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Abstract

For the decarbonization of the energy system, a holistic view considering all
energy sectors is mandatory. The interaction between energy sectors in sector
coupling concepts and the extension of the idea to a joint use and generation by
prosumers together with consumers within energy communities can also open
up new possibilities. Waste and water as energy sectors have been barely con-
sidered in these conceptions yet. In this paper, a literature review on existing
waste and water management concepts and their contribution to a sustainable
treatment of the resources is performed, with additional consideration of energy
recovery opportunities. Based on the findings, a possible integration of waste
and water into sector coupling models as well as a joint usage of both in energy
communities are investigated. Building up upon this, a sector coupling model
conception with consideration of waste and water is developed and a possible
application in a theoretical use case is described. The analyses show that waste
and water have a lot of potential for more sustainability in their treatment
and disposal chains, whereas energy recovery processes can further increase the
overall sustainability and make it possible to integrate waste and water into sec-
tor coupling models. Furthermore, energy communities can be fundamental for
increasing the efficiency of waste and water management processes, while also
using recovered energy of waste and water by operating sector coupling tech-
nologies within the community. Future investigations on energy systems must
therefore include waste and water as energy sectors to exploit the full potential
of sector coupling and energy communities.
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Abbreviations

CEC Citizen Energy Community

CHP Combined Heat and Power

CO2 Carbon Dioxide

EC Energy Community

EU European Union

GHG Greenhouse Gas

NGO Non Governmental Organisations

PV Photovoltaic

P2G Power to Gas

P2H Power to Heat

REC Renewable Energy Community

SC Sector Coupling

SSL Source Separation Level

V2G Vehicle to Grid
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Nomenclature

ηconversion Conversion Factor/Efficiency

Cprocess Process Operation Costs

Cpurchase Energy Purchase Costs

Ctotal Total Costs in Use Case

i Index Input Energy Sector for Conversion Technol-
ogy

j Index Output Energy Sector for Conversion Tech-
nology

k Index for Conversion Technology

Mwaste,Acccruing
t Amount of accruing Waste in kg

mwaste,waste2Gas
t Waste provided for Anaerobic Digestion in kg

mwaste,WasteComb
t Amount of combusted Waste in kg

mwaste,WasteDisposal
t Amount of disposed Waste in kg

Qel,Demand
t Electrical Energy Demand in kWh

qel,FeedIn
t Electrical Energy fed into the Grid in kWh

qel,GridPurchase
t Electrical Energy purchased from the Grid in kWh

qel,groundwaterwell
t Electrical Energy Demand for Groundwaterwell in

kWh

qel,HP
t Energy from Electricity Sector to Heat Pump in

kWh

Qel,PV
t Electrical Energy generated from the Household

Power Plant in kWh

qel,sludgeCombustion
t Electrical Energy gained from Sludge Combustion in

kWh

qel,wasteComb
t Electrical Energy gained from Waste Combustion in

kWh

qgas,AD
t Gas generated by Anaerobic Digestion of Sewage

Sludge in kWh

Qgas,Demand
t Gas Demand in kWh

qgas,GasBoil
t Gas combusted in the Gas Boiler in kWh
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qgas,GridPurchase
t Gas purchased from the Grid in kWh

qgas,Waste2Gas
t Gas generated by Anaerobic Digestion of Waste in

kWh

Qheat,Demand
t Thermal Energy Demand in kWh

qheat,GasBoil
t Thermal Energy provided by the Gas Boiler in kWh

qheat,GridPurchase
t Heat purchased from the District Heat in kWh

qheat,HP
t Heat provided by the Heat Pump in kWh

qheat,sewageTreatment
t Exhaust Heat from Sewage Treatment in kWh

qheat,sludgeCombustion
t Heat provided by Sludge Combustion in kWh

qheat,wasteComb
t Heat provided by Waste Combustion in kWh

V water,Demand
t Water Demand in m3

vwater,groundwaterwell
t Water provided by the groundwaterwell in m3

vwater,P ipeline
t Water purchased from public Pipelines in m3

vwater,waterRecovery
t Recovered Water from Sewage Treatment in m3

xt Input or Output Parameter for Conversion Tech-
nologies
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1. Introduction

For reaching climate neutrality by 2050 and forming a sustainable society, it
is required to reduce the Greenhouse Gas (GHG) emissions in all energy sectors,
not only the electricity and heat sector, which are often the mainly considered
energy services in this context. To achieve the emission reduction, an increasing
use of renewable energy sources and the use of new fuels in all sectors are ne-
cessary, while preventing a sufficient security of supply. Therefore, future energy
systems must be planned as a whole with a holistic view on the energy sectors
and energy generation technologies in form of Sector Coupling (SC) concepts,
rather than only considering each sector as separate entity. Such targets require
the involvement of all stakeholders across the whole service and demand chain, so
consumers must be given an active role in the transition of the energy system [1].
Active consumer integration leads to a decentralization of the energy generation
plants. For a more efficient use of these decentral power plants, it is necessary to
join forces with other producers and consumers is form of communities, rather
than operating decentral renewable energy plants for self-consumption alone.
Such a joint generation and use of energy can be achieved by the formation
of an Energy Community (EC), which is defined on the regulatory level in [2]
and [3]. Most investigations regarding ECs consider these concepts only for
electricity sharing. To decarbonize the whole energy system, an extension to
other energy sectors is mandatory. In this context, the heat and gas sectors
are often referred to, as they offer additional storage technologies for electricity.
Two sectors that are mostly neglected while investigating the energy system as
a whole for SC are waste and water.

As environmental and health issues are emerging through waste treatment,
and as water scarcity is a growing problem in the world, it is required to reduce
both sources for a transition to a more sustainable society [4], [5]. For the tran-
sition it is mandatory to reduce consumption, and promote sustainable disposal
and recycling concepts for waste and water. Therefore, well planned waste and
water management concepts must be implemented, that also consider energy
generation possibilities for waste and sewage in form of energy recovery. Waste
and water management have been analyzed in different papers, for example in
[6], [7] and [8]. Those papers have in common that the concepts are only applied
in the respective sector. To get the maximum out of waste and water manage-
ment, it is mandatory to include both into SC concepts and consider the joint
use in ECs. The idea of integrating waste and water into SC models, which
might be applied within ECs, is presented in figure 1. Thereby management
concepts for waste and water must be implemented to guarantee an efficient use
of both energy sectors.

To give an overview on the integration of waste and water into SC concepts,
this paper is structured as follows. In the beginning, a literature review on exis-
ting waste and water management concepts and their possible implementation is
performed, where the major ideas and goals, as well as the contribution of these
management concepts to sustainability are analyzed. Building up upon this, the
following section focuses more on energy recovery processes for waste and wa-
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Figure 1: Extension of Sector Coupling by Waste and Water

ter, which are fundamental for the integration of these sectors into SC models.
In this context, existing processes are examined based on their contribution to
energy generation and regarding their influence on the environment. After the
assessment of the management concepts and energy recovery processes, a more
detailed discussion of waste and water integration into SC concepts and ECs
is raised based on the previous findings. Thereby the ideas of SC and ECs
are described, and building up upon that, possible implementation concepts for
waste and water are analyzed. With all of the reviewed and analyzed aspects,
a conception for a SC model including waste and water is developed for further
investigations concerning this topic and is described in the final section. The
fully developed model should work as a tool for the investigation of issues re-
garding implementation of waste and water into SC and ECs. Potential model
implementation barriers in reality as well as a possible application of the model
in a theoretical use case are described for a further understanding of the devel-
oped model. All the covered topics result in the following major contributions
of the paper.

• Management Concepts: Provision of an overview on waste and water
management concepts, as well as on energy recovery processes.

• Holistic View on the Energy System: Analysis on the integration
of waste and water into SC and EC concepts.

• Model Concept Development: Modelling a concept for SC including
waste and water for investigation of future research questions.

All the sections give an overview about the role of waste and water in the
transition to a sustainable society.
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2. Management Concepts

Waste and sewage are unavoidable outcomes that arise as by-products of
an actual usable good. For a sustainable treatment of the waste, correspond-
ing management concepts are necessary. These concepts should decrease the
negative environmental impacts of the waste products, or even generate gains
in form of energy utilisation of these products. Management concepts for both
by-products have been investigated before in different papers, which makes it
possible to generate experience from these studies.

2.1. Waste Management

Waste Classification

For waste management, the general idea and the implementation in form of
waste reduction, separation and recycling are investigated. These implementa-
tion tools are essential for a sustainable treatment of the occurring waste. Such
concepts are examined primary for municipal waste, but can also be applied to
other waste sectors, whereby for the latter it is necessary to consider that toxic
and non-recyclable wastes might occur more often and in higher amounts. In
general, the waste sector classification distinguishes between municipal waste,
ashes, animal waste, industrial waste, medical waste and hazardous waste. Mu-
nicipal waste mainly consists of food scraps, packaging, miscellaneous inorganic
waste and yard trimmings [9]. For medical waste and animal waste, special
treatment is necessary as both can be infectious [10]. During the COVID-19
pandemic, the medical and plastic waste experienced a large increase as face-
masks emerged as additional waste source according to [11] and [12], which
underlines the increasing importance of waste separation. However, waste man-
agement includes the production, collection and transport, the processing as
well as the disposal or reuse of waste. For waste production, which is defined as
material entering the waste stream before treatment by [13], waste management
is applied on the separation and internal collection. The internal gathered waste
is then collected on a larger scale and transported to treatment plants, in which
the kind of treatment is a form of waste management as well. In these treatment
plants the waste is mostly burned or dumped on the countryside. Both treat-
ment processes can be quoted as non-sustainable without further treatment.
Thus it is essential to keep the amount of out coming waste on a low level
which brings us back to waste reduction concepts [9]. A further goal of waste
management is the recycling and re-introduction of occurring waste substances
within the production cycles in form of re-usage of the materials as energy car-
riers [5]. Poorly implemented waste management practices can have a negative
impact on the environment, like contamination of water and soil, as found by
[14]. Similar results were found by [15], who examined a loss of the drinking
water quality by groundwater near waste landfills. These results make it clear
that waste management is not only essential for a sustainable society but also
for the general health.
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Main goals of waste management

Due to the health problems caused by poor waste management, regulatory
frameworks are established to promote waste management [14]. To describe
the idea of waste management more in detail, it is mandatory to specify waste
management techniques. According to [9], a waste management system includes
activities for handling, treating, disposing and recycling of waste. Thereby it is
necessary to differ between combustible wastes that can be treated by incinera-
tion and gasification, and non-combustible waste, that must be further treated
in landfills. As a special case, wood, plastics and organic materials are partly
combustible [9]. For a further description, the different disposal options must
be examined more precise, because they are an essential part of waste manage-
ment. According to the investigations of [9], landfill disposal is the most cost
effective option. In these landfills, the waste is dumped and degrading over time
[16]. It has to be considered that the waste in landfills degrades very slowly, and
that such landfills do not represent normal environmental conditions [5]. The
problem thereby is, that the leachate causes treat to health and nature, which
makes is necessary to implement further treatment of the landfill leachate [17].
A second option of waste disposal is the incineration of the emerging resources,
that has the advantage that additionally to the waste disposal, energy can be
recovered by the incineration process [18]. The waste incineration can be imple-
mented on a local level by individuals or on a larger scale by the industry [9].
In these plants, a controlled combustion of the waste sources is carried out to
generate heat and steam, which is used to empower a gas turbine [16]. An often
mentioned critical aspect of waste incineration is the fact, that emissions are
caused by the combustion, which makes it a rather non-sustainable treatment
[9]. As a third option, anaerobic digestion and the corresponding generation of
biogas is mentioned in existing papers. Thereby the organic material is con-
verted directly into a gas mixture of methane and Carbon Dioxide (CO2), that
has a chemical composition close to natural gas. In such biogas plants, an-
aerobic conditions are provided to stimulate reactions [19]. The gas can then be
used for engines, turbines and boilers and is considered as green gas1. Different
yields between unlike biodegradable wastes underline the importance of waste
separation once again [9], [16].

Waste Reduction

Before investigating waste separation methods, the waste reduction process
is analysed more in detail as it is the first hierarchical step of options for reducing
pollution in form of waste management according to [20]. Waste reduction is
a concept that is poorly executed by residents of households, as a direct added
value is not immediately apparent from it. Therefore, incentives for a more
efficient implementation must be made. Tam and Tam [21] introduced a reward
scheme to improve the lack of motivation and generate more experience factors
for construction workers. In a stepwise incentive system, the costs saved on

1CO2 neutrally produced gas
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materials for construction were evaluated and rewarded to the workers as part
of their salary. With 10 % to 15 % of the salary the waste-reduction dependent
share was high enough to reduce the waste in the company by 23 %. A major
impact on the waste reduction in this context was the raise of awareness in form
of financial benefits. Incentives can also be set on the regulatory level, like in
[22] where institutional pressure led companies to waste reduction investments.
The waste reduction was influenced by the investment decisions. It was also
examined that investments had a higher impact on pollution reduction than on
cost reduction, which shows that incentives for waste reduction are an important
aspect for a sufficient implementation of reduction concepts. Bandyopadhyay
[20] mentioned that changes in processes are important for reduction of the
overall waste. These modifications can be either made by changing the quality
or the flow of internal sources or demands. It was also found that the reduction
of the resource requirement leads to a reduction of the same amount in the
waste generation. In summary it could be seen that waste reduction has a lot
of potential which can help to achieve a more sustainable waste management.

Waste Separation and Recycling

Recycling is seen as the second step in the waste management hierarchy by
[20]. For a proper recycling implementation, prior waste separation is an es-
sential preliminary work. According to [23], recycle performance improvement
can help to recover materials and save resources. The overall goal is to reduce
the waste that is deposited in landfills. In the paper the legal authority is seen
as a fundamental instance for the improvement of recycle performances, while
public education is also considered as an important improvement factor. Social
factors and the convenience of recycling are described as major aspects by [23]
as well. The importance of a legal authority was mentioned by [24] in case of
waste separation, as their study showed that policy instruments had a stronger
impact on the separation behaviour than perceived costs. Xu et al. [25] extend
this approach by further social aspects and mention Non Governmental Organ-
isations (NGO) as possible mediator between residents and local authorities.
The paper of Stoeva and Alriksson [26] focuses more on barriers for individuals,
as they were sending out questionnaires to determine possible implementation
barriers by applying the theory of planned behaviour, which is defined as the
motivation and ability of behaviour in a specific situation [27]. In the course of
these interviews they found that the recycling behaviour of private persons is
heavily dependent on personal attitudes and on the satisfaction with local facili-
ties. Similar to recycling, waste separation also depends on social aspects, which
can be seen in the results of [28] where it is mentioned that the waste separation
behaviour is strongly dependent on the location of the waste bins. This was also
found by [29], as the waste separation rates increased with nearer distance to
waste separation sites in the results of the study. Furthermore according to [30],
the waste separation efficiency can be affected by regardless consumers, thus the
results of this paper show that economic rewards lead to better waste separation
behaviour than social influence. However, all these papers mentioned that waste
separation and recycling behaviour are heavily dependent on individual aspects
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and on the convenience in which the processes can be carried out. The different
studies in the considered papers showed, that economical and social incentives
must be applied for an improvement of the behaviour of individuals, whereas the
best strategy can not be exactly set. Both, separation and recycling, are fun-
damental processes for the relief of landfills and the efficient further processing
of waste for energy recovery.

Waste Management Hierarchy

In figure 2 the hierarchy of waste management is summarized. Waste separa-
tion is considered as the second step in the hierarchy, as it must be done before
recycling to guarantee an efficient recycling process. The emerging waste can
then either be recycled, deposited in landfills, incinerated, digested for biogas
production or used in other energy recovery processes.

Figure 2: Waste Management Hierarchy

2.2. Water Management

Concept and Goals of Water Management

While waste management has been investigated in different papers before,
water management is a barely considered concept and is mainly investigated in
from of water reduction. Like for waste management, the goal of water man-
agement is to get the maximum out of the resource water, while consuming the
minimum necessary amount of water. In that context, van der Brugge et al. [31]
mentioned that water management cannot be seen as a single water problem due
to the different forms of water like rainwater, groundwater, surface water and
seawater for which different problems occur. According to [31], the main issues
regarding water management are water demand and supply, water scarcity and
sewage treatment. Environmental impacts like the sea level rise and alteration
of the hydrological cycle are also mentioned by them. Furthermore water is
considered as a resource with different functions in society by [31], as it has a
function for navigation and agriculture, a function for drinking water supply in
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addition with other private uses and it has an ecological function for sustaining
ecosystems. Therefore water management is a process across multiple utilities
and must be done considering many different stakeholders. Water also has an
economic value, which is expressed in form of a water price. Due to the water
scarcity in different regions, the ecologic values expressed as ecosystem water
regulation services are assigned a more important role than the economical val-
ues. The constraints for water management include the physical characteristics
of water, as well as the regulation and water policies [31]. Water management
is currently undergoing a transition process, which is a long-term structural
change in society operations, respectively a shift between two equilibria [32]. In
this transition process, water management has changed from a scientific style to
a participatory style, which means that water management must also be done
on the consumer level. Thus it is necessary to introduce water management
concepts on the local level.

Water Reduction

One of the major aspects of water management is the reduction of the con-
sumed water. Water reduction can be done on the municipal level in form
of water savings for household processes. Thereby the usage of rainwater and
reuse of greywater, which is water without drinking quality, can be major as-
pects, whereby the latter is seen as the most viable water reduction strategy
by [33]. According to [34] the water price as well as the drought intensity can
have a positive effect on water consumption reduction. Like waste reduction,
water reduction is strongly dependent on individual routines. This is clarified
by the increasing use of water during the COVID-19 pandemic, where the water
consumption was rising up to 29 % during the lockdown periods [35]. The indi-
vidual aspects of water consumption were investigated by [36], who carried out
telephone interviews, whereby they found that pricing strategies are only useful
for consumers that have an idea about the amount of water they are consum-
ing. A further problem discovered by the interviews was, that most consumers
are not aware about their possible high water consumption and thought other
consumers would be the problem. All of the interviewed persons agreed on
penalty charges for above average water consumption, as long as they were not
affected by the payments. The results of this survey show that it is necessary
to raise awareness on the private household sector regarding water consumption
to achieve an effective water reduction in the long term. Smart meters2 for
water can help to raise awareness and give feedback on the water consumption
[37]. Furthermore, the comparison with other consumers and with the aver-
age consumption of similar households could make the need for water reduction
clearer for single consumers [38]. Water reduction must also be done in indus-
trial processes and energy generation processes. A reduction of the electricity
consumption leads directly to water consumption reductions. In California for
example, an electricity consumption reduction of 16 % would make it possible

2intelligent measurement devices that allow monitoring of the consumption
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to abandon hydro and nuclear power plants and reduce the total water con-
sumption in the electric energy sector by 94 % [39]3. This example shows that
the different demand services interact strongly with each other. Furthermore,
an increasing electric energy demand in the future can result to an additional
water demand if the load is covered by water intensive power plants [40]. Regar-
ding water consumption, wind power and Photovoltaic (PV) are the generation
plants with the least water demand [41]. As can be seen, water reduction not
only relies on the decreasing use of water, but also on electricity consumption
reduction and generation with less water intensive power plants. Thus the water
reduction concept is a wide-ranging topic.

Water Reuse

Water reuse is a kind of tool for water reduction. Thereby treated sewage
can be used as a water resource. According to [42], the treated water could
be used for purposes that do not need water with drinking water quality. The
reuse of sewage can reduce pressure on conventional sources for covering the
water demand. Between both water sources, the major differences are the more
reliable supply of sewage in specific regions and the water quality, whereas the
latter limits the possible usage of sewage. A great benefit from the reuse of
water can be expected in the agricultural sector due to the high demand of
water without drinking quality that is needed for field irrigation [43]. As the two
water systems cannot be transported together in the same pipelines because of
quality issues, separate pipelines would be necessary for the introduction of the
concept [42]. However, for an efficient reuse of water, the one water concept,
which defines water as a single resource, not distinguishing between drinking
water and sewage due to the potential high quality of treated sewage in the
future, must be implemented [44].

Water Management Hierarchy

Similar to waste management, the water management hierarchy is presented
graphically in figure 3, whereas the reduction of water consumption is the first
step, followed by water reuse, energy recovery from sewage water and non-
recyclable sewage.

3. Energy Recovery

In the previous section, different management concepts for waste and water
were introduced. As part of the concepts, energy recovery from the emerging
waste and sewage was mentioned, which is now described more in detail.

3.1. Waste to Energy

The idea of waste to energy is the recovery of energy from the emerging
waste. Thereby waste is removed and energy is recovered at the same time,

3not considering possible negative effects of hydro power abandonment
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Figure 3: Water Management Hierarchy

so the point is to generate added value from waste disposal rather than just
depositing waste on landfills. In [45] the advantages of energy recovery from
waste are mentioned in form of electricity generation, new jobs, revenues and
reducing the volume of waste in landfills in the long-term, while this could
further help promoting clean environments and promote the transition to low-
carbon cities [46]. As a performance indicator, the total recovered energy and
the grade of emission were mentioned by [47]. Energy recovery from waste is
implemented mainly in developed countries. To exploit the full potential, an
implementation in developing countries is necessary as well. A barrier thereby is
that information on energy recovery technologies is not shared for environmental
interests, whereas the barrier is even higher in developing countries [48].

Further treatment of waste in energy recovery plants is dependent on the pre-
treatment of the source. The source separation, whose efficiency is described
with the Source Separation Level (SSL), is an important indicator for the total
amount of material and energy recovered. According to [49], solid recovered fuel
has the highest energy recovery potential. Thereby the external collection of
waste is often considered, where it is distinguished between kerbside collection
without stable street containers and drop-off collection with the possibility to
drop off waste at any time of the week. Costs for drop-off collection are usually
lower than costs for kerbside collection [50]. Not all papers agree on the impor-
tance of SSL, like [51] where it is stated that the performance of energy recovery
systems is not significantly improving for increasing SSL. This is mainly depen-
dent on the fact that the total output of energy recovery processes is not highly
dependent on the SSL, while this does not account for all processes in waste
management. As it is necessary to consider the whole waste management chain,
waste separation must be considered as a relevant impact factor. The separa-
tion is important, as additionally to energy, material can be recovered. Residues
of the recovered material can be used for energy recovery, which correlates to
the goal of maximizing the yield of waste treatment [50]. However, costs occur
for reaching higher SSL values and [50] examined that above a critical SSL of
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50 %, the costs are rising. The same results specified that efficient material and
energy recovery can only be achieved with SSLs above 75 %, which means that
higher costs of separation must be accepted in order to save costs in the overall
process of waste separation and energy recovery.

After pre-treatment, the waste is processed for energy recovery. In figure
2, incineration and anaerobic digestion have already been presented as possible
energy recovery techniques. For an evaluation of the efficiency of such tech-
niques, a life-cycle assessment is the most efficient tool according to [52]. With
a life-cycle assessment it is possible to determine environmental burdens with
the waste management process by the identification of used energy, materi-
als and the emissions occurring during the treatment [53]. Landfilling without
additional treatment cannot be categorized into energy recovery processes. Re-
cycling residues can be treated in Combined Heat and Power (CHP) power
plants, which makes energy recovery from landfilling processes possible [54]. In-
cineration reduces the waste that is not recyclable and that would otherwise
be deposited completely in landfills [45]. Residues for the incineration process
are ashes, which must be deposed in landfills, and residues that can be further
treated in CHP plants for additional energy recovery [54]. Waste incineration
has a negative impact on the environment due to the CO2 emissions, whereby
the municipal waste incineration has a higher impact than industrial waste in-
cineration. Thereby the incineration of plastic produces the highest amount
of emissions [47]. Regarding global warming potential, waste incineration has
a lower impact than landfilling, as the methane emissions are comparably low
[54]. Another option for energy recovery is the treatment of biodegradable
waste for generating natural gas with anaerobic digestion [45]. The fact that
only biodegradable waste can be used highlights the importance of high SSL
levels. Compost is gained as a residual product from anaerobic digestion which
can be used for agricultural and horticultural purposes. Ranked on the overall
impact on the environment, anaerobic digestion is the most efficient solution
[54]. As not all waste is biodegradable, other solutions must still be considered
as well. Table 1 summarizes the three considered energy recovery processes.

Emerging and extension of other service sectors like hydrogen and the need
for alternative mobility concepts lead to additional energy recovery potential for
waste treatment. For extraction of the maximum amount of energy from waste
treatment, networks for multiple sectors must be implemented [46]. The energy
(and materials) generated from waste recovery can be further utilized by these
sectors and the maximum potential of waste energy recovery can then be fully
exploited.

3.2. Sewage Water to Energy

Production of fresh water with drinking quality can be executed by the
treatment of sewage. Rather than only treating sewage for water recovery and
in order to lower the negative environmental impacts, the treatment processes
should additionally be laid out for the recovery of energy [55]. Sewage treatment
always results into sludge production, regardless of the process. Sewage sludge
can be a fundamental raw material for new energy generation technologies in a
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Table 1: Comparison of Waste Energy Recovery Processes

Landfilling Incineration Anaerobic Diges-
tion

Large land provision
necessary

Immediate waste
removal

Generation of natu-
ral gas

Long degradation
times

Energy recovery Compost as residual
product

High Methane Emis-
sions

High CO2 emissions Only for biodegrad-
able waste

Without extension
no energy recovered

Highest emissions
for plastic

High SSL as not all
waste is biodegrad-
able

Residue treatment
in CHP plants

Low methane emis-
sions

Lowest impact on
environment

sustainable society [56]. The treatment process and energy recovery processes
can be implemented separately or in a combined system. A study from [57]
found that the combined treatment with pipeline transport of the sludge is the
most economical solution. Due to the high moisture content of sludge, drying
processes in form of hydrothermal carbonization are necessary before utilizing
the sludge for energy generation [58] in order to increase the overall procedure
efficiency. Anaerobic digestion and combustion in CHP plants are the major
energy recovery possibilities of sewage sludge. Methane production from sludge
and grid injection into the gas grid is a potential economically feasible option
as well, but the negative effects on the environment are high compared to the
previously introduced options [59].

Anaerobic digestion reduces the load on the environment by sludge due to the
volume reduction [60]. The use in anaerobic digestion can replace biodegradable
waste as a source, which results into a reduction of methane production in the
process that would occur at higher levels for biowaste anaerobic digestion [56].
Tarpani and Azapagic [61] found that sewage sludge anaerobic digestion plants
can operate at profit, and so they are an economical solution for energy recovery.
In CHP plants, sludge can be used as a substitution for coal, which makes it
the most sustainable treatment option regarding fuel usage according to [59].
For combustion of sludge, the previously mentioned pre-drying process is an
essential factor for sufficient efficiency [56]. Like for coal and waste combustion,
the environmental impact of sludge incineration is high compared to anaerobic
digestion [60]. Table 2 summarises the major aspects of anaerobic digestion and
incineration of sewage sludge.

Both processes are rather new approaches for energy recovery, and so a fur-
ther development in combination with a life-cycle assessment and investigations
of the impact on human health are required [56]. The recovery rates and rev-
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Table 2: Comparison of Sewage Sludge Energy Recovery Processes

Anaerobic Digestion Incineration

Reduction of environmental load Substitution of coal

Waste replaced as source Most sustainable option regard-
ing fuel use

Reduction of methane produc-
tion

Pre-drying process for efficient
combustion

Can operate at profit High CO2 emissions

enues that can be generated from recovered resources have a high impact on the
feasibility of sludge treatment processes [61]. Advanced technologies for sewage
treatment and further energy recovery can double the costs compared to con-
ventional treatment according to [61], which makes process cost reductions in
the future mandatory. All of the mentioned aspects lead to the conclusion that
energy recovery is work in progress. As this approach has a lot of potential,
it must be considered in future investigations regarding energy recovery in a
sustainable society.

4. Implementation of Waste and Water into Energy Communities

In the next step, the demand services waste and water are investigated re-
garding possible introduction into an EC. Covering the demand of different
services by linking the material- and energy flows of such services together is
referred to as SC. An efficient SC approach in combination with ECs can be an
implementation framework to reach a sustainable use of all energy and material
services.

4.1. Sector Coupling

The general ideas and goals for SC were redefined by the European Union
(EU) in [1]. For the achievement of climate neutrality by 2050 it is necessary
to reduce the GHG emissions in energy service sectors that are more difficult to
decarbonize. Therefore it is mandatory to plan the energy system across multi-
ple sectors as a whole. To decrease the total energy consumption it is necessary
to promote the most efficient conversion technologies. Another mentioned as-
pect in [1] is the active consumer participation, which can be executed in form
of ECs. However, for the implementation of a circular energy system where
many energy services interact with each other, the use of local energy sources,
and the consideration of waste, sewage and residues for bioenergy production
are needed. As the electricity sector is a sector with a high renewable energy
generation potential, an electrification in other energy sectors, for example the
utilization of heat pumps in the heat sector, can help to decarbonize the whole
energy system. In order to reach that, it is required to protect the grid in form
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of new flexible energy provision units like storages or the Vehicle to Grid (V2G)
concept. The energy markets must be made fit to promote the implementation
of SC. In that connection the energy trading system that exists for electricity
must be extended to new energy sectors. To achieve an utilization of SC in the
energy system in the long term, the implementation process must be started
with the infrastructure planning, as new infrastructure should promote the in-
tegration of different energy carriers. Possible grid extensions must be planned
early enough to prevent an overload and operation problems. Another major
aspect is the digitalization of the energy system, making it possible to determine
the energy flows in the system in real time with smart meters [1].

SC has been examined in different research projects. Heat pumps have been
confirmed as efficient additional flexibility options by [62]. Bashir et al. [63] see
Power to Heat (P2H) as solution for the reduction of the emissions in the heat
sector, as the excess electricity of renewable energy plants can be stored in heat
storages and used to cover the heat demand. Power to Gas (P2G) technologies
can provide an additional flexibility, as mentioned by [64]. According to [65], an
efficient implementation of a SC concept depends on the characteristics of the
supplied energy and the energy demand. Another mentioned aspect by [65] is
that with SC it is possible to continuously substitute fossil energy sources, and
also integrate renewable energy supply into other energy sectors than electric-
ity, which was also brought up by [1]. Wietschel et al. [66] mentioned that SC
must be implemented on the sectoral level, combining different households with
industries, commercial buildings, transport and other services, as well as on
the technological level, which is the energy conversion between different energy
sectors with the corresponding infrastructure. Regarding the emission reduc-
tion, [67] found that energy generation and consumption scenarios where SC is
applied led to the highest emission reduction. The value increase of renewable
energy technologies due to SC was brought up by [68] as an additional advan-
tage. Basically, all the considered papers agree on the fact that SC makes the
cost-effective decarbonization of the energy system possible.

4.2. Energy Community Concepts

Above the concept of ECs is the goal of increasing the share of renewable
energies in generation. ECs are considered as a conception that helps to pro-
mote the decentral generation of renewable energy and use the generated energy
more efficient. The idea behind ECs is, that multiple entities use generated en-
ergy together to increase the self-consumption of renewable energies in order
to relief the distribution grid. Participants of ECs thus share energy with each
other, whereby not all participants must be in possession of a generation plant
[2], [3]. On the regulatory level, ECs are defined in the EU guideline 2019/944
[3]. National laws are derived from this guideline, but are constructed on the
national level, which leads to different implementation of ECs in the countries.
On the European legal level it is distinguished between Citizen Energy Com-
munity (CEC) and Renewable Energy Community (REC). A CEC is a legal
entity that consists of natural or legal persons that provide electricity to the
community participants, whereas the participation in these communities must
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be free and open to everyone. RECs have the same framework as CECs with
the difference that the generated energy in the community must be obtained
from renewable generation plants and that other energy sources than electric
energy can be shared within the community. Furthermore, the participation is
geographically limited, as a major goal of RECs is to trade renewable energy
locally to relief the higher grid levels of the distribution grid. The aim is to
offer financial benefits in form of reduced grid fees for community trading to
participants [2], [3]. The most frequently mentioned energy sources shared in
ECs are electricity and heat, while the consideration of gas, cooling, mobility or
hydrogen is also an option. In order to reach the maximum possible renewable
energy introduction, a holistic view on the concept of ECs is necessary, where
the implementation of waste and water are considered as well [69].

4.3. Implementing Waste and Water Usage into Energy Communities

As this approach is rather new, the implementation has not been exam-
ined in detail in existing papers. Therefore, possible studies that offer suitable
approaches to this topic are considered.

Weight-based pricing of waste

Waste being charged independently of the accruing amount gives away a lot
of potential. Weight-based charges have been investigated in different papers so
far. With these charges, the polluter-pays principle, for which higher amount
of disposed waste leads to higher costs for the perpetrator, is applied. Such
charges can give incentives to reduce waste. Early studies regarding this topic
in [70] found that a weight-based price should be preferred to a volume based
price. In the investigations of [71], weight-based prices had a strong impact on
the amount of emerging waste. Specifically, the total waste collection decreased
by 42 % in the course of this study. For non-recyclable waste, the reduction
was even higher with 56 %. Similar studies in Sweden by [72] found that 20 %
less household waste was collected. In these studies, the problem of illegal
dumping was mentioned, which could increase with the introduction of weight-
based prices. An important implementation aspect of weight-based prices was
brought up by [73], as costs reduction should be possible for people who are
willingly to spend time and effort rather than money for waste reduction options.
A major problem for the implementation of weight-based prices according to [74]
is the lack of information given to people regarding their accruing waste and
possible reduction. Dunne et al. [75] carried out a study on such pricing concepts
in Ireland, where they found that people support weight-based pricing, as long
as the price level does not increase to an unacceptably high level. In their paper,
the problem of necessary investment for determination of the accruing waste for
each household by the disposal companies was brought up, which might not
be economically feasible without financial support instruments. An idea of [76]
introduced volume based charges in form of disposal bags that are pre-paid and
whose costs rise with corresponding size. However, in developed countries, such
a concept should only be a temporary solution, as not the whole potential of
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weight-based prices can be exploited with this approach. Thøgersen [77] found
that monetary aspects have less impact on the waste reduction than personal
and social attitudes. Thus it is possible to implement weight-based prices into
ECs, where the participants aspire to reduce waste together. A possibility in
that context would be the collection of the community waste as a whole and
charging of the shares to the participants depending on the volume of waste
arising from their consumption. Weight-based waste disposal prices can hence
be a possible tool for promoting waste reduction within an EC.

Water Consumption in Communities

This topic has barely been investigated yet. The existing studies mainly
address consumption behaviour of different households. Seyranian et al. [78]
investigated the impact of four different water consumption strategies, including
the comparison to other households in the neighbourhood, reduction of water
consumption within a group, personal identification in form of self-actualization
and by giving water saving tips to consumers. Social aspects turned out to be
the most efficient strategy for the reduction of the water consumption. In [79],
the impact of feedback regarding water consumption on the residential level is
examined. Thereby, the feedback included the actual and mean consumption
of water, the ranking out of 100 within a community and a feedback in form
of emoticons. As kind of gamification, the consumption of the households was
compared to the mean water consumption, which could help to give incentives
for water reduction. Consumers with a high water consumption decreased their
consumption when they got negative feedback in form of emoticons, while low
water consumers reacted more strongly to the ranking feedback. According to
[79] a further improvement of the feedback mechanism could be made by the
comparison of current water consumption and past water consumption within a
household. In [78] it is also mentioned that social aspects must be considered for
the achievement of water consumption reduction. The comparison and feedback
approach could be implemented into energy communities. A ranking might also
be possible, in which the best users pay less for water in the community. Like
for waste, this could be implemented by a common community price, where the
share of charges is weighted on the water consumption.

Further Implementation Ideas

Additionally to the ideas in the previous section, possible implementation
ideas regarding waste disposal and water consumption in communities that were
brought up during a brainstorming process and that have not been further
investigated yet are mentioned in this section. Similar to charges for a higher
amount of waste, charges could be set for insufficient waste separation. Potential
penalties for the whole community would then be charged according to the SSL
of the single community participants. Thereby the problem is that the SSL is
hard to determine, which could prevent such concepts from being implemented.
The sharing of devices within a community, for example lawn mowers, washing
machines or cars, could reduce the emerging waste in the community. For
communities with industrial participants, it could be possible to give certain
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devices a second life in private usage. The quality of gadgets might not be high
enough anymore to fulfil the purposes of the industry, while it might still be high
enough for private use. Existing know-how regarding reparation in a community
can lead to not always having to dispose of broken equipment immediately, thus
avoiding waste. All these aspects do not have a direct connection with energy,
but such community operations can still be considered as sustainable. Moreover
financial savings could be generated by the community members as reparation
costs and costs for new devices can be saved.

Water usage in communities can primary be expanded by the set up of a
community ground water well or other technologies to gain water for commu-
nity purposes, which are mainly processes not requiring drinking water quality,
as for the higher quality, additional treatment plants would be necessary. The
gained water can thereby not be transported via the public pipelines, and so
a second parallel pipeline system for the community would then be required.
An utilization of community ground water wells might then be limited to sim-
ple purposes like irrigation. A future concept for water usage in periods with
increasing water scarcity might be the implementation of water consumption
rights (similar to CO2 consumption rights). Depending on how such concepts
are implemented, trading and sharing of water consumption rights within the
community could be possible. Participants that save water can thereby have
the option to sell water consumption rights to other community members and
gain financial benefits from their reduced water consumption. However, since
these are only possible future scenarios, they will not be discussed further in
this paper.

For both, waste and water, energy recovery technology can be provided by
industrial partners in communities. For this reason, these technologies are also
considered in the SC model in the following section

5. Sector Coupling Model

5.1. Goals and Functionalities of the Model

SC models describe the interaction between different energy sectors, whereas
in the majority of these models, energy flows between different nodes are being
evaluated based on certain criteria. Such models can be found in [80], [81], [82],
[83] or [84]. They all have in common that waste and water are not further
considered sectors in their model. Therefore, an own model is developed, in-
cluding both sectors, which is presented in figure 4. Additionally, the conversion
technologies for waste and water are summarized in table 3.

In this model, the energy sectors are presented in square blocks. Additionally
to the traditionally considered sectors electricity, heat and gas, waste and water
as energy sources are considered as well. For a holistic approach, the inclusion
of cooling, hydrogen and mobility must be considered as well. These energy ser-
vice blocks are starting and ending points for energy flows. For a mathematical
definition of the energy blocks, the law of conservation of energy can be applied,
where it is determined that the incoming energy flows that increase the amount
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Table 3: Overview Waste and Water Energy Recovery Technologies

Technology Input Output Description

Waste Com-
bustion

Waste Electricity,
Heat

Using waste
instead of coal
for incinera-
tion

Waste to Bio-
gas

Waste Gas Anaerobic
Digestion of
Biowaste

Waste to Bio-
fuel

Waste Car Fuel Biofuel out of
waste for car
powering

Fermentation Waste Hydrogen Biological
treatment of
waste for hy-
drogen pro-
duction

Sewage Treat-
ment Plant

Sewage Clean Water,
Sludge, Heat

Recovery of
water with
additional ex-
haust heat and
by-products

Sewage Com-
bustion

Sludge Electricity,
Heat

Using sludge
instead of coal
for incinera-
tion

Anaerobic Di-
gestion

Sludge Gas Sludge as
source for
anaerobic di-
gestion

Microbial Fuel
Cell

Sludge Electricity Innovative
Technology
for electric-
ity generation
from sewage
sludge

Sewage Water
to Hydrogen

Sewage Hydrogen Hydrogen
recovery of
sewage by fer-
mentation
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Figure 4: Sector Coupling Model

of energy in the block are considered positive and the outgoing energy flows
that decrease the energy in the block are considered negative. This law can be
applied to each energy block and is a fundamental mathematical condition for
the whole model. The transition between different energy services is presented
in form of flow arrows, whereby the colour of the arrow is set based on the source
of the energy transition to be able to determine the source quicker when apply-
ing the law of conservation of energy for each block. Thus the arrows represent
the outgoing and incoming energy flows in the blocks. For a transition between
different energy services, conversion technologies are required, which are repre-
sented in form of circles and are coloured based on the input energy in figure
4. In the mathematic model, the conversion technologies are described by the
input energy, the output energy, conversion factors respectively conversion effi-
ciencies and by operating costs of the technology. Such conversion technologies
are major components of a SC models, as they allow the interaction between
different sectors. Storage systems are introduced as technologies allowing en-
ergy flows within the same sector, which are represented as a rhombus in figure
4. The use of storages makes it possible to store a surplus of energy within
a sector at a certain time and to release it at other times when the energy is
needed. Like the conversion technologies, storage technologies are described by
input and output energy, as well as storage efficiency, respectively losses of the
energy while being stored. For a holistic view on SC, such technologies cannot
be neglected. A certain amount of energy for the different sectors must come
from external sources, represented as triangulars. Single sources are dependent
on generation profiles, like the generated electricity from decentral power plants
or the accruing waste, while other sources are implemented to fulfil the law of
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conservation of energy for each energy sector. Such sources are generally ex-
ternal, so the energy obtained from them causes energy costs. It is up to the
model to determine which quantity of purchased energy makes financial sense
in the process. The main motivation of energy services is the coverage of an
energy demand for external purposes. In the SC model, the energy demand is
represented as triangle as well, whereas the major difference to energy source
triangles is, that the energy flows come from the services and do not end in
them. As mathematical input parameter for the model, the energy demand is
given in form of load profiles, which are considered as output parameters in the
law of conservation of energy.

5.2. Considered Conversion Technologies

After the description of the model in general, the considered conversion tech-
nologies are described more in detail. Electricity can be gained externally by
purchase from the electricity grid or by generation with self-owned power plants.
The electricity sector has a special role, as the electrification of other sectors
is seen as solution to decarbonize other energy sectors by [1]. Conversion to
the heat sector is achieved by heat pumps, which is an option to cover the heat
demand. Additionally P2H technology can be used to store electricity by con-
version into heat. Electricity is also a fundamental source for the use in electric
cooling processes, hydrogen production with electrolysis and as fuel for electric
vehicles. Regarding the water sector, the electric energy is used to power a
groundwater well. Electricity conversion processes are therefore very versatile.
Compared to that, heat is mainly used for the coverage of heat demand, hot
water demand, and occasionally for thermal cooling technologies. Heat occurs
in many processes as unwelcome by-product, as it is associated with losses.
Thus a lot of conversion processes result into heat as output energy. Gas is
generally considered as not sustainable, with the exception of green gas. It is
mainly used in gas boilers, block heat stations or CHP plants for coverage of
electricity and heat demand, as well as for other external processes that are
gas-powered. Due to the increasing outdoor temperatures, the cooling sector
is gaining importance. As there are no mentionable conversion technologies for
this sector, it is only considered for the coverage of a specific cooling demand in
the model. Hydrogen on the other hand can be used for many different conver-
sion processes like boilers or CHP plants for covering the electricity and heat
demand, as well as for methanation to produce green gas. Fuel cell vehicles,
powered by hydrogen, are also seen as fundamental for the decarbonization of
the mobility sector, so hydrogen has a lot of potential in SC concepts. Regarding
mobility, each person has a specific mobility demand that must be covered by
different types of cars. The major technologies thereby are electric vehicles, fuel
cell vehicles, biofuel vehicles and traditional petroleum vehicles, whereas the
latter should be replaced in the future for a decarbonization of this sector. For
waste and water the considered conversion technologies are based on the energy
recovery processes mentioned in section 3. Additionally to waste combustion,
the generation of hydrogen via fermentation and the generation of biofuel for
vehicle propulsion are represented in the model. As not all of the accruing waste
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can be disposed immediately, waste storages respectively waste collection bins
must be implemented in the model, which store the waste until specific disposal
times. Further investigations regarding waste could include an emerging waste
market, in which revenues are generated by selling certain shares of the waste
for reuse purposes. As the model represents SC in a sustainable society, such
innovative concepts are implemented for the processing of future research ques-
tions. Water energy conversion technologies are represented by sewage water
treatment processes for energy recovery. In addition to the already mentioned
sludge incineration and anaerobic digestion, microbial fuel cells for electricity
generation and the gain of hydrogen from sewage are considered in the model.
A certain share of the exhaust heat from sewage water treatment can be used
for heating. Water serves as a medium for electrolysis and as a heat medium,
which must be considered as additional water demand.

5.3. Summary of the Model Approaches

In summary, the model contains conditions in form of the law of conservation
of energy for each sector, where the main goal is to cover the external energy
demand by energy transitions between different sectors and purchases from ex-
ternal sources, The energy transitions are described with conversion efficiencies.
For each energy conversion, storage and purchase, costs emerge. The goal of the
model is to determine the energy flows between the different energy sectors by
an optimization in form of minimizing the total costs of the whole SC processes.
It shows that waste and water can be implemented in such SC concepts, as they
can interact with other energy sectors via energy recovery processes. Due to
the large amount of energy conversion processes considered in the model, it is
necessary to keep the conversion equations and the mathematical descriptions
of the external sources, the demand and the costs as simple as possible to avoid
long computing times for the optimization. An extension of the model for ECs
can be done by aggregating the total energy demand of the community and by
considering only the available conversion technologies that are existing in the
community. With such a model, it is possible to analyse and address future
questions on the topic of SC in energy communities, taking into account the
waste and water sector.

5.4. Model Implementation Barriers and Challenges

For the fully developed model with all functionalities, barriers and challenges
for the implementation in reality must be overcome. Therefore, potential exe-
cution issues of the model are analyzed in this section. For the implementation
of the model in real use cases, a huge amount of consumer and process related
data as model input parameters are required. This data must be collected or
measured, processed and updated for all prosumers and consumers under con-
sideration in order to always take into account current data. The vast amount
of data as model input parameters can lead to long computation times, which
limits the possibility of mathematical description of the technology equations.
Additionally, not all investigated conversion technologies are fully developed
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yet, which can hinder their implementation on the large-scale. This results
in a loss of the ability to accurately represent reality through the technology
equations. Conversion technologies must be provided by certain prosumers and
consumers that are considered in the model. These technologies are mostly
capital-intensive, which means that in reality it will not always be achievable to
provide all possible conversion technologies. The model does not provide invest-
ment decisions, which means that the presence of each conversion technology
is determined via the input data, not in the optimization. This could result to
minor energy flows for certain technologies, that might not be high enough to
be able to economically justify the investment in the technology. The feasibility
of an investment is thus determined in a further analysis rather than directly in
the model.

Social and regulatory aspects can also hinder a successful model execution in
reality, as the consideration of many different energy sectors leads to a high level
of complexity. Generally, waste and water are yet to be considered in the same
context as energy sectors like electricity and heat, so the raise of awareness in
society about the potential of the inclusion of these sectors in a holistic energy
system is a major challenge. Consumers applying sector coupling concepts need
a lot of self awareness about their energy consumption. In addition, personal
interest on getting the most out of the different energy sectors is required by the
consumers and thus the model is only applicable for a certain consumer group, in
which the consumers are willingly to put effort into improvement of their energy
consumption and usage, even if their cost savings do not reflect the amount of
effort used, which might occur in certain cases. Here it is up to the legislator to
promote the implementation of sector coupling concepts like the one presented
in the model. However, in order to be able to apply the model successfully
in reality, the model outputs must be further evaluated after the optimization
process. It is thereby required to examine the determined energy, mass and
volume flows and eventually remove certain unfeasible conversion technologies
for further runs of the model with the same input data. After that, a more
detailed analysis of the results can take place, which means that the model
application in reality is a multi-stage process. In summary, the developed model
is a tool for the processing of issues regarding waste and water implementation
into SC concepts and ECs, but for the implementation in real use cases, it
cannot be expected to answer all research questions within the first processing
step without further analysis.

5.5. Application of the Model in Use Cases

In order to make the function of the model clearer, the application of the
model in possible use cases is described. The demand of the different energy
sectors must be covered by available conversion technologies, as well as by pur-
chase from the public grid. With the application of the developed model, the
best possible use of different available conversion technologies leading to the
lowest costs is determined. It is thus realizeable to examine if the implementa-
tion of different conversion technologies is economically feasible. In most cases,
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the electricity demand is covered mainly by grid consumption and own gener-
ation with small decentralized power plants, while the gas demand is covered
only by grid consumption. Heat generation technologies like gas boilers and
heat pumps are already present in many households. By applying the model in
different use cases, financial benefits for additional consideration of waste and
water treatment can be evaluated. While waste combustion is implementable
on the household level, large scale treatment plants for waste and water, like
sewage water treatment plants or anaerobic digestion plants, must rather be
provided by industrial companies than by households themselves. Therefore ad-
ditional investigations can contain a community foundation of households with
industrial partners, where the latter could provide more conversion technology
options. With the model it is achievable to determine the optimum use of con-
version technologies in different use cases, whereas the differences between no
consideration of waste and water as energy sectors, the consideration of both,
and the participation in energy communities with industrial partners can be
examined. Figure 5 shows the workflow for the processing of such use cases.

Figure 5: Workflow for Use Cases

In the first step, the energy demand for all considered energy sectors is
evaluated and available energy generation plants and conversion technologies
are determined. If waste is part of the examination, the accruing waste must be
determined as well. In the next step, the costs for the operation of the conversion
technologies as well as purchasing costs from external sources must be evaluated.
The model is then applied to given use cases, considering different conversion
technology options depending on their availability. Results and outputs of the
model lead to the optimum use of the available conversion technologies, which
can be presented and compared for a detailed result description.

5.6. Empirical model verification using a theoretical use case

In this theoretical use case, the application of the model on a theoretical use
case is examined. The aim is to show in concrete terms how to proceed in the
model. Therefore a single household with the energy sectors electricity, heat
and gas is considered as a use case. The inclusion of waste and water energy
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recovery technologies is included in this use case as well. Storage technologies
are neglected to keep the example simple. Figure 6 shows the configuration
under consideration.

Figure 6: Theoretical Use Case

For the processing of the use case, the energy consumption profiles for elec-
tricity, heat and gas, respectively the energy demands must be given. Electrical
energy generation from the household power plant is another predefined pa-
rameter in the model. The water demand and accruing waste also need to be
known. However, in the processing of the use case, consumption and generation
profiles are predefined and energy, mass and volume flows are evaluated in the
optimization process. To determine the converted energies between different
sectors, the needed technology equations must be specified with conversion fac-
tors if energy is generated from mass and volume flows or vice versa, respectively
conversion efficiencies if input and output parameter have the same dimension.
The following equation shows the relation between input and output variables.
It must be considered that the input and output values are time dependent and
are determined for each timestep in the model.

xj,kt = ηconversion · xi,kt (1)

Thereby, x is the input or output variable. This parameter can either be an
energy (for electricity, heat and gas) with the unit kWh, a mass (for waste) with
the unit kg or a volume (for water) with the unit m3. The index i shows which
energy sectors the input variable originates from, while the index j shows the
same for the output variable. In this theoretical use case, the energy sectors can
be electricity, heat, gas, waste or water. Further indicators of which conversion
technology the parameters come from are the index k. The unit of the conversion
factor can be determined with the following equation.
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[
ηconversion

]
=

[
xj,kt

]
[
xi,kt

] (2)

If more than one conversion process is required for the generation of a useful
output parameter (like for sewage treatment), the conversion factors along the
alteration chain must be multiplied together. In addition to the efficiencies, it
is important to have knowledge about the process costs. Operating costs are
incurred when carrying out a transformation process, and are usually dependent
on the amount of input (energy, mass or volume) that is processed. For the
considered use case it is necessary to specify the operation costs of the existing
conversion units. These costs are further consulted in the cost minimization
respectively the optimization. As not all transformation processes might be
economically feasible and a certain amount of energy must be obtained from
the public grid, additional energy purchase costs might emerge in the use case,
which are dependent on the amount of purchased energy. The purchasing costs
in addition with the conversion process costs result in the total costs of the use
case. All these aspects lead to the following target function of the optimization
problem.

minCtotal = min(
∑

processes

Cprocess +
∑

EnergySectors

Cpurchase) (3)

The law of the conversion of energy must be applied to each energy sector.
In the case of waste the law can be seen as mass balance and for water as
volume balance. For the considered use case, the law is applied according to
figure 6. To keep a better overview in the model, the predetermined parameters
are indicated in capitals. Parameters that are determined in the optimization
process are given in lowercase. This results into the following contraints of the
optimization problem.

Electricity

Qel,PV
t + qel,GridPurchase

t + qel,sludgeCombustion
t + qel,wasteComb

t =

Qel,Demand
t + qel,FeedIn

t + qel,HP
t + qel,groundwaterwell

t

(4)

Heat

qheat,GridPurchase
t + qheat,HP

t + qheat,sludgeCombustion
t

+ qheat,wasteComb
t + qheat,GasBoil

t + qheat,sewageTreatment
t

= Qheat,Demand
t

(5)
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Gas

qgas,GridPurchase
t + qgas,Waste2Gas

t + qgas,AD
t

= Qgas,Demand
t + qgas,GasBoil

t

(6)

Waste

Mwaste,Accruing
t

= mwaste,WasteDisposal
t +mwaste,WasteComb

t +mwaste,waste2Gas
t

(7)

Water

vwater,P ipeline
t + vwater,groundwaterwell

t + vwater,waterRecovery
t

= V water,Demand
t

(8)

The equations of the present conversion technologies in the use case are addi-
tional constraints in the model. With the given generation and consumption
profiles of the theoretical example case, the optimisation problem can be solved
and the energy flows that occur at minimum total costs can be determined.

As a theoretical use case without actual data is presented and the model con-
cept is yet to be implemented in a computational model, expected results are
presented. The energy flows determined in the optimization process are depen-
dent on the given consumption and generation profiles. Especially the electric
energy production with the household’s power plant offers many possibilities,
as the produced energy can be used for the coverage of the energy demand of
more energy sectors than just the electricity sector. This results in additional
flexibilities. The electricity grid can thereby be reliefed as not all of the excess
energy is fed into the grid if other economic alternatives exist. An increase of
the energy demand in one sector leads to additional energy flows in all sectors.
Depending on the efficiencies and costs, an increase of properly disposed waste
might result into a decrease of the gas purchased from the public grid. Fur-
ther inclusion of waste and water as energy sectors may lead to additional cost
savings if the energy recovery technologies are efficient enough. The theoretical
case shows that a multitude of energy, mass and volume flows already occur in
the interaction of a few conversion technologies and energy sectors. Despite the
resulting increase in complexity, this can lead to more efficient operation of the
entire energy system in the long term.
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6. Conclusions

For sustainable waste treatment it is necessary to reduce the emerging waste.
Therefore, waste management concepts must be implemented, in which the re-
duction, collection, transport, processing, as well as disposal and reuse of the
accruing waste are set. The overall goal of waste management is to decrease the
waste that is deposited in landfills, as this causes treat to the environment and
covers a lot of area, that could be prevented by efficient management concepts.
In addition to the waste reduction, it is required to improve waste separation, as
a well functioning separation is required for efficient recycling processes and fur-
ther treatment of waste. Waste reduction, separation and recycling are strongly
dependent on social aspects. To improve the concepts, it is necessary to raise
awareness on their importance and provide financial incentives to promote an
efficient implementation. Similar to waste management concepts, water man-
agement considers the more efficient use of water and includes water reduction
and the reuse of water, which can further reduce the required amount of water
and improve the security of supply, as not the whole water demand must be
covered by water with highest drinking quality. Like for waste, it is necessary to
raise awareness regarding water consumption, as most consumers do not have
enough knowledge on their water consumption.

Future developments allow a more sustainable waste treatment, for example
the recovery for the production of heat and electricity. This has the advantage
that waste is removed and used for energy generation at the same time. The
two major processes considered in the literature are incineration and anaerobic
digestion. To determine the overall impact of the processes, it is necessary to
carry out a life-cycle assesment. Incineration leads to high CO2 emissions, while
the methane emissions are comparably low. Anaerobic digestion uses waste
for biogas production and has a low impact on the environment compared to
incineration. Sustainable use and recovery of water, also in higher temporal
solution, can be achieved by further treatment of sewage. Similar to waste, the
sewage sludge can be used for anaerobic digestion or incineration. It can be seen
that energy recovery of waste and water has a lot of potential and that both
should be considered as energy generation options in future energy systems.

SC help to decarbonize different sectors of the energy system and contin-
uously substitute fossil energy sources. For an holistic view it is necessary to
consider the interaction between the different sectors, as with this view it is
possible to get the maximum out of each energy sector. Active consumer par-
ticipation also plays an important role in SC, thus this approach can be extended
in ECs. Further applications regarding ECs could promote waste reduction in
form of weight-based disposal costs and water reduction through consumption
comparison within a community. The common objective of reducing waste and
water within a community can motivate the participants taking initiatives. This
leads to the conclusion that reduction concepts should be implemented for whole
communities rather than for single persons.

Traditional SC models can be extended by the recovery processes for waste
and water. A lot of conversion processes emerge in a holistic view on the energy
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systems, and so it is required to develop a mathematical model to investigate
issues regarding SC with consideration of more than just the traditionally ex-
amined sectors electricity, heat and gas. Such an approach is implemented in
the model in figure 4. This model can be used for the examination of the
optimum use of different conversion technologies that are covering the energy
demand in different energy sectors by applying the workflow in figure 5. Further
investigations could include investment decisions on the conversion technology
which are presented in the figure. Another option could be the implementa-
tion of conversion processes more in detail or an extension of the model by
additional conversion processes and emerging energy sectors. As the demand
for alternative mobility concepts is increasing and vehicles tend to be used for
other purposes than transport, like electric vehicles for grid stabilization, a more
detailed modelling of the transport sector would be another extension option.

For future investigations, the sectors waste and water cannot be neglected
while investigating energy system issues. Both sectors have a lot of potential for
more efficient processes within the sectors, for interaction with other sectors in
SC concepts and for an implementation into ECs. The joint use of conversion
technologies in energy communities and the common endeavor to reduce water
usage and waste can lead to a more sustainable society.
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potable water consumption by households in catalonia (spain): Structural
and contingent factors,” Applied Geography, vol. 87, pp. 234–244, 10 2017.

[35] H. Abu-Bakar, L. Williams, and S. H. Hallett, “Quantifying the impact
of the covid-19 lockdown on household water consumption patterns in
england,” npj Clean Water, vol. 4, p. 13, 2021. [Online]. Available:
https://doi.org/10.1038/s41545-021-00103-8

[36] B. Randolph and P. Troy, “Attitudes to conservation and water consump-
tion,” Environmental Science and Policy, vol. 11, pp. 441–455, 8 2008.

[37] A. L. Soenderlund, J. R. Smith, C. Hutton, and Z. Kapelan, “Using
smart meters for household water consumption feedback: Knowns and un-
knowns,” Procedia Engineering, vol. 89, pp. 990–997, 1 2014.

[38] Y. Strengers, “Negotiating everyday life: The role of energy and water
consumption feedback,” Journal of Consumer Culture, vol. 11, pp. 319–338,
2011. [Online]. Available: https://doi.org/10.1177/1469540511417994

[39] N. Nouri, F. Balali, A. Nasiri, H. Seifoddini, and W. Otieno, “Water
withdrawal and consumption reduction for electrical energy generation sys-
tems,” Applied Energy, vol. 248, pp. 196–206, 8 2019.
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“Environmental assessment of waste management scenarios with energy
recovery using life cycle assessment and multi-criteria analysis,” Energy,
vol. 137, pp. 917–926, 10 2017.

[55] W. Verstraete, P. V. de Caveye, and V. Diamantis, “Maximum use of re-
sources present in domestic ”used water”,” Bioresource Technology, vol.
100, pp. 5537–5545, 12 2009.

[56] J. Peccia and P. Westerhoff, “We should expect more out of our
sewage sludge,” Environmental Science & Technology, vol. 49, pp.
8271–8276, 7 2015, doi: 10.1021/acs.est.5b01931. [Online]. Available:
https://doi.org/10.1021/acs.est.5b01931

[57] T. Miyanoshita, N. Oda, N. Hayashi, M. Fujiwara, and H. Furumai,
“Economic evaluation of combined treatment for sludge from drinking
water and sewage treatment plants in japan,” Journal of Water Supply:
Research and Technology-Aqua, vol. 58, pp. 221–227, 5 2009. [Online].
Available: https://doi.org/10.2166/aqua.2009.043

[58] C. He, A. Giannis, and J. Y. Wang, “Conversion of sewage sludge to clean
solid fuel using hydrothermal carbonization: Hydrochar fuel characteristics
and combustion behavior,” Applied Energy, vol. 111, pp. 257–266, 11 2013.

[59] N. Mills, P. Pearce, J. Farrow, R. B. Thorpe, and N. F. Kirkby, “Environ-
mental & economic life cycle assessment of current & future sewage sludge
to energy technologies,” Waste Management, vol. 34, pp. 185–195, 1 2014.

[60] J. Hong, J. Hong, M. Otaki, and O. Jolliet, “Environmental and economic
life cycle assessment for sewage sludge treatment processes in japan,” Waste
Management, vol. 29, pp. 696–703, 2 2009.

[61] R. R. Z. Tarpani and A. Azapagic, “Life cycle costs of advanced treatment

Page 35 of 37

http://ci.nii.ac.jp/naid/10003576024/en/
https://doi.org/10.1021/acs.est.5b01931
https://doi.org/10.2166/aqua.2009.043


12. Internationale Energiewirtschaftstagung an der TU Wien IEWT 2021

techniques for wastewater reuse and resource recovery from sewage sludge,”
Journal of Cleaner Production, vol. 204, pp. 832–847, 12 2018.

[62] A. Rinaldi, M. C. Soini, K. Streicher, M. K. Patel, and D. Parra, “Decar-
bonising heat with optimal pv and storage investments: A detailed sector
coupling modelling framework with flexible heat pump operation,” Applied
Energy, vol. 282, p. 116110, 1 2021.

[63] A. A. Bashir, A. Lund, M. Pourakbari-Kasmaei, and M. Lehtonen,
“Optimizing power and heat sector coupling for the implementation of
carbon-free communities,” Energies, vol. 14, 2021. [Online]. Available:
https://www.mdpi.com/1996-1073/14/7/1911

[64] T. Brown, D. Schlachtberger, A. Kies, S. Schramm, and M. Greiner, “Syn-
ergies of sector coupling and transmission reinforcement in a cost-optimised,
highly renewable european energy system,” Energy, vol. 160, pp. 720–739,
10 2018.

[65] P. Lichtenwoehrer, L. Abart-Heriszt, F. Kretschmer, F. Suppan,
G. Stoeglehner, and G. Neugebauer, “Evaluating spatial interdependencies
of sector coupling using spatiotemporal modelling,” Energies, vol. 14,
2021. [Online]. Available: https://www.mdpi.com/1996-1073/14/5/1256
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