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A B S T R A C T

The main research question of this work is how an urban neighborhood can optimally exploit its local
renewable generation potential to cover its electricity, heat and cooling demand. Various cost-minimizing
energy technology portfolio studies are examined for an energy community in Vienna, Austria. The method
applied is a tailor-made extension of the existing open-source model urbs. Additional functionalities and energy
services have been implemented. The results of three scenarios identify a variety of different trade-offs between
energy technology utilization, local supply within the community and external supply from outside. The
introduced performance indicators reveal the respective strengths/weaknesses of the different energy supply
options. In this context, the economic efficiency of geothermal sources and the connection to the district cooling
network are highlighted, which have so far received little attention. The insights achieved in this work directly
support sustainable urban energy planning. Future work may focus on mapping higher spatial resolution,
further enhancement of the performance indicators and implementation of operational energy scheduling and
dispatch into the open-source modeling approach.
1. Introduction

By 2050, the proportion of humans living in cities is estimated to be
two-thirds of the global population [1]. This development increases the
complexity of a sustainable energy supply to cover the different energy
services in highly populated cities. One possible approach, which takes
advantage of synergies in densely populated areas regarding local
energy supply, is an energy community (EC) [2]. An EC or small
urban neighborhood offers the opportunity to increase the economic
use of local renewable energy sources (RES) and technologies, local self-
production and the integration of both consumers and prosumers. ECs
can not only coincide with the well-known concept of a microgrid but
can also be interpreted in a wider context without the need of coherent
physical connection of all members of the EC.1

Distributed and local energy generation has established itself very
strongly over the last decade. In this context, photovoltaic (PV) technol-
ogy is often mentioned first, but today’s technology options are much
wider. Exemplarily, small urban neighborhoods provide the opportu-
nity of optimized multiple energy carrier use and offer further synergies
in terms of energy generation, consumption, and storage [3]. To cover
the demand for electricity, heating, and increasingly cooling multi-
ple energy carriers, however, not only offer synergies, but also may
face a competitive constellation between sector coupling technology

∗ Corresponding author.
E-mail address: zwickl@eeg.tuwien.ac.at (S. Zwickl-Bernhard).

1

options [4]. In principle, oversupply for covering the different energy
service needs in an EC is possible, as electricity, gas, district heating,
and cooling usually can be delivered at the same time if the correspond-
ing infrastructure is available. When taking a holistic approach, these
multi-carrier energy distribution networks offer potentials and benefits
from both a technical and an economic perspective [5].

However, the implementation of different novel energy technologies
enabling sector-coupling at small scale is at the beginning of exploita-
tion only. So, far most studies focus on relatively large regions, so that
local-scale benefits remain undetected. The high complexity of small
energy systems requires one to incorporate all the key elements on a
particular site in detail. Simultaneously, supply from outside and local
supply from inside the neighborhood compete with each other and thus
affect the characteristics of the most competitive technology portfolio.

The core objective of this paper is to investigate the optimal energy
technology portfolio of a low-carbon EC in a small urban neighborhood.
In particular, the main research question is how an urban neighborhood
can optimally exploit several local renewable generation potentials to
cover its electricity, heat and cooling demand, while also taking the
existing energy supply infrastructures into account. The distribution
grid connection options and possible extensions in the EC play a key
role in the optimal technology portfolio composition analysis. Equally
306-2619/© 2020 Elsevier Ltd. All rights reserved.
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Nomenclature

Set

𝑡 ∈  = {1,… , 𝑇 } Timesteps
𝑝 ∈ {1,… , 𝑃 } Process
𝑠 ∈ {1,… , 𝑆} Sites
𝑐 ∈ {1,… , 𝐶} Commodity

Variable

𝜉 Total annualized system costs (EUR/a)
𝜉𝑖𝑛𝑣 Total annualized investment costs (EUR/a)
𝜌𝑐𝑡 Amount of commodity 𝑐 at 𝑡 (t)
𝜅𝑝 Total installed capacity per process 𝑝 (MW)
�̂�𝑝 Newly installed capacity per process 𝑝

(MW)
𝜇𝑝𝑡 Operational state of process 𝑝 at 𝑡 (MWh)
𝛥𝑏𝑑𝑣
𝑝 Binary decision variable, true in the case of

connection or expansion of process 𝑝
𝑤𝑡 Weight of timestep 𝑡
𝑑𝑒𝑙𝑒𝑐𝑠𝑡 Electricity demand in site 𝑠 at 𝑡 (MWh)
𝑑ℎ𝑒𝑎𝑡𝑠𝑡 Heat demand in site 𝑠 at 𝑡 (MWh)
𝑑𝑐𝑜𝑙𝑑𝑠𝑡 Cooling demand in site 𝑠 at timestep 𝑡

(MWh)
𝜗 Outdoor temperature (◦C)
𝐷𝐸𝑙𝑒𝑐

𝑠 Annual electricity demand time series in 𝑠
(MWh)

𝐷𝐻𝑒𝑎𝑡
𝑠 Annual heat demand time series in 𝑠

(MWh)
𝐷𝐶𝑜𝑙𝑑

𝑠 Annual cooling demand time series 𝑠
(MWh)

𝑅𝑃𝑉
𝑠 Annual solar radiation time series in 𝑠

(MWh)
𝐸𝐻𝑃
𝑠 Annual heat pump efficiency time series in

𝑠 (MWh)
𝜏 Time series of characteristic weeks

Parameter

𝜅𝑖𝑛𝑣
𝑝 Specific investment costs per process 𝑝

(EUR/MW)
𝛤 𝑐𝑜𝑛
𝑝 Capacity-independent connection costs

(EUR)
𝜅𝑣𝑎𝑟
𝑝𝑡 Specific variable costs per process 𝑝 at

timestep 𝑡 (EUR/MWh)
𝜅𝑓𝑢𝑒𝑙
𝑐 Specific fuel costs per commodity 𝑐

(EUR/MWh)
𝜅𝑒𝑥𝑡
𝑐 Specific costs for external commodity 𝑐

(EUR/t)

important in the analysis is the identification of synergies and compe-
tition between different energy sources, distribution grids, and energy
technology options in a small densely populated area.

The method applied to answer the research question is an extension
of the existing open-source model (OSM) urbs by Dorfner [6]. So far, the
model enables optimization for distribution networks (e.g., electricity
and heat) with a high temporal resolution and builds the basis of the
optimization process. The existing model2 is a linear program (LP) for

2 The model uses the Pyomo package http://www.pyomo.org/ and is solved
ith the GLPK optimizer http://www.gnu.org/software/glpk/.
2

l

capacity expansion planning for multiple energy carriers. In this paper,
this model is extended to a mixed-integer linear program (MILP) to
consider capacity-independent connection costs (e.g., for district heat-
ing and cooling). To reduce the calculation time, tailor-made cluster
algorithms are developed for the temporal input data in addition. This
enables the representation of annual time series by using characteristic
weeks only. Furthermore, the timesteps considered are weighted to
enable conversion of the results to annual values again. As an objective
function of the optimization problem, both costs and emissions could be
minimized [in urbs], with costs being minimized for the results shown
n this work.

The case study analyzed is an urban neighborhood in Vienna,
ustria. The EC is formed by a university, an office and residential
rea, a potential new development area and a football stadium. The
articipants in the EC are selected in such a way as to achieve a high
iversity in terms of generation units, load profiles, building structures,
nd occupancy intensity.

This paper is organized as follows. Section 2 summarizes the cur-
ent state-of-the-art. In addition, the own contribution beyond the
tate-of-the-art is outlined. Section 3 presents the methodology and
he tailor-made model developed to perform the analysis. Section 4
resents the results of this work for three different scenarios, followed
y a sensitivity analysis of key determining parameters in Section 5.
ection 6 discusses the results and concludes the work.

. State-of-the-art

The overview of the state-of-the-art of scientific literature compro-
ises the following subjects: microgrid and EC design aspects, synergies

f multiple energy carrier coupling on local level, and the current state
f open-source modeling in energy systems. At the end of this section,
n outline of the contribution of this work beyond the state-of-the-art
s presented.

.1. Distinction between an energy community and a microgrid

An EC and a microgrid can be distinguished on the basis of the
ecessity of physical connection within the system boundary of analysis
nd further conditions in terms of participation. There is no unique
efinition of microgrids, although in the past it has mainly been seen in
he electricity system as a separated part of the low-voltage distribution
rid, whereby the functionality and not the size is decisive. Thereby,
microgrid can be connected to the public network or operate sep-

rately/remotely. Energy demand is covered by local sources in the
icrogrid. Microgrids expect both physical connection and mandatory
articipation of all agents inside the local site to be supplied. In
ddition, microgrids are optimized from both perspectives, physical and
conomical [7]. Historically, this approach of isolated systems in the
lectricity system can be observed in the gradual development of the
ndustry in the United States [8]. An overview of different regional
evelopments is shown in [9]. So far, microgrids have proved that
hey can deliver benefits and flexibilities when building local clusters
f generation, integrating heat and electrical storage, and developing
nd-user load profiles [10].

In contrast, ECs are not necessarily physically constrained, and
articipation is voluntary. It is therefore also possible for ECs to define
heir own rules applied within the boundaries (e.g., different willing-
esses to pay of the participants, internal allocation, accounting and
illing design) [11]. The participation of individuals in ECs may be eco-
omically motivated [12], the desire for purchasing green electricity or
ven the desire for self-sufficiency [13]. In general, ECs can be divided
nto various groups according to their geographical boundaries [14]:
mall-scale at the building level; medium-scale at the neighborhood
evel (clustering of several buildings); and large-scale at the district
evel.

http://www.pyomo.org/
http://www.gnu.org/software/glpk/
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The European Commission strongly encourages the development
of ECs at different scales. The recently published Clean Energy Pack-
age promotes ECs, prosumers, and self-consumption and emphatically
advocates chances in legislative framework conditions to overcome
prevailing obstacles for implementation of these new concepts [15].
A comparison of the regulatory framework conditions in different
European countries, as well as suggestions for improvements, is shown
in [16]. In addition, there are attempts to recognize ECs as legal entities
or so-called social legal institutions [17].

Despite the above-described differentiation of the unique character-
stics of microgrids and ECs, microgrids can also be understood as and
o a large extent coincide with ECs. This frequently is the case. The
C developed in this work also includes several aspects of a microgrid.
or example, a connection point to the public electricity, gas, and
istrict heating distribution network exists for the local area and thus
s physically bound. However, the consideration of the individual sites
n the case study presented in this work as a collaborative structure
f prosumers trying to maximize local self-consumption is based on a
oluntary basis. Therefore, this particular EC at the neighborhood level
s closely related to a microgrid connected to the public distribution
rids, albeit it also uses elements of dedicated ECs in a wider context.

.2. Synergies and modeling of multiple energy carrier systems

Sector coupling on energy systems at different levels and scales
as already been analyzed extensively in the literature (e.g., [18,19]).
istorically, it is, above all, combined heat and power systems that
re worth mentioning here, which in Denmark, for example, have a
ong tradition in sector coupling and flexibility provision [20]. Optimal
echnology portfolio integration in multiple energy carrier systems im-
roves the overall energy efficiency, reduces supply costs, and enables
he exploitation of local resources and flexibilities of demand [21]. Re-
iability and flexibility potentials in multiple energy carrier systems are
resented in [22]. The potentials to reduce both, costs and emissions
ompared to traditional energy systems is shown in [23]. In addition,
ultiple energy carrier systems can deliver various flexibility options

ver time reaching from rather simple battery storage and demand
esponse supported PV self-generation (see, e.g., review paper [24]) to
ore complex seasonal energy storage design and modeling [25]. Com-
lex local energy systems in ECs require multidisciplinary modeling
pproaches capable of mapping not only local generation character-
stics but also new energy services (e.g., solar-assisted cooling) [26],
nd-user behavior and others.

A generic formulation of an optimization model for planning mul-
iple energy microgrids is stated in [27], a more specific approach
ses an energy hub at the district level [28]. A combination of energy
ubs and distribution grids in one modeling framework is presented
n [29]. Residential buildings on local level are considered as a small
utonomous energy hub in [30]. Behavioral aspects of agents in an
C and their individual objectives play a major role when designing
nternal allocation mechanism of an EC. Game theoretical modeling
pproaches improve the understanding of different levels of cooperative
or non-cooperative) agents’ behavior (see, e.g., [31]). In addition,
ethodological nuances have been addressed in local EC modeling

o far. Exemplarily, [32] presents a case study modeling local energy
rading at the microgrid level, [33] proposes a cost-effective local
mission reduction solution in an urban EC, and [2] elaborates on
he trade-offs between energy supply at the micro-district level related
o the minimum cost and the minimum emission objective. As also
hown later in this work, tailor-made temporal clustering algorithms
re developed for the modeling of zero-emission urban neighborhoods
n [34]. Furthermore, spatial clustering algorithms taking the existing
uilding structure into account are applied in [2]. Finally, a modeling
ramework based on a geographical information system for EC studies
3

n a dense neighborhood is presented in [35].
2.3. Open-source energy system modeling

In the past, the lack of open-access modeling has prevented the
development of a comprehensive understanding of an energy system
model for third parties who were not involved in model development.
For outsiders the majority of modeling frameworks are intransparent
black or gray boxes [36]. However, open-source modeling has become
significantly more important in recent years. Thus further development
of models can easily be shared, the implementation of additional func-
tionalities can be accelerated, and new approaches/novelties can easily
be contributed to the community [37]. The quality of OSMs is being
improved steadily (a possible point of criticism so far) and adaption
costs are low. Moreover, the literature presents examples where high-
quality modeling can be achieved without significant differences to
proprietary software [38]. This also includes open-source energy sys-
tem modeling [39]. Dorfner demonstrates this with the OSM approach
urbs on urban entities scale [40]. Subsequently, urbs is applied for
the energy technology portfolio optimization of urban districts [2].
Besides, urbs enables interoperability and the development of platforms
for energy systems. Exemplarily, soft coupling with further open-source
integrated platforms is shown in a case study in [41]. Comparisons
and assessments of urbs with two other open-source frameworks are
shown in [36]. These comparisons relate to general (e.g., modeling
scope and formulation) and specific (e.g., level of detail, and spatial
and temporal resolution) aspects in modeling multiple energy systems.
Thereby, advanced economic analyses and consideration of the multi-
scenario analyses for distributed energy systems are highlighted in
urbs.

According to [42], FAIR3 guiding principles can improve man-
agement of open-source data. Recommendations for publishing open-
source and computer codes are addressed in [43], challenges in the
context of reproducibility in [44], and guidelines for data management
collaboration in [45].

2.4. Progress beyond state-of-the-art

The contribution of this paper to progress beyond the state-of-the-
art addresses the following three dimensions:

First, the methodological approach developed in this work allows
to investigate the optimal technology portfolio of a low-carbon EC in
a small urban neighborhood under a variety of different settings, con-
straints and assumptions about the future development of energy ser-
vices delivered in the community. This includes cost minimized trade-
off analyses of both different levels of local renewable self-generation
supported by multiple energy carrier coupling technologies and possi-
ble extensions of distribution network-based heating and cooling supply
from outside the community. Thus, synergies and uneconomic redun-
dancy of different energy technology portfolios can be identified in an
EC. In addition, the novel approach serves as a decision support tool
for urban energy planning and contributes to answer specific ‘what/if’
questions in practice. Exemplarily, the question on how best future
cooling services can be provided in the community, geothermal-based
internal resource extraction versus network-based external district cool-
ing supply, is cited to demonstrate the capability of the approach
presented in this work.

Second, the emerging characteristics, determining parameters and
interdependent relationships between the different sites of an EC are
described by means of dedicated Key Performance Indicators (KPIs)).
These EC related KPIs support the discussion and synthesis of results in
our work. Exemplarily, the following KPIs are relevant for the EC sub-
ject of analysis in this study: local renewable self-reliance; total energy
used; total energy purchase from the grid, grid connection capacity;

3 Findable, Accessable, Interoperable and Reuseable.
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Fig. 1. Flowchart of the modeling approach.
𝜅

local storage capacities; CO2 emissions. This list is not exhaustive and
can be extended tailor-made for other communities as required.

Third, the tool used to address the research question is OSM.
OSM not only contributes to overcoming the black box approach and
information asymmetry of third parties in energy system planning and
enables better reproducibility of existing studies but also fosters the
further development of an OSM in several dimensions and accord-
ing to the individual needs. In this work, the existing OSM urbs is
methodologically extended from a LP to a MILP. This enables the con-
sideration of capacity-independent investment costs (e.g., connection
to a district heating and cooling network) and further technology-
specific characteristics in the EC analysis. These characteristics include
the time-dependent efficiency of technologies, exogenous choice of a
superior distribution grid infrastructure (e.g., district heating versus
gas grid), and weighted time-step modeling (to correctly treat occur-
rence frequency of parameters that determine technology capacities).
Furthermore, empirical and methodological improvements related to
data reduction algorithms are implemented to reduce the calculation
time in open-source energy system modeling without loss of quality of
results.

3. Methodology

This section outlines the methodology applied in this paper. The
flowchart of the overall modeling approach is shown in Fig. 1. In Sec-
tion 3.1 the existing OSM urbs is introduced. The description of further
improvements of the existing model is shown in Section 3.2. Analytical
consideration of the temporal data reduction follows in Section 3.3. In
Section 3.4, the case study, the Key Performance Indicators (KPIs) and
the corresponding scenarios are defined.

3.1. Existing open-source model (OSM)

The methods of this work are built on the OSM urbs by Dorfner [6].
It is a LP, which can be written in the following standard form:

min 𝑐𝑇 𝑥 𝐴𝑥 = 𝑏 𝐵𝑥 ≤ 𝑑 (1)

In the standard form, 𝑥 is the decision variable vector and c the
coefficient vector of the objective function. The matrices 𝐴 and 𝐵 as
well as the vectors 𝑏 and 𝑑 consider the equality and inequality of the
mathematical model, respectively. Basically, the model urbs is based
on the following entities: commodities (represent material and energy
flows); processes (convert commodities, e.g., gas to a combination
of electricity and heat); transmission lines4 (transport commodities
between sites); storages (store one type of commodity); demand side
management.

4 As already indicated, in this paper the term distribution lines is used
instead of transmission lines to highlight the implementation of local ECs on
distribution grid level.
4

Basically, the model provides different objective functions. Either
the total costs or the total emissions can be minimized. In this work,
the total costs are minimized. Therefore, the objective function can be
written as follows:

𝑚𝑖𝑛 𝜉 = 𝜉𝑖𝑛𝑣 + 𝜉𝑓𝑖𝑥 + 𝜉𝑣𝑎𝑟 + 𝜉𝑓𝑢𝑒𝑙 + 𝜉𝑒𝑥𝑡 (2)

where 𝜉𝑖𝑛𝑣 are the annualized investment costs (e.g., processes, dis-
tribution lines, and storages), 𝜉𝑓𝑖𝑥 the annual fixed costs, 𝜉𝑣𝑎𝑟 the
variable costs, 𝜉𝑓𝑢𝑒𝑙 the fuel costs, and 𝜉𝑒𝑥𝑡 the external costs per year.
The total costs for environmental pollution (external) can be seen as
a representation of CO2 costs.5 The decision variable vector in the
optimization model has the following form:

𝑥𝑇 = (𝜉, 𝜌𝑐𝑡, 𝜅𝑝, �̂�𝑝, 𝜇𝑝𝑡, 𝜖𝑖𝑛𝑐𝑝𝑡, 𝜖
𝑜𝑢𝑡
𝑐𝑝𝑡) (3)

where 𝜉 are the total annualized system costs, 𝜌𝑐𝑡 the amount of
commodity 𝑐 at timestep 𝑡, 𝜅𝑝 the total installed capacity per process 𝑝,
̂𝑝 the newly installed capacity per process 𝑝, 𝜇𝑝𝑡 the operational state
of process 𝑝 at timestep 𝑡. 𝜖𝑖𝑛𝑐𝑝𝑡 and 𝜖𝑜𝑢𝑡𝑐𝑝𝑡 are the total inputs and outputs of
commodities per process 𝑝 at timestep 𝑡 respectively. Consequently, the
objective-function coefficient vector 𝑐 for minimizing the annual total
costs is given as

𝑐 = (1, 0, 0, 0, 0, 0, 0) (4)

3.2. Further improvements of the existing model

This section shows the extension and improvements of the existing
model. As a result, the LP is extended to a MILP. To reduce calcula-
tion time, annual time series are clustered and represented through
characteristic weeks.

3.2.1. Capacity independent connection costs
Investment costs are crucial indicators whether or not technologies

are chosen. Consequently, they significantly determine the energy tech-
nology portfolio. In the following, the investment costs are extended
with a capacity-independent cost driver, which takes connection costs
to an existing supply infrastructure into account (e.g., district heating
or cooling network). Using the annuity method, investment costs are
given as

𝜉𝑖𝑛𝑣 =
∑

𝑝∈𝑃 𝑒𝑥𝑝

𝑓 𝑝 ⋅ {𝜅𝑖𝑛𝑣
𝑝 ⋅ �̂�𝑝 + 𝛤 𝑐𝑜𝑛

𝑝 } (5)

where 𝑓𝑝 is the annuity factor, 𝜅𝑖𝑛𝑣
𝑝 the specific investment costs

per capacity, �̂�𝑝 the newly installed capacity, and 𝛤 𝑐𝑜𝑛
𝑝 the capacity-

independent connection costs per process 𝑝 in the subset Pexp. This
subset collects all processes that are actually expanded. The connec-
tion costs are considered in the case of a connection to the network
only (e.g., to the district heating network). The decision variable

5 The concept of external costs introduced in this paper excludes remaining
externalities such as NO , CH and others.
X 4
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Fig. 2. Energy community and its supply from local renewable energy and from outside.
vector 𝑥 is extended with binary decisions due to the consideration of
capacity-independent connection costs as follows:

𝑥𝑇 = (𝜉, 𝜌𝑐𝑡, 𝜅𝑝, �̂�𝑝, 𝜇𝑝𝑡, 𝜖𝑖𝑛𝑐𝑝𝑡, 𝜖
𝑜𝑢𝑡
𝑐𝑝𝑡 , 𝛥

𝑏𝑑𝑣
𝑝 ) (6)

where 𝛥𝑏𝑑𝑣
𝑝 are the binary decision variables, which consider whether

a process 𝑝 is newly installed and connected or not. The following
constraint sets 𝛥𝑏𝑑𝑣

𝑝 for each process 𝑝 accordingly:

𝜅𝑝 ≤ 𝛥𝑏𝑑𝑣
𝑝 ⋅ �̄�𝑝 (7)

where �̄�𝑝 represents the upper bound for the installed capacity per
process 𝑝.

3.2.2. Exclusive use of gas or district heating
To respect practice-oriented investment decision making in energy

distribution grid planning at the district level in municipalities, either
gas or district heating is enabled to supply a site in the EC. Therefore,
the following constraint is added to highlight the importance of invest-
ment decisions when considering the exclusive use of micro combined
heat and power (mCHP) or district heating:

𝛥𝑏𝑑𝑣,𝑠
𝑑ℎ + 𝛥𝑏𝑑𝑣,𝑠

𝑚𝐶𝐻𝑃 ≤ 1 (8)

where 𝛥𝑏𝑑𝑣,𝑠
𝑑ℎ represents the binary decision variable as to whether

the site 𝑠 is connected to the district heating network. 𝛥𝑏𝑑𝑣,𝑠
𝑚𝐶𝐻𝑃 takes

into account whether a gas-fired process is installed at site 𝑠. Fig. 2
helps to illustrate the above-introduced mathematical formulation of
the optimization model.

3.2.3. Weighting of timesteps
The existing model allows a high temporal resolution of energy sys-

tem modeling on an hourly basis. In this analysis, each timestep of the
input time-series in the optimization model is extended with a weight.
By weighting the individual timesteps, the frequency of a state of the
system at the corresponding timestep is considered in the objective
function. This extension of the model allows one to calculate the total
annual costs without having to consider the full annual time series as
input data in the modeling. A detailed description of the reduction
concept is given in Section 3.3. The weight of a timestep affects the
objective function due to the time-dependency of the variable, fuel, and
external costs. Therefore, the components of the objective function can
be written as follow

𝜉𝑣𝑎𝑟 =
∑

𝑝∈𝑃

∑

𝑡∈𝑇𝑚

𝑤𝑡𝜅
𝑣𝑎𝑟
𝑝𝑡 ⋅ 𝜇𝑝𝑡 𝜉𝑓𝑢𝑒𝑙 =

∑

𝑐∈𝐶

∑

𝑡∈𝑇𝑚

𝑤𝑡 ⋅ 𝜅
𝑓𝑢𝑒𝑙
𝑐 𝜌𝑐𝑡 (9)

𝜉𝑒𝑥𝑡 = −
∑

𝑐∈𝐶

∑

𝑡∈𝑇𝑚

𝑤𝑡 ⋅ 𝜅
𝑒𝑥𝑡
𝑐 𝐶𝐵(𝑐, 𝑡) (10)
5

where 𝑤𝑡 is the weight, 𝜅𝑣𝑎𝑟
𝑝𝑡 the specific variable costs per process 𝑝,

𝜅𝑓𝑢𝑒𝑙
𝑐 the specific fuel costs per commodity 𝑐, 𝜅𝑒𝑥𝑡

𝑐 the specific costs for
external commodities 𝑐 (e.g., CO2), and 𝐶𝐵 the commodity balance
(emission level) of the externalities at timestep 𝑡 in the corresponding
subset 𝑇𝑚.

3.3. Temporal data reduction

3.3.1. Pre-calculation of annual time series
The annual time series of the electricity demand are based on stan-

dardized load profiles6 𝛼𝑖. The heat demand is a measured standardized
district heating load profile of the district heating network of the city
of Vienna, Austria. The annual time series can, therefore, be written as
follows:

𝑑𝑒𝑙𝑒𝑐𝑠𝑡 =
∑

𝑖
𝛼𝑖𝑡 ⋅ 𝑑

𝑒𝑙𝑒𝑐
𝑠𝑖 𝑑ℎ𝑒𝑎𝑡𝑠𝑡 = 𝛽𝑡 ⋅ 𝑑

ℎ𝑒𝑎𝑡
𝑠 (11)

where 𝛼𝑖𝑡 represents the standardized electricity load profile, 𝑑𝑒𝑙𝑒𝑐𝑠𝑖 the
peak load of customer 𝑖 at site 𝑠, 𝛽𝑡 an existing district heating load
profile and 𝑑ℎ𝑒𝑎𝑡𝑠 the peak load of heat demand of site 𝑠. The annual time
series of the cooling demand are generated by considering the outdoor
temperature (𝜗) as follows:

𝑑𝑐𝑜𝑙𝑑𝑠𝑡 (𝜗(𝑡)) = 1
1 + exp −𝜗+𝜗0

𝑐

⋅ 𝑑𝑐𝑜𝑙𝑑𝑠 (12)

where 𝑑𝑐𝑜𝑙𝑑𝑠 is the peak load of the cooling demand at site 𝑠. In this
equation, the cooling demand profile can be influenced by selecting
the parameters 𝜗0 and 𝑐. Thus, the cooling demand can be determined
by factors describing the building structure. 𝜗0 describes a specific
outdoor temperature level at which the normalized cooling profile can
be set to a half.7 However, the empirical approach in Eq. (12) excludes
temporary thermal storage capabilities of buildings. To consider them
only a cutout of the calculated annual cooling demand time series is
used as input for the model.8

6 Standard load profiles are representative load profiles that allow a simpli-
fied description of the demand of different customer groups (e.g. household,
business, industry, etc.).

7 This is based on assumptions made by empirical studies of thermal
profiles that allow a correlation between outdoor temperatures and the corre-
sponding standardized heat demand. Mathematically, this corresponds to the
disappearance of the exponent in Eq. (12).

8 The cooling demand outside the period between June and September is
set to zero. Temporary high temperatures in the transition period, which would
trigger a significant cooling demand according to Eq. (12), are filtered out.



Applied Energy 282 (2021) 116166S. Zwickl-Bernhard and H. Auer
Fig. 3. Overview of the geographical location of the energy community and the existing distribution grid at the small urban district Viertel2. (See [46,47]). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
3.3.2. Period clustering algorithm
The analysis presented in this work uses the period clustering algo-

rithm kmeans++. The algorithm is an optimization with the objective
function, which is to minimize the distance between the input data
points 𝑥 and the centroids 𝑚𝑘 of the clusters. The number of clusters
N has to be set at the beginning of the optimization. The objective
function can be written as follows:

𝑚𝑖𝑛
∑

𝑃

∑

𝑥∈𝑃𝑖

𝑑𝑖𝑠𝑡(𝑥, 𝑚𝑘) (13)

The data points 𝑥 are represented by annual time series. To obtain
the input matrix, the time vectors of demand (D), radiation (R), and
efficiency (E) are converted as follows:

𝐷𝐸𝑙𝑒𝑐
𝑠 , 𝐷𝐻𝑒𝑎𝑡

𝑠 , 𝐷𝐶𝑜𝑜𝑙
𝑠 , 𝑅𝑃𝑉

𝑠 , 𝐸𝐻𝑃
𝑠 ∈ R𝑇𝑤×𝑊 (14)

with 𝑠 ∈ 𝑠𝑖𝑡𝑒𝑠 and 𝑇𝑤 timesteps within a week. Thus, the input matrix
𝑀 is:

𝑀 =
⎛

⎜

⎜

⎝

𝐷𝐸𝑙𝑒𝑐
𝑉 2 ⋯ 𝐷𝐸𝑙𝑒𝑐

𝑁𝐸𝑊
⋮ ⋱ ⋮

𝐸𝐻𝑃
𝑉 2 ⋯ 𝐸𝐻𝑃

𝑁𝐸𝑊

⎞

⎟

⎟

⎠

(15)

The results of the clustering algorithm are optimized characteristic
weeks with minimal distance to the input weeks. At the same time, each
characteristic week is assigned a weight corresponding to its frequency
of appearance. The following equation describes this correlation:

𝑤𝑗 =
∑

𝑖
𝛷𝑖 with 𝛷𝑖 =

{

1 min(𝑑𝑖𝑠𝑡(𝑤′
𝑖 , 𝜏)) = 𝑑𝑖𝑠𝑡(𝑤′

𝑖 , 𝜏𝑗 )
0 otherwise

(16)

where 𝜏 represents the time series of each characteristic week. 𝛷𝑖 is
set to one if the characteristic week 𝜏𝑗 has the minimal distance to the
week 𝑤′

𝑖 , otherwise to zero. Hence, the weight 𝑤𝑗 describes the number
of weeks in a year with the minimal distance to the corresponding
characteristic week 𝜏𝑗 . The total of all weights 𝑤 of the characteristic
weeks 𝜏 has to be 𝑊 weeks again. Weights 𝑤 are assigned to the
6

𝑗

corresponding weight of the timestep 𝑡 as follows:

𝑤𝑡 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑤𝑗 𝑡 ≤ 𝑇𝑤
𝑤𝑗+1 𝑇𝑤 < 𝑡 ≤ (𝑗 + 1) 𝑇𝑤
⋮ ⋮

𝑤𝑁 (𝑁 − 1) 𝑇𝑤 < 𝑡 ≤ 𝑁 𝑇𝑤

(17)

The number of characteristic weeks (clusters) has to be selected ex-
ante.9 The algorithm is implemented iteratively to ensure the stability
of results indicated as convergence under the following two conditions.

𝑚𝑎𝑥 𝐷𝑑𝑒𝑚𝑎𝑛𝑑
𝑠

𝑚𝑎𝑥 𝜏𝑗 |𝑗={𝑑𝑒𝑚𝑎𝑛𝑑,𝑠}
≈ 1

∑

𝑡
𝐷𝑑𝑒𝑚𝑎𝑛𝑑

𝑠 ≈
∑

𝑡
{𝑤𝑗 ⋅ 𝜏𝑗}|𝑗={𝑑𝑒𝑚𝑎𝑛𝑑,𝑠} (18)

The two conditions enable convergence of the algorithm in case of
a representation of the peak value and total energy of the annual time
series.

3.4. Definition of the case study, KPIs and scenarios

3.4.1. Energy community and infrastructure
In the following, we propose an EC in the city of Vienna, Aus-

tria (Figs. 3(a), 3(b)). The methodology described in Section 3 is
applied to this small urban district called Viertel2 and its surround-
ing area. Hence, we composite a local urban neighborhood based on
the modern residential and office buildings area Viertel2 (V2), the
Vienna University of Economics and Business (UNI), a new building area
currently in the development stage (NEW ), and the football stadium
Ernst-Happel (STA). The four individual areas are located side-by-side
in this small neighborhood (Fig. 3(c)). The areas subject to analyses
can be described based on the following characteristics relevant for
energy system modeling, whereby the individual characteristics can

9 This can be seen as a disadvantage of the kmeans++ algorithm.
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Table 1
Relation between inputs and outputs of the energy technologies.

Process Commodity Direction Ratio Process Commodity Direction Ratio

Photovoltaics Solar In Variable Solar thermal Solar In 1
Electricity Out 1 Heat Out 0.8

Geothermal
Elec In 1

District heating/cooling
Heat/cold buy In 1

Heat/cold Out 4 Heat/cold Out 1
CO2 Out 0.1 CO2 Out 0.1

Heat pumps (air–water)
Elec In 1

mCHP
Gas In 1

Heat Out Variable Heat Out 0.9
CO2 Out 0.1 CO2 Out 0.46

Compression machine
Elec In 1

Absorption machine
Heat In 1

Cold Out 4 Cold Out 1
CO2 Out 0.1 CO2 Out 0.13
differ significantly: energy demand (e.g., peak values, total energy de-
mand, and steady versus temporary high consumption); available space
for renewable technology integration (e.g., PV systems on rooftops);
building structure and building efficiency.

The urban neighborhood runs along and adjoins the recreation
and nature reserve Prater and, therefore, can be regarded as a self-
ontained unit. Furthermore, the distribution grids for electricity, gas,
nd district heating already exist inside or at least on the system border
f this neighborhood. This status quo highlights the diverse potential
f supply options of this EC with multiple energy carriers (Fig. 3(d)).
owever, currently there is no direct connection point to the Viennese
istrict cooling network in the immediate vicinity of the area. The
our individual areas of the EC are described in more detail, related to
mportant characteristics in terms of their energy supply and demand:

iertel2 (v2). This area consists of modern residential and office build-
ngs as well as small businesses, shops, and restaurants. Furthermore,
he head office of an energy company is located here, which has a
trong affinity to be supplied by gas/gas-fired technologies. In 2019
000 people lived and worked here. The supply of this site already takes
ocal renewable resources into account (e.g., testing project of peer-to-
eer trading of local PV generation in a multi-apartment building10). A
as-fired, heat-driven mCHP and geothermal sources cover heat supply
n the area. In parallel, the geothermal unit also delivers parts of the
ooling demand. Furthermore, compression machines cover the cooling
emand. The building efficiency of the rather new building stock is
igh. The demand for energy services concentrates on working days.

niversity (UNI). This area hosts the campus of Vienna University
f Economics and Business and consists of nine different buildings.
he modern building complex provides high standards in terms of
uilding efficiency. Restaurants and shops are located here as well.
eothermal sources cover major parts of the heat and cooling demand.
urthermore, the campus is connected to the district heating network.
hus, the peak loads of the heat demand are covered by district heating.
ompression machines exist to cover the cooling demand occurring
hroughout the year (e.g., cooling of the server rooms even in winter).

ew building area (NEW). This site enables an expansion of the resi-
ential area in the urban neighborhood. At present, this site is in the
evelopment stage and lies idle. It is assumed that the buildings that
re built meet high efficiency standards. Local renewable technology
mplementation enables further local self-generation in the area. Fur-
hermore, the supply of each anticipated energy service in this new area
s built from scratch. On the basis of an anticipated future residential
rea, energy demand is spread over the whole week with a noticeable
ecrease at the weekend.

10 The objective of shared PV generation within the building is to maximizes
elf-consumption among participating residents.
7

Football stadium (STA). This area hosts the Ernst-Happel football sta-
dium. Several office buildings are integrated here. The demand for
energy services occurs sporadically over the year. In the case of an
event (e.g., football matches and concerts), peak electricity loads rise,
especially on the weekends. District heating covers the heat demand
of the office buildings. Outside event times, the demand for energy
services is significantly lower than in the remaining areas of the EC.
However, the rooftop of the stadium offers a large space for PV system
installations currently not used.

3.4.2. Key Performance Indicators (KPIs)
The description of an EC based on specific KPIs is another inno-

vation of this work. Moreover, dedicated KPIs allow for a systematic
characterization and qualitative classification of an EC. This approach
can basically be used for several different types of an EC. The KPIs
identified in this case study are tailored to the specific Vienesse test
bed and do not claim to be complete. In particular, the following KPIs
are used:

• Local renewable self-reliance represents the amount of locally pro-
duced energy inside the community and consumed therein (or
stored and consumed at a later point in time).

• Total energy used includes both energy supply from local re-
sources inside the community and distribution network-based
supply from outside.

• Total energy purchase from the grid covers the distribution network-
based energy supply from outside the community only. In general,
the particular EC setup also allows for exporting locally produced
excess electricity.

• Grid connection capacity describes the maximum value of the grid
connection capacity of the electricity, heating and cooling grid.

• Local storage capacities determine the total locally installed storage
capacities inside the community.

• CO2 emissions incorporate the total CO2 emissions of the EC’s
energy supply from both inside and outside.

3.4.3. Empirical scaling and validation of the model
In addition to technical and economical parameters specifying the

technologies, the model expects annual time series as inputs. In the
following these input parameter settings are briefly summarized.

The empirical scaling of the technical (e.g., efficiency and emission
factors) and economical (e.g., investment, connection and operational
costs of processes, storage and distribution grid costs) parameters can
be found in Appendix A. Unless explicitly stated otherwise, empirical
values of these parameters are taken from our own energy technology
database [48]. In the following, selected parameters from Table 1
are discussed, which describe the input/output relation of the pro-
cesses. For the connection costs for district heating and cooling, typical
values characterizing urban sites are taken from [48] which in turn
correspond to the assumptions made in [49]. Special attention is also
paid to the time-dependent modeling of heat pump efficiency. Time
series from [48] are used to describe the relationship between outdoor
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temperature (determines essentially the outputs of heat pump (air–
water) under consideration) and efficiency. The assumed efficiency of
geothermal sources is also based on empirical studies collected in [48].
These values are comparable with those in [50] and [51], as they
describe existing near-surface geothermal sources and groundwater use
in urban areas. The specific emissions for district heating and cooling
are justified by empirical studies and the fact that in the specific case
mainly waste incineration feeds into the district heating grid.

The different annual time series data of energy demand, generation,
and conversion efficiency of technologies are described by measured
and synthetic data from the year 2016.11 For validation of the model,
the results of the baseline scenario (see Section 3.4.4) are compared with
existing data from the environmental report of Vienna University of
Economics and Business from year 2019 [50] and publicly available
data of Viertel2 from year 2018 [51]. Notably, the electricity and
heat demand validation is examined. For details about the validation
of the model parameters and the quantitative numbers used for the
comparison it is referred to Appendix B.

3.4.4. Definition of the scenarios
In the following, three scenarios are described narratively. The

scenario analysis shall bring further insights into the optimal energy
technology deployment and network infrastructure options to supply
the EC. Based on dedicated ‘what/how if’ questions the individual
strength and weaknesses shall become visible. To meet practical urban
energy planning aspects the existing building stock at the three sites V2,
UNI, and STA remain the same in all scenarios. The building standards
there are already high and at site NEW exclusively low energy building
standards are considered.

The current state of supply scenario (baseline) builds upon the existing
energy supply infrastructure in the EC. It contributes to answer the
questions: What is the least cost strategy for further deployment of low-
carbon energy technologies if building upon an inherent energy supply
structure? This scenario and the assumptions made therein also validate
the model and provide a reference for the remaining scenarios.

The district heating network scenario advocates the extension of the
district heating network in the urban neighborhood. It addresses the
important practical planning question: How best to support energy
service coverage in the EC with network-based supply form outside if
community internal potentials are limited (e.g., geothermal resources)
and/or not competitive? Or the highly controversial question: What are
the implications for the remaining energy technology portfolio in the
EC if network-based supply alternatives from outside like gas would be
even more competitive but not desired due to environmental concerns?
The significance of this scenario becomes even more apparent if a mu-
nicipal waste incineration plant feeds into the district heating network
and overarching policies also must be considered.

The greenfield scenario not only contributes to the question: What
ould be the theoretical optimum of an energy technology portfolio
nd/or a network infrastructure to supply the EC if building them from
cratch would be possible? It also supports public relations work in
rban development planning. More precisely, by using the different EC
elated KPIs introduced above this scenario can serve as a reference
or a quantitative gap analysis (and justification) of constraint practical
chievements compared to a theoretical optimum. In addition, this
cenario also provides valuable insights into changing supply shares of
he various market actors covering the different energy services.

11 Sources: electricity profiles [52], heat profiles [53], solar radiation time
eries [54], temperature time series [55], heat pump efficiency and genera-
ion [56], retail electricity, gas and heat prices from the Austrian Regulation
uthority [57].
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4. Results

This section presents and discusses the results of the case study
scenario analysis. Section 4.1 shows the highlights of the current state
of supply scenario (baseline), Section 4.2 the district heating network
scenario, and Section 4.3 the greenfield scenario. Section 4.4 compares
the results of the different technology portfolios in the three scenarios
under special consideration of the EC related KPIs introduced in the
previous section.

4.1. Current state of supply scenario (baseline)

The amount of total energy produced for covering electricity, heat
and cooling demand by technology and site within the EC is shown in
Fig. 4.

Electricity. A significant proportion of electricity demand is covered by
external electricity purchases from the grid and account for more than
80% of the total annual costs. Electricity purchase mainly supplies the
electricity demand at UNI. The remaining electricity is delivered from
local PV generation in the neighborhood. With the exception of a small
share of already existing PV capacities at V2, several remaining PV
capacities are newly built. The combination of a high demand for elec-
tricity and comparatively low selling prices for excess PV generation to
the grid results in high shares of local self-consumption. PV electricity
generation on STA significantly exceed the electricity demand at this
site and therefore is consumed in the neighboring sites of the EC.

Heat. The heat demand of the EC is mainly covered by geothermal
sources. Whereas V2 and UNI are supplied with the already existing
geothermal energy facilities, NEW expects new geothermal capacity
installations. In addition, the two sites connected to the district heating
network, UNI and STA, are supplied from outside the urban neighbor-
hood. STA is supplied exclusively with district heating, whereas at site
UNI it is used to cover peaks in heat demand only. The local mCHP
supplies the heat peak demand in V2.

Cooling. The entire cooling demand is covered by geothermal capac-
ities for cooling and compression machines. The use of these two
technologies underlines the importance of electricity for delivering
cooling services. Generation capacity structures covering cooling de-
mand are identical both in areas with (V2 and UNI) and without (NEW )
nitial capacities. The low demand for cooling at STA is also covered by
eothermal sources.

Fig. 5 shows a high temporal resolution of electricity production
nd demand at UNI during the four characteristic weeks. This figure
lso indicates the interaction between consumption at UNI and PV
eneration at STA. The gray area clearly underpins the high share
f electricity purchases from the grid. The share of local PV self-
roduction at UNI itself (yellow) and the shared contribution from
TA (green) result in a high share of local PV self-consumption inside
he EC. In the first characteristic week (typical week in summer) the
V electricity generation is used to ‘‘fuel’’ the cooling technologies
geothermal devices and compression machines) responsible for cover-
ng cooling demand. During the last two characteristic weeks (typical
eek in winter and week of the year with the highest heat demand)

here is almost no local electricity production in the neighborhood.
he electricity for the geothermal heating units is almost exclusively
urchased from the grid. In the second characteristic week (week in the
ransition period) almost the entire electricity demand can be covered
y local PV generation on weekends.12

12 As a result of the clustering algorithm, the weekend days are represented
with day five and six in a characteristic week. This shift of one day (compared
to real life) has a mathematical reason and is due to the impact of the
submatrices in Eq. (15) on the clusters.
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Fig. 4. Total energy produced for covering the electricity, heat and cooling demand in the current state of supply scenario (baseline).
Fig. 5. Temporal resolution of electricity generation and demand at UNI during the four characteristic weeks.
The interaction of the individual sites V2, UNI, and STA in the
neighborhood is illustrated in Fig. 6. The Sankey diagram reveals the
electricity flows to technologies for covering the cooling demand at UNI
and V2. Depending on the respective cooling demand at these sites,
geothermal devices or compression machines consume a corresponding
higher share of electricity. However, UNI has a higher total electricity
demand for cooling than V2. A significant part of this demand can be
met by local PV electricity generation at STA.13

Technologies. Electricity and heat storage technologies are installed
in the EC. At STA and NEW hydrogen storage is used to increase
the flexibilities in the electricity sector. The hydrogen storage at STA
enables to store and shift the locally generated PV electricity to times at
higher energy demand in the EC. This also contributes to the avoidance
of distribution grid capacities extensions. The larger share of installed
storage capacities are, however, seasonal heat storages.

13 Note that the model neither prefers UNI nor V2 and treats both partic-
ipants equally in terms of distribution of local produced PV electricity. The
same amount of electricity purchases from the grid for both individual areas
are assumed. Hence, there is no need to show NEW explicitly as 100% of
electricity need to be purchased from the grid.
9

Fig. 6. Electricity flows for covering cooling demand at UNI and V2 in a characteristic
summer week.

4.2. District heating network scenario

The focus of this scenario is on the heat supply from outside the
urban neighborhood. Thus, a connection of the entire EC (i.e., several
of the four sites) to the district heating network is intended to cover
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Fig. 7. Total energy produced for covering the electricity, heat, and cooling demand in the district heating network scenario.
the heat demand. Two different options are considered and examined:
(i) policy decision in municipal energy planning to connect the entire
EC with the district heating network, and (ii) extension of the district
heating network based on technical and economical considerations.

The first option, which considers the policy decision of expansion
planning, shows essentially the same result as in the baseline scenario.
District heating is used exclusively to cover peak loads in the EC.
Geothermal sources still cover the high shares of base load of the heat
demand. This is possible due to the high efficiency of geothermal source
exploitation in this area. Thus, the capacity-independent connection
costs for the district heating network are negligible in the case where
geothermal sources and district heating compete in the presence of high
local geothermal efficiency.

The second option for district heating expansion shows a signifi-
cantly different energy technology portfolio. The assumed lower local
efficiency of geothermal source exploitation and a reduced district
heating price trigger a significantly higher district heating coverage
of heat demand in the EC. The results presented in Fig. 7 assume a
15% lower value of geothermal efficiency.14 The results of the energy
technology portfolio related to a reduced district heating price do not
differ significantly and are, therefore, not shown here.

Electricity. In this scenario electricity demand decreases at UNI by
about 10%. In the areas V2, NEW and STA, electricity demand remains
the same. This is also the case for local PV capacity installations and
PV self-generation.

Heat. The heat supply is mainly delivered by district heating, which
covers almost the entire heat demand in the EC (+260% compared to
baseline). In addition, low capacities of geothermal sources at UNI and
heat pumps at NEW are installed. These two technologies cover the
low heat demand in the transition period week. The heat supply in V2
remains the same as in the baseline scenario (i.e., same proportions of
geothermal sources and local mCHP).

Cooling. The cooling demand is supplied by geothermal sources and
compression machines as in the baseline scenario.

14 In terms of particularities of local geothermal efficiency see also
corresponding explanations in Section 3.4.4.
10
4.3. Greenfield scenario

In this scenario, the energy supply infrastructure of the EC is as-
sumed to be built from scratch. Hence, the model omits the existing
installed energy technologies and distribution network capacities. The
investment decision in energy technologies and grid infrastructures is
subject of the analysis. Note, that the assumed building stock (espe-
cially with regard to building efficiency standards) is the same as in the
remaining two scenarios. The corresponding results of the amount of
total energy produced for covering electricity, heat and cooling demand
in the four different sites within the EC are shown in Fig. 8.

Electricity. The electricity generation is similar to the baseline scenario.
This includes both local PV self-consumption and electricity purchases
from the grid.

Heat. In heat supply the energy technology portfolio is significantly
different compared to the remaining two scenarios. Almost the entire
heat demand in the EC is covered by geothermal sources. At UNI, the
peak loads in the heat demand are covered by the district heating
network. However, the amount of produced district heating energy
is lower than in the baseline scenario. Daily heat storage devices are
installed in the three areas with exclusive heat supply from geothermal
sources. This reduces the necessary capacities of geothermal devices to
supply peak loads. Furthermore, no more mCHP is installed to cover
parts of the heat demand, as is the case in the baseline scenario at V2.

Cooling. In the areas V2, NEW and STA the cooling demand is supplied
as in the previous scenarios, even if the share of geothermal cooling is
higher. There are significant differences in the way UNI is supplied as it
is connected to the district cooling network, which covers a high share
of the cooling demand there. However, this connection is economical
for large cooling demand (UNI) only. Owing to the lower demand for
cooling in the remaining three areas, electricity still prevails to supply
the cooling technologies, which is covered by compression machines
and geothermal cooling.

4.4. Comparison of the different scenarios

In the following, the results of the three different scenarios are
compared on the basis of both energy technology portfolio (installed
capacities per technology) and KPIs. Fig. 9 shows that the installed
process capacities vary significantly between the scenarios, notably in
terms of supply by district heating and cooling from outside the EC.
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Fig. 8. Total energy produced for covering the electricity, heat, and cooling demand in the greenfield scenario (supply from scratch).
Fig. 9. Overview of the energy technology portfolio in the three scenarios.

The extension of local PV generation capacities remains constant
in the three scenarios. Furthermore, absorption machines, heat pumps
and solar thermal are excluded from the energy technology portfolio in
each scenario. Note, that the main factors excluding these technologies
from the investment decision in the energy technology portfolio are as
follows: for absorption machines it is the comparatively high energy
price for the two inputs required, electricity and heat; for heat pumps
it is the non-competitive coefficient of performance (COP) dependent
on the outside temperature; and for solar thermal, it is the higher com-
petitiveness of PV qualified to deliver the same energy services. Even
if the generated energy differs significantly, the installed geothermal
technology capacities remain almost constant in the three scenarios.
The supply from scratch favors network-based district cooling and
decreases compression machine capacities.

The comparison of the KPIs is shown in Fig. 10 (local renewable
self-reliance, total energy used, total energy purchase from the grid,
installed storage capacities) and Fig. 11 (total costs (incl. its relevant
components), CO2 emissions). The local renewable self-reliance (shown
in absolute values) is almost identical in the baseline and greenfield
scenario and larger than in the district heating network scenario. Further-
more, the total energy used in the three scenarios is almost the same.
The total energy purchase from the grid and thus supply from outside
the EC is highest in district heating network scenario. At the same time,
the local storage capacities are the lowest in this scenario. Note, that
this difference is due to the varying installed capacities of seasonal heat
11
storage, as the installed hydrogen storage capacities are the same in all
scenarios.

The total costs are almost identical in the three scenarios. This is due
to the fact that electricity purchase accounts for a significant portion of
all scenarios. However, the share of investment costs is highest in the
greenfield scenario and lowest in the district heating network scenario. In
the latter case, heating purchase costs are the dominant part of the total
costs. Finally, the annual CO2 emission comparison shows that although
lower emissions are emitted in the baseline scenario than in the district
heating network scenario, substantially lower emissions occur in case of
a potential new supply of the EC from scratch in the greenfield scenario.

5. Sensitivity analysis

In this section input parameters are varied to investigate differ-
ent sensitivities of both energy technology portfolio composition and
technology utilization. Notably, the following two sensitivities are of
particular interest: varying CO2 prices and expansion of the district
cooling network.

5.1. Varying CO2 prices

In the following, the effects of increasing CO2 prices on the energy
supply structure of the EC are analyzed for the baseline scenario.
In quantitative terms, the determination of the changes of installed
technology capacities at V2 and NEW are of particular interest. Changes
of the energy technology portfolio composition provide further insights
into the sensitivity of carbon pricing.

Fig. 12(a) shows the already identified significant share of geother-
mal sources for heat supply in case of low CO2 prices. In addition,
the currently prevailing low CO2 prices favor the use of the existing
mCHP unit (covering almost 40% of the heat demand). With an increase
in the CO2 price above 40 EUR∕t, the mCHP unit loses market shares
to geothermal-based heat supply. At a CO2 price of 70 EUR∕t mCHP
completely phases out.

Fig. 12(b) shows the development of the total costs of energy supply
in the entire EC for increasing CO2 prices. Total costs increase with
decreasing shares of gas-fired heat-driven mCHP production due to
higher heat production costs of geothermal heating. In the case of an
almost complete supply of the heat demand in the EC by geothermal
sources, the impact of increasing CO2 prices on the electricity price and
thus on the total costs is low.
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Fig. 10. KPIs showing local renewable self-reliance, total energy used, total energy purchase from grid and local storage capacities in the three scenarios.
Fig. 11. Total costs (incl. its relevant components) and total CO2 emissions in the three scenarios.
Fig. 12. (a) Total produced energy for heat supply at Viertel2 for different CO2 prices. (b) Total costs of energy supply in the EC for different CO2 prices.
To better illustrate the so-called technology lock-in effect, Fig. 13
compares the technology shares of the heat supply at site V2 and site
NEW. The existing gas-fired mCHP capacity at V2 delivers significantly
less total produced energy above a CO2 price of 50 EUR∕t. The results
at NEW concede a high share of the gas-fired mCHP unit at a CO2 price
of 20 EUR∕t and a low efficiency of geothermal source exploitation
at this site only.15 An increased CO2 price of 30 EUR∕t changes the
energy technology portfolio in NEW already significantly. Then, almost
the entire heat demand is supplied by the district heating network.
Nevertheless, the higher CO2 price also decreases the profitability of
district heating. However, geothermal sources cannot compete and are
not expanded due to the high investment costs. Therefore, district

15 Compare also the assumptions in Section 4.2.
12
heating supply shows greater robustness in terms of increasing CO2
prices.

5.2. District cooling: connection costs and district cooling price

In the following, a sensitivity analysis in the greenfield scenario
investigates the competitiveness of the existing local cooling supply in
the community compared with a possible connection of site UNI to the
district cooling network currently implemented outside the EC only.

Fig. 14 shows the relation between the distance to the nearest possi-
ble district cooling connection point outside the EC and the maximum
district cooling price resulting in a competitive cooling supply and
connection to the district cooling network. In the blue-marked area,
district cooling is more profitable than the alternatively preferred local
supply by geothermal sources and compression machines. Outside the
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Fig. 13. Comparison of total produced energy for heat supply for different CO2 prices at V2 (left) and NEW (right).
Fig. 14. Profitability limit of the district cooling price in dependence of the distance to
the existing district cooling network outside the EC for two different CO2 prices. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

blue-marked area, the EC is supplied by geothermal-based cooling tech-
nologies and compression machines. An increasing CO2 price in Fig. 14
relaxes the competitive connection distance benchmark of the district
cooling network and the district cooling price. Thus the profitable area
of both parameters increases (see the purple-marked area). Essential for
this is the effect of the CO2 price on the electricity price and thus on the
profitability of compression machines and geothermal-based cooling
technologies.
13
6. Conclusions and outlook

This work examines different energy technology portfolios options
for a low-carbon energy supply of an urban neighborhood with high
shares of local renewable generation. In a Viennese test bed the trade-
offs between different energy technologies, local supply from the neigh-
borhood and external supply are investigated for three different scenar-
ios. The investigated scenarios are of particular practical relevance for
a novel type of urban energy planning, taking into account environ-
mentally friendly policy implementation.

The introduction of specific Key Performance Indicators (KPIs) has
proved successful in systematically describing and assessing an energy
community’s performance. The KPIs specifically adapted to the case
study of this work are a useful tool to compare the strengths and weak-
nesses of different energy technology portfolios and the corresponding
energy network infrastructure needs in the different scenarios. Among
others, this provides a deeper understanding of the capability of local
renewable energy self-reliance, total energy use and its composition,
and the corresponding disaggregated and total costs. It is essential
to gain insight into the detailed allocation and breakdown of costs
between technologies inside and outside the community and the net-
work infrastructure related share in the provision of energy services
in the energy community. This is not least because differences in the
composition of the energy supply and thus the allocation of costs in the
various scenarios directly influence the pricing and tariff setting of the
various market participants and regulatory authorities in practice.

In addition, the case study in this work includes emerging energy
services and energy technology options, many of which have received
little attention in practice and in the modeling of energy systems so far.
Table A.1
Technical and economical input data of processes in the energy community.

Site Process Installed
capacity
[MW]

Investment
costs
[EUR/MW]

Fixed costs
[EUR/MW]

Variable costs
[EUR/MWh]

Weighted
average costs
of capital
[%]

Depreciation
[year]

Area per
capacity
[m2/MW]

Connection
costs [EUR]

V2 Photovoltaics 0.28 850 000 8 500 – 2 20 6500 –
Solar thermal – 1 200 000 12 000 – 2 20 1250 –

V2 mCHP 0.25 875 000 26 250 6.4 2 20 – –
V2 Geothermal (heating) 0.18 1 600 000 32 000 – 2 40 – –
UNI Geothermal (heating) 0.2 1 600 000 32 000 – 2 40 – –

Heat pumps (air–water) – 510 000 10 200 0.5 2 20 – –
UNI District heating 2.7 – – – 2 40 – 300 000

District cooling – – – – 2 40 – 1 050 000
V2 Compression machine 0.65 200 000 4 000 – 2 20 – –
UNI Compression machine 0.65 200 000 4 000 – 2 20 – –

Absorption machine – 800 000 16 000 – 2 20 – –
V2 Geothermal (cooling) 0.1 1 600 000 32 000 – 2 40 – –
UNI Geothermal (cooling) 0.25 1 600 000 32 000 – 2 40 – –
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Table A.2
Technical and economical input data of storage in the energy community.

Storage Commodity Installed
capacity
[MW]

Cap up of
installed
capacity
[MW]

Efficiency in
[1]

Efficiency out
[1]

Investment
costs
[EUR/MW]

Investment
costs
[EUR/MWh]

WACC [%] Depreciation
[year]

Hydrogen Electricity – – 0.65 0.65 100 25 000 2 25
Battery Electricity – – 0.96 0.96 10 000 500 000 2 15
Day storage Heat – 2 000 0.95 0.95 – 5 000 2 30
Seasonal
storage

Heat – 100 000 0.95 0.95 – 1 500 2 40
Table A.3
Technical and economical input data of distribution grid capacities.

Site in Site out Distribution Commodity Investment costs [EUR/MW] Fixed costs [EUR/MW] WACC [%] Depreciation [year]

UNI NEW Low-voltage AC Electricity 1 650 000 16 500 2 40
UNI STA Low-voltage AC Electricity 1 650 000 16 500 2 40
UNI V2 Low-voltage AC Electricity 1 650 000 16 500 2 40
V2 STA Low-voltage AC Electricity 1 650 000 16 500 2 40
V2 NEW Low-voltage AC Electricity 1 650 000 16 500 2 40
NEW STA Low-voltage AC Electricity 1 650 000 16 500 2 40
Table A.4
Economical parameters and commodity prices.

Commodity Price [EUR/MWh] Source

Gas 18 [58]
CO2 20 [14]
Electricity buy 200 –
Electricity sell 30 –
Heat/Cold buy 50 [49]

In particular, the use of local geothermal sources for the provision of
heating and cooling services and the potential connection to the district
cooling network outside the community has proven to be competitive
and a serious alternative in a future portfolio of energy services offered
in the community. The sensitivity analyses, furthermore, examine the
profitability benchmarks of geothermal sources and network-based dis-
trict heating and district cooling supply at different CO prices and
14

2

connection costs. These insights and results directly support urban
development planning and policy-making.

Open-source modeling serves as an essential instrument and tool
for carrying out the analysis of the multiple energy carrier system
analyses in the Vienna test bed. The strengths of open-source modeling
are exploited by enabling a tailor-made extension and implementation
of functionalities in existing models that meet the requirements of
the case study under investigation. The high quality of the open-
source modeling approach also becomes visible in the context of the
validation of the model, as it shows comparatively small differences
between real and calculated values. Furthermore, it demonstrates that
applicability and extendibility for third parties according to specific
needs (i.e., spatial and temporal granularity, tailor-made clustering
algorithms to achieve adequate simulation time) are possible. Thus
open source models deliver added value to the research and modeling
community.
Table B.1
Comparison between the real and calculated values of the electricity, heat and cooling demand.
Source: [50,51]

Description Type Electricity UNI [MWh/a] Heating V2 [MWh/a] Heating UNI [MWh/a] Cooling UNI [MWh/a]

Demand Reality 13 056 3 385 5 602 6 954
Calculated 13 557 3 601 6 254 4 889

mCHP Reality – 1 425 – –
Calculated – 1 431 – –

District heating Reality – – 1 808 –
Calculated – – 2 085 –

Electricity demand heat and cooling Reality 2 786 – – –
Calculated 2 346 – – –
Fig. B.1. High resolution of the heat supply in the current state scenario (baseline) at UNI.
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Future work may include at least the following aspects: an exten-
sion of the functionalities of the model, an even higher geographical
resolution of the EC and its distribution grids, an enhancement of the
KPIs and further operational aspects of prosumers within the energy
community. The model can be extended to determine the net present
value of different energy technology options. A higher geographical
resolution allows to determine the optimal expansion and size of ex-
isting and new ECs. The KPIs can be extended in socio-economic or
environmental aspects (i.e., total number of prosumers locally supplied,
environmental footprint on building level, etc.). Operational aspects
may take into account the individual behavior of prosumers, scheduling
and load forecast from energy services as well as building integration
and shadowing of local PV systems.
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Appendix A. Data

See Tables A.1–A.4.

Appendix B. Validation of the model

This section presents the validation of the model. Hence, the elec-
tricity, heat and cooling demand is compared between the baseline
scenario and available data from the individual areas. The data are
taken from the environmental report of Vienna University of Economics
and Business (UNI) [50] as well as from the published data of the urban
area Viertel2 (V2) [51]. In the following, the produced energy of district
heating and the mCHP as well as the electricity demand for heat and
cooling are compared (Table B.1). This allows one to validate not only
the model itself but also the assumed parameters of the technologies.

As can be seen from the environmental report, district heating
covers peak loads of the heat demand. This is also reflected in the
high-resolution representation of heat supply in the modeled baseline
scenario (Fig. B.1).
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