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Abstract

Although the concept of circular economy is gaining increasing attention, there is a lack of tools or
any agreed methodology for evaluating circularity. To date, circularity has been assessed mainly at
product level, but national and regional level assessment is also essential in evaluating the
effectiveness of circular economy strategies. As regions play an important role in implementing both
EU and national strategies, the paper seeks to develop indicators for evaluating the circularity of
material flows at regional level. In the case region of Paijat-Hame in Finland, the circular economy
strategy is among the region’s smart specialisation spearheads, and Paijat-Hame has a road map for
moving towards a circular economy. The material flows examined in this study were phosphorous,
plastics, textiles, waste wood and ash. While the region has high utilisation rates for plastics, textiles
and waste wood, a significant proportion of material flows relates to energy production rather than
material recycling. The present analysis highlights the difficulty of obtaining regional-level
information on material flows; the available information and statistics relate mainly to waste flows
or to national averages that do not necessarily reflect regional characteristics. For that reason, the
indicators are based on circulation of waste materials rather than material circulation for the whole
value chain from manufacturing to reuse and recycling. Nevertheless, the developed indicators
provide a simple measure of circularity for regional material flows and can be further developed as
more information becomes available.
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1. INTRODUCTION

As a consequence of human activities, environmental challenges such as climate change, biodiversity
loss and flows of nitrogen (N) and phosphorus (P) now exceed safe or sustainable limits limits as first
presented by Rockstrom et al. (2009) and then updated by Steffen et al. (2015). These challenges
are linked to material and energy consumption, which are expected to continue to grow as a result
of increasing global population and gross domestic production in the decades ahead (Dittrich et al.,
2012). According to Lettenmeier et al. (2014), a sustainable annual level of global material
consumption would be 8 t per capita. However, Bringezu et al. (2009) reported that, in industrialized
countries, annual material consumption per capita is 40-50 t.



Circular economy (CE) thinking is seen as a possible solution to these problems. By moving from a
linear economy to one based on closed loops of material flows, CE aims to optimise the utility and
value of materials, products and components. This circularity of materials and associated new
services should also create new business (Ellen MacArthur Foundation, 2015). However, although
the concept is widely used, there is no agreed scientific definition of CE. In their analysis, Kirchherr et
al. (2017) defined CE as an economic system based on business models that eliminate the ‘end-of-
life’ concept by reducing, reusing, recycling and recovering materials in production, distribution and
consumption contexts at micro, meso and macro level, with sustainable development as the goal.

In the existing literature, use of the CE concept in relation to material flows commonly fails to
address the waste hierarchy while continuing to emphasise recycling (Korhonen et al., 2018).
Properly used, however, CE is based on the 4R framework of reduce, reuse, recycle and recover
(European Commission, 2008) to ensure sustainable use of materials and energy. As Korhonen et al.
(2018) noted, CE processes of reuse, remanufacturing, refurbishment and recycling will ultimately
lead to unsustainable levels of resource depletion and pollution unless the growth in physical scale
of the economic system is checked. Additionally, combustion for energy and recycling for raw
material value only should be avoided wherever possible.

According to Witjes and Lozano (2016), one of the key issues for new models of CE is to improve
collaboration between producers and suppliers. Cooperation is vital because CE sideflows from one
process can be used as feedstock for other processes, creating linkages between them. Di Maio et al.
(2017) suggested that, in addition to previous mass-based measurements, resource efficiency and CE
should be measured in terms of the market value of stressed resources. As another indicator for
evaluating CE, Huysman et al. (2017) included quality of material flow and environmental benefits.
Based on a case study of waste plastic, they showed that this kind of indicator can help to facilitate
decision making. Another example of circularity indicators is the longevity indicator presented by
Franklin-Johnson et al. (2016), which measures the material retention based on the amount of time
aresource is kept in use. This is vital information for CE, but however first requires a Life Cycle
Analysis (LCA) for the product and its components studied. According to ScoreLCA (2015),
consequential LCA could be a solution for studying circularity and the impact of changes made
during the life cycle, but the evaluation process requires a considerable amount of data and
knowledge.

In addition to individual indicators, Saidani et al. (2018) provide a taxonomy of circularity indicators
based on the analysis of both academic and grey literature. The authors classified altogether 55
indicators in 10 categories based on, for instance, the level of implementation (micro, meso, macro),
the CE loops (maintain, reuse, remanufacture, recycle) and the perspective of circularity (actual,
potential). The study indicates that CE indicators already exist, but there is still a lack of holistic
indicators and knowledge on the usability of different types of indicators.

Circularity has also been assessed in a global level. In a material flow analysis of the circularity of the
global economy, Haas et al. (2016) estimated that about 7% of material input flows are closed while
30% are net additions to socioeconomic stock. The analysis determined whether a specific material
was used for energy production or as raw material for other processes, and whether materials were
used within one year or remained as socioeconomic stock.

Although several previous studies have attempted to measure CE or to create relevant indicators,
there is still a knowledge deficit in relation to regional indicators. Regions play an important role in



implementing EU and national policies, but there is currently no uniform methodology to compare
their degree of movement towards CE (Smol et al., 2017). As the lack of indicators makes it more
difficult to set and pursue regional targets, the aim of this study was to develop a tool to evaluate
the circularity of various waste material flows at regional level. Based on real data, we can also
determine which materials are best studied at regional level and which require a global perspective.
Finally, the study sought to identify factors that impact the circularity of different materials.

2. MATERIALS AND METHODS

For the purposes of this research, the current state of CE for selected waste material flows was
modelled at a regional level. The case region, Paijat-Hame in Southern Finland, is characterised by
small and medium-sized enterprises within a diverse economy. Traditional process industries
including forestry, furniture, and metal, plastic and textile goods play a significant role in the region.
However, structural change has impacted these traditional industries, and in pursuing new business
growth, CE is one of the region’s key smart specialisations (Regional Council of Paijat-Hame, 2017).

Among the various material flows in Paijat-Hame, seven were included in the study: phosphorus,
nitrogen, plastics, textiles, waste wood, ash and metals. Of these, five were selected for detailed
analysis. The selected materials differ in their qualities and volumes of flow. In developing material
flow indicators, the information collected included material inputs to the region, production in the
region and circulation of materials through recycling, energy recovery and disposal as stock or to
landfill. In relation to material recycling and energy recovery, the study also looked at whether this
occurred within the region or outside in order to identify opportunities for new business in the
region.

2.1. Data collection and limitations

Case material flows for this article are phosphorous, plastics, textiles, waste wood and ash. Apart
from phosphorous, all of these are partly recycled as material. However, a significant proportion of
plastics, textiles and waste wood is used for energy production at a gasification power plant that
generates electricity and district heat from solid recovered fuel (SRF). Since the beginning of 2016,
landfill disposal of organic waste in Finland has been restricted by a Government Decree (Finnish
Government, 2013). In combination with an increasing emphasis on CE, this has stimulated interest
in finding new solutions for material recycling; for example, ash is mainly reused in earthworks.

The available data on material flows include both primary data from companies, official statistics and
environmental permits and secondary data from sources such as the research literature and national
statistics. It is notable that the available information from environmental permits and related official
digital services relates only to larger-scale industries requiring permits. Table 1 shows the main
categories of data used for modelling and the main constraints on data availability.

Table 1: Key data sources for material flow analysis

MATERIAL FLOW Primary data Secondary data No data available
Phosphorus Biogas plant operations and P flows in agricultural systems Biowaste imports
digestate quality
P and N content of woody mass Ash use in forest fertilizing
Fertilizer amounts in the flows




region
Wood use at sawmills
Agricultural production Wood
production and use

Wood production and use

Plastics Official digital service VAHTI, Finnish national statistics, Arvi Companies that are not subject
environmental permits, project results, studies on the to environmental permits
information from plastics composition of Municipal Solid and/or have not delivered
industry companies Waste (MSW) and Solid Recycled information

Fuel (SRF)
Textiles TEXJATE project (Dahlbo et al. Reuse of textiles by/between
2017) consumers

Waste wood Official digital service VAHTI, Wood use at sawmills Companies that are not subject
wood production and use, to environmental permits
waste wood from main and/or have not delivered
industries information

Ash Official digital service VAHTI,

environmental permits and
decisions, Finnish Food Safety
Authority (EVIRA)

During the data collection process, it became clear that it is challenging to find regional-level
information on material flows. Data were collected from different sources and were in some cases
contradictory. For some material flows, only national-level data were available. Waste management
practices in the Paijat-Hame region differ from most other regions in Finland SRF because SRF is
collected separately; this means that although the recycling rate for municipal waste is high, a lot of
materials end up being incinerated. These special characteristics of Paijat-Hdme mean that national
figures do not necessarily reflect the real situation.

In addition to the challenges mentioned above, there was a lack of data in relation to the disposal
and storage of materials. For instance, households store significant volumes of unused textiles and
plastics, but the extent of these stocks is not known (Eskelinen et al., 2018). This is also the case for
plastics that are not registered for material or energy recovery; some have been stored, some have
probably ended up in nature and some would have gone to landfill prior to the ban. Table 2 shows
the relevant volumes of material flows in the following categories: material flow inputs to the region
(min), production in the region (m;), material utilisation in the region (mc), energy use in the region (me),
material utilisation outside the region (mouC), energy use outside the region (mout,e), disposal in stocks or
storage (mq) and deposit to landfill (m)).

Table 2: Material flow circulation, storage and deposit to landfills at Paijat-Hame region (tonnes).

Resource Inputs | Productio | Circulate | Circulate | Circulate | Circulate | Disposa | Deposi
category to the nin the dto dto dto dto lin tto
region | region material | energy material | energy stocks/ | landfill
min[t] mp[t] use inthe | useinthe | use use storage | my[t]
region region outside outside malt]
m¢[t] me[t] the the
region region
Mout,C[t] | Mout,€[t]
Phosphorou | 0 271 180 0 0 0 91 0
s
Plastics 3,300 39,300 170 20,300 4,840 13,900 NA NA




Textiles 1,632 2,672 127 2,378 308 2,235 166 NA
Waste wood | 138,60 | 371,200 88,500 400,100 8,200 17,400 NA 0

0
Ash 0 75,200 23,300 0 0 0 7,900 49,500

2.2. Characteristics of Material Flows in Paijat-Hame and Finland

Phosphorous is used intensively in agriculture as a fertilizer and the study of phosphorus flows
focuses on nutrients and biomasses. Because phosphorus is usually a limiting nutrient in Finnish crop
production, it was selected as an example of the biological aspect of CE. Efforts to close P loops have
attracted increasing interest in recent years. At present, most waste flows that contain nutrients are
collected at a local biogas plant in Paijat-Hame. The digestate moisture content is 33%, with 1.8% P
in digestate dry matter. However, as mixing wastewater treatment plant sludge with other biowaste
flows has raised concerns about pathogens, it is very likely that current digestate use cannot
continue as business as usual. In wood-related cycles, phosphorus ends up as ash in sawmills and for
energy production. Ash can also be used to fertilize forests. The main challenge related to open
phosphorous cycles is eutrophication in water systems. Low price of mineral phosphorous makes it
challenging to improve circular economy of phosphorous.

The amount of plastic waste in Finland continues to increase significantly, and the greater part of
this is packaging, which is the most commonly recycled form of plastic (accounting for 32% of total
plastic packaging waste in 2010). This is followed by plastics in construction waste (23%) and
agricultural plastics (20%). Most of the recycled plastic is low-density polyethylene (PE-LD) (Jarvinen
2016). It is noteworthy that different studies report very different figures for plastic waste in Finland,
making it challenging to develop an overall picture at national and especially regional level.

Paijat-Hame is of national significance in the plastics industry, with about 7% of Finnish plastics
companies located in the region. Along with metals, plastics are the region’s main engineering
material (Eerola 2014, 53.) Material flow data for plastics were collected from relevant companies,
environmental permits, waste statistics and national studies, using the ratio of national population
figures to Paijat-Hadme to translate national data into regional. The data were mainly from 2013 to
2015, before the landfill ban on organic waste came into force. Producer responsibility for plastic
packaging came into force in 2016, and separate collection of post-consumer plastic packaging also
commenced in that year. Since then, material and energy utilization have increased and landfilling
has decreased.

A significant proportion of pre-consumer plastic waste from side flows and production can be
recycled and used as raw material in the same manufacturing process (or another). Industries using
thermoplastics can recycle up to 90 % of their waste internally; this is not taken into account here
because no reliable statistics are available. Municipal solid waste (MSW) is the main waste stream
containing plastics, which account for about 13% of MSW. (Salmenpera et al. 2015). In 2014, about
half of MSW was utilized as energy, and about 17% ended up going to landfill nationally. About half
of the plastic waste that ends up in landfill is post-consumer while about a quarter is pre-consumer
waste. Most of the plastics in MSW are packaging-related. (Jarvinen 2016).

Although plastics have a heating value similar to oil, interest in CE and environmental values driven
by national and EU regulations have shifted the emphasis to new material recycling solutions.
According to Plastics Europe (2017), 22% of plastic waste was recycled in Europe in 2017, of which




73% was utilized as energy while 5% still went to landfill. As compared to earlier studies, producer
responsibility and the landfill ban seem in particular to have increased waste utilization for energy
production.

Textile waste is currently collected in Finland either as a component of MSW or as part of SRF (as in
the Paijat-Hame region). The amount of textile material in MSW is growing as a result of fast-
changing fashion and the poor quality of garments produced. Consumer behaviour increases the
environmental impacts of textile production in terms of water, energy and chemical consumption in
the production chain. However, only about 20% of discarded textiles are collected by charity
organizations and other NGOs. The ideal solution would be to encourage consumers to purchase
durable and recyclable garments only when needed and repairing, reusing or recycling the textile as
material until it can no longer be reused. (Dahlbo et al., 2017)

In practice, there is no sign of a decrease in consumption of clothes, as shown by the increasing
percentage of textiles in MSW. As no primary regional data are available for textile waste in the
Paijat-Hame region, the flow data were derived from a quantitative national study of textile waste
(Dahlbo et al., 2017). The ratio of Finland’s population to that of Paijat-Hame in 2013 was used to
estimate amounts of regional textile waste, based on textile waste data from 2012. As the landfill
ban on organic waste was not in force at that time, it was assumed that the amount of textile waste
in MSW was 5.8% (based on the Finnish Solid Waste Association’s statistics from 2016 (JLY). In the
absence of the landfill ban on organic waste, the item ‘disposal to landfills’ in Table 2 was deemed
not applicable.

The national landfill ban on organic waste has prompted research and surveys addressing the
simultaneous development of a chain of waste collection, sorting, identification, separation and
recovery (Telaketju, 2017). The European Union’s Waste Directive update (European Parliament,
2018) sets a separate collection requirement for textile waste by 2025, further accelerating the need
for national and regional data regarding textile waste qualities, quantities, logistics chains and so on.

Waste wood is generated mainly by the forestry industry and by the construction and demolition
sectors. The EU Waste Framework Directive targets 70% recycling of non-hazardous construction
and demolition waste (CD&W) by 2020. While there are currently no reliable national statistics on
CD&W recycling, the Finnish Ministry of the Environment (2015) estimates that 26% of CD&W is
recycled as material. According to Dahlbo et al. (2015), 36% of Finnish CD&W is typically wood,
which is used mainly for energy recovery. Material recycling of CD&W waste wood is challenging, as
it contains nails, remnants of concrete, paints and other contaminants. In the Paijat-Hame region,
information on wood material flows was based on wood use and waste statistics.

In Finland, approximately 1.5 million tonnes of ashes are generated annually. Ashes generated at
combustion plants and boilers are considered valuable as raw materials; these residues are likely to
be high in nutrients such as Ca, K, P and Mg, and their reported high pH and neutralising capacity
supports their use as a fertilizer (Augusto et al., 2008). Additionally, these residues have proven
geotechnical properties, and their use in earth constructions is widely reported (Manskinen, 2013).
To promote the reuse of ashes, Finland has introduced some national regulations—for example, the
Finnish Waste Tax Act specified a tax per tonne of landfilled ash, which increased to 70 euros per
tonne at the beginning of 2016 (Waste Tax Act, 2010).

Although ashes are widely reused in Finland, Finnish environmental legislation designates these



residues as waste. For that reason, institutional or professional utilisation of such waste always
requires an official permit, decision or registration by the relevant authorities. For the purposes of
this research, data for ashes generated in the region of Paijat-Hame were sourced from
environmental permits (Environmental Protection Act, 2000), decisions under the decree for the
utilisation of waste in earth constructions Decree, 2009; Decree, 2012), Finnish Food Safety
Authority (Evira) registrations and the Finnish official digital reporting service VAHTI.

2.3 Material Flow Indicators

Figure 1 presents a breakdown of waste materials for the case region, with flows assigned to the
following categories: material inputs to the region, material outputs from the region, production in
the region, deposit and disposal in the region, circulation for material use and circulation for energy
use. Indicators describing circular economy efficiency in a region were developed on the basis of
these factors.

REGION BOUNDARIES

MATERIAL INPUTS TO THE ;
REGION ; n \ n ! ENERGY OUTPUTS FROM THE
- z Mpn Z mpp i REGION
Z Minn | B PROCESSES  /“n=t | "
n=1 } ; n
i : Z Mout,en
i i n=1

! MATERIAL OUTPUTS FROM THE

\ i REGION

; PRODUCTION DEPOSIT

i CIRCULATED DISPOSAL | Y
! TO MATERIAL _— n
L n=1 -d.n: E Mout,c,n
| | n=1
! CIRCULATED i
i TO ENERGY i
| USE ; ;
i i
i mg_n Mg p i
1=1 n=1

Figure 1. Material flows: material inputs to the region (mi»), production in the region (m;), material
recycling in the region (m¢), energy use in the region (me), deposit to landfill (m)), disposal in stocks
(mg), energy use outside the region (moy,e) and material recycling outside the region (mouyt,C),.

The factors created to evaluate regional circular economy for a given waste material are based on
output-input ratios (R) of masses. The first indicator (Rce) specifies how much material is circulated to
material use or to energy use as compared to total material input and production in the region,
describing how well that material flow is utilized as material or energy. This indicator (Rce) describes
the overall material flow circulation ratio of the total amount of materials i.e. the materials
produced in the region and transported there.

_ 22=1 mc,n+22=1 Mout,cn™t 22:1 me,n+22:1 Mout.en
Ree = (1)

Yh=1 min,n+22:1 Mpn

The second indicator (Rcef) specifies how much material is circulated to material use as compared to
total material and energy circulation. The higher the value of the indicator, the more efficient is



material use in terms of the waste hierarchy for that material. This indicator (Rcer) describes the
overall material recycling rate versus to energy use.

LY mc,n+2%=1 Mout,cn (2)

L mc,n+22= 1 Mout,cn Y0 . Men X0, Mout,en

Rc,eff =

The third indicator (Rregion) Specifies the share of circulation in the region as compared to total
circulation, capturing the importance of a material flow within the regional context. This indicator
(Rregion) describes the overall ratio of material circulation inside the region in order to evaluate the
situation in the regional level. This may provide useful data from the regional development
perspective.

)L mc,n+22:1 Men
Rregion - (3)

Yh=1 mc,n+22:1 mout,c,n+22:1 me,n+22:1 Mout.en

These indicators improve understanding of differences between various material flows, enabling
methods of improving regional CE to be developed.

3. RESULTS AND DISCUSSION
The regional material flow indicator results for phosphorus, plastics, textiles, waste wood and ash,
i.e. material circulation to material or energy use (Rce), material circulation to material use (Rce, eff)

and material circulation in the region (Rregion ), are presented in the Table 3.

Table 3. Regional indicators for Paijat-Hame

Resource category Material circulation to | Material circulation to | Material circulation in
material or energy use | material use (Ree, eff) the region (Rregion )
(Ree)

Phosphorous 0.66 1.00 1.00

Plastics 0.91 0.13 0.52

Textiles 1.17 0.09 0.50

Waste wood 1.01 0.19 0.95

Ash 0.31 1.00 1.00

The results show that the R indicator is highest for textiles (1.17) and for waste wood (1.01); the Ree
indicator for plastics is also high (0.91). This confirms that these waste materials are circulated to
material use or utilised for energy production. However, it is notable that Rc,eff is low for all of these
waste residues (plastics 0.13, textiles 0.09 and waste wood 0.19), suggesting that these waste
materials are recovered effectively but are used mainly for energy recovery. The results align with
Finnish national waste statistics showing that utilisation of municipal waste has increased in recent
years but mainly because of increasing energy recovery (Statistics Finland, 2019). Based on these
findings, circulation of these materials does not conform to European waste hierarchy principles.




Although Finnish national and regional CE targets emphasize material re-use rather than energy
recovery, the present findings suggests that energy recovery is favoured in practice. This owes partly
to the absence of material re-use options in many regions, especially for textiles and waste wood,
and a pre-feasibility study for the first large-scale textile recycling plant was recently initiated (Yle,
2018). Ecosystems, facilities and novel technologies are also heeded to promote recycling of waste
woods and plastics. In response to stricter EU recycling requirements, more treatment capacity for
plastic wastes will be implemented in southern Finland (Talouseldm4, 2018).

It is notable that the Rce indicator is above 1.0 for textiles and waste wood. This reflects the
challenges of data collection and the lack of primary data, such as statistical information on textile
waste at either regional or national level. For present purposes, the volume of textile waste was
estimated in terms of the quantity of textiles in municipal waste as well as national figures (Dahlbo
etal., 2017). Re-use of textiles was calculated on the basis of national estimates.

As shown in Table 3, the highest values for circulation to material use (Rceeff) are for ash (1.0) and
phosphorus (1.0), partly because these materials cannot be used for energy production. In addition,
the Rregion indicator is 1.0 for both of these wastes, indicating that they are used in the region. This is
unsurprising, as transporting these over a distance would not be profitable. According to the Finnish
waste tax provision (2010) that a tax of 70 euros must be paid per tonne of landfilled ash, it would
not be economically viable for transportation costs to exceed landfill costs, and the ashes are
therefore re-used within a range of approximately 100 km. Accordingly, biogas plant digestate
containing nutrients that include phosphorus is returned along with compost phosphorus for
agricultural use within a radius of approximately 50 km. Digestate currently has no economic value.

Some phosphorus may be transported as digestate outside the region, but we have no detailed
information in that regard. The use of phosphorus related to wood combustion ash remains unclear,
but itis assumed that most of it is currently disposed of in landfills or other non-fertilizer uses. As
there is no energy use for phosphorus, all circulation is to material use. In addition, it can be
assumed that all P is likely to be circulated inside the region. There is little information about P in
biowaste imported to the local biogas plant, but this amount is likely to be marginal when compared
to biogas plant feedstock production in the region.

The results also show that the Rregion indicator value for material circulation of waste wood within the
region is high (1.00), which suggests that all wood waste is circulated within the region as compared
to only half of plastics (0.52) and textiles (0.50). The case study also confirms that the Ryegion indicator
correlates with the price of materials. For example, the price of plastic waste is highly variable,
depending on the type and quality of plastic, but on average, it is close to zero. The same applies to
textiles, which means that it is not profitable in most cases to transport materials over longer
distances.

4. CONCLUSIONS

While the idea of the circular economy is gaining in importance at regional, national and
international levels, the few existing measures of circularity focus mainly on the product level. The
aim of the present research was to create and test regional level indicators, but this proved difficult
because of a lack of reliable data. The original aim was to develop an input-output study of different
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material flows, but the available data were insufficient. Primary data on material flows were found
in statistics and environmental permits, but these focus mainly on waste flows rather than on
materials used for production. Additionally, as small-scale production does not necessarily require
an environmental permit, not all waste flows or sidestreams are reported.

The present study highlights the difficulty of sourcing exact regional or even national information on
volumes of waste fractions. It also shows that current statistics for areas such as construction and
demolition waste are not available, even though the EU has set a 70% recycling target for that
sector. As some of the figures for plastic and textile waste are estimates based on national and
regional research rather than primary data, these are in some cases contradictory. That said, the
main aim here was to test and develop indicators, and the indicator results should be treated as
examples. By highlighting its limitations in this way, current reporting can be enhanced to advance
circular economy goals and monitoring.

This research also confirms the complexity of circular economy ecosystems and the challenges of
closing the loops. In the case region of Paijat-Hame, many companies are small, and material flows
consist of various industrial sidestreams. In practice, SMEs lack the resources to promote reuse of
sidestreams, especially where essential actors are missing from the value chain—for example, the
region still has no recycling facilities for textiles. Moreover, this research confirms that ashes
originating from small power plants are not utilised, and the transition to a circular economy
requires utilisation of all flows. While data collection for this research was challenging, the indicators
developed here help to simplify the complexity of material flows and provide a basis for evaluating
regional circularity. Although it was originally hoped to evaluate material circulation for the whole
value chain (i.e. from material use in manufacturing to reuse and recycling), the indicators effectively
capture the circulation of waste materials.
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