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Energy systems and urban circularity: evaluating the performance of 
indicators for district heating and cooling systems according to the 
circular economy principles 
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Rebola, J., 2022: Energy systems and urban circularity: evaluating the performance of indicators for district 
heating and cooling systems according to the circular economy principles. Master thesis in Sustainable 
Development at Uppsala University, No.  2022/07, 49 pp, 30 ECTS/hp   

Abstract: The circular economy model has been proposed as a possible strategy for sustainable development in 
urban areas, implying that its core principles need to be cascaded down to various sectors, including the energy 
sector. District heating and cooling systems have great potential to enhance circularity on an urban level due to 
the establishment of synergies between different sectors, the incorporation of renewable energy sources and 
high efficiency. Indicator-based frameworks are valuable tools for monitoring the transition toward a circular 
economy. However, no framework to assess circularity in district heating and cooling systems was found. Thus, 
this study addresses this gap by reviewing currently available indicators used to assess district heating and 
cooling systems and understanding to what extent they reflect circular economy principles. For this purpose, 27 
papers with 271 indicators were assessed against defined criteria related to the circular economy principles. 
These criteria included transparency, stakeholder engagement, effective communication, ability to track 
temporal changes, applicability, alignment with circular economy principles, validity and relevance to 
sustainable development. Afterwards, 89 indicators were selected and classified based on the 10R principle 
framework. The assessment revealed that the assessed papers cover a wide range of topics and assessment types 
and that none of the assessed papers fulfils all of the assessment criteria. Moreover, most of the identified 
indicators connect to the environmental and economic pillars of sustainable development, and the identified 
indicators focus primarily on the R principles of Reduce and Recover. This study laid the foundation for further 
research on the relationship between district heating and cooling systems and the circular economy by 
identifying the understudied areas and highlighting the need to develop tailored indicators to measure circularity 
in these systems. 
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heating and cooling systems according to the circular economy principles. Master thesis in Sustainable 
Development at Uppsala University, No.  2022/07, 49 pp, 30 ECTS/hp   

Summary: The circular economy is an economic system in which the cyclical use of resources is promoted 
following the principles of waste minimization, resource input reduction and economic value retention. The 
circular economy has been proposed as a possible pathway for cities' sustainable development. Therefore, its 
core principles need to be cascaded down to various sectors operating in cities, including the energy sector. 
District heating and cooling systems generate and distribute heat or cold to buildings using pipe networks and 
are essential to keep cities operating as usual. District heating and cooling systems have been identified as 
having great potential to enable urban circularity. Hence, it is important to understand how such potential could 
be measured. Assessment frameworks composed of indicators are valuable tools for monitoring the transition 
toward a circular economy and could thus be used to measure how district heating and cooling systems perform 
according to the circular economy principles. However, no framework to assess circularity in district heating 
and cooling systems was found. Therefore, this article addressed this gap by reviewing currently available 
indicators used in district heating and cooling systems assessment to understand to what extent they reflect 
circular economy principles. For this purpose, 27 papers with 271 indicators were assessed against defined 
criteria related to the circular economy. These criteria included transparency, stakeholder engagement, effective 
communication, ability to track temporal changes, applicability, alignment with circular economy principles, 
validity and relevance to sustainable development. Afterwards, 89 indicators were selected and classified based 
on the 10R principle framework, which includes the principles Refuse, Rethink, Reduce, Reuse, Repair, 
Refurbish, Remanufacture, Repurpose, Recycle and Recover. The assessed papers cover a wide range of topics 
and assessment types, but none fulfils all the assessment criteria. Additionally, most of the identified indicators 
connect to the environmental and economic pillars of sustainable development, meaning that the social and 
governance pillars are less represented. Moreover, the identified indicators focus primarily on the R principles 
Reduce and Recover. This study laid the foundation for further research on the relationship between district 
heating and cooling systems and the circular economy by identifying the understudied areas. It highlighted the 
need for further development of tailored indicators to measure circularity in these systems. 
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1. Introduction 
Energy systems are crucial in assuring adequate city functioning given their connection to other 
sectors such as mobility, health and the built environment. In order to be sustainable, energy systems 
need to meet demand without contributing to further environmental degradation. Given the increasing 
scarcity of non-renewable resources, it is vital to consider paradigms that focus on renewable energy 
sources and efficiency across all sectors, thus shifting away from the current linear economy. 

A Circular Economy (CE) can be defined as an economic system in which the cyclical use of 
resources is promoted to minimise waste, reduce the input of primary resources, and retain economic 
value (Morseletto, 2020). As a result, CE can be used as a pathway for decoupling economic growth 
from the negative impacts of resource depletion (Murray, Skene and Haynes, 2017). Cities depend 
heavily on material resources and account for two-thirds of global energy consumption (United 
Nations Human Settlements Programme, 2020). Given this high resource dependency, changes in 
cities can play a crucial role in moving towards more sustainable paradigms, such as CE (Levoso et 
al., 2020). Therefore, it is necessary to understand how circularity-focused transitions on an urban 
level can be assessed and measured (Levoso et al., 2020; Papageorgiou et al., 2021). Tools that 
evaluate how cities perform from a CE perspective are crucial in providing relevant information to 
assist decision-making and avoid spillover effects or adverse outcomes (Moraga et al., 2019). 

District Heating and Cooling (DHC) systems generate and distribute heat or cold to buildings using 
pipe networks and are essential to keep cities functioning effectively. DHC systems can play a crucial 
role in future sustainable energy systems, especially regarding their heat sources and process 
efficiency (Lund et al., 2014). For example, these systems can be integrated into the CE by allowing 
the widespread use of combined heat and power and industrial surplus heat or heat from waste-to-
energy (ibid.). By 2050, due to climate change, the European need for building cooling is expected 
to triple, whereas the demand for heating is expected to decrease by 20 to 30% (Buffa et al., 2019). 
Consequently, current DHC systems must be adapted to future challenges and more research is 
needed to develop resilient energy systems adapted to future needs. 

Since a possible strategy for future city development is to incorporate the CE model (Corona et al., 
2019), its core principles need to be implemented in various sectors, thus including DHC systems. 
Currently, DHC systems are not systematically assessed from a CE perspective, making it difficult 
to understand their performance regarding circularity. Given the potential of DHC systems to enhance 
circularity on a city level, decision-makers in the energy sector and in urban planning should develop 
policies that contribute to increased circularity in these systems. Indicator-based frameworks are 
valuable tools for benchmarking and monitoring the transition toward CE (Papageorgiou et al., 2021) 
and can aid decision-makers in developing more complete policies. Hence, the performance of DHC 
systems to realise CE principles can be evaluated using indicator-based assessments. 

The objectives of this study are (i) to identify indicator-based assessment strategies that measure 
different aspects of DHC systems and (ii) to assess how identified indicators perform from a CE 
perspective against a set of defined criteria. Therefore, this study seeks to answer the question: 

How can indicator-based assessments aid in assessing the performance of district heating and 
cooling systems against the CE principles?  

To answer the research question, a systematic literature review was conducted to identify single 
indicators, indicator sets and indicator-based frameworks connected to DHC systems assessment. 
This was followed by the assessment of the identified indicators against defined criteria related to 
the CE. These criteria included transparency, stakeholder engagement, effective communication, 
ability to track temporal changes, applicability, alignment with CE principles, validity and relevance 
to SD. Based on this assessment, indicators were selected and classified based on the 10R principle 
framework, as proposed by (Potting et al., 2017). This research contributes to the study of the 
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relationship between DHC and the CE by reviewing how current DHC assessment indicators perform 
from a CE perspective and by identifying the understudied areas. It highlights the need for further 
development of tailored indicators to measure circularity in these systems. It also provides an extensive 
database of indicators found in literature connected to DHC systems, which can be useful for other 
researchers or practitioners involved in further indicator development. 
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2. Background 

There is an overall consensus across society and academia on the need to develop strategies for 
sustainable development (SD). CE has become increasingly popular across policymaking, 
consultancy, and science in the past decade, especially as a proposed pathway toward achieving a 
more sustainable society (Murray, Skene and Haynes, 2017; Reike, Vermeulen and Witjes, 2018). 
The concept has been described as a ‘buzzword’ (Desing et al., 2020) and as an ‘umbrella term’ 
(Blomsma and Brennan, 2017; Moraga et al., 2019), highlighting the lack of consensus around the 
definition of CE, which can lead to shortcomings (Desing et al., 2019). Moreover, the CE concept 
lacks robust and well-defined engineering design methods, leading some researchers to question its 
effectiveness (Walmsley et al., 2019). 

In broad terms, CE can be defined as an economic system in which the cyclical use of resources is 
promoted to minimise waste, reduce the input of primary resources, and retain economic value 
(Morseletto, 2020). As a result, it places a strong focus on process efficiency, recycling, reusing and 
waste minimization strategies (Kirchherr, Reike and Hekkert, 2017; Morseletto, 2020). The CE 
concept can be seen as the antonym of a linear economy in which natural resources are converted 
into waste via production with waste generation (Murray, Skene and Haynes, 2017). Consequently, 
in a linear economy, further deterioration of the environment occurs by unsustainably exploring 
natural capital, while the value of the natural capital reduces due to waste pollution (ibid.). The CE 
is seen as a possible pathway for decoupling economic growth from the negative impacts of resource 
depletion (ibid.). Therefore, developing strategies that measure the progress toward CE is of great 
interest in nowadays society and policy-making. 

2.1. Circular economy and the energy sector 

The ongoing energy transition is mainly driven by the ambition of mitigating climate change effects 
and focuses on increasing the usage of renewable energy (RE), developing low-carbon technologies, 
responding to the flexibility of energy systems, developing energy storage technologies, digitising 
the sector and designing negative emissions technologies (Yan and Xu, 2021). A CE emphasizes the 
cascading and valorisation of resources through strategies such as reducing, reusing, recycling and 
recovering and underlines the need to use renewable resources, including RE. As a result, in the 
energy sector, a transition toward a CE is often connected to the increased use of renewable energy 
sources (RES) (Desing et al., 2019; Bist, Sircar and Yadav, 2020). In fact, according to Desing et al. 
(2019), using fossil or nuclear energy resources is incompatible with Brundtland’s report definition 
for SD, which in turn means that a future CE should only be powered by RES. 

The energy transition and CE are inherently intertwined both because they share core principles but 
also because their courses of action can overlap – for example, the expansion of low-carbon energy 
can promote waste-to-energy (WtE) strategies and the increasing electrification of the mobility 
sector, with its increased demand for critical materials, increases the need for recycling of end-of-
life batteries (Yan and Xu, 2021). As a result, developing integrated waste management approaches 
can contribute to closing the loop regarding materials via material recovery and energy via WtE 
(Tomić and Schneider, 2018). Synergies between the energy sector and other sectors exist beyond 
the waste management sector. Since circular processes tend to be local, these should be studied on a 
regional level as circular processes are typically local (Kiviranta et al., 2020). Examples of possible 
synergies include recycling excess heat from conventional and unconventional heat sources, such as 
factories or data centres, which can then be incorporated into the local heating grid (Andrés et al., 
2018). 

Moreover, the hybridization of two or more energy technologies has been identified as an enabler for 
change from the conventional linear paradigm of ‘‘resource–product–waste and emission’’ toward a 
‘‘resource–product–resource’’ paradigm, in which energy can be reused (Bist, Sircar and Yadav, 
2020). Despite the associated challenges of location selection and energy storage, hybrids can 
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increase efficiency when designed to decrease raw material use and waste generation, thus benefiting 
from a CE perspective (ibid). Finally, given its high energy demand for heating/cooling and 
electricity, the built environment can play a crucial role in increasing circularity. In this case, 
buildings can simultaneously be designed as power plants (i.e., by building integrated energy 
systems) (Desing et al., 2019). 

Scholars have investigated how a CE can contribute to the deployment of RE. Kiviranta et al. (2020) 
conducted a study to evaluate if CE could increase the value of variable renewable energy (VRE) 
investments and thus accelerate the transition towards RE. For that, four scenarios in which surplus 
VRE was used for different purposes were created. These scenarios included power exports, CE, 
partly electrified transportation sector and district heating (ibid.). Integrating the power production 
peaks of VRE into the CE scenario showed the highest annual net profit (0.72 M€), while power 
exports (- 0.43 M€), partly electrified transportation sector (- 0.50 M€) and DH (- 0.27 M€) all lead 
to net losses, showing that the gains obtained from the products derived from circular processes 
increased the value of the RE system. Since applying surplus VRE in circular measures resulted in 
the highest profit, it is reasonable to hypothesise that promoting CE could lead to investments in RE 
(ibid.). However, the amount of electricity that can be integrated into circular measures and the 
maximum capacity of the circular processes constrained the value increase of the system. 
Nonetheless, this study shows how CE can create economic benefits but still faces non-economic 
challenges before those benefits can be realised. 

2.2. Measuring circular economy: indicators and methods 

An indicator can be defined as a “quantitative or qualitative factor or variable that provides a simple 
and reliable means to measure achievement, to reflect the changes connected to an intervention, or 
to help assess the performance of a development actor” (OECD, 2002, p. 25). By condensing 
information, indicators allow for better communication and overview of complex aspects, thus being 
highly relevant to support decision-making. It has been generally acknowledged that in order to 
measure and quantify the progress towards a CE, it is necessary to introduce monitoring and 
evaluation tools, such as indicators (Saidani et al., 2019; Paiho et al., 2020). Indicator-based 
frameworks are considered a helpful tool for monitoring the transition toward CE (Papageorgiou et 
al., 2021). On a city level, these frameworks are of particular interest, as various cities have accepted 
CE as a pathway towards urban sustainability and are thus engaged in setting up strategies that allow 
this transition (Papageorgiou et al., 2021; Vanhuyse, Haddaway and Henrysson, 2021). Therefore, it 
is crucial to ensure that the potential circularity of the systems will result in practical benefits 
regarding sustainability and under what conditions that will happen (Saidani et al., 2019). While the 
metrics for measuring circularity depend on the system level (micro, meso and macro), this 
classification is not used consistently amongst different authors (Moraga et al., 2019). 

In order to create a classification framework for indicators used in CE, Moraga et al. (2019) used two 
definitions that describe CE in sensu stricto and sensu latu, thus defining the boundaries of different 
CE approaches. Adapted from Bocken et al. (2016, p. 309) and focusing on the technological cycle 
of resources, the sensu stricto definition distinguishes CE and the linear economy by focusing on 
slowing and closing resource loops. Slowing happens “through the design of long-life goods and 
product-life extension (i.e. service loops to extend a product's life, for instance through repair, 
remanufacturing)”, which extends the utilisation period and slows down the resource flow. Closing 
happens when “the loop between post-use and production is closed, resulting in a circular flow of 
resources”, meaning the linear flows of waste are turned into secondary resources. On the other hand, 
sensu latu defines CE in broader terms as “an economic model wherein planning, resourcing, 
procurement, production and reprocessing are designed and managed, as both process and output, 
to maximise ecosystem functioning and human well-being.”(Murray, Skene and Haynes, 2017, p. 
377). As a result, the sensu latu definition focuses on CE's effects on the economy, environment, and 
society rather than technicalities. The developed framework also included classifying CE indicators 
into three measurement scopes according to their modelling level and life cycle boundaries (Table 
1). Indicators can involve technological cycles, their cause-and-effect relations, and how these two 
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aspects are considered. Thus, the classification within scopes is beneficial because it increases clarity 
and understanding of CE indicators. By applying the developed classification framework, they 
concluded that CE assessment needs not one but multiple indicators. 

Table 1. Classification of CE indicators into different scope categories. (Moraga et al., 2019) 

Scope 0 Indicators measure physical properties from technology-related cycles without a life cycle thinking 
approach, e.g., recycling rate 

Scope 1 
Indicators measure physical properties from technology-related cycles while considering either a 
full or partial life cycle thinking approach, e.g., the indicator Reusability/Recyclability/ 
Recoverability (RRR) 

Scope 2 
Indicators measure both the positive and negative effects of technology-related cycles concerning 
environmental, economic and social aspects using cause-and-effect chain modelling, e.g., RRR 
benefit rate (RRR in terms of environmental effects) 

The transition towards a CE has been hindered by the lack of indicators and other performance 
assessment tools (Paiho et al., 2020), leading to a lack of support in decision and policy-making. 
Saidani et al. (2019) created a taxonomy for CE indicators reviewing over 50 sets of indicators. The 
developed classification structure includes ten categories such as level of CE implementation (micro, 
meso, macro), CE loops (maintain, reuse, remanufacture, recycle) and perspective on circularity 
(actual, potential). First, the user answers a series of questions that aim to reflect for what purpose, 
and therefore for what need, the user intends to use CE indicators. As an output, the user gets a list 
of the most suitable indicators based on the previous answers (ibid.). The developed tool helps 
academics, companies, environmental organisations and government agencies to identify and select 
the circularity indicators that best fit their requirements. 

Sassanelli et al. (2019) set out to identify the existing CE performance assessment methods found in 
the literature by conducting a systematic literature review. Their findings proposed a positioning 
framework for measuring and assessing the circularity degree at a company level. According to their 
findings, Life Cycle Assessment (LCA) is the most used methodology, followed by multi-criteria and 
fuzzy logic approaches. Unlike LCA approaches, which are often paired together with other methods, 
multi-criteria and fuzzy logic are more commonly used as a single methodology. Other less common 
approaches include Design for X, Data Envelopment Analysis, Input-Output models, Material Flow 
Analysis, simulations, emergy and exergy-based approaches (ibid.). The great majority of the 
reviewed studies focused on specific sectors (e.g., automotive, metallurgy, construction) but also on 
complex systems (urban areas, industrial parks and supply chains) (ibid.). However, only two papers 
focused on power production, particularly within the biofuel field (ibid.). This highlights the lack of 
research on CE assessment methodologies for the energy sector alone but shows that a transition to 
circularity can be measured on different scales and across various fields. 

2.3. DHC systems 

DHC systems generate and distribute heat or cold to buildings using pipe networks. District heating 
(DH) consists of centralised power stations that feed hot water or steam into pipes, thus distributing 
heat in urban areas. On the other hand, district cooling (DC) is a cold supply network that distributes 
centrally produced cold in the form of cold water (Gunasekara et al., 2019). These networks can be 
exclusive to a group of buildings or neighbourhoods but can also be expanded to entire cities and are 
a key component of urban energy systems, especially in more populated regions. In Europe, the 
heating and cooling sectors account for 50% of the EU's annual energy consumption (European 
Commission, 2016), and modern DHC systems have been identified as a vital technology for 
decarbonizing the heating sector (Lund et al., 2014; Buffa et al., 2019). Developing resilient urban 
energy systems should focus on using renewable, local, low-temperature sources (Boesten et al., 
2019). For that, it is crucial to focus on district energy powered by renewables and low exergy of 
waste energy sources (RHC-Platform, 2019). With the expansion of DHC systems, local RES can be 
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used with higher efficiency while also recycling heat that is currently being wasted (Connolly et al., 
2014). A common limiting factor of DHC expansion is the high cost of extending the pipe network 
and the time required (Volkova, Mašatin and Siirde, 2018; Gunasekara et al., 2019). Because of that, 
DHC systems tend to be more profitable in densely populated or heavily industrialised regions 
(Gunasekara et al., 2019).  

In DH, heat is often produced by fossil fuel-powered combined heat and power (CHP) plants which 
are highly efficient (Boesten et al., 2019). Together with steam, which can be used in industrial 
applications for heating purposes, DH is an important co-product of electricity generation in CHP 
(Turconi, Boldrin and Astrup, 2013). However, CHP can also be powered by renewable-based fuels 
(e.g., biomass) (Pakere et al., 2020), thus decreasing the emissions of DH provision. In DH systems, 
heat from industrial processes, RE generation technologies (e.g., geothermal, solar thermal), and WtE 
can be redirected to the thermal grid (Lund et al., 2014). Lastly, apart from these conventional low-
temperature heat sources, a variety of non-conventional urban waste heat sources can be exploited to 
contribute to a cleaner heating supply (Andrés et al., 2018). These can include data centres, sewage 
water networks, underground railway stations and hospitals (ibid.). Lastly, heat storage facilities can 
also be integrated into the DH grid to manage and store heat effectively. 

In DC, cool can also be generated in a variety of ways. First, free cooling extracts cold from naturally 
available water bodies by using heat exchangers (e.g., seas, rivers and lakes) and is particularly 
important in areas where water is highly available (Gunasekara et al., 2019). Secondly, absorption 
cooling and compression cooling are also used, being powered by heat and electricity, respectively. 
Absorption cooling is preferred when excess heat is available, which can, for example, happen when 
CHP plants or heat pumps (HPs) are used (ibid.). The different cold generating methods are utilised 
in different shares depending on the region's available resources where the DC system is installed. 
Lastly, cold storage can also be integrated into the DC grid to effectively manage and store the cold 
produced by the aforementioned cold-generating methods.  

The underlying technology behind DHC systems has evolved and can be classified into different 
generations. The relation between the evolution of the different generations of the DHC systems and 
the decreasing temperature of the distribution medium has been described by Lund et al. (2014) 
(Table 2). The first generation of DH (1GDH) used steam as a heat carrier and a central heat supply 
at high temperatures, which could be used for immediate application. In the second generation of DH 
(2GDH), the heat carrier was altered to superheated water, increasing efficiency and reliability. In 
the third generation of DH (3GDH), the innovative feature was decreased supply temperature to 
below 100 ºC, which allowed for the usage of other heat sources, underground pipe systems and 
industrial manufacturing of substations (ibid.). Lastly, the fourth generation of DH (4GDH) uses 
temperatures as close to the demand temperature (maximum 60-70 ºC) and focuses on increased 
efficiency, smart integrated systems and using locally available RES. The lower temperature also 
allows the exploitation of waste heat from various sources. It is essential to mention that creating a 
new DHC generation does not entail that a previous generation ceases to exist. Multiple generations 
co-exist in nowadays energy systems, varying between countries and between regions and cities 
(ibid.). 

According to Lund et al. (2014), future DH systems should follow five conditions. First, they should 
provide heat at low temperatures to both space heating and domestic water in pre-existing and 
renovated infrastructure. Secondly, they should have low grid losses. Thirdly, they should be able to 
recycle heat and integrate RES. Fourthly, they should be able to be integrated into smart energy 
systems such as integrated smart electricity and thermal and gas grids. Lastly, they should be 
provided with proper planning, cost and motivation structures regarding operational aspects and 
strategic investments in RES. 

4GDH systems are emerging as a new technology to replace the existing 3GDH systems and assist 
the development of sustainable energy systems (Lund et al., 2014). This technology provides heat to 
low-energy buildings with low grid losses and integrates low-temperature heat sources by using smart 
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thermal grids. Smart thermal grids are pipe networks that connect buildings in a neighbourhood or 
entire city so that these can be serviced with heat or cool from both centralised plants and distributed 
heating and cooling producing units (e.g., the connected individual buildings). Therefore, smart 
thermal grids allow the electricity and heating sectors to combine, contributing to increased 
flexibility in thermal storage utilisation and increased heat loss recycling (Lund et al., 2017). Using 
this smart technology, 4GDH requires the development of both institutional and organisational 
frameworks to assist the development of suitable costs and motivation structures (ibid.). 

Table 2. Simplified overview of the technical development of DH, from the first until the fourth generation. 
Adapted from Lund et al. (2014). 

 1st generation 2nd generation 3rd generation 4th generation 

Label Steam In situ Prefabricated 4GDH 

Peak period 1880-1930 1930-1980 1980-2020 2020-2050 

Heat 
carrier Steam 

Pressurised hot 
water mostly over 

100 ºC 

Pressurised hot 
water often below 

100 ºC 

Low-temperature 
water 30-70 ºC 

Circulation 
systems Steam pressure Central pumps Central pumps Central and 

decentralised pumps 

Heat production 
Coal and steam 

boilers and some 
CHP 

Coal and oil boilers 
and CHP 

Large-scale CHP, 
distributed CHP and 
biomass, waste and 
fossil fuel boilers 

Low-temperature 
heat recycling and 

RES 

Primary 
motivation in 

society 

Comfort and 
reduced risk 

Fuel savings and 
reduced costs Security of supply 

Transformation to a 
sustainable energy 

system 

 

In Europe, the great majority of heat requirement in cities is low-temperature and 4GDH systems 
could potentially supply five times as much heat in 2050 as conventional DH systems (Connolly et 
al., 2014). Apart from high installation costs, high-temperature DH systems present significant heat 
losses - up to 30% during the summer since DH only operates to meet the domestic hot water demand 
(Buffa et al., 2019). Plus, renewable high-temperature sources like biogas and solid biomass have 
limited potential, thus not being the most suitable for large scale applications in urban energy systems 
(Boesten et al., 2019). As the economic profitability of high-temperature DH systems is threatened 
by seasonal heat losses and the decrease in heating demand due to the increasing building renovation 
rate, it is important to focus on modern networks like 4GDH, which can be highly efficient while 
running on low temperatures (ibid.). While Lund et al. (2014) argue that 4GDH technology improves 
excess heat recovery and allows for the integration of renewables into the network, Buffa et al. (2019) 
highlight that in 4GDH systems, the same pipes are unable to provide both heating and cooling 
services simultaneously. According to the latter, solving this issue is precisely the challenge 
overcome by 5th generation district heating and cooling (5GDHC) systems. 

5GDHC systems incorporate local renewable energy systems and display the future DH properties 
defined by Lund et al. (2014). 5GDHC systems supply thermal energy using water or brine as carrier 
mediums and hybrid substations with water source HPs. They are not suitable for direct heating 
purposes as they run on temperatures close to ground temperature. However, due to the low 
temperature of the carrier medium, 5GDHC systems allow the usage of industrial and urban excess 
heat and renewable heat sources at low thermal exergy content (e.g., shallow geothermal energy). 
Since operations can be reversed at the customer substations, building heating and cooling services 
can be provided using the same pipeline (Buffa et al., 2019). 5GDHC systems utilise direct exchange 
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of warm and cold return flows and thermal storage to harmonise thermal demand (Boesten et al., 
2019). By using these hybrid substations and coupling the thermal, electrical and gas grids, 5GDHC 
systems are considered smart energy systems (ibid.). A smart energy system combines the electricity, 
thermal and transport sectors while focusing on the demand flexibility and making use of short- and 
long-term storage within the distinct sectors (Lund et al., 2017). Coordination between the electricity, 
thermal and gas grids is necessary to identify synergies between those elements and increase 
optimisation. 

5GDHC systems are non-linear, bi-directional, and decentralised (Buffa et al., 2019). Given their bi-
directionality and decentralisation, 5GDHC systems can turn each connection into a prosumer, who 
plays the role of both energy consumer and producer. This is promoted by the presence of HPs at the 
building sites, which are connected to both cold and hot water flows. If heating is necessary, the 
building collects water from the hot flow, uses an HP to warm up the water until the desired 
temperature and then discharges the water to the cold flow. On the other hand, if cooling is demanded, 
water is collected from the cold flow and discharged into the hot flow (Boesten et al., 2019). 

Moreover, HPs can absorb excess heat in the cold return flows, thus recycling it into the heat supply 
and consequently providing cold to the cold supply (Gunasekara et al., 2019). Therefore, given the 
dual functionality of HPs, it is possible to recover the heat generated from cooling and vice-versa. 
HPs are becoming progressively more relevant in DHC because of their synergies in providing heat 
and cold simultaneously (ibid.). While principles of non-linear and bi-directional flows are no return 
flows are not new to DH, what is new is to scale them up to a city. Given their resilience, bi-
directional energy flows, the possibility of exploiting locally available low-grade heat sources, and 
the decentralised interconnection with the electrical grid, 5GDHC technology is likely to play a 
significant role in future energy systems (Buffa et al., 2019).  

5GDHC system installation has increased in Europe, especially in Germany and Switzerland (Buffa 
et al., 2019). 5GDHC systems can be implemented at a district level, allowing for the deployment of 
a circular system (Fig. 1). Different types of consumers can be found in districts (e.g., residents, 
industry, offices, services) with different thermal energy needs, which can be constant over the year 
or change seasonally. Unlike traditional DHC systems, which linearly provide either cooling or 
heating to buildings, 5GDHC systems exchange residual heat or cold between connected 
infrastructure (Boesten et al., 2019). For that, storage facilities balance temporal gaps between 
demand and supply while renewable electricity is incorporated using transport pumps and HPs at 
peak production times. When renewable electricity is scarce, the thermal energy supply depends on 
buffering from energy storage and building thermal mass. The temperature in cold and hot pipes is 
free-floating, meaning that the system permits a temperature increase in the hot flows if it is 
beneficial to accommodate higher temperature sources (ibid.). As a result, the pipe grid can be 
optimised, contributing to maximising overall system performance. Moreover, 5GDHC systems 
operate on different levels, thus having different degrees of freedom. This means that different parts 
of the system function at different scales and temperatures to meet specific requirements. Therefore, 
managing and operating a 5GDHC system requires monitoring grid temperatures, supply and return 
temperatures of HPs, storage size and temperatures, source temperatures and operation timing (ibid.). 

Short-term and seasonal energy storage is a key aspect of the 5GDHC technology because they 
function as a buffer for the temporal gap between supply and demand but also address the gap 
between the availability of renewable electricity and working periods for HPs. Thermal energy 
storage can reduce the necessary HP power output, decreasing investment costs. Moreover, there is 
a clear potential to exchange heat when buildings require demand for both heat and cold (Walker et 
al., 2017). As the system scales increase, so does the variety of entities involved, thus increasing the 
likelihood of simultaneous demand and supply, which compensate for each other (Boesten et al., 
2019). While heating demand will be higher in the winter and cooling higher in the summer, seasonal 
storage can support winter heat demand by using summer heat surpluses. Cooling demand is expected 
to increase significantly in the next few decades and is expected to triple in Europe by 2050 (Buffa 
et al., 2019). The increase in cooling demand is also expected to be more prevalent in cities than in 



9 

rural areas due to the heat island effect (Kolokotroni et al., 2012). 

 

Fig. 1. Circular schematic representation of a 5GDHC system. Given the presence of warm return flows from 
the cooling supply and cold return flows from the heating supply, thermal balance can be achieved over the 
year. Residual heat or cold is exchanged between connected infrastructure. Renewable heat and renewable 
electricity sources are incorporated into the system. Adapted from Boesten et al. (2019). 

2.4. Synergies between DHC and other sectors 

Incorporating WtE with DH systems highlights the potential synergies that can be established when 
the interaction between different sectors (e.g., waste management and energy) is promoted. 
Traditionally, WtE has been associated with incineration. However, nowadays, it encompasses a 
diverse range of waste treatment processes that generate energy in the form of electricity, heat or 
waste-derived fuels (Malinauskaite et al., 2017). The average heating value of municipal solid waste 
is approximately 10 MJ/kg, which means this energy source should be valued (ibid.). In 2015, 17 
WtE plants in Norway processed 1.7 kt of waste, and the main output of these facilities was 4 TWh 
for DH networks (Becidan et al., 2015). Despite having a relatively small capacity (60 kt per year), 
Norwegian WtE plants have been increasing their capacity in recent years, and WtE is of particular 
importance to the DH sector in the country (Malinauskaite et al., 2017). Another example is the 
currently operating CHP plant Kauno Kogeneracinė Jėgainė (KKJ) in Lithuania (KKJ, n.d.). This 
CHP plant is set to process 200,000 t/y of municipal solid waste to produce heat which would then 
be used in the district heating network (70 MWt and 24 MWe) of Kaunas, decreasing CO2 emissions 
by 65,000 t/y (Malinauskaite et al., 2017). 

Moreover, biogas can be recovered during the water purification processes in wastewater treatment 
plants, which can be seen as an enabler for urban CE since it increases resource recovery. Picardo et 
al. (2019) studied the potential of integrating DH with waste treatment plants using generated biogas 
and natural gas. They developed a methodology to assess the potential of this integration in cities 
where urban wastewater load is high or medium. By taking Spain as a case study, they concluded 
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that there is a potential for saving CO2 emissions provided investments are made. In this study, natural 
gas was chosen as the complementary energy source, but studying the possibility of including 
renewable and waste heat sources in wastewater treatment plants could further decrease CO2 
emissions and be of great interest for future research (Picardo et al., 2019). An example of solid 
waste treatment, wastewater treatment and DH incorporation is the system implemented in 
Hammarby Sjöstad, in which an HP station is used in heat recovery from treated sewage water (Paiho 
et al., 2020). Biogas is also a sub-product of the processes at the wastewater treatment plant (ibid.). 
Both WtE and heat recovery from wastewater treatment plants show possible synergies between non-
energy sectors and the DH that can contribute to increased circularity on an urban scale. 

Still, on the topic of alternative heat sources for DH, Su, Dalgren and Palm (2021) studied the 
potential of non-fossil fuel heat sources for the Stockholm City region using a GIS-based integrative-
analysis method. For Stockholm City, various possible heat sources were identified, water bodies and 
data centres being the two most promising options. The developed method can be of great interest 
for future urban energy systems planning and cities whose goal is to incorporate clean energy into 
their DH systems (ibid.).  

2.5. Assessing DHC performance: indicators and frameworks 

Performance measurement can be defined as a “system for assessing performance of development 
interventions against stated goals” (OECD, 2002, p. 29) and performance as “the degree to which a 
development intervention or a development partner operates according to specific 
criteria/standards/guidelines or achieves results in accordance with stated goals or plans” (OECD, 
2002, p. 29). When considering assessment according to the CE model, the criteria, standards, or 
guidelines can be considered the CE principles and the goals the same as the CE goals (e.g., waste 
minimization). On another note, a framework can be used to understand complex issues and functions 
as a list of aspects that should be considered when studying the issues and how those aspects can be 
grouped (Gunnarsdóttir et al., 2020). In particular, performance assessment frameworks are often 
used to understand how a system performs concerning specific pre-defined criteria. 

DHC system assessments can be classified as system-level or component-level assessments (Lin et 
al., 2022). System-level assessments study the whole system by comparing the system under study 
with reference benchmarks. On the other hand, component-level assessments focus on assessing the 
performance of specific parts of the system. Assessing DHC can be challenging because DHC 
technologies are becoming progressively more complex because they involve a wide diversity of 
energy sources and dual-functional components that can be used for both purposes heating and 
cooling (e.g., reversible HPs). As a result, separating heating from cooling when assessing DHC in 
terms of energy, environmental, and economic results can be challenging (Ivančić et al., 2021). A 
separate assessment can be helpful to facilitate decarbonization and comparison between different 
DHC systems. Ivančić et al. (2021) conducted a literature review and identified a lack of 
methodologies to calculate appropriate Key Performance Indicators (KPI) for such a purpose. As they 
argue that an adequate comparison between different DHC designs should be made based on a 
separate assessment between cooling and heating, they developed a methodology composed of eleven 
KPIs for separately assessing both parts (ibid). The eleven KPIs were organised in four categories 
(energy, environment, economy and socio-economy) and depended on the configuration of the 
systems, the demand profile, network configuration and location (climate). This highlights that cross-
comparison of DHC networks located in different parts of the globe cannot be performed with 
accuracy unless these dependencies are considered (ibid.). To separate the contributions from each 
service, share factors were calculated and then applied in the calculations of the KPIs, generating 
general results for the DHC system and results for each service. The downside of this methodology 
is that it does not provide a single unified indicator that could be used in benchmarking. A suggestion 
for benchmark application would be to apply the Analytical Hierarchy Process methodology and 
define the weight of each KPI and provide the weighted average as a final score (ibid.). 

Andrés et al. (2018) studied the feasibility of using urban waste heat from non-conventional sources 
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(data centres, sewage water networks, underground railway stations and hospitals) by developing an 
evaluation framework to test the performance and viability of the proposed concepts. For that, a set 
of KPIs was established to address energy, economic, environmental and social aspects. The 
economic indicators list was to most extensive, while the environmental indicators list was the 
shortest, including only two indicators regarding GHG emissions. Energy-related indicators were 
proposed for heating and cooling separately and focused on energy demand, energy savings, seasonal 
coefficient of performance (COP) and excess heat recovery. Interestingly, social indicators focused 
on measuring the satisfaction of those who benefit from non-conventional heat source projects but 
also on quantifying the relevance of these projects in increasing awareness of energy efficiency and 
clean-energy initiatives (ibid.). 

One of the most relevant challenges to large-scale transition between DHC system generations is 
system inertia, which leads to implementing improvements and changes over a more extended period 
than in small-scale DHC systems. For example, changes in pipes can require years or even decades 
to complete. The expansion of 4GDH systems is limited by barriers including lower supply 
temperature levels and high return temperatures, consumer equipment, the risk of Legionella growth 
in water at temperatures below 50 ºC and the implementation of RES (Volkova, Mašatin and Siirde, 
2018). These barriers hinder the transition towards 4GDH and should therefore be studied to assist 
in the transition period and determine the characteristics that can be improved. Volkova et al. (2018) 
developed a KPI-based methodology to assess this transition in 3GDH systems. The KPIs were 
defined based on the 4GDH concept, transition barrier analysis, and customised to large DH systems. 
By taking the Tallinn DH system as a case study to apply the developed methodology, they concluded 
that supply and return temperatures, RE share and network status were the aspects that had the highest 
improvement potential. 

According to the project Ecoheat4cities, the three top strategies to improve the environmental 
performance of a DH system are reducing the heat loss from the network, using renewable and other 
low carbon fuels and installing high-efficiency production plants (Ecoheat4cities, 2021). On top of 
that, the performance of different DH systems varies significantly, and it heavily depends on the type 
of fuel consumed, the share of RE sources and energy efficiency. Therefore, these aspects should be 
included in methodologies that allow the comparison between different DHs, thus setting 
benchmarks. Pakere et al. (2020) developed a methodology for Climate Index determination that 
includes seven indicators that assess the performance of DH across different spheres: energy 
efficiency, sustainability and environmental impact. Efficiency factors include specific heat losses 
and primary energy factor; sustainability factors include the share of RES, the share of RES in CHP 
and the share of heat purchased from industrial enterprises; and lastly, environmental factors include 
specific CO2 emissions and specific environmental costs (Pakere et al., 2020). The Analytical 
Hierarchy Process methodology was used to prioritize the criteria. Indexes like the developed Climate 
Index could increase competition between DH providers, moving them towards more sustainable and 
low-carbon practices (ibid.). 

The sustainable expansion of 4GDH systems requires adequate legislative frameworks that cover 
energy planning on both national and local scales. Mutka et al. (2011) have identified no such 
legislation that safeguards the introduction of 4DHC or other DHC systems in Latvia. Therefore, they 
have made suggestions for operating legislation to improve the legislative framework in the country. 
Taking the DH system of Riga as a case study, they concluded that raising the competitiveness of 
DH as compared to other heating technologies could make it more attractive to consumers, who would 
then choose DH over other techniques based on competitiveness arguments instead of state-imposed 
laws. Furthermore, as stated before, even if excess industrial heat can be used as a low-temperature 
heat source in DH, it is common for DH facilities to either invest or consider investing in non-fossil 
heat sources such as biomass-fuelled boilers or CHP units (Pettersson et al., 2020). Pettersson et al. 
(2020) have developed a holistic methodological framework to assess the long-term carbon footprint 
and economic benefits of recovering excess heat from industrial processes for DH usage. Their 
methodology stressed the importance of considering the different types of stakeholders and their 
interests regarding investment returns related to recovering excess industrial heat. Moreover, 
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incorporating industrial waste heat into the thermal grid is challenging because heat recovery systems 
need to match the fluctuations of district energy demand. To address this challenge, Zhang et al. 
(2021) developed a framework for design and operation optimization for utilizing low-grade 
industrial waste heat in DHC. The proposed methodology differentiates unavoidable industrial excess 
heat from avoidable and highlights that for excess industrial heat to be cheaper than conventional DH 
production technologies, it has to be seen as a strategic investment with a low discount rate and long 
economic lifetime (ibid.). Ma et al. (2020) studied energy flexibility in DH. They found no available 
literature on stakeholders in the energy flexibility of DH concerning energy flexible buildings and 
smart technologies. Therefore, to fill the literature gap, they surveyed to study the stakeholder’s 
perceptions and motivations on smart DH grids using energy flexible buildings. They concluded that 
there is a market for smart DH concepts and that RE use in DH grids is vital for stakeholders. 
However, there are technical, political, social and economic barriers to the use of DH and the 
expansion of such smart systems. 

This literature review has provided an overview of the relation between CE and the energy sector 
while also overviewing the importance of indicator-based methods in circularity measurement. It has 
also introduced the evolution of DHC systems and their functioning while highlighting the possible 
synergies that can be established between the studied systems and other sectors, increasing urban 
circularity. It concluded with a review of possible strategies used to assess the performance of DHC 
systems, which highlighted that, even if such strategies are already in place, none focuses on 
circularity assessment. Therefore, since indicator-based assessments have been identified as useful 
tools to measure CE progress and no such assessment framework was found for DHC systems, more 
research could be conducted to investigate how the relationship between DHC and the CE can be 
measured. This research aims to answer this gap by investigating how indicator-based assessments 
can assist the performance assessment of district heating and cooling systems against the CE 
principles. It is important to address this research gap to assist actors involved in policymaking within 
the energy sector, to whom assessing circularity in DHC systems might be significant. 
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3. Methods 

The methodological approach included four steps: system description (1), literature selection (2), 
indicator assessment (3) and indicator selection (4). 

3.1. System description 

Usually, DHC systems have three main parts: heat/cold production, heat/cold distribution and 
heat/cold consumption. As a result, different components can be found in each part. Moreover, as 
explained in the background section, there can be differences between different generations of DHC, 
and an assessment framework should thus reflect those differences or be designed in a way that 
accounts for those variations. Plus, the defined system boundaries heavily influence the indicator 
selection, thus being necessary to set them as a first step. The chosen system boundaries imply that 
the system is limited by the primary energy input to the production stage and the energy transfer to 
the consumer (Fig. 2). The production block includes CHP plants, boilers and heat from RES. The 
system boundaries intentionally exclude the consumers (e.g., industry, buildings, hospitals) and 
waste and sewage water treatment plants because assessing the operations at these locations was out 
of the research scope. However, it is important to notice that heat or cold coming from these elements 
is considered valuable to a CE assessment of DHC systems. The chillers can be connected to the 
distribution network both as cold and heat producers since excess heat is redirected to the heat grid. 
Heat and cold storage are represented as one unit since these operations can be intertwined. From the 
1GDH to 4GDH, water flows unidirectionally across the distribution network, but in 5GDHC, it flows 
bi-directionally. Therefore, there is no indication of water flow direction within the distribution 
network, meaning that this system representation can account for different DHC system generations. 
Lastly, assessing DHC systems brings added challenges if these systems feature elements used to 
produce both heating and cooling (Ivančić et al., 2021). Therefore, a split representation of DH and 
DC was chosen to provide more information regarding the performance of each part of the system, 
thus leading to more accurate results. 

 

Fig. 2. System representation and respective system boundaries. 
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Although not represented in Fig. 2, many different stakeholders are involved in energy systems, thus 
directly or indirectly influencing actions, objectives and policy-making in DHC (Ma et al., 2020). 
These include policymakers, building owners, managers, occupants, employees and prosumers. With 
the transition in energy systems, prosumers have started to appear more frequently. Prosumers are 
entities that both consume and provide energy, for example, by producing heat or electricity and thus 
play a crucial role in improving energy flexibility by using micro-generation technologies (e.g., solar 
thermal heating, HPs) (ibid.). However, studying the implications of implementing prosumer 
structures in the grid was outside the scope of this research. 

3.2. Literature selection 

A systematic literature review was conducted to identify indicator sets and indicator-based 
frameworks connected to DHC systems assessment. Scopus was the chosen database, and the research 
was conducted in March 2022. The search was limited to documents published in English from 
January 2010 to March 2022 to accommodate DHC systems from different generations, including 
those that are more recent. CE assessment should include multiple indicators (Moraga et al., 2019), 
so publications that only presented a single indicator or no indicators were not considered further, as 
single-indicator assessment can often overlook crucial information, thus not being suitable for 
studying multidimensional issues (Iddrisu and Bhattacharyya, 2015).  

The selected keywords aimed to reflect the research question How can indicator-based assessments 
aid in assessing the performance of district heating and cooling systems against the CE principles?. 
Therefore, the search strings included the terms “framework”, “circular economy”, “circularity”, 
“indicator*”, “assessment”, “index”, “tool”, “recover*”, “recycle*” and “reus*” in combination with 
the key terms “district heating”, “district cooling”, “district heating cooling”. To find overall 
indicators for energy systems, the search strings “sustainable energy” and “indicator*”; “sustainable 
energy” and “circular*” and “energy”, “indicator*” and “circular*” were also used. Since the results 
were the same for words "indices" and "index", so only "index" was considered. The keywords were 
only searched for in titles, and the selected document types were Article, Chapter, Conference paper 
and Review. In order to be selected, the literature had to present indicators or indicator lists connected 
to DHC systems or energy systems. Literature focusing on the assessment of specific components of 
DHC systems or simulation protocols and methodologies was excluded, as the goal was to study the 
overall system. However, exceptions were made if relevant indicators or KPIs were used in the 
models or simulations. Literature linking DHC and the built environment or risk assessment was not 
included, as that goes beyond the scope of this study. 

The final step included selecting the relevant indicators found in the selected papers. For that, all the 
indicators found in the selected literature were listed and analysed individually, as classified as 
suitable or not suitable. Indicators connected to energy sources, efficiency and energy losses were 
considered suitable. Plus, indicators connected to energy recycling were also selected. Lastly, even 
if excluded in the previous step, equipment-specific indicators were found and thus considered 
unsuitable. 

3.3. Indicator assessment 

The selected indicator and indicator sets were assessed according to defined criteria (Table 3). These 
criteria were defined by Papageorgiou et al. (2021) and were based on literature recommendations 
for qualities that circularity metrics should present. This criterion set was validated by researchers 
partaking in the Urban Circularity Assessment Framework project (SEI - Stockholm Environment 
Institute, 2020). Applying this set of criteria contributes to assessing the value of scientific tools for 
policy-making in connection to the CE. Criteria 1-6 were assessed by understanding to what extent 
each indicator set fulfils each criterion. Therefore, for each indicator list, it was assessed if the 
criterion was completely fulfilled (Yes), the criterion was partly fulfilled (Partly), and the criterion 
was not fulfilled (No). 
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Criterion 7 was assessed by verifying the extent to which the 12 validity requirements proposed by 
Papageorgiou et al. (2021) were fulfilled. The requirements included reduced input of resources, 
reduced emission levels (pollutants and GHG emissions), reduced material losses and waste, 
increased input of renewable and recycled resources, maximized utility and durability of products, 
creating business and jobs at all levels of skills, value-added creation and distribution, and other 
outcomes improving economic performance, increased social wellbeing, designing for CE, educating 
for CE, investing for CE and governance for CE. The design of these validity requirements was based 
on CE principles and aimed at reflecting the achievements and changes connected to CE (ibid.). 

Criterion 8 assessed the extent to which each indicator set presents indicators connected to the four 
pillars of SD (environmental, social, economic and governance) by counting the number of indicators 
connected to each pillar. Indicators connected to emissions, efficiency, resource consumption, 
resource recovery and other operational conditions were considered part of the environmental pillar. 
Indicators connected to social costs, customer satisfaction, health education and other citizen-related 
information were considered social. Indicators connected to investments, costs and other aspects 
expressed in currency units were considered economical. Lastly, policy-making and governmental 
action indicators were considered part of the governance pillar. 

Table 3. Assessment criteria used in the paper assessment. (Adopted from Papageorgiou et al., 2021, p. 5) 

Criteria Description 

1. Transparency Whether there is a transparent description of the methodology for the 
development and application of the framework. 

2. Stakeholder engagement Whether stakeholders have been engaged through participatory approaches in 
the development of the framework. 

3. Effective communication Whether appropriate techniques are applied to effectively communicate the 
results from the application of the framework. 

4. Ability to track temporal 
changes Whether the framework has been applied considering temporal changes. 

5. Applicability Whether the application of the framework is based on easily accessible and 
regularly updated data. 

6. Alignment with specific CE 
principles Whether the framework was developed based on specific CE principles. 

7. Validity To what extent the framework includes indicators that reflect CE aspects. 

8. Relevance to sustainable 
development 

To what extent the framework includes indicators that reflect aspects relevant 
to the four pillars of SD (environmental, social, economic and governance). 

3.4. Indicator selection 

After assessing the indicators, an indicator list was developed based on the indicator’s performance 
in 3.3. and its suitability for assessing DHC systems. Expert communication assisted the indicator 
selection and required dialogues with stakeholders involved in the energy sector (DHC in particular). 
This also contributed to a better understanding of data availability and triangulation. The selected 
indicators were then analysed to understand which CE Rs could be identified. The 10R Framework 
proposed by Potting et al. (2017) was selected to account for the highest possible number of existing 
Rs. If not connected to any R, the indicator was classified as Other. 
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4. Results 

4.1. Literature selection 

The systematic literature review resulted in 317 peer-reviewed articles, out of which 176 were 
exclusively connected to DH, and 25 were connected exclusively to DC. A total of 41 duplicates were 
identified, so a total of 275 papers were assessed. After excluding the papers that did not comply 
with the requirements defined in section 3.2., 27 papers were selected (Table 4). An article ID was 
assigned to each selected article to simplify graphic representations and referencing in further 
sections. The number of results per search string varied considerably, with search strings connecting 
circularity or CE and DH and DC systems displaying no results (Table 5). 

Table 4. Articles selected after the systematic literature review, number of indicators found in each article and 
respective article ID. 

Title Author Number of 
indicators Article ID 

District heating networks: an inter-comparison of 
environmental indicators 

Ravina, Panepinto and 
Zanetti (2021) 13 1 

Performance indicators of District Heating 
Systems in Italy – Insights from a data analysis Noussan (2018) 12 2 

District heating and energy indicators: A method 
to assess the link between urban planning 
characteristics and energy efficiency of district 
heating networks 

Pacot and Reiter (2011) 4 3 

Life cycle assessment of district heating systems 
in Europe: Case study and recommendations 

Jeandaux, Videau and 
Prieur-Vernat (2021) 5 4 

Performance assessment of district energy 
systems with common elements for heating and 
cooling 

Ivančić et al.(2021) 8 5 

Assessments of effects of implementation of 
strategic plans for development of Belgrade 
District heating system 

Ivezic et al. (2020) 4 6 

Techno-economic, social and environmental 
assessment of biomass based district heating in a 
Bioenergy village 

Bozhikaliev et al. 
(2019) 8 7 

Assessment of a combination of three heat 
sources for heat pumps to supply district heating Pieper et al. (2019) 4 8 

Expansion of sewer, water and district heating 
networks in cold climate regions: An integrated 
sustainability assessment 

Pericault et al. (2018) 7 9 

Assessment methodology for urban excess heat 
recovery solutions in energy-efficient District 
Heating Networks 

Andrés et al. (2018) 28 10 

The assessment of global thermo-energy 
performances of existing district heating systems 
optimized by harnessing renewable energy 
sources 

Şoimoşan, Danku and 
Felseghi (2017) 4 11 
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Are district heating systems and renewable energy 
sources always an environmental win-win 
solution? A life cycle assessment case study in 
Tuscany, Italy 

Bartolozzi, Rizzi and 
Frey (2017) 16 12 

Determination and assessment of indices for the 
energy performance of district heating with 
cogeneration plants 

Badami, Gerboni and 
Portoraro (2017) 6 13 

Life cycle assessment of base-load heat sources 
for district heating system options Ghafghazi et al. (2011) 13 14 

Climate Index for District Heating System Pakere et al. (2020) 7 15 

Energy planning tools for low carbon transitions: 
an example of a multicriteria spatial planning tool 
for district heating 

Bush and Bale (2019) 9 16 

Indicators for the optimization of sustainable 
urban energy systems based on energy system 
modelling 

Klemm and Wiese 
(2022) 6 17 

Key performance indicators for an energy 
community based on sustainable technologies Bianco et al. (2021) 11 18 

Development of sustainable energy indexes by the 
utilization of new indicators: A comparative study 

Armin Razmjoo, 
Sumper and 
Davarpanah (2019) 

16 19 

Sustainable Energy Development Index: A multi-
dimensional indicator for measuring sustainable 
energy development 

Iddrisu and 
Bhattacharyya (2015) 15 20 

Assessment of sustainable energy of cities: A 
proposal of indicators Zen and Bianchi (2011) 26 21 

Circular economy initiatives through energy 
accounting and sustainable energy performance 
under integrated reporting framework 

Almagtome et al. 
(2020) 16 22 

Optimal schemes and benefits of recovering waste 
heat from data centre for district heating by CO2 
transcritical heat pumps 

Li et al. (2021) 2 23 

Heat recovery and power-to-heat in district 
heating networks – A techno-economic and 
environmental scenario analysis 

Arnaudo et al. (2021) 5 24 

Energy- and exergy-based optimal designs of a 
low-temperature industrial waste heat recovery 
system in district heating 

Fitó et al. (2020) 3 25 

Recovery and transport of industrial waste heat 
for their use in urban district heating and cooling 
networks using absorption systems 

Atienza-Márquez, 
Bruno and Coronas 
(2019) 

20 26 

Waste heat recovery from urban air cooled data 
centres to increase energy efficiency of district 
heating networks 

Oró, Taddeo and Salom 
(2019) 3 27 
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Table 5. Number of total results per search string. For keywords “framework”, “circular economy”, and 
“circularity”, in combination with the keywords “district heating”, “district cooling”, and “district heating and 
cooling”, the generic search string was used 1. A restriction was added to the generic search string 2 for the 
remaining keyword combinations. Dashes indicate that no search string was generated using those two keywords. 

Keyword 2       Keyword 1 District heating District cooling District heating 
and cooling 

Sustainable 
energy 

Energy 
indicator* 

Framework 24 7 4 - - 
Circular economy 0 0 0 0 - 

Circularity 0 0 0 0 - 
Indicator* 11 3 1 45 - 

Assessment 91 22 8 - - 
Index 4 0 0 - - 

Tool 23 22 1 - - 
Recover 33 7 2 - - 

Recycle* 3 0 0 - - 
Reus* 3 0 0 0 - 

Circular* - - - 19 4 

 

4.2. Indicator assessment 

A total of 271 indicators were retrieved from the selected papers, excluding sub-indicators. The 
complete list of the assessed indicators is presented in Appendix (Table A). The first stage of the 
indicator assessment was to understand how each indicator list performs when assessed against the 
criteria defined in Table 2 (criteria 1-6). The second part assessed each indicator in relation to CE 
validity requirements (criterion 7). The last stage assessed to what extent the papers reflected aspects 
of the four pillars of SD (criterion 8). A summary of the assessment against criteria 1-8 is presented 
in Table 6. 

Regarding criterion 1 (transparency), all the assessed papers were transparent, excluding 2 (ID: 3, 
11), which were considered partially transparent as no transparent description of the data sources 
used to apply the methodology was provided. Criterion 2 (stakeholder engagement) was fulfilled by 
five papers (ID: 7, 9, 10, 16, 21), partially fulfilled by two papers (ID: 12, 13) and not fulfilled by 
the remaining papers. Criterion 3 (effective communication) was met by all papers, excluding one 
(ID: 21), as it did not provide either figures or tables. Criterion 4 (ability to track temporal changes) 
was not met by any assessed indicator sets. However, four (ID: 1,2,3,5) partially fulfilled this 
criterion because if data from different periods are used, it is possible to track temporal changes. 
Criterion 5 (applicability) was fulfilled by seven papers (ID: 2, 4, 14, 19, 20, 24, 26), not fulfilled by 
two (ID: 21, 22) and partially fulfilled by the remaining papers. Lastly, criterion six (alignment with 
specific CE principles) was met by seven papers (ID: 10, 22, 23, 24, 25, 26, 27), partially fulfilled 

 

1 (TITLE ( Keyword 1 )  AND  TITLE ( Keyword 2 ) )  AND  PUBYEAR  >  2009  AND  PUBYEAR  <  2023  AND  
( LIMIT-TO ( LANGUAGE ,  "English" ) ) AND  ( LIMIT-TO ( DOCTYPE ,  "ar" )  OR  LIMIT-TO ( DOCTYPE ,  
"cp" )  OR  LIMIT-TO ( DOCTYPE ,  "re" )  OR  LIMIT-TO ( DOCTYPE ,  "ch" ) ) 
2 (TITLE ( Keyword 1 )  AND  TITLE ( Keyword 2 ) AND NOT  TITLE ( risk )  AND NOT  TITLE ( building* ) )  
AND  PUBYEAR  >  2009  AND  PUBYEAR  <  2023  AND  ( LIMIT-TO ( LANGUAGE ,  "English" ) ) AND  ( 
LIMIT-TO ( DOCTYPE ,  "ar" )  OR  LIMIT-TO ( DOCTYPE ,  "cp" )  OR  LIMIT-TO ( DOCTYPE ,  "re" )  OR  
LIMIT-TO ( DOCTYPE ,  "ch" ) )  
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by one (ID: 21) and not fulfilled by the remaining papers. Criterion 3 was the most often fulfilled 
(Fig. 3). All the assessed papers fulfilled at least one of the six criteria (Fig. 4). None of the assessed 
indicator sets fulfilled all the criteria. However, these fulfilled at least one validity criterion (Fig. 4). 
The highest number of fulfilled criteria by one paper was 4 (ID: 10, 23, 26), while most of the papers 
fulfilled either three (n=12) or two criteria (n=10) (Fig. 4). 

Table 6. Summary of the assessment against the defined criteria (Cr.). Cr. 1: Transparency, Cr.  2: Stakeholder 
engagement, Cr.  3: Effective communication, Cr.  4: Ability to track temporal changes, Cr.  5: Applicability, 
Cr.  6: Alignment with specific CE principles, Cr.  7: Validity, Cr. 8: Relevance to SD. 

Article ID Cr. 1 Cr. 2 Cr. 3 Cr. 4 Cr. 5 Cr. 6 Cr. 7* Cr. 8** 
1 Yes No Yes Partial Partial No 1 2 
2 Yes No Yes Partial Yes No 2 1 
3 Partial No Yes Partial Partial No 2 1 
4 Yes No Yes No Yes No 1 1 
5 Yes No Yes Partial Partial No 1 3 
6 Yes No Yes No Partial No 0 2 
7 Yes Yes Yes No Partial No 4 3 
8 Yes No Yes No Partial No 0 1 
9 Yes Yes Yes No Partial No 1 4 
10 Yes Yes Yes No Partial Yes 6 3 
11 Partial No Yes No Partial No 1 1 
12 Yes Partial Yes No Partial No 0 1 
13 Yes Partial Yes No Partial No 1 1 
14 Yes No Yes No Yes No 0 1 
15 Yes No Yes No Partial No 2 2 
16 Yes Yes Yes No Partial No 1 4 
17 Yes No Yes No Partial No 3 3 
18 Yes No Yes No Partial No 2 1 
19 Yes No Yes No Yes No 2 3 
20 Yes No Yes No Yes No 0 4 
21 Yes Yes Partial No No Partial 5 4 
22 Yes No Yes No No Yes 3 3 
23 Yes No Yes No Partial Yes 2 1 
24 Yes No Yes No Yes Yes 0 2 
25 Yes No Yes No Partial Yes 2 2 
26 Yes No Yes No Yes Yes 2 1 
27 Yes No Yes No Partial Yes 2 1 

* Number of CE validity requirements fulfilled by the indicator list. 
** Number SD pillars covered by the indicator list. 

 

 

 

 



20 

 

Fig. 3. Compliance assessment results for criteria 1 to 6. 

 

Fig. 4. Number of criteria fulfilled by each assessed paper (criteria 1 to 6). 

 

Fig. 5. Number of fulfilled CE validity requirements by each assessed paper (criterion 7). 
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Assessing criterion 7 (validity) required assessing each indicator against the 12 CE validity 
requirements. Each indicator was associated with one of the validity requirements. When an indicator 
was not related to any of the requirements, it was considered a contextual indicator, thus not clearly 
related to CE. The majority of the assessed indicators were considered contextual (n=195). Of those 
that met the CE validity requirements, the majority were connected to reduced emission levels (n=20), 
reduced input of resources (n=20) and increased input of renewable and recycled resources (n=17) 
(Table 7). All the remaining CE requirements had at least one indicator connected to them, excluding 
design for CE, to which none of the assessed indicators was related. None of the assessed indicator 
lists fulfilled all the validity requirements. Thus criterion 7 was not fulfilled by any of the papers. 
The highest number of requirements fulfilled by one paper was six (ID: 10), while the most often met 
number of requirements was two (ID: 2, 3, 15, 18, 19, 23, 25, 26, 27), followed by one (ID: 1, 4, 5, 
9, 11, 13, 17) (Fig. 5). Six of the assessed papers (ID: 6, 8, 12, 14, 20, 24) did not meet any validity 
requirements, thus not presenting indicators directly related to CE. 

Regarding criterion 8 (relevance to sustainable development), four papers (ID: 9, 20, 21) include 
indicators reflecting aspects related to the four sustainable development pillars (Fig. 6). Four papers 
(ID: 5, 7, 10, 19) have indicators reflecting environmental, social and economic aspects, and three 
(ID: 15, 17, 22) have indicators that reflect environmental, economic and governance aspects. The 
remaining papers include indicators reflecting aspects related to only one or two pillars. All papers 
include indicators connected to the environmental pillar, and the governance pillar was the less 
reflected, with six papers (ID: 6, 9, 16, 17, 21, 22) presenting related indicators. Regarding the total 
distribution of indicators, 68% are connected to the environmental pillar (n=184), 11% to the social 
(n=29), 15% to the economic (n=40) and 6% to the governance (n=18) (Fig. 7). 

Table 7. Total number of indicators connected to each of the 12 CE validity requirements. 

CE validity requirement Number of related 
indicators 

Number of related 
papers 

1. Reduced input of resources 20 11 

2. Reduced emission levels (pollutants and GHG 
emissions) 20 9 

3. Reduced material losses and waste 3 3 

4. Increased input of renewable and recycled 
resources 17 10 

5. Maximized utility and durability of products 2 2 

6. Creating business and jobs at all skill levels 2 2 

7. Value-added creation and distribution and other 
outcomes improving economic performance 1 1 

8. Increased social wellbeing 4 2 

9. Designing for circular economy 0 0 

10. Educating for circular economy 2 1 

11. Investing for circular economy 3 2 

12. Governance for circular economy 3 3 
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Fig. 6. Percentage of indicators reflecting each pillar of SD per assessed paper. 

 

Fig, 7. Total distribution of indicators identified in the assessed falling under each pillar of SD. 
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4.3. Indicator selection 

Based on the assessment results found in section 4.2, 89 indicators connected to the CE or of 
contextual nature were selected (Appendix, Table A). This number accounts for the exclusion of 
duplicates. Indicators were retrieved from all papers excluding ID: 4, 9, 12, 14, 20. Quantitative and 
qualitative indicators whose definition was neither straightforward nor provided were excluded. Not 
all the indicators that were connected to CE validity requirements were selected, as selection also 
depended on the suitability of those indicators to assess DHC. Indicators connected to emissions were 
excluded as no circular relation can be established in that case, but indicators related to reduced 
emissions were selected. Efficiency-related indicators were only selected if these were directly 
connected to DHC systems. Contextual indicators included operational indicators (e.g., seasonal COP 
of HPs), informative indicators (e.g., residential volume served by the DH network) and indicators 
connected to economic and social factors not directly connected to any of the CE Rs (e.g. job 
creation). 

The identified Rs were Reduce, Reuse, Recycle, Recover and Repurpose. Types of indicators 
connected to Reduce included efficiency, RES and minimization of resource consumption. Regarding 
Reuse, waste heat reusing strategies and production of reusable waste were included. Recycling 
covered recycling of waste measures excluding waste heat. Recover included waste heat recovery-
related indicators and energy recovery measurements and factors. Lastly, indicators connected to the 
repurposing of resources as fuel or as building material were classified as connected to Repurpose. 
Reduce was the R covered by most of the indicators (n=26), while Reuse (n=1), Recycle (n=1), 
Recover (n=9) and Repurpose (n=1) showed fewer related indicators (Fig. 8). Some papers only 
displayed contextual indicators (ID: 1, 6, 8, 17, 24). 

 1 2 3 5 6 7 8 10 11 13 15 16 17 18 19 21 22 23 24 25 26 27 

Reduce                                             

Reuse                                             

Recycle                                             

Recover                                             

Repurpose                                             

Other                                             

                       
 

Colour key 
           

 0 
                    

9 
          

 
Number of indicators 

           
Fig. 8. Heatmap showing the number of indicators connected to each identified CE principle found in each 
paper. The darker the colour, the highest the number of identified indicators. Articles with IDs 4, 9, 12, 14 and 
20 are not represented as no indicators were retrieved from those papers in 4.3. In articles with ID 2, 6, 10, 13, 
15, 17, 18, ,19, 22, 26 and 27 duplicates were identified. However, duplicates were excluded in this 
representation, which only displays unique indicators.  
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5. Discussion 

The current study focused on assessing 27 papers that featured indicators connected to DHC systems 
and energy indicators. These have resulted from a structured selection and have been assessed against 
well-defined criteria. This assessment highlighted that the degree to which each paper relates to the 
CE varies and that no paper fulfilled all the assessment criteria. Lastly, a list featuring the selected 
indicators was developed (Appendix, Table A), and the selected indicators were classified into 
different R principles from the 10R framework proposed by Potting et al. (2017). This final step 
highlighted which CE principles are already covered by different assessment frameworks. The whole 
research project benefited from expert consultation, which contributed to a better understanding of 
system dynamics, data triangulation and availability. 
 

5.1. Assessed papers – what topics do they cover? 

The first significant finding is that literature search using search strings connecting circularity or CE and 
DH and DC systems provided no results (Table 5). Even if the screening was only conducted in titles, this 
highlights a gap in literature directly connecting CE and the studied systems. It also confirms the previously 
identified understudy of the connections between energy systems and CE (Martinho, 2021; Vanhuyse, 
Haddaway and Henrysson, 2021). This gap is further highlighted by the results presented in sections 4.2 
and 4.3. in which indicator assessment was conducted. Moreover, most of the literature review results 
connect to DH, highlighting that these systems are more studied than DC. Contrary to DH, efforts have been 
made to decrease the circulation temperature in DC, meaning that these systems could accommodate a wider 
variety of natural cold sources and decrease electricity consumption in temperature lowering (Jangsten et 
al., 2020). Moreover, building overcooling is a practice that leads to unnecessary energy consumption, and 
that can be decreased if DC systems are used (Kwok, Schoetter and Ng, 2022). Thus, DC can play a key 
role in building decarbonisation and should be further studied and considered in future area development 
plans. 

The results from the literature review covered a wide range of topics. Of the selected papers, ten were 
connected to performance assessment, meaning that they focused on understanding system 
performance within different spheres. First, Noussan (2018) conducted a performance analysis of 
different DH systems focusing on calculating the primary energy factor (PEF) and the CO2 emission 
factor of the heat supply. The selected performance indicators focus on these two factors, and the 
analysis was based on European Standards. Pacot and Reiter (2011) defined a collection of energy 
indicators and then applied those same indicators in assessing a DH system. Ivančić et al. (2021) 
conducted a literature review and identified a lack of methodologies to calculate appropriate KPIs for 
assessing DH and DC separately. As they argue that an adequate comparison between different DHC 
systems should be made on the basis of a separate assessment between cooling and heating, they developed 
a methodology composed of eleven KPIs for that purpose. Ivezic et al. (2020) analysed the impacts of DH 
systems indicators on different planning choices by making a scenario-based study in which different 
indicators were considered. Şoimoşan, Danku and Felseghi (2017) used the energy hub concept to conduct 
a thermo-energic performance assessment and modelled and optimized a DH system in which multiple RES 
are used, allowing for the existence of synergies between RE and energy security. Badami, Gerboni and 
Portoraro (2017) did a comparative study of different performance indices for hybrid DH systems and 
tested those in assessing a small-scale DH network. Pakere et al. (2020) developed a methodology for 
Climate Index determination to assess the performance of DH systems across different spheres: energy 
efficiency, sustainability and environmental impact dimensions. Almagtome et al. (2020) proposed a 
methodology to assess sustainable energy performance based on an integrated reporting framework that 
included financial and non-financial indicators. Atienza-Márquez, Bruno and Coronas (2019) conducted 
a thermodynamic analysis of different DH system configurations and used energy performance indicators 
to measure the global performance of each analysed system. 

Three papers focused on system optimization. Fitó et al. (2020) explored the implications of the choice 
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indicators in waste heat recovery systems design and outlined an optimal design option for three different 
injection temperatures. Klemm and Wiese (2022) evaluated different sustainable energy indicators. They 
then modelled different scenarios in which the energy supply was changed to test the selected indicators 
that can be used to optimize, establish benchmarks and make comparisons between different energy systems. 
Li et al. (2021) compared different waste heat recovery scenarios to explore the financial and 
environmental possibilities of utilizing this widely available resource and understand what an optimized 
scenario could look like. Two papers conducted techno-economic assessments. Bozhikaliev et al. (2019) 
assessed a biomass-based DH system in a bioenergy village using energy audit and project-related tools 
while using indicators to conduct that assessment. Social and environmental aspects were also considered 
in this study. Arnaudo et al. (2021) conducted a model-based study to investigate the establishment of 
possible synergies between DH and supermarkets equipped with a CO2 refrigeration system and geothermal 
storage, from which waste heat can be recovered. 

Environmental assessment studies were conducted by 4 of the selected papers. Ravina, Panepinto and 
Zanetti (2021) studied three DH systems with different characteristics and performed an 
environmental and energetic assessment to understand the relevant environmental performance 
indicators. Moreover, Jeandaux, Videau and Prieur-Vernat (2021) conducted an LCA to compare DH 
systems to singular heating technologies, with a focus on environmental impact, while Ghafghazi et al. 
(2011) used LCA to compare the environmental impact of different energy sources (natural gas, wood 
pellet, sewer heat, and ground heat) for DH base-load. Lastly, Bartolozzi, Rizzi and Frey (2017) conducted 
an LCA to understand the possible environmental impacts of renewable heating and cooling technologies. 
Across the selected literature, feasibility analysis mainly was focused on waste heat usage. Oró, Taddeo 
and Salom (2019) studied the economic and energic feasibility of reusing waste heat from air-cooled data 
centres and how that choice could impact the efficiency of DH systems. Andrés et al. (2018) studied the 
feasibility of using urban waste heat from non-conventional sources (data centres, sewage water networks, 
underground railway stations and hospitals) by developing an evaluation framework to test the performance 
and viability of the proposed concepts. 

A focus on sustainability indicator design and application was also identified. Iddrisu and Bhattacharyya 
(2015) proposed a composite index Sustainable Energy Development Index (SEDI), that provides insights 
on national energy sustainability status while dealing with intra- and inter-generational necessities. More 
recently, Armin Razmjoo, Sumper and Davarpanah (2019) developed a set of indicators connected to 
energy sustainability to enhance SEDI. Zen and Bianchi (2011) proposed a set of sustainable energy 
indicators for cities that cover five distinct dimensions (environmental, economic, social, territorial and 
political). Pericault et al. (2018) ran a sustainability assessment of different solutions for water and heating 
provision in cold climate regions, using different sustainability criteria. The remaining papers covered other 
non-groupable topics. By conducting semi-structured interviews, Bianco et al. (2021) assessed and 
compared two locations where sustainable energy infrastructures can be found and used thermal 
performance KPIs to conduct that assessment. Pieper et al. (2019) studied how hourly temperature changes 
in different heat sources (groundwater, seawater, air and a combination of these three) influence the seasonal 
COP of heat pumps. Lastly, Bush and Bale (2019) studied how decision-making tools to assist low-carbon 
transitions should be planned. 

In conclusion, this section provided an overview of topics covered by the selected and assessed 
papers. The systematic literature review showed that DHC systems are currently being assessed using 
different strategies and concerning different spheres, such as environmental and economic. The 
identified topics also translated into a varied set of assessed and selected indicators, as shown in 
section 4.2. and as discussed in section 5.2. The wide range of identified topics highlights that 
indicators are already part of different assessment strategies for DHC systems, meaning that 
indicator-based frameworks are already being used for different purposes. Nonetheless, as identified 
in section 4.2., social and governance aspects are less frequently covered by already existing 
assessment strategies, stressing the need for further indicator development, as covered in section 5.3. 
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5.2. Assessed indicators – what do they measure? 

Regarding assessment criteria, 1 to 6, three papers (ID: 10, 23, 26) fulfilled four criteria, while most papers 
fulfilled two or three criteria. No paper fulfilled all criteria 1-6 but all papers complied with at least one 
criterion (Fig. 4). The criteria that are the least often complied with are criteria 2 (stakeholder engagement) 
and 4 (ability to track temporal changes), meaning that many of the analysed papers present 
limitations regarding these aspects (Fig. 3). All the assessed papers fulfilled at least one of the six criteria 
(Fig. 3). The highest number of fulfilled criteria by one paper was four (ID: 10, 23, 26), while most of the 
papers fulfilled either three (n=12) or two criteria (n=10) (Fig. 4). 

Previous studies have identified transparency as an essential requirement for circularity metrics (Corona et 
al., 2019; Papageorgiou et al., 2021). A transparent methodology provides a thorough description of the 
methodology itself and the used data sources. Providing a transparent methodology is relevant for the 
reproduction of similar studies and contributes to increased confidence. Regarding criterion 1 
(transparency), all the assessed papers are transparent, excluding two (ID: 3, 11), which are considered 
partially transparent as no transparent description of the data sources used to apply the methodology is 
provided. Nonetheless, this highlights the overall positive performance of the assessed papers regarding this 
criterion, as it was the second most often used criterion (Fig. 3). 

Criterion 2 (stakeholder engagement) is fulfilled by five papers (ID: 7, 9, 10, 16, 21), partially fulfilled by 
two papers (ID: 12, 13) and not fulfilled by the remaining papers (Table 6). Thus, the majority did not report 
any stakeholder engagement in the development or application of the methodology. Like transparency, 
stakeholder involvement has been identified as a valuable practice when designing circularity metrics and 
when creating frameworks whose goal is to assess CE (Papageorgiou et al., 2021). Plus, with data 
availability being a constraint in the progress of CE measurement, stakeholder involvement can play a key 
role in data sharing, thus increasing the access to data and unlocking and expanding the assessment potential 
of a metrics set (ibid.). Moreover, Criterion 3 (effective communication) is met by all papers, excluding one 
(ID: 21), which does not provide either figures or tables. This was the most often fulfilled criterion (Fig. 3), 
highlighting that most assessed papers use effective techniques to showcase results. Therefore, the results 
can be easily and effectively communicated to the reader, increasing the chances of adequately 
communicating them. 

Metrics that aim to assess the progress towards a CE need to track evolution over time to display 
improvements or setbacks (Papageorgiou et al., 2021). This becomes highly relevant in the context of 
policy-making in connection to the CE, as policy strategies are often designed to last over extended periods, 
thus requiring structures and metrics that can track temporal changes. Moreover, effective tracking of policy 
evolution requires consistent measurements, which can also be hindered by a lack of data availability. 
Moreover, tracking temporal changes depends highly on how a particular framework is implemented and 
not only on the framework itself (ibid.). Criterion 4 (ability to track temporal changes) is not met by any 
assessed indicator sets. However, four papers (ID: 1,2,3,5) partially fulfilled this criterion as, if data from 
different periods are used, it is then possible to track temporal changes. Since the primary purpose of the 
assessment was not to promote comparisons over time, no paper was classified as capable of tracking 
temporal changes. However, if indicators were, for example, estimated every year, the paper was ranked as 
partially able to track temporal changes since, if data from different years is used, it is possible to track 
evolution from one year to another. 

As mentioned before, data availability poses a challenge to circularity measurement (Corona et al., 2019; 
Papageorgiou et al., 2021) and can heavily determine whether an assessment methodology based on an 
indicator set is applicable or not. Criterion 5 (applicability) is fulfilled byseven7 papers (ID: 2, 4, 14, 19, 
20, 24, 26), not fulfilled by 2 (ID: 21, 22) and partially fulfilled by the remaining papers (Table 6). If a paper 
suggested a methodology and did not indicate what data sources could be used or did not test, the criterion 
was considered as not fulfilled. If the suggested data could potentially be hard to access when the 
methodology is used, but there is a clear explanation for where the data could be generated (e.g., interview-
based methods), the criterion was considered partially fulfilled. Cases like this include the data being under 
the possession of private companies, which can be reluctant to provide such information. As explained in 
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the previous paragraph, these situations could benefit from stakeholder engagement. Lastly, if the 
methodology used publicly available data (e.g., owned by a national agency or available online), the 
criterion was considered fulfilled. Therefore, it can be said that whether a methodology is applicable or not 
heavily depends on external factors. In some cases, assessing data is more challenging than in other settings, 
even if the chosen methodology is the same. Nonetheless, a preliminary assessment of applicability is 
relevant to highlight whether the methodology used is based on easily accessible and updated data. 

When designing metrics that aim to assess aspects connected to CE, it is important to consider specific CE 
principles (Corona et al., 2019; Papageorgiou et al., 2021). Criterion 6 (alignment with specific CE 
principles) is met by seven papers (ID: 10, 22, 23, 24, 25, 26, 27), partially fulfilled by one (ID: 21) and not 
fulfilled by the other papers (Table 6). Considering that none of the assessed papers is framed as being 
directly connected to circularity assessment, these results are of particular interest as they highlight that the 
papers already cover aspects that are tangible to a CE. Nonetheless, they also highlight that most of the 
papers do not connect to CE, which, as explained before, does not come as a surprise as that was not the 
goal of the assessed papers. 

Criterion 7 (validity) aimed to assess to what extent the assessed papers include indicators that reflect 
CE aspects. This criterion was not fulfilled by any of the papers as none fulfilled all the 12 CE validity 
requirements. As expected, the great majority of the assessed indicators were considered contextual, 
reflecting the strong focus on energy-related aspects of the assessed paper pool. Of those papers that 
listed indicators connected to the CE validity requirements, the majority were connected to reduced 
emission levels (n=20), reduced input of resources (n=20) and increased input of renewable and 
recycled resources (n=17) (Table 7). All validity requirements but design for CE had at least one 
related indicator. However, not all papers (ID: 6, 8, 12, 14, 20, 24) included indicators connected to 
a validity requirement. Compliance with this criterion changes a lot amongst the studied papers as 
the highest number of requirements fulfilled by one paper was 6, but most of the papers either meet 
2 (n=9), 1 (n=7) or 0 (n=6) requirements. Therefore, most of the assessed papers do not feature 
indicators connected to CE. Taking a closer look at the 12 validity requirements, most of the assessed 
papers cannot track aspects connected to maximized utility and durability of products (n=2), value 
added creation and increased social wellbeing (n=1), educating for CE (n=1) (Table 7). This means 
that the assessed papers do not address some relevant aspects of the CE. 

CE has been proposed as a pathway towards achieving a more sustainable society, thus taking a 
pivotal role in ensuring SD (Murray, Skene and Haynes, 2017; Reike, Vermeulen and Witjes, 2018). 
Therefore, circularity-related indicator sets should be structured in a holistic way that reflects the 
four principles of SD – environmental, social, economic and governance – thus indicating how 
pursuing CE can promote SD (Papageorgiou et al., 2021). Regarding criterion 8 (relevance to 
sustainable development), four papers (ID: 9, 20, 21) include indicators reflecting aspects related to 
the four sustainable development pillars (Fig. 6). Regarding the total distribution of indicators, 68% 
are connected to the environmental pillar, 11% to the social, 15% to the economic and 6% to the 
governance. Therefore, most of the assessed indicators are connected to the environmental pillar. In 
fact, previous studies have also identified a tendency for CE assessments to heavily focus on 
environment-related metrics (Corona et al., 2019; Papageorgiou et al., 2021; Bîrgovan et al., 2022), 
such as emission-related indicators. In the assessed papers, the economic pillar had the second highest 
number of connected indicators, and previous studies analysing circularity metrics have also 
identified an increased focus on these two pillars (Corona et al., 2019; Papageorgiou et al., 2021). 
Therefore, even if the current study does not directly assess circularity metrics as it is focused on 
DHC-related indicators, the social and governance pillars are less commonly addressed in indicator 
lists and framework development. 

When considering the results from the assessment against criteria 6 and 7, there might be a tendency 
to consider the results as negative. However, it is relevant to remember that the chosen assessment 
criteria aim at assessing indicators that already are connected to CE. That was not the case with the selected 
indicators. Instead, the assessed indicators are connected to DHC systems or the energy sector and were 
designed to assess aspects within those systems, not how those systems perform according to the CE model. 
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It might also seem unfair to apply these same criteria to indicators whose goal is to assess something 
different. Nevertheless, conducting an indicator assessment using these criteria has two main advantages: 
understanding which are the areas tangible to CE that are already covered by these indicators and which are 
the areas that are less accounted for. This means that it is possible to identify the areas that have already 
been studied and need further investigation. Therefore, this assessment lays a foundation for further research 
on the relationship between DHC and the CE. Some papers (ID: 23, 24, 25, 26, 27) are by default connected 
to design for a CE and circular strategies but did not feature indicators directly connected to designing for 
CE, thus not fulfilling criteria 6 or 7. Nonetheless, it is relevant to remember that the goal was to understand 
how the already existing indicators connect to different aspects of the CE and not to understand how the 
described measures themselves connect to CE. There are already existing strategies that are by default 
circular, but their assessment was not focused on measuring circularity and so do not present circularity-
related indicators. 

As a result of the higher frequency of papers connected to DH (Table 5), most of the assessed and selected 
indicators are connected to DH and not DC. This shows that the resulting indicators cover DH systems more 
extensively than DC. Even if DC are less commonly deployed, by 2050, due to climate change, the 
European need for building cooling is expected to triple (Buffa et al., 2019), meaning that the study 
and measurement of circularity-related measures on DC systems are also necessary. However, as 
these systems are less often deployed and thus less studied than DH, measuring the performance of 
these systems according to the CE model using indicator-based assessment strategies could be 
hindered due to the lower availability of related indicators. 

5.3. Connections to the R principles 

It has been acknowledged that to measure and quantify the progress towards a CE, it is necessary to 
introduce monitoring and evaluation tools like indicators (Saidani et al., 2019; Paiho et al., 2020), 
and when considering an assessment according to the CE model, the criteria, standards or guidelines 
can be considered as the CE principles and the goals. Since this research project aims to understand 
how indicator-based assessments can aid in assessing the performance of DHC systems against the 
CE principles, is it crucial to categorize the selected indicators according to some CE principles, thus 
highlighting how the indicators and the principles are related. A definition for each R principle was 
taken to understand how the selected indicators were distributed in relation to the CE R principles. 
Then, the indicators were assessed to identify which Rs were present, based on taken definitions for 
each R. The 10R Framework proposed by Potting et al. (2017) was selected to account for the highest 
possible number of existing Rs. This framework features three classes under which the Rs are 
grouped. R0 (Refuse), R1 (Rethink) and R2 (Reduce) fall under the category of smarter product usage 
and manufacturing, followed by the group that includes R3 (Reuse), R4 (Repair), R5 (Refurbish), R6 
(Remanufacture) and R7 (Repurpose) and these Rs are connected to the extended lifespan of a product 
and its components (ibid.). The last group lists R8 (Recycle) and R9 (Recover) that connect to the 
useful use of resources (ibid.). From R9 to R0, we move away from a linear economy toward a 
circular paradigm. Therefore, even if it is crucial to have indicators that reflect R9 to R0, it could be 
considered more relevant and more beneficial to have more indicators connected to R0 to R2 instead 
of an abundance of indicators connected to R8 and R9. Nonetheless, the more indicators are 
connected to any Rs, the better since that highlights some progress towards a CE. Understanding to 
which Rs the assessed indicators are connected is relevant to highlight which areas are already 
covered, but most importantly, to understand which R principles are not yet reflected by the 
indicators. Identifying these gaps using the 10R framework can help understand which measures 
should be implemented to add the missing Rs and shines a light on the possibly necessary indicators. 
In fact, identifying gaps in CE assessment has been acknowledged as a key step in developing new 
circularity metrics (Parchomenko et al., 2019). Therefore, this assessment aims to understand which 
R principles are already covered and pave the way to further strategy and indicator development in 
relation to principles that are not covered. 

The identified Rs were Reduce, Reuse, Recycle, Recover and Repurpose, meaning that five of the 10 
Rs are to some extent reflected by the selected indicator set. Reduce was the R covered by most of 
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the indicators, while Reuse, Recover and Repurpose had fewer related indicators (Fig. 8). 
Additionally, some papers only displayed contextual indicators. These results highlight the potential 
to assess DHC systems in relation to the CE but that more indicators still need to be developed to 
cover the unaddressed R principles. Previous studies have reported the need to develop suitable 
metrics for CE metrics  (Parchomenko et al., 2019; Papageorgiou et al., 2021). The selected 
indicators are distributed through the three indicator categories suggested by Potting et al. (2017) 
and are mainly connected to the category related to smarter use of the resources since most of the 
assessed indicators are connected to R2 (Reduce principle). 

The high number of indicators connected to Reduce is due to the wide variety (efficiency, RES and 
minimization of resource consumption) and high frequency in energy-related indicator sets of the 
indicators connected to this R. Plus, indicators connected to losses were also considered related to 
this, as those can indirectly lead the reduction of the resources that are being wasted, thus indirectly 
leading to a more efficient system. RES-related indicators (e.g., RES efficiency, ratio, investments, 
project) were listed as connected to Reduce as RES consumption can be connected to reducing fossil 
fuel consumption. Plus, in the energy sector, a transition toward a CE is often connected to the 
increased use of RES (Desing et al., 2019; Bist, Sircar and Yadav, 2020), thus being crucial to include 
RES-related indicators in the selected indicator list. Lastly, efficiency falls under Reduce as increased 
efficiency leads to a reduction in the consumption of resources. A relatively high number of indicators 
was connected to efficiency (n=8), which was also identified as a typical cluster when assessing CE 
aspects (Parchomenko et al., 2019). However, the exclusive use of efficiency-related metrics in 
circularity assessment has been classified as insufficient because these metrics focus on reducing 
resource use but do not provide significant insights on resource cycling (Bocken et al., 2016). This 
means that circularity assessment should be complemented by using other metrics. 

According to the selected 10R framework, recycling focuses on processing materials to produce 
materials whose quality is the same or lower (Potting et al., 2017). This assessment decided to 
exclusively allocate indicators connected to material processing to this R principle, thus excluding 
waste heat. The only selected indicator was drawn from a paper featuring indicators connected to the 
assessment of sustainable energy of cities and was related to waste recycling, collection, treatment 
and reuse (ID: 21). Even if this indicator is not directly connected to DHC systems, some CHP plants 
are powered by collected waste. Therefore, when assessing DHC – or in this case, DH systems – from 
a CE perspective, it is crucial to know how much waste is collected on a city scale and how much of 
that waste is, or could potentially be, used to power CHP plants and produce heat (Malinauskaite et 
al., 2017). Indicators like this highlight the importance of establishing synergies between DHC 
systems and other systems already implemented on a city scale and which cooperation can contribute 
to increased urban circularity. Nonetheless, since the studied systems primarily focus on waste heat 
recycling, the number of indicators related to Recycling was unsurprisingly low, which only one 
connected indicator.  

Recovery is connected to material incineration with energy recovery (Potting et al., 2017). However, 
to account for DHC systems, this definition needs to be expanded to other types of energy recovery 
processes. Indicators connected to energy recovery measurements and factors were listed under the 
Recover principle and were only mostly present in papers that specifically covered energy recovery 
strategies. In more recent DHC systems, recovery strategies are often connected to data centres 
(Andrés et al., 2018; Li et al., 2021; Oró, Taddeo and Salom, 2019), although heat can be recovered 
from a wide variety of unconventional heat sources, including hospitals, sewage treatment plants and 
underground stations (Andrés et al., 2018). Nonetheless, it is also common to recover heat in 
industrial facilities, in which high quantities of heat are produced and not necessarily put into use 
(Lund et al., 2014; Zhang, Wang and Feng, 2021). Strategies like this are connected to the 
decarbonisation of DHC systems as they contribute to the decrease in emissions for the system 
(Ziemele et al., 2018) and promote industrial symbiosis, which has been listed as beneficial 
concerning DH (Eriksson, Morandin and Harvey, 2018). Moreover, excess heat can also lead to added 
profits for businesses that seek to sell their excess heat while increasing urban circularity. For 
example, in Sweden, Vattenfall’s program SamEnergi buys excess heat from businesses and 
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redistributes it to the heat grid in the cities where the company manages the DH system (Vattenfall, 
n.d.). Therefore, it is crucial to have indicators connected to energy recovery in circularity 
assessments for CE, to quantify how much and where heat is recovered. 

Reuse focuses on strategies that allow a product to be reutilized by a different consumer who will 
benefit from the product just as the first consumer (Potting et al., 2017). Therefore, the assigned 
indicators were connected to waste and waste water flows in this case. Thus, the difference between 
classifying an indicator as either related to Reuse or to Recover was that Reuse focused on material 
flows which can be reused in another process while maintaining their original function. On the other 
hand, Recovery focused on energy flows directly connected to the energy carrier (e.g., excess heat) 
that result from a specific process, are recovered and used in another process, but with a different 
function. Since DHC systems deal mainly with heat carriers and related flows, only one indicator 
was connected to Reuse.  

Indicators connected to the repurposing of resources as fuel or building material were classified as 
connected to Repurpose, and only one of the selected indicators connected to these strategies. That 
indicator was connected to using sustainable forest residues as a possible heat source, but other 
materials can be repurposed in DHC systems building. For example, Weidlich and Grajcar (2017) 
have investigated the feasibility of using recycled materials for backfilling in low-temperature DH, 
thus repurposing those materials. Using such materials can decrease new materials, thus promoting 
sustainable construction practices (ibid.). Therefore, indicators connected to both building and fuel 
perspectives are relevant to highlight the input of virgin materials to the system in this regard and 
possibly highlight which of these inputs could be exchanged for other materials. 

The one category described by Potting et al. (2017) covered in its entirety was the one connected to 
the useful use of resources, thus being the one that features indicators that, even though they are 
connected to some of the Rs in the 10 R framework, they are the farthest away from a circular 
economy, since Recycle and Recover and considered as the first Rs when transitioning from a linear 
to a circular paradigm. The selected indicators are both quantitative and qualitative and present a 
closer relation to the sensu stricto definition of the CE concept used by Moraga et al. (2019) because 
they place a greater focus on technical aspects in DHC systems, which are tangible to CE. However, 
some indicators connected to the sensu latu definition are also covered by some indicators since they 
connect to a change in the economy and society. For example, indicators connected to import 
dependency and system self-sufficiency are not directly connected to any of Rs, but they are relevant 
from a CE perspective as they highlight the fraction of the imported fuels, thus providing some 
clarification regarding the capacity of local production. Therefore, these indicators can be connected 
to closing the loop strategies regarding resource consumption in a specific geographical area. 
Nonetheless, most of the indicators focus on more technical aspects, which was also demonstrated 
by the prevalence of indicators connected to environmental aspects and fewer connected to the 
economic, social and governance pillars of SD. This highlights a need to further study and measure 
the possible interactions between DHC and economic, social and governance spheres. 

Refuse, Rethink, Repair, Refurbish and Remanufacture were not identified within the selected 
indicators, thus not being reflected. This highlights a research gap which further study could be 
relevant to developing a more complete CE indicator-based assessment strategies for DHC. Refuse 
focuses on making the production of certain products unnecessary or on providing the same 
functionality with a different product (Potting et al., 2017). Rethinking involves making a product 
more intensive, making use of either making it multipurpose, sharing or other strategies (ibid.). 
Repair connects the maintenance practices to increase a product's lifespan (ibid.). Refurbish connects 
to the restoration of products to update (ibid.). Lastly, Remanufacture connects to using parts of a 
particular product to produce a new one with the same function (ibid.) 

In the case of Refuse, assuming that the actual product of DHC systems (heat and cold provision) is 
necessary, refusing the end product of the system itself would not be possible. However, DHC 
systems can be used to replace single heating or cooling units on a building level. Possible indicators 



31 

could be related to the number of such devices substituted – thus refused – when DHC systems are 
implemented. A metric like this is that it does not necessarily connect to present circularity but to 
future increased circularity, therefore being more relevant for the DHC planning and expansion 
projects. Nonetheless, since the deployment of DHC systems is strongly connected to city planning, 
so does their future development. Therefore, indicators connected to planning should not be 
discarded. 

Furthermore, Repair, Refurbish, and Remanufacture connect to extended product lifespan (Potting et 
al., 2017). Given that the systems under study do not directly connect to manufacturing, no indicators 
could be expected to reflect any of these R principles. Repair is deeply connected to maintenance 
practices, and information about such procedures (e.g., frequency of repairs per year) could be 
possible indicators. Refurbish connects to the restoration of products to update them. In this case, it 
could be related to the update of individual parts of the systems (e.g., pipe systems) or of the system 
itself by making efforts to go from one generation to the following one by, for example, decreasing 
the circulation temperature and swish from steam to hot water as a heat carrier. A limiting factor of 
DHC expansion is the necessary time and the high cost of extending the pipe network (Brand et al., 
2014). Therefore, it is also necessary to think about the refurbishment of the DHC network in terms 
of progress toward more advanced generations rather than exclusively expanding it. Thus, indicators 
regarding the updating plans, financing and progress could be relevant. Lastly, Remanufacture 
connects to using parts of a certain product to produce a new one with the same function (ibid.). This 
the case, it is challenging to suggest how this principle could directly relate to the product of DHC 
unless the generated heat could be used as an energy source in product remanufacturing. On another 
but related note, heat and cold storage could be considered strategies that prolong the product's 
lifespan because these facilities can store heat or cold produced during a period of higher availability 
and then allow it to be consumed when the demand is higher. Moreover, since the current energy 
transition is striving to incorporate more RES (Yan and Xu, 2021), storage facilities can play a key 
role in balancing temporal gaps between demand and supply. As a result, since storage could serve 
two purposes – prolonging product lifespan and managing temporal imbalances – indicators related 
to these strategies are connected both to increased circularity and improved energy security. It could 
be relevant to include indicators connected to energy storage such as storage capacity, investment 
and plans in indicator-based assessment for DHC, which goal is to measure the system's circularity. 

When it comes to Rethink, indicators connecting DHC to other sectors could be further studied to 
address the multi-purposefulness of heat and cold. As previously explained in section 2.4., synergies 
between DHC and other sectors are already standard practice, but the future holds synergies that have 
not been thought of yet. An example of the development of such synergies includes the interaction 
between DHC and datacentres that resulted from the increased use of IT services and the related 
necessity for more data storage space. Therefore, Rethink could involve taking a new approach to 
how DHC systems work and going beyond the expansion of current common synergies like WtE and 
waste heat recovery. DHC development is strongly connected to city development and planning, thus 
being very dependent on how cities are - and will be – developed. 

One possibility for a new synergy between DH and its parts is integrating prosumer structures into 
the grid, especially concerning DH. The role of prosumers in future urban energy systems has been 
discussed lately, especially in connection to DH (Brange, Englund and Lauenburg, 2016). Prosumers 
are entities that both consume and provide energy, for example, by producing heat or electricity. 
Therefore, prosumers allow excess heat to be recovered from sources different from the common 
ones, such as industrial parks. The introduction of prosumers in the DH grid has been identified as 
possible but as a procedure that requires management and control (Brand et al., 2014; Kauko et al., 
2018). Model-based studies have delved into the impacts of including prosumers in the DH grid 
(Brand et al., 2014; Kauko et al., 2018). Previous studies in the Swedish region of Hyllie have shown 
that the potential for excess heat prosumers is promising by being able to meet 50–120% of the annual 
heat demand (Brange, Englund and Lauenburg, 2016). Significant decrease in DH emissions, mainly 
due to lowered demand for delivered heat (Kauko et al., 2018), decreased demand from a central heat 
source (Gross et al., 2021) and decreased heat losses in the grid due to decreased circulation 



32 

temperature of the carrier (ibid.). However, studies (Brand et al., 2014; Kauko et al., 2018) reported 
that most of the excess heat was produced during the summer, highlighting the possible need to 
develop storage facilities. Therefore, while both providing new opportunities for heat recovery and 
being promising as an enabler of decarbonization in DH systems, the incorporation of prosumers in 
the DH grid could be of high relevance to the increase of urban circularity and contribute to the 
decentralization of heat production. 

In conclusion, in this section, each R principle of the 10R framework proposed by Potting et al. 
(2017) was analysed in relation to the selected indicators. The identified R principles provided 
information about the assessed indicators and their implications. On the other hand, possible 
indicators were suggested for the R principles that were not identified. The potential benefits of using 
these indicators in assessments whose goal is to assess circularity were also discussed. The results 
presented in section 3.3. and the analysis in this section highlight that indicators are adequate to 
assess the performance of DHC systems according to the CE principles, but that there are areas within 
the CE principles that are not yet covered by currently available indicators. This calls for the 
additional development of suitable indicators. It is important to notice that the development of 
indicators to further reflect the R principles should be elaborated in collaboration with, or verified 
by, actors within the DHC sector because those are the stakeholders who would primarily benefit 
from an indicator-based assessment strategy. Therefore, the elaborated indicators should reflect their 
needs to fill the gaps found in the literature and, most importantly, improve operations in real-life 
situations, being tailored to those that serve that purpose. This should be done in collaboration with 
stakeholders involved in the DHC sector to reflect practical and operational necessities. 

5.4. Urban and energy sustainability 

DHC systems contribute to the UN Sustainable Development Goals (SDGs) by being efficient energy 
suppliers in urban areas. DHC systems are thus connected to SDG 7 (Affordable and Clean Energy) 
and SDG 11 (Sustainable Cities and Communities) and can play a crucial role in achieving these 
goals by 2030. The District Energy in Cities Initiative is a UN Environment Program project whose 
goal is to promote the deployment of efficient district energy in highly populated regions while 
shifting from fossil fuel-powered district energy systems (District Energy Initiative, n.d.). Initiatives 
like this highlight the importance of DHC systems in sustainable city development and promote the 
transition towards better energy systems. 

There is plenty of potential in DHC to contribute to reduced emissions, thus contributing to cleaner 
energy production and supply. As explained in previous sections, improvements in district energy 
allow the incorporation of RES into the system, thus contributing to the achievement of target 7.2. 
“By 2030, increase the share of renewable energy in the global energy mix substantially”(United 
Nations, 2015, p. 21). Plus, since district energy is an efficient way of supplying heat and cold, it 
also connects to the target 7.3 “By 2030, double the global rate of improvement in energy efficiency” 
(United Nations, 2015, p. 21). Decarbonisation strategies for DHC are already being implemented 
and studied. With the possible progression to 4GDH and 5GDHC systems, incorporating RES will 
also be more manageable (Lund et al., 2014; Boesten et al., 2019). Moreover, the possible 
implementation of prosumers in urban energy systems can lead to more geographically localized 
energy production using decentralized structures, increasing urban circularity and resilience. The 
implementation of clean energy into DHC also contributes to the target 11.6 “By 2030, reduce the 
adverse per capita environmental impact of cities, including by paying special attention to air quality 
and municipal and other waste management” (United Nations, 2015, p. 24) because it contributes to 
decreased emissions from energy supply and production. In particular, DH systems will play a key role 
in fossil-free energy systems by using waste heat and RES to meet the heat demand in the built environment.  

CE implementation strategies on a city scale can be connected to the SDGs and, in particular, the 
abovementioned targets. Therefore, similarly to circularity, the progress towards these targets can 
also benefit from using indicators. Considering the obtained results, the transition towards target 7.2. 
can be measured using indicators connected to RES shares, identified in the assessed papers, as 
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described in section 5.2. Plus, progress toward this target can be indirectly measured by indicators 
connected to energy recovery, which were also identified because these indicators are connected to 
fossil-free energy. Progress towards target 7.3. can be measured by indicators connected to energy 
efficiency, also found in the selected indicator list. Furthermore, progress toward target 11.6 can also 
be reflected in indicators connected to emission reduction. 

Both the achievement of SDGs 7 and 11 share aspects with the achievement of urban circularity, 
being intertwined. Therefore, similar assessment metrics can track the progress toward two different 
strategies – CE and the SDGs. The possibility of using the same indicators highlights how CE can be 
a possible strategy toward SD since there is a goal overlap. Therefore, the obtained results contribute 
to showing how a CE can be used as a possible strategy toward SD in cities. 

5.5. Research limitations 

The current study is subject to two main limitations. First, even if a strict methodology was followed, 
the indicator assessment can be affected by subjectivity. CE definitions can themselves be a limitation 
as the concept is vaguely defined, so the classification is subjective. Therefore, it is likely that 
someone else conducting the same assessment could have classified the papers and indicators 
differently In order to minimize the impact of subjectivity, a definition of CE was established at the 
initial stages of the study, and the used assessment criteria were also well-defined based on the earlier 
research. The same was done for the classification according to 10R principles. However, similarly 
to the assessment against the CE validity requirements, the results from this step could have been 
different had it been carried out by a different person. 

The second limitation relates to the identification and selection of the papers. The chosen search 
strings only addressed keywords found in the article’s titles, meaning that, had this selection been 
extended to keywords and abstracts, even more papers would have been collected. However, given 
time limitations, conducting such an assessment was not feasible. Moreover, for the same reason, 
grey literature was also excluded from this assessment. This means that potentially relevant papers 
and non-academic documents may not have been included in the analysis. 

5.6. Further research 

This study highlights the potential of indicator-based structures in the circularity assessment of DHC 
systems but has also identified potential segments for further research. First, given the circularity potential 
of these systems and the current literature gap in that field, their relation to the transition towards a CE 
should be studied. The current study provided a foundation for further research on the relationship between 
DHC and the CE by identifying the areas in which research has not been conducted. 

By providing a closer look at the currently available indicators and assessing their performance against 
defined criteria, this study provided a possible structure for further indicator development, by highlighting 
the strengths and the weaknesses of current indicators, in connection to the CE. Moreover, identifying the 
reflected CE R principles according to the 10R framework provided a complete overview of the current 
indicator’s performance. The analysis showed which of the 10 R principles are currently unexplored. 
Therefore, further research could be focused on understanding which indicators could reflect the relation 
between DHC systems and the 10 R principles and whether trying to reflect all principles is even desirable 
or possible in the studied systems. 

The indicator assessment also identified a lower frequency of indicators connected to the social and 
governance pillars of SD when compared to the environmental and economic pillars. In order to provide a 
complete assessment of DHC systems in connection to all pillars of SD, the development of indicators that 
reflect the interactions between DHC and the less represented pillars could also be beneficial to the 
development of more holistic policymaking and assessment structures. This is particularly relevant given 
the crucial role that DHC systems play in normal urban functioning and structure development.  
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Moreover, future research can address some of the limitations listed in section 5.5. Therefore, it could be 
relevant to conduct a similar assessment using indicators retrieved from grey literature to understand how 
the indicators found in such documents are connected to the CE principles. With the indicators found in 
both grey and academic literature, an indicator-based assessment framework could be designed and then 
tested using data from a DHC system. 
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6. Conclusion 

This study assessed the potentiality of currently available DHC-related indicators to measure 
circularity. The CE model has been proposed as a possible strategy for SD on a city scale, which 
implies that its core principles need to be cascaded down to various sectors, thus including the energy 
sector. DHC systems have a great potential to enhance circularity on an urban level due to the 
establishment of synergies between different systems, the implementation of RES and high 
efficiency. However, strategies towards CE in DHC are currently lacking, thus being necessary to 
develop assessment strategies. Indicator-based frameworks have been identified as useful tools to 
measure CE progress, which have not yet been developed for DHC systems. This study aimed to 
review the currently available indicators used in assessing DHC systems and understand to what 
extent they reflect CE principles. For this purpose, 27 papers with a total of 271 indicators were 
assessed against defined assessment criteria related to the CE. Afterwards, a total of 89 indicators 
were selected and classified based on the 10R principle framework proposed by Potting et al. (2017). 

The main findings of this study are: (i) the assessed papers cover a wide range of topics and 
assessment types, showing that current indicators are used for different purposes including 
performance and environmental assessments, system optimization and sustainability indicator design; 
(ii) none of the assessed papers fulfils all of the assessment criteria; (iii) no assessed paper fulfils the 
validity criterion; (iv) the frequency of environmental and economic indicators is higher across the 
identified indicators, leading to a misrepresentation of the SD pillar social and governance; (v) the 
identified indicators focus mainly on the R principles Reduce and Recover, although the Rs Reuse, 
Recycle and Repurpose were also identified in the selected indicator set. Nonetheless, this study 
highlighted the potential of current indicators for circularity assessment in DHC systems and 
suggested possible metrics that could be used to reflect the not represented R principles. 

Although there is potential in the currently available indicators, it is still necessary to develop 
indicators that focus on the remaining R principles and the social and governance pillars of SD. 
Therefore, this study laid the foundation for further research on the relationship between DHC and the CE 
by identifying the understudied areas. The further study of this relationship and the development of tailored 
indicator sets can be relevant for actors involved in policymaking within the energy sector, to whom 
assessing circularity in DHC systems might be significant. It also provided an extensive database of 
indicators found in literature connected to DHC systems, which can be helpful for other researchers or 
practitioners involved in further indicator development.  
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9. Appendix 
Table A. Indicators and sub-indicators retrieved from each of the 27 assessed papers and respective units. 
Sub-indicators were considered as one indicator in counting and assessment steps.  

Article ID Indicator Sub-
indicators Unit 

1 

Residential volume served by the DH network *   m3  

Number of residents in the area (modelling domain)   - 

Number of residents in the municipality *   - 

Average population density of the municipality *   Inhabitants/km2  
Average emission factor of the DH system (EFDH) NOx (3 sub-
indicators) NOx kg/GWh  

 CO kg/GWh  
 TSP kg/GWh  
Emission reduction per capita installing a DH network (ΔERp) 
CO2 (4 sub-indicators) CO2 t/inhabitant 

 NOx kg/inhabitant 
 CO kg/inhabitant 
 TSP kg/inhabitant 
Emission reduction per residential volume installing a DH 
network (ΔERv) CO2 (4 sub-indicators) CO2 kg/m3  

 NOx g/m3  
 CO g/m3 
 TSP g/m3 

Average NOx concentration reduction in the municipality 
(ΔCave)   µg/m3  

Maximum NOx concentration reduction (1-h annual average) in 
the municipality (ΔCmax)    µg/m3 

Average NOx concentration reduction per capita installing a 
DH network (ΔCp)   (µg/m3) / 106 inhabitants 

Average NOx concentration reduction per residential volume 
installing a DH network (ΔCv)    (µg/m3) / 106 m3 

Average health externalities reduction per capita (group A–
group A+B) (Δ€p)   €/inhabitant 

Average health externalities reduction per residential volume 
(Δ€v)    €/m3 

2 

Specific installed thermal power *   W/m3 

Specific annual heat supplied *   kWh/m3 

Specific annual heat supplied per Degree Day (DD)   (Wh/m3)/DD 

DHS network density *   Mm3/km 

Share of heat from CHP *   - 

DHS network losses *   - 

Primary Energy Factor (PEF) ** - 

CO2 emission factor kg/kWh 

Electric efficiency * % 

Thermal efficiency * % 

Utilization factor - 

Network efficiency * % 
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3 

Primary Energy Factor (PEF) * - 
The relative importance of losses, RiL *   % 

The primary energy efficiency * - 
The district heating global efficiency *   % 

4 

Climate change impact kg CO2 eq./GWh 

Photochemical Ozone Creation Potential (POCP)   kg NMVOC eq./GWh 

Respiratory Inorganics Disease increase/GWh 

Acidification mol H+ eq./GWh 

Eutrophication freshwater kg P eq./GWh 

5 

Renewable Energy Ratio (RER) * - 

Non-Renewable Primary Energy Factor (fnr) *   - 

CO2 Emission Coefficient (kCO2)   - 

Local Air Pollutants Emission Coefficients   - 

Capital Expenditures (CAPEX) €/kW 

Operational Expenditures (OPEX)   €/kW 

Levelized Cost of Energy (LCoE)  €/kWh 

Environmental Social Cost (SC) €/kWh 

6 

Primary energy factor ** - 

Import dependency * - 

Specific CO2 emission (per primary energy)   kg CO2/kWh energy input 

Specific CO2 emission (per final energy /delivered heat)   kg CO2/kWh heat 

7 

Net Present Value (NPV) EUR 

Internal Rate of Return (IRR) % 

Utilization of sustainable forest residues *   m3/year 
Increase of renewable energy share in the final energy 
consumption *   % 

Reduction of GHG emission * t CO2 eq./year 

Saving of costs compared to fossil fuelled DH system *   % 

Addition of revenues * 
for the 
system 
operator 

EUR/year 

 
for the 
woodchip 
suppliers 

EUR/year 

Creation of new jobs (full-time) * - 

8 

Average COP * - 

Seasonal COP of HPs * - 

Seasonal COP of the system *   - 

Full load hours heat pump hour 

Full load hours peak boiler hour 

9 

Exergy content of energy carriers  MJ/FU 

Global warming potential kg CO2 eq. emitted/FU 
Abiotic depletion potential of elements (non-fossil) resources as 
defined by van Oers et al.    kg antimony eq. 

extracted/FU 
Total cost €/FU 

User engagement 

Number of actions to be 
performed yearly by the 
households in order to 
maintain the system. 

Frequency of work accidents Accident/worker/year 
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Reliability Anticipated 
failure rate 
of the sewer 
network  

Failure/connection/year 

  

Anticipated 
rate of 
failure of the 
heating 
system as 
experienced 
by the users  

Number of unmet heat 
demand 
events/household/year 

10 

Primary energy savings * kWh/yr, % 

Useful energy demand: heating * kWh/yr 

Useful energy demand: cooling *   kWh/yr 

Final energy demand: fuel *   kWh/yr 

Final energy demand: electricity *   kWh/yr 
Degree of Primary energy supply based on RES/excess heat 
recovery *   % 

Seasonal COP of the HP (cooling performance) *   - 

Seasonal COP of the HP (heating performance) *   - 
“Total heating and cooling useful energy” to “Electric 
consumption” ratio    - 

GHG emissions reduction **   tCO2/yr; % 

Total GHG emissions   tCO2/yr 

Cost avoidance   € 

Total costs (along the facility lifetime)   € 

Capital expenditure (CAPEX)   €; €/kW 

Operating expenditure (OPEX)   €; €/yr 

Energy costs: fuel   €/yr 

Energy costs: electricity    €/yr  

Maintenance costs   €/yr 

Financing costs   €/yr  

Payback time   yr 

Return of Investment (ROI) *   % 

Internal Rate of Return (IRR) *   % 

Net Present Value (NPV) *   € 

Job creation **   n. of jobs 

People that are positive about the project   n; % 

Degree of people satisfaction   n (Likert scale) 

Average comfort perception   PPD; PMV 

Presence in social media    Tweets, web visits 

11 

Annual solar fraction * % 

Collectors' annual global yield * % 
Collectors field's annual efficiency, related to the aperture area 
*   % 

Annual energy efficiency of the heating system *   - 

12 

Climate change kg CO2 eq. 

Ozone depletion kg CFC-11 eq. 
Human toxicity, cancer effects CTUh 

Human toxicity, non-cancer effects    CTUh 
Particulate matter/ respiratory inorganics   kg PM2.5 eq. 
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Ionizing radiation HH Kg Bq U235 eq. 
Ionizing radiation E (interim) CTUe 

Photochemical ozone formation kg NMVOC eq. 
Acidification molc H+ eq. 

Terrestrial eutrophication  molc N eq. 
Freshwater eutrophication kg P eq. 

Marine eutrophication kg N eq. 
Ecotoxicity - aquatic, freshwater CTUe 

Land use kg C deficit 
Water resource depletion m3 water eq. 

Mineral, fossil & ren resource depletion   kg Sb eq. 

13 

PES: primary energy savings index *   - 

PESDH: primary energy savings of the district heating *   - 

PEF: Primary Energy Factor ** - 

PEEDH: primary energy efficiency of the district heating **   - 

OFE: Overall First-law efficiency  - 

Second-law efficiency  - 

14 

Carcinogens kg eq. C2H3Cl 

Non-carcinogens kg eq. C2H3Cl 

Respiratory inorganics kg eq. PM2.5 

Respiratory organics kg eq. ethylene 

Ozone layer depletion kg eq. CFC-11 

Aquatic ecotoxicity kg eq. TEG water 

Terrestrial ecotoxicity kg eq. TEG soil 

Terrestrial acid./nutri. kg eq. SO2 

Aquatic acidification kg eq. SO2 

Aquatic eutrophication kg eq. PO4
3- 

Global warming kg eq. CO2 

Non-renewable energy MJ primary 

Mineral extraction kg eq. iron 

15 

Specific heat losses ** % 

Primary energy factor ** - 

Specific CO2 emissions ** kg/MWh 

Specific environmental costs EUR/MWh 

Share of RES ** % 

Share of RES CHP * % 

Industrial heat * - 

16 

Heat density - 

Large heat demands - 

Existing heat generation sources * - 

Sources of recoverable heat * - 

Existing district heating networks * - 

Building ownership - 

Existing heating types * - 
Indices of multiple deprivation (such as health issues and fuel 
poverty)   - 
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Eligibility for funding through the Energy Companies 
Obligation (ECO)   - 

17 

Primary energy efficiency ** % 

(Specific) GHG emissions g/ kWh 

(Specific) energy costs EUR/kWh 

Share of renewables ** % 

Self-sufficiency * - 

(Specific) energy demand kWh/inhabitant 

18 

Overall Electrical Self- Production (ESP)   - 
Electrical Self-Production from Renewable Energy Sources 
(ESPRES)   - 

Electrical Self-Production from Combined Heat and Power 
(ESPCHP)   - 

Thermal energy produced by means of electric Boilers *   - 

Fraction of Thermal energy produced with CHP **   - 
Fraction of Thermal energy produced by means of Heat Pumps 
*   - 

Thermal energy produced by RES (TRES) *   - 

Global Self-Production from CHP *   - 

Avoided CO2    t/year 

Avoided NOx t/year 

Avoided SO2 t/year 

19 

CO2/ Total primary energy supply - 

CO2/Population - 

CO2/GDP   - 
Amount of renewable energy in electricity production/Total 
energy production from renewable energy   - 

Total final consumption (TFC) renewable energy in 
residential/Total energy production from renewable energy *   - 

TFC renewable energy in commercial/Total energy production 
from renewable energy *   - 

TFC of Fuel fossils use in transport/Total TFC in transport   - 

TFC of Electricity in transport/Total TFC in transport   - 

Loss/ Total primary energy supply *   - 

TFC/GDP   - 

Total fossil fuel production/Total energy production *   - 

Renewable energy production/Total energy production **   - 

Access to electricity   - 

Renewable internal freshwater resources, per capita   - 

Electricity consumption/population   - 

GNI coefficient - 

20 

Share of depletable (non-renewable) energies in Total primary 
energy supply (TEC1)   - 

Depletion coefficient of local energy resources (TEC2)   - 

Overall system Conversion Efficiency /TEC3)   - 
Technical sustainability ((1–TEC1*TEC2)*TEC3)   - 

Per capita consumption of ncommercial energies (ECO1)   - 
Final energy intensity (ECO2)   - 

Share of productive use of energy (ECO3)   - 
Economic sustainability ((ECO1*ECO3)/ECO2)   - 
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Per capita consumption of clean energies in the residential 
sector (SOC1)   - 

Income inequality (SCO2)   - 

Social sustainability (SOC1*(1-SOC2))   - 
Share of “dirty fuels” in residential energy consumption 
(ENV1)   - 

Carbon intensity (ENV2)   - 

Environmental sustainability (ENV1*ENV2)   - 
Overall Self Sufficiency = Institutional sustainability   - 

21 

Production of reusable waste * - 

Production of toxic waste - 

Environmental conditions  - 
Training and/or education of employees in environmental issues 
*   - 

Waste recycling, collection, treatment and reuse *   - 

Energy Generation versus Energy Demand *   - 

Projected demand   - 

Investment Capacity   - 

Control of environmental liability   - 

Economic Growth   - 

Local economy basis   - 

Program to encourage the conscientious use of energy *   - 

Household income per capita   - 
Actions of local government to generate employment and 
income   - 

Existence of technical training schools and/or higher   - 

Municipal environmental zoning   - 

Zoning of Master Plan   - 

Mobility   - 

Territorial occupation density   - 

Geoprocessing systems    - 

Government actions to develop renewable energies *   - 

Guidelines and policies of the city's master plan   - 

Guidelines and policies of the environmental plan *   - 

Environmental management systems (EMS)   - 
Municipal environmental Council or Management Committee 
of the EMS    - 

22 

Total Energy Costs € 
Production Energy costs € 

Saving in total energy costs € 
Saving in production energy costs   € 

Energy investments € 
Renewable energy investments * € 

Energy efficiency ** € 
Remediation efforts € 

Energy consumption Non-monetary units (e.g. 
kW) 

Emissions CO2 eq. 
Traditional Energy Itensity - 



49 

Renewable energy efficiency * - 
Total energy conservation - 

Production energy conservation - 
Energy management system - 

Renewable energy projects * - 

23 a 
Power usage effectiveness (PUE) * - 

Energy reuse effectiveness (ERE) * - 

24 

Heat load * MW 

Heat supply mix * - 

Levelized cost of heat (LCOH) SEK/ MWh 

CO2 emissions t/year 

Electricity consumption MWh 

25 

Recovery Factor (RF) * % 

Coverage Factor (CF) * % 

Global annual exergetic efficiency   % 

26 

Heat transport line’s supply temperature *   K 

Temperature lift (∆Tlift=Ts−TWH) * K 

High and low internal pressures kPa 
Mass flow rates of the waste heat stream (mWH) and water 
stream in the cooling tower circuit *   kg/s 

LiBr concentration difference between stronger and weaker 
solution streams   % 

Coefficient of performance of the absorption heat transformer *   - 

Heat transport line’s return temperature *   K 

High and low internal pressures   kPa 
Mass flow rates of the waste heat stream and water stream in 
the cooling tower circuit *   kg/s 

LiBr concentration difference between strong and weak 
solution streams   % 

Coefficient of performance for heating **   - 

Coefficient of performance for cooling **   - 
Total amount of waste heat as input in the step-up thermal 
station *   kWh 

Heat capacity *   kWh 

Cooling capacity *   kWh 

Overall coefficient of performance for heating *   - 

Overall coefficient of performance for cooling *   - 

Equivalent electricity saving (EqES)   - 

Avoided greenhouse gas emissions *   kg CO2 eq./MWh 

Exergetic efficiency - 

27 a 

Power usage effectiveness (PUE) ** - 

Energy Reuse Factor (ERF) * - 

ERF primary energy * - 

* Selected indicator 
** Duplicate selected indicator 
a Only relevant for systems with data centres connected to the DH network 
b Only relevant for systems with cooling networks using absorption systems 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


