidou, 2019; 
Roosen et al., 2020). At the same time, redesigning prod-
ucts could change the distribution of materials across 
end- use sectors and thereby affect the materials' esti-
mated service life.

Another assumption made by the study was to consider 
chemical recycling as the universal solution for all mate-
rial not mechanically recycled. In fact, however, chemical 
recycling potentials are limited by quality restrictions on 
the feedstock (Qureshi et al., 2020).

Consequently, more focus on material- specific recy-
cling rates is advisable, preferably derived from dedi-
cated material flow models (see, e.g., Brouwer et al., 2018; 
Eriksen et al., 2020; Van Eygen et al., 2017). This applies 
especially when assessing the potentially highest recy-
cling rates for a material.

6  |  CONCLUSIONS

This study successfully compared different approaches for 
accounting for CO2 emission from plastic materials in a 
national climate inventory using TIMES- Sweden. The PA- 
tier2 approach, which could account for carbon emissions 
released from material stocks of plastics, was found to be 
superior to the other two not only for capturing the im-
pacts of recycling these materials but also for not over-  or 
underestimating the emission impact of carbon stored in 
them.

Correctly accounting for carbon stored in plastics is im-
portant for further incentivizing the production of renew-
able plastics and reducing the general over- reliance on 
carbon removal technologies. Because of synergies with 
recycling, the carbon storage potential of plastic products 
is especially worth recognizing and promoting in a policy 
setting that aims for circularity. If the carbon storage po-
tential of plastic materials is to be maximized, this study 
suggests that the most efficient strategy is first to promote 
the increased recycling rates of plastic, and then to en-
sure that all plastic waste is incinerated using CCS. With 
a rapid transition to a circular economy and the upscaling 
of plastic production using renewable feedstock (starting 
in 2030), the carbon storage effect of plastics will coin-
cide with the period that the IPCC deems most critical for 
emission reductions. If high recycling rates are achieved 
at this early stage already, their effects would last for at 
least 50 years or until the inflow of carbon into plastic ma-
terials equals its outflow to them.

For Sweden, accounting for the carbon stored in plas-
tics can have a substantial impact on the country's result-
ing emission reduction strategy. This impact would entail 
contributing around 8%– 12% of the 10 Mt of net- negative 
CO2 equivalent emissions required to reach net- zero GHG 
emissions by 2045. This contribution reduces the need 
for BECCS and makes more biomass- derived carbon and 
electricity available for use elsewhere in the energy sys-
tem. If recycling rates increase across the EU, so will the 
incentive for Sweden to export renewable plastic, since 
each metric ton exported contributes toward its national 
climate target.

By tracking the carbon flows resulting from material 
stock changes in plastic products, this study offers a more 
holistic assessment of renewable carbon. Applying the 
PA- tier2 approach to all products made from renewable 
carbon— the most notable among which are harvested 
wood products such as pulp, paper, and sawn wood— 
takes ESOMs one step further toward a detailed modeling 
of the renewable carbon cycle. Not only is this approach 
in line with dedicated carbon stock modeling such as 
that by Aryapratama and Pauliuk  (2019) or Lundmark 

 17571707, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.13017 by L

ulea T
ekniska U

niversitet, W
iley O

nline L
ibrary on [09/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 221SANDBERG and KROOK-REIKKOLA

et al.  (2014), it also considers the comprehensive energy 
system.
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