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a b s t r a c t

Inappropriate waste management and poor resource efficiency are two of the biggest problems which
European Union is trying to solve through Landfill Directive, Waste Framework Directive and Circular
Economy Package by increasing recycling and reuse and reducing waste disposal. In order to meet set
goals, new European Union member states must quickly change national legislature and implement
appropriate solutions. In the circumstances of strong EU resource and energy dependence, decision
makers need to analyse which of the considered waste management systems leads to higher overall
benefits ie. which is more sustainable. The main problem in this kind of analysis is a wide range of
possible technologies and the difference in inputs and outputs. Sustainability of these systems is ana-
lysed through single-score LCA based assessment, using primary energy used to produce materials and
energy vectors as a common measure. To ensure reliable results, interoperability between different data
sources and material flows of waste and its components are monitored. Tracking external and internal
material, and energy flows enable modelling of mutual interactions between different facilities. Resulting
PERI, primary energy return based index, is used for comparison of different waste management sce-
narios. Results show that time and legislation dependent changes have great influence on decision
making related to waste management and interconnected systems.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Waste Management (WM) is one of the leading problems Eu-
ropean Union (EU) is faced with. EU28 member states generated
over 1800 kg of waste per capita (excluding mineral wastes) of
which 27% was a Municipal Solid Waste (MSW) (European
Commission, 2016). This amount of waste at the same time repre-
sents a problem for EU member states and the opportunity to
alleviate problems of material and/or energy scarcity, increase
diversification of energy and material sources and increase the
security of supply by decreasing import dependency. EU have been
importing between 20 and 30% of all resources - around 42% of
natural gas, 56% of coal and 88% of oil, 50% of copper, 85% of bauxite,
89% of iron ore and 100% of the wide range of hi-tech metals (EEA,
2012). While one of the ways problem of energy import is
addressed is through its energy recovery (Connolly et al., 2013), the
problem of material dependency can be alleviated by the material

recovery of waste. This was emphasised through EU WM policies
which aim to reduce health and environmental impacts of WM and
to improve resource efficiency. Waste hierarchy, introduced by
Waste Framework Directive (European Union, 2004), outlined EU
way to solve this problem - by reduction of waste generation, reuse
of waste and diversion of generatedwaste from landfills bymaterial
and energy recovery. Newly adopted Circular Economy Package
(European Commission, 2015) made the next step in that direction
by “closing the loop” of products lifecycle through measures that
cover thewhole life cycle of material from production via usage and
WM to market for recovered resources.

A large energy consumption and waste production per capita
emphasised these problems in urban areas with high population
density. Because of that, urban energy systems development
(Persson and Münster, 2016), as well as resource management
(Agudelo-Vera et al., 2011), have been analysed. In recent year's
sustainable (green) infrastructure, resource efficiency, ecological
concerns in cities and urban settings, environmental sustainability
have been hot topics (Thom�e et al., 2016) but the significance of
MSW management has not been sufficiently discoursed. The MSW
holds a significant share of overall waste generation, so its
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collection, separation and recovery encompass many problems
which are derived from its composition and origin. These problems
are further enlarged because of socio-economic component (Zhang
et al., 2010). Because of this, many EU countries, especially new
member states, have experienced problems with meeting EU
legislation goals. National legislature has to be gradually adapted in
order to achieve these goals, so the shift towards new goals cannot
happen overnight (Taşeli, 2007). Even though all countries have the
same goals, there are many possible designs of Waste Management
Systems (WMS). Many papers analysed suitability of WMS by some
criteria. While any aspect can't be ignored, the European Com-
mission (EC) emphasised Life Cycle Assessment (LCA), by Integrated
Product Policy Communication (COM (2003) 302), as the “best
framework for assessing the potential environmental impacts of
products”. Scenario based LCA of Integrated Waste Management
(IWM) system in the case of London Olympic Park showed that
most significant environmental savings are achieved through ma-
terial (recycling of waste in Materials Recycling Facility (MRF)) and
energy recovery of waste - Anaerobic Digestion (AD), Waste-to-
Energy (WtE) plants and Advanced Thermal Treatment (ATT)
plants (Parkes et al., 2015). The introduction of new energy pro-
duction facility to energy system led to a shift in the energy mix.
Environmental analysis of the shift in regional heating mix was
analysed in (Wolf et al., 2016). Energy fromwaste was analysed as a
renewable energy source in many countries (Baran et al., 2016;
Zakir Hossain et al., 2014; Al-Hamamre et al., 2017; Hamad et al.,
2014). Waste for WtE facilities is delivered through primary or
secondary separation of MSW. In urban areas source separation
proved to be difficult and central sorting plans showed positive
results either as a substitute for source separation or as comple-
mentary technology (Cimpan et al., 2015). Introducing of primary
and secondary separation of waste as well as market integration
proved to have a significant impact on WtE plant operation (Tomi�c
et al., 2017). Also, the hot-spot analysis showed that MRF's avoided
burdens are three times higher than generated burdens. In the case
of treatment of primary selected Mixed Waste (MW), Mechanical-
Biological Treatment (MBT) showed to be preferable then pyro-
gasification option from the environmental point of view
(Panepinto et al., 2015). In this analysis Cumulative Energy Demand
(CED) Life Cycle Impact Assessment (LCIA) factor has been reported.
The complexity of WM and corresponding variability of impacts
lead to strong dependence of results of LCA analysis on local specific
characteristics' ofWMS. Because of that usage of generalised results
and streamlined analysis should be avoided (Laurent et al., 2014)
and the importance of the use of location-specific data when ana-
lysing local WM system and plans emphasised (Beylot and
Villeneuve, 2013; Ripa et al., 2017).

In many cases, full scale LCA methodologies were used for
comparative studies for which simpler and convenient forms for
practical use should be used (Petrov, 2007). This simplified LCA
approach is used in many recent papers (in building sector (Zabalza
Bribi�an et al., 2009), passenger car production (Danilecki et al.,
2016), as well as for comparison of solar heating and cooling sys-
temswith conventional systems (Beccali et al., 2016)) and are found
to be important tool in overcoming the prejudices about LCA
complexity as well as the difficulties in applying and understanding
given results in building sector (Zabalza Bribi�an et al., 2009).

In all mentioned simplified LCA approach analyses energy
consumption and energy-related indicators are always included.
Energy indicators can be used for the simplification of LCA analyses
and also as a proxy to assess the environmental impact in wide
range of energy production, material production, transportation
and waste treatment processes (Huijbregts et al., 2010; Arvidsson
et al., 2012; Scipioni et al., 2013) These simplified approaches can
be also more useful in certain applications, such as in industry,

where time-heavy full-scale LCA analysis was used for product
comparison or identification of opportunities for improvement of
product environmental performance at different life cycle stages, or
in planning sector, where it can be used for screening of many
different scenarios.

In this context, the CED assessment, which is also known as
Lifecycle Embodied Energy (LEE), is used to display total Primary
Energy (PE) consumption for product production, taking into ac-
count all relevant front-end processes and provides a useful
energy-related screening indicator for LCA (R€ohrlich et al., 2000)
which is quantitative and encompasses all energy flows which
drives life cycle impacts (Huijbregts et al., 2006). CED methodology
correlates with other more complex single-score LCIA methodolo-
gies. For wide range of commodity products CED gave converging
results compared with other factors (like Ecological Footprint (EF),
Cumulative Exergy Extraction in the Natural Environment (CEENE),
Climate Footprint (CF), Ecological Scarcity (ES) and Eco-Indicator
(EI)) and gave a comparable ranking of impacts (Huijbregts et al.,
2010). Because CED correlates with the majority of environmental
impacts assessments usage of CED as an indicator for identification
of environmentally preferable product is reasonable (Penny et al.,
2013).

In recent papers, CED is mainly used for environmental impact
and environmental sustainability assessments of wide range of
products - buildings (Frischknecht et al., 2015), Product-Service
System for wind turbines (Mert et al., 2017), photovoltaic solar
systems through Energy Return on Energy Invested (ERoEI) (Ferroni
and Hopkirk, 2016), small molecule and polymer photovoltaics
(Anctil et al., 2013), thermal energy storage (Mir�o et al., 2015). Only
two papers are found where CED analysis is performed on the scale
of some complex system like WMS. CED indicator based decision-
making model was used for industrial WM decision making and
it's found to be simple, scientifically robust and to fulfil its purpose
(Puig et al., 2013). This analysis compared different waste disposal
options of different wastes and includes waste transportation as an
only intermediate step, thus no WMS as a whole and technology
interconnections are analysed. On the basis of CED, Resource Con-
servation Efficiency (RCE) benchmark metric for WMS evaluation
was developed and used to compare WMS of two cities (Kaufman
et al., 2010) but assessment was given as a sum of indicators for
WM of different materials and does not analyse intermediate steps
(like waste collection, transport and separation) of WM and WMS
in the whole with interactions between different stages and
technologies.

In this paper different WMS scenarios was analysed through PE
consumption and return approach which enables decision makers
to give the answer to the question: which of the considered WMS
leads to higher overall benefits ie. which is more sustainable. This
was done through the development of decision-making framework
for life cycle energy usage comparison of local waste management
systems which is time dependent. By tracking of waste, material
and energy inputs and outputs of every waste processing stage in
WMS and by converting them into PE equivalents using a CED
factor of every material and energy vector from Ecoinvent database
(Ecoinvent Centre, 2016). This way different inputs and outputs of
each technology were reduced to the common dimension of energy
(Joules) and only waste and semi-product flows were tracked be-
tween them. For this purpose, based on collected empirical data
and literature research, estimation inventory data for location-
specific conditions were developed. Tracking of internal flows
enabledmodelling of specifics of eachWMS - likemixing of flows of
different waste composition and material feedback. By aggregating
resulting values of each WM stage, consumed/returned PE of every
technology, as well as of whole WMS chain, was calculated what
resulted in single-score energy sustainability indicator. Because of
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