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Abstract

Advancing the energy transition in real-world urban settings is attracting interest
within interdisciplinary research communities. New challenges for local energy balanc-
ing arise particularly in urban neighborhoods where densely populated buildings are
facing the needs of the heat transition, an increasing use of battery-electric vehicles
and an expansion of renewable energies. Agent-based modeling (ABM) is a suitable
approach for addressing various interlinked aspects like market mechanisms and pro-
cesses, technology adoption, different stakeholder roles and the formulation of policy
measures. In this work, we analyze peer-reviewed, open-access literature on ABM for
energy neighborhoods and discuss key modeling aspects like model purpose and
outcome, the logic of agents and decision-making, the treatment of space and time,
and empirical grounding. These ABM allow the study of local market mechanisms, local
renewable energy generation, microgrids, the unfolding of heat transition, neighbor-
hood mobility and the evaluation of policies like regulation and financial incentives.
We find a lack of integrated neighborhood energy assessments that simultaneously
look at the different energy forms and applications: heating, electricity, and mobility.
We present a consolidated ABM concept that integrates these sectors. Thus, our work
contributes to the advancement of ABM and to the understanding of how to promote
the transition to a decarbonized society in urban settings.

Keywords: Agent-based modeling, Urban neighborhood energy systems, Local

energy market, Heat, Building, Mobility

Introduction

Decarbonizing the building sector is one of the declared aims of the European Union
(EU) to achieve climate neutrality by 2050. This sector accounts for around 36% of the
overall energy consumption, and its share of energy-related CO, emissions is about
37% (Alliance for Buildings and Construction Alliance for Buildings and Construction
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2021). One concept for tackling the building sector is zero-energy buildings. It combines
reduced energy consumption as well as on-site renewable energy production and inte-
gration to achieve a zero-energy balance at the building level. While this concept has
attracted attention in academia (Nematchoua et al. 2021) and practice (European Com-
mission 2019), some studies argue that zero-energy buildings are challenging to achieve
in dense and compact building structures on small lots with little potential for on-site
renewable energy generation (Nematchoua et al. 2021; Schneider et al. 2019). It seems
promising to apply the zero-energy (or even positive energy) idea to neighborhoods and
districts rather than individual buildings. Urban neighborhoods offer excellent poten-
tial for decarbonization through the proximity of different energy uses (heating, cool-
ing, electricity for households, commerce, and mobility) and opportunities for efficiency
improvements, renewable energy generation, and integration (Géhrs et al. 2016).

Integrating electricity, heat supply, and mobility in neighborhoods is essential because,
in densely populated areas, all three sectors interact and thus offer synergies in improv-
ing efficiency and renewable energy integration. Energy planning must be included in
the design of neighborhoods and made an explicit concern right from the start. Urban
planners and architects have various modeling and planning tools for energy systems
at their disposal (Yazdanie and Orehounig 2021; Klemm and Vennemann 2021). The
increasing complexity of planning that requires the integration of economic, ecologi-
cal, and political aspects poses a challenge to traditional planning and modeling tech-
niques. Here, agent-based modeling (ABM) offers an opportunity (Resnick 1994). ABM
describes systems as collectives of interacting, autonomous entities, so-called agents.
ABM ranges from simple mathematical models to sophisticated simulation platforms
which provide high-level programming constructs and functionalities to support com-
munication between agents. It has been shown that complex techno-economic and
socio-cultural phenomena can be modeled and analyzed in greater detail by using this
modeling approach. ABM has attracted attention for analyzing localities, regions and
individual buildings in a neighborhood and district setting. These typically comprise
building energy supply (electricity, heating, and cooling), user behavior, energy services,
energy efficiency, and mobility. Technological heterogeneity and scalability are used to
track varied preferences, decisions, and communication and to examine ecological, eco-
nomic, and political aspects (Resnick 1994).

This paper presents an overview of ABM applied to urban energy systems. We con-
ducted a systematic literature review and identified applications as well as methodo-
logical aspects of ABM, such as modeling choices and agent descriptions, as well as
research gaps. Based on the insights from our review, we propose (the concept of) an
urban neighborhood energy system ABM that addresses the limitations identified in the
reviewed papers. The proposed ABM will be implemented and executed as a coupled
agent-based model in the context of a doctoral dissertation which aims to analyze the
effects of policies and local market mechanisms in urban neighborhoods.

Particular attention will be paid to the divergence of an overall system optimum vs.
the optima for individual agents. Energy system models used for policy analysis employ
an optimization over the entire system (the "benevolent dictator” approach in econom-
ics jargon). The real world however is populated by many different actors with different
motives and opportunities. In the energy system, like in many societal systems, a societal
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optimum (for example, an overall least-cost bundle of technology choices for a given
overall carbon emission reduction) regularly is missed because individual actors (con-
sumers, building owners, energy companies) have individual motives and constraints.
Thus, when individual actors perform strategies that optimize their own situation, the
result will not be a societal optimum. ABM are well suited to study this effect.

Methodology
Description of the literature research
In May 2022, we conducted a systematic literature review (SLR) with the Scopus and the

mdpi databases to answer the following questions:

+ How is ABM utilized in the energy sectors of electricity, heat, and mobility in neigh-
borhoods?

«  Which market mechanisms, policies, and services are considered?

+ Which ABM platforms are used for the implementation?

Our review follows the PRISMA (preferred reporting items for systematic reviews and
meta-analyses) approach (Page et al. 2021). Initially, SLR recommends several combi-
nations of the search term “agent-based”. These combinations may result in modeling,
models, simulation, or approaches. It is also possible to use the search terms "multi-
agent" or "multi-agent-based." As a result, the study refers to the key search phrase
"agent-based" and uses the words model* and simulation. Based on this, the fields of
energy OR heat* OR mobility are limited to discovering relevant research in these fields.
Several words are used besides neighborhood in the context, such as district, urban, and
quarter. For this reason, the search function is extended by the mentioned options ("dis-
trict” OR "urban" OR "quarter"). The search term is shown in Fig. 1 (Duplicates were
removed from the search results).

We considered only open access literature: firstly, to promote the open access move-
ment, and secondly, such that readers of our article who are interested in the literature
can access it without restrictions. In addition to activating the “open access” filter in

c Records identified through Additionalrecords identified Search string for advanced search in Scopus
k) d through through other
= atabase (Scopus) .
© n=2307 e ({Agent-based} AND (model* OR simulation*) AND
= n=12 (energy OR heat* OR mobility) AND (district OR
9 l urban OR neighborhood OR quarter) AND NOT
B transport*)
Records after duplicates removed ,*is a symbol and means wildcard. Wildcard enlarges the
n=319 search space of the marked word, e.g., heat, heating or
model, models, modeling.
i Screening criteria

2 Records screened (Scopus) Records exclude (Scopus) « Language: English only
£ | A .
g n=319 n =262 « Publicationtype: journal and conference paper
J + Open access
7] i « Only relevant to energy and engineering

) Full-text articles excluded, Reason for non-eligibility

Full-text articles assessed for .
g with reason
eligibility n=24 « Beyond the review's scope (13)
n =56 « Insufficient information (4)
— * NotABM related (2)

i * Not open access (5)
3 Studies included in qualitative
2 n=33

Fig. 1 PRISMA Flow Diagram of study selection for reviewing agent-based model of neighborhoods (Page
etal. 2021)
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the database, we also activated the filter for "Energy" and "Engineer" and omitted some
search results because the paper were beyond the scope of our research theme—Fig. 1
summarizes the literature review process. (right).

Results documentation: following the ODD protocol

We focus on the energy system components associated with a neighborhood’s buildings
and technical infrastructure (heating, cooling, power supply, batteries, charging stations
etc.) as well as individual and group behavior. Furthermore, we examine energy markets
and data standards/information systems. We omit the industry, agriculture, and forestry
sectors.

We group the selected studies into the related sectors "energy and building" and
"mobility" and orient the Overview, Design Concepts, and Details (ODD) protocol to
analyze them (Grimm et al. 2006, 2010). This protocol standardizes the documentation
of the ABM’s modeling process and results. The ODD protocol checks that all informa-
tion necessary to comprehend and further analyze the models is included (Grimm et al.
2006, 2010). The ODD protocol contains the following criteria and can find in the chap-
ter Result 1 and Result 2 for the two described sectors:

+ Model Purpose and Model Outcome,

+ Structure of the agents in the study,

+ Overview of the methods for the categories market, politics, user behavior, efficiency,
and method.

Finally, in Result 3 is shown which agent-based modeling platforms were used.

Result 1: agent-based modeling with an urban energy system

Twenty-six studies deal with "energy and heat" in neighborhoods. We identified the-
matic commonalities, formed categories to capture them and structure our review
around these (see Table 1).

The papers in the category "Local heat transition—policymakers" use ABM to ana-
lyze policy interventions (taxes and subsidies) for the heat transition and to provide
decision support for these. Some papers focus on ABM planning tools and therefore
address energy planners and energy utilities interested in designing or expanding the
existing infrastructure for the heating transition. This is why we formed the category
"local heat transition—energy planners and energy utilities". Two studies deal with
planning aquifer thermal energy storage in neighborhoods, we group them under
"planning aquifer thermal energy storage". Most of the studies we analyzed exam-
ine the local electricity grid. We group them into the category "microgrid only elec-
tricity—PYV, battery, household, building, substation". The studies only deal with the
electricity side of microgrids. The focus is on local electricity generation from PV in
combination with batteries to supply households’ electricity demand, increase self-
sufficiency and minimize external grid purchases. Here, local energy communities and
local market mechanisms such as peer-to-peer trade are analyzed. The last category
deals with the coupling of a neighborhoods’ heat and electricity sectors. These papers
deal with the use of local flexibility of PV and heat pumps from two perspectives:
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Table 1 Model overview in model purpose and model output of the selected studies for
neighborhood, heat and electricity

Refs.

Model purpose

Model output

Category: local heating transition—policies makers

Busch et al. (2017)

Wildt et al. (2021)

Nava-Guerrero et al. (2021)

Nava-Guerrero (2022)

Category: local heating transition—energy planer and energy multi-utilities

Pagani et al. (2020)

Guerrero et al. (2019)

Fouladvand et al. (2020)

Fichera et al. (2021)

Analyzing policy interventions,
institutional and governance hur-
dles for heat networks in London,
UK

Acceptance and decision making of
sustainable heating technologies in
de Vruchtenbuurt

Decision making of house insula-
tion, sustainable heating technolo-
gies by natural gas consumption
and heating costs

Analyze the impact of various
financial policies for retrofitting the
heating systems in the Netherlands

Examine the expansion of a mid-
sized city’s district heat network in
Switzerland by using a bottom-up
heat demand model

Investigates socioeconomic factors
that might promote local heat tran-
sitions over the next 20 years for an
existing building in the Netherlands

Analyze thermal energy communi-
ties, in the Netherlands, about crea-
tion and persistence by the factors

of neighborhood size

Net-zero energy with a virtual or
peer-to-peer connection of 108
buildings and a PV Installation of
11,095 m2 in Catania, Sicily in Italy

Category: planning aquifer thermal energy storage (ATES)

Beernink et al. 2022)

Bloemendal et al. 2018)

Integration of an ATES for 26
buildings in Utrecht, Netherlands.
Analysis for well sites

Optimized use of underground

space for existing ATES in the
Netherlands

Recommendations for action for
political decision-makers

Recommendations for action for
energy communities

Recommendations for action for
energy communities

Recommendations for action for
political decision-makers

Recommendations for investment
decisions for energy utilities

Decision support for energy planners
for local heat transformation

Decision support for energy planners
for local heat transformation

Impact on the local energy grid and
determination of recommended
actions

Planning aid for the use of ATES

Planning aid for the use of ATES

Category: microgrid only electricity—PV, battery, household, building, substation

Lovati et al. (2020)

Lovati et al. (2021)

Jg et al. (2020)

Fichera et al. (2020a)

Analysis of consumption patterns,
electricity/financial flows, owner-
ship and trading norms for a local
electricity market with 48 prosum-
ers (PV systems and battery) in a
Swedish municipality

Analysis of a plus-energy neighbor-
hood with 48 buildings in Sweden

Analysis of blockchain-supported
peer-to-peer electricity trad-

ing platform for 18 households
installed with PV and battery in
Perth, Australia

Determination of allowable
interconnection distance of grid
connections between prosumers
(PV systems and battery) in Catania,
[taly

Impact on the local energy grid and
business model

Impact on the local energy grid and
business model

Impact of business models through
trading strategies

Impact on the local energy grid
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Refs.

Model purpose

Model output

Hoffmann et al. (2020)

Sun et al. (2018)

Kuznetsova et al. (2015)

Shiera et al. (2019)

Bellekom et al. (2016)

Fichera et al. (2020b)

Analysis of various monetary and
non-monetary incentives (strong,
soft, and self-organizing) for system
stability by 167 households

Analysis of energy efficiency
improvements in buildings by
involving behavioral and economic
aspects of building stocks in

the context of building energy
efficiency, an example of London,
England

Optimization for the robustness of
a microgrid. The microgrid consists
of a railroad station, PV plants, an
urban wind turbine, and a nearby
residential area

Analysis of social, technical, envi-
ronmental, and economic factors
for a neighborhood of 18,720
households (1290 buildings)

Analysis of the local grid manage-

ment when increasing the share of
prosumers in a local energy grid in
the Netherlands

Construction of a theoretical model
of a local microgrid in southern
[taly. Shown are 370 buildings with
PV systems

Category: microgrid electricity and heat

Haque et al. 2017)

Shen et al. (2021)

Kremers (2020)

Hall and Geissler (2020)

Loose et al. (2020)

Khalil and Fatmi (2022)

Analysis of control mechanism for
congestion management in low
voltage grid with 100% PV systems
and heat pumps in the Netherlands

Development of the Linear Upper
Confidence Bound with the Con-
textual Bandit method to identify
leakage problems in the heat
network

Develop autonomous decision-
making for local energy trading
with prosumers

Analysis of three building cluster
types using building flexibility by
the PV system, battery, and heat
pump for grid relief at the substa-
tion

Optimization of an energy intercon-
nection network of wastewater
heat pump and cogeneration
plants in the city of Lemgo, Ger-
many

Analyze energy demands resulting
from COVID-19. Energy demands
consider domestic and non-domes-
tic activities of individuals

Impact on the local energy grid and
business models

Decision support for energy planners

Impact on the local energy grid and
business models

Impact on the local energy grid

Impact on the local energy grid

impact on the local energy grid and
economic efficiency

Development of local control strate-
gies for sector coupling heat

Method development for leakage
problems

Impact on the local energy grid and
economic efficiency

Development of local control strate-
gies for sector coupling heat

Development of local control strate-
gies for sector coupling heat

Method development for energy
demand
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First, to investigate the effect on self-sufficiency and grid utilization when PV and
heat pump systems are installed, and secondly, to examine the optimized local heat
supply from wastewater heat pumps and CHPs. Also considered here is the change
in energy demand. Table 1 shows the selected studies and provides an overview of
Model Purpose and Model Output.

Having shown Model Purpose and Model Output of the reviewed papers pertaining
to “Neighborhood, Heat and Electricity” in Table 1, we now proceed to a description
of the agent structure in those papers. We retain the thematic categories and follow
the ODD protocol in our description.

+ "Local heating transition—policymakers” Study (Busch et al. 2017) investigates
business models for city-level heating networks in the United Kingdom. The
agents represent local players such as energy companies, owners, energy decision-
makers, and legislators. The agents use decision chains and can learn from each
other through interactions by the actors. Studies Wildt et al. (2021) and Nava-
Guerrero et al. (2021) identify value conflicts caused by several sustainable heat-
ing solutions in the Netherlands. Heat transformation scenarios are provided to
help understand social acceptability difficulties. The agents, such as house owners
and investors, are modelled as agents at the local (i.e. immediate neighborhood) as
well as the jurisdictional scale (Wildt et al. 2021). In Nava-Guerrero et al. (2021),
a neighborhood is examined for 30 years. Owners’ household agents provide sev-
eral preferences in choosing sustainable heating systems, such as group decisions,
financial frameworks, and energy plan (transformation strategy). Study Nava-
Guerrero et al. (2022) investigates technologies and actor components in yearly
steps over 30 years, with the agents representing households. The buildings’ tech-
nical components include heating, insulation, and appliances.

+ “Local heating transition—energy planners and energy multi-utilities”: Pagani
et al. (2020) addresses heat network extension. It presents an agent-based model
that integrates population and building stock to determine heat demand in a bot-
tom-up fashion. The building agents collaborate with the tenants to calculate the
hourly heat demand for a year, allowing the assessment where a network expan-
sion is reasonable. Guerrero et al. (2019) refers to its household agents as state
variables used to select heating systems. Each agent has nine state variables that
characterize it at any moment: insulation level, heating system, yearly natural gas
consumption, cumulative expenses, temporal horizon, investment, value orienta-
tion, social threshold, and the ability to compare combined investments. In Study
Fouladvand et al. (2020) a neighborhood is examined over 30 years with owners’
household agents to choose sustainable heating systems. Fichera et al. (2021) ana-
lyzes a net-zero energy strategy. Building assets including electric appliances, PV,
and batteries are planned, a grid node agent takes care of imports and exports,
and the local management agent ensures that the energy is shared locally to imple-
ment the net-zero energy strategy.

+ "Planning aquifer thermal energy storage" (ATES): In Beernink et al. (2022), agents
are ATES systems which are characterized by the size and functions of the build-
ings they service. The size of the different ATES follows the energy demand of
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the buildings they are connected to. During start-up in Bloemendal et al. (2018),
ATES operators initialize with their behavior (called agents). Each agent distin-
guishes by its size and behavior, indicative of ATES systems in the Netherlands.

+ "Microgrid only electricity—PV, Battery, household, building, substation™ In all of
the studies in this category, (Lovati et al. 2020; Fichera et al. 2020b), agents are used
in comparable ways. The system includes household agents with PV generation and
battery storage for electricity. A market agent is responsible for balancing different
players at the local level. All of these studies investigate how to boost self-consump-
tion while decreasing external power purchases. The studies Lovati et al. 2020 and
Monroe et al. (2020) explicitly address peer-to-peer mechanisms.

+ "Microgrid electricity and heat": Haque et al. (2017) shows the model with separate
device agents, like base load, PV, or heat pump, regulated by household agents. The
network agent monitors the electrical and thermal side of the transformer and feeder
agent. The network agent controls the entire system. Study Khalil and Fatmi (2022)
uses household agents to represent the in-home and out-of-home activities during
COVID 19 to analyze the energy demand for electricity and heat. In study (Shen
et al. 2021), the Linear Upper Confidence Bound (LinUCB) approach trains a single
agent for branch selection to detect the leaky branch of the heating grid using home
data. In Hall and Geissler (2020), the market coordinator and the agents represent
certain buildings. On every time-step basis, each building agent determines how to
share its available flexibilities separately and autonomously. In Loose et al. (2020),
every active component is an agent in the system for the electrical and thermal sides,
which models the component’s local behavior. Some agents pay to connect the two
sectors (for example, CHP). Kremers (2020) uses a hybrid agent for simulating the
real world by using a digital twin. The agents represent decentralized energy systems.

Table 3 in Appendix Al gives a detailed overview of the implemented functions of the
studies for the categories of Market Mechanism, Policies, User Behavior, Efficiency, and
Method.

Result 2: agent-based modeling the mobility in neighborhoods

Since the electric grid infrastructure is considerably older than the recent and rise in
electric vehicle use, it has to be substantially refurbished to accommodate battery-
electric vehicles (BEV). The infrastructure, from local electricity generation and trans-
portation to distribution via charging stations, must be reconsidered by improving the
integration of battery-electric vehicles (BEV). Furthermore, vehicle-sharing models are
becoming increasingly popular in highly populated places with limited parking space.
We identified seven studies that relate to the mobility sector and have common features
that allow grouping into thematic categories: "Park-and-Ride", "microgrid with battery
electric vehicle", and "charging station and charging characteristics".

The studies in "Park-and-Ride" examine fleet sizes and waiting times in neighbor-
hoods. The charging of battery electric vehicles with local PV power and the impact
on the local grid are considered in the category "microgrid with battery-electric vehi-
cle". The studies in the last category, "charging station and charging characteristics",
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Table 2 Model overview of the selected studies for mobility

Refs.

Model purpose

Model output

Category: park-and-ride
Zhou et al. (2019)

Zhou et al. (2021)

Analysis of autonomous park-and-ride
service for two residential areas in
Nagoya, Japan

Analysis of autonomous park-and-ride
service in a low-speed area in Kozoji
Newtown, Japan

Category: microgrid with battery-electric vehicle

Surmann et al. (2020)

Xydas et al. (2016)

Analysis of autonomous bidirectional
charging of battery electric vehicles
with solar energy in local energy com-
munities

Analysis of battery electric vehicle
charging by distributed generation
controlled by a virtual price signal

Category: charging station and charging characteristics

YagUes-Goma et al. (2014)

Linetal. (2018)

Liu and Bie (2019)

Development of a lithium-ion battery
model that is used for battery-powered
cars (plug-in hybrid), and motorcy-
cles. Depending on daily use, battery
temperature and driving data from
Barcelona, behavior, and aging will be
studied

Analysis of the charging demand of
electric cars at four charging stations
(fast and normal charging)

Analysis of the total cost of charging

stations with charging mode AC, DC,
and ADC, and the change of the total
cost by increasing the utilization

Recommendation of fleet size depend-
ing on number of trips and waiting
times

Recommendation of fleet size depend-
ing on number of trips and waiting
times

Development of local control strategies
for sector coupling heat

Development of local control strategies
for sector coupling heat

Method development for a lithium-ion
battery model

Impact on the local energy grid

Impact on the local energy grid and
economic efficiency

look at the battery characteristic of an electric vehicle and analyze the charging
behavior at the charging station (is shown in Table 2).

Having shown Model Purpose and Model Output of the reviewed papers pertain-
ing to “Mobility” in Appendix Table 3, we now proceed to a description of the agent
structure in those papers. We retain the thematic categories and follow the ODD pro-
tocol in our description. We retain the thematic categories and follow the ODD pro-

tocol in our description.

+ “Park-and-Ride”: (Zhou et al. 2019, 2021) use vehicle agents and user group agents

and include empirical driving data to analyze the autonomous vehicle fleet usage
“Microgrid with battery-electric vehicle”: Local energy communities are particu-
larly interested in integrating BEVs for demand-side management to improve self-
power production through PV by limiting load consumption. It helps decrease
their reliance on external electricity from the external grid and their energy
expenses (Surmann et al. 2020; Xydas et al. 2016).

“Charging station and charging characteristics”: (Yagiies-Goma et al. 2014) exam-
ines battery deterioration as a function of usage and battery temperature in elec-
tric vehicles. Various vehicle types, including battery electric vehicles, plug-in
hybrid electric vehicles, and electric motorcyclists, are mapped as agents for this
purpose. Studies Lin et al. (2018) and Liu and Bie (2019) reveal how battery-elec-
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tric cars charge at charging stations. As a result, the agents are the BEV and charg-
ing station types.

Table 4 in Appendix A2 offers a detailed overview of the implemented functions of the
studies. The features group into Market Mechanism, Policies, User Behavior, Efficiency,
and Method.

Result 3: agent-based modeling platforms

We also reviewed the platforms utilized for the experiments. Figure 2 shows that around
half of the reviewed papers fail to specify the ABM platform they were operating. Of
those who do indicate the platform, NetLogo is most used, it is common in the “Electric-
ity and Heat” category. This is followed by artisoc 4.0, which is used for mobility studies.
The other ABM platforms are only mentioned once.

We say a few words about NetLogo because of the high number of mentions (Netlogo.
2022). According to the selected studies, NetLogo provides many interfaces to other
platforms, such as Python, MATLAB, R, and Java. Additionally, data formats like GIS
can be used by NetLogo. Because of its extensive range of functionalities, as shown by
the accessible papers mentioned on the website (Netlogo. 2022). The publications range
from 1999 through 2022, this ABM platform has been around for quite a long time. Ver-
sion 6.2.2 is now available as a web application.

Lessons learned: findings and gaps in the literature

We find that ABMs are widely applied to various topics and intended to offer decision
support to energy communities, energy companies, urban planners, and policymakers.
Most of the studies in our review pertain to a specific local area that serves as a case
study. The studies that look at specific areas use data collected by the authors and/or the
locality (city) and make use of Geographic Information Systems (GIS). Here are a few
examples of applications:

+ Heating transition: How are energy communities (associations of customers)

formed? What conditions (infrastructure, economic, regulatory) let them choose

20 = Energy and Heat
18 = Mobility
16 ‘ |
14 § i
12
10
8
6
a
2 —
o I — = = == ==
< S E N
Qo\‘\ \9%° o(,b‘- &Q& .‘yg’\& ~6S\C\ o <& dgo
& S 8 & & <
o N £ o < & o <
S = &
2 <3
b s W~

Fig. 2 Overview of the used agent-based modeling platforms in the studies



Vuthi et al. Energy Informatics 2022, 5(Suppl 4):55 Page 11 of 23

specific technologies? (Wildt et al. 2021; Nava-Guerrero et al. 2021; Nava-Guerrero
et al. 2022; Guerrero et al. 2019; Fouladvand et al. 2020)

+ Aquifer thermal energy storage (ATES): Topology and scale of new heat grids to
exploit the heat storage potential of ATES? (Beernink et al. 2022; Bloemendal et al.
2018)

+ Mobility: What size is necessary for an autonomous car-sharing fleet to limit waiting
times to 15 min? (Zhou et al. 2019, 2021)

Most of the reviewed studies deal with microgrids and local markets. Some studies
show that balancing the local power grid becomes more complex with an increasing
regional expansion of renewable energies. The external grid must help more with bal-
ancing the local imbalance (Monroe et al. 2020; Fichera et al. 2020a; Kuznetsova et al.
2015; Schiera et al. 2019; Bellekom et al. 2016). Thus, the question arises how to optimize
the relationship between generation capacities, storage options, and flexible consum-
ers in a local energy system. In addition to the heating sector, battery electric vehicles,
in particular, could play a significant role in this balancing. In the mobility studies that
we reviewed, the charging characteristics between regular and rapid charging are par-
ticularly evident (Lin et al. 2018; Liu and Bie 2019). For load balancing, fast charging
offers high power that can be called up quickly on the load side, which can be used very
well for local power balancing in the event of excess energy generation. It is particularly
attractive when public charging stations can also benefit from the local electricity con-
cept in addition to the classic charging stations in buildings. In addition to increasing
the electric generation side, a more flexible management development of the load side
would be promising. Prosumers who consume PV electricity themselves and sell elec-
tricity surpluses are essential in achieving climate protection goals.

Noteworthy in these studies is the structure of the agent-based model. The agents
resemble each other but are given distinct functions depending on the subject of the
study. For example, some studies are more concerned with peer-to-peer trading or
increasing self-consumption when additional batteries are provided (Monroe et al. 2020;
Fichera et al. 2020a), or local charging of BEVs (Surmann et al. 2020; Xydas et al. 2016).
Depending on the research question, ABMs are equipped with different functionali-
ties. Most studies contain a good description of the agents, which helped us to design a
conceptual image for a modular agent-based model (see next chapter). The ABMs were
built for relatively isolated questions. What still proves to be a challenge is the integra-
tive view and treatment of the different sectors of an energy system—electricity, heat,
and mobility.

The EU’s goals for the energy sector—the expansion of renewable energies, the electrifi-
cation of the heat supply, improving energy efficiency (Rat der europiische Union 2022),
a rising share of BEV (Europiisches Parlament 2022), increasing energy prices (Eurpiis-
cher Rat 2022)—pose new challenges for the entire energy system. The European asso-
ciation for the cooperation of transmission system operators for electricity (ENTSOE)
charging scenario (Iliceto et al. 2021) shows that approximately one private charging sta-
tion will be available for each BEV. In 2030, 135 million private charging stations with a
power capacity of nearly 600 GW and about 400 TWh electricity consumption per year
will be implemented. In addition, eleven million publicly accessible charging stations with
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a power capacity of 120 GW and almost 70 TWh of yearly electricity consumption are
implemented. In sum, 146 Million charging stations with a power capacity of 720 GW
and 470 TWh of yearly electricity consumption (Iliceto et al. 2021).

These high demands must always be covered by electric generation. In the event of
an imbalance, the electricity system is at risk and must be balanced by the grid opera-
tor. Study Lin et al. (2018) shows that BEVs are most frequently charged at the residence
and the workplace. It is apparent that energy planning for the neighborhood, including
a whole-time approach for all sectors (building, electricity, heat, mobility), is essential.
Planning must be integrated and consider buildings, the electricity transition, the heat-
ing transition, and the mobility transition as an integrative whole with interacting parts.
In this approach, it is necessary for different disciplines, such as urban planners, energy
planners, and architects, to share their knowledge to explore synergies, realizing eco-
nomic, ecological, and social added value.

A high degree of expertise from various disciplines is needed for constructing mean-
ingful and effective models. In particular, electrification for heat supply and mobility and
local power generation from renewable energies, are primary local challenges that must
be solved within neighborhoods. For this reason, an integrated planning approach is
needed to consider all energy needs (households, building physics, electricity, heat, and
mobility) and reconcile them with local generation. This integrated planning allows the
external grid to be supported to achieve ambitious ecological goals at least cost (Rat der
européische Union 2022).

Agent-based modeling for flexible analyses in neighborhoods

Based on the findings and gaps, we present a system vision of an ABM (shown in Fig. 3)
that can provide a holistic view of energy systems at the neighborhood level. This system
vision is a consolidated agent-based model inspired by details of the reviewed studies.

Techno-economic data Socio-cultural data Environmental data Energy transition szenario ' Key Perfomance Indicator

Policy intervantion: Social structure: GIs: Mobility + CO2 emissions

Taxes, Subsidi Socio-economic and Digital map models of ‘ * Fullload hours of the
demografic charateristic building plants
Time use: Meteorological data: Heat « degree of self-sufficiency

3 Driving profiles and Data source — « primary energy
Market, Energy Services, Resident presence profiles Openwathermaps, | consumption
| Local Marketplace | | Weatherunderground Electricity e conomicaof the

Technologies: Census data: Topographical data: technologies

Invest, Operational cost, Statistics on populations behavioral information

Parameters and household:

[ e

- Agent-based model =
Accounting model

Data preparation for the
simulation model

System operator: Energy trading platform:
Aggregation data fror Energy market
Compliance with energy s Local market

regulation of the plants

~ Hybrid model
— Neighborhood —————————

Calculation of economic,
ecological, and energy balances
Analysis legal implications
3

Local energy system T = L 2
CHP

as
turbine Optimization model

Description optimization problem: Building data,
mobility data, market data, energy supply data

Electic
Substation
Battery JJj 3N External
electric
Vehicle

Optimization: use of technology, ecological,
economic, and efficiency

Building
Building

| Building

Evaluation of operating timetables for the
systems

Fig. 3 Conceptual image of an ABM for flexible energy system analyze of neighborhoods/local regions (own
design inspired by the selected studies)
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The aim is to provide a blueprint for ABMs in this domain which can be tailored toward
specific research questions, and which also allows for extensions. The latter is necessary
when initial findings must be further studied and investigated. E.g., when an initial study
indicates the need for a policy adjustment, its impacts must be gradually examined and
refined. This roundup is depicted in a conceptual diagram that indicates a generic agent
structure. The system aims to map the analysis of energy communities and the effects of
changes in external factors, of investment and policy decisions, on the different stake-
holders, but also to conduct technical system analyses—a chosen modular approach for
this purpose.

Most of the studies used a bottom-up model and different model types for their
agents. The model types are the simulation, hybrid, optimization, and accounting model.
In Mundaca et al. (2010) are the same model types described for ABM. In sketching our
bottom-up ABM approach, we lean on Mundaca et al. (2010) and the implementation of
the agents in the reviewed studies. Mundaca et al. (2010) is a study already 12 years old,
but we found it very clear and helpful.

With the help of simulation models, it is possible to determine quantitative and qualita-
tive statements for technical issues (usually called scenarios). Hybrid models connect the
real with the simulated world and are a part of the simulation model. It is also used in
the context of a digital twin, hardware, or even software in the loop tests. Optimization
models find the best possible solutions by assuming technical, economic, and ecological
parameters and technical restrictions. Accounting models contain simple mathematical
functions and are mainly used for data preparation and evaluation (Mundaca et al. 2010).

For the doctoral thesis, we intend to analyze real as simulative neighborhoods. For this
reason, our approach uses all four model types. Especially for the simulation and hybrid
models, uniform communication interfaces must be established to implement basic
applications and controls. This results in a multitude of agents in the energy system of a
neighborhood, which contain different capabilities.

A building agent aggregates and coordinates various device agents, which belongs to a
building. The device agents for the electricity side of the building are mainly households
(electricity demand), PV, battery, and BEV. The agents for the thermal side of the build-
ing are mainly households (thermal demand), solar thermal, and heat storage. The energy
system agents operate autonomously within the building. Buildings link to substation
agents, which connect electricity or heat. Furthermore, the substation agents have maxi-
mum loads, and power interchange is limited. The substation agents link to the agents
of the local energy system, which deliver electricity and heat. Additional heat storage
and aquifer energy storage systems are supplied for the heat side to create more local
flexibility. The substation agent provides another link to the external grid for electrical
exchange. It is used to compensate for local grid electricity surpluses and shortages. The
system operator agent is employed to control the other agents in the neighborhood.

On the one hand, the system operator agent attempts to execute predetermined
energy schedules for the systems and control them as needed by using the flexibility of
the neighborhood. The energy must be deposited with the energy market agent and a
match between buyers and sellers must be realized. The scenario management agent
creates the structure and parameterization of the simulation model. The optimization
model is used to optimize the techno-economic aspects of the systems and is a separate
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agent that the system operator agent will activate. The simulation model will transmit
Essential parameters to the optimization model. The data is expressed in an optimiza-
tion problem and solved by a solver within the optimization model to produce system
operation schedules for the energy system agent and local energy agent. The operating
schedules return to the system operator agent. The accounting model is equation-based
and relies heavily on empirical data derived from the simulation model. The accounting
model is also an agent in the ABM and may be accessed by any other model’s agents. The
accounting model agents use for (i) data preparation and (ii) data assessment (techni-
cal, ecological, economic, and legal implications). A uniform data source layer is cre-
ated, allowing for straightforward parameterization and assessment of the agent-based
model—the input data obtained from the reviewed studies. The input data are classified
into technological-economic, socio-cultural, and environmental. The techno-economic
data are technological aspects, market conditions, and policy intervention. The socio-
cultural data provides social structure, time of use, and census data. GIS, meteorologi-
cal, and topological data are used in the environmental data. A standardized output is
supplied in addition to the standardized input. It employs standardized key indicators
derived from simulation data and allows users to compare different scenarios quickly.

The ABM concept presented is to be developed through a doctoral thesis. The Ph.D.
aims to analyze the effects of policies and local market mechanisms in neighborhoods.
In particular, the consideration between an overall optimum and the optimum occurring
between different interest groups. It is always assumed to find an overall optimum in
most optimization models. However, if one considers different stakeholders, one quickly
realizes that the stakeholders have other target criteria. For example, the utility aims to
sell its energy to the customer in the long term and profitably, the grid operator has the
task of ensuring a stable grid, and the energy community has socially sustainable, eco-
logical, and economical energy use. For these interest groups, the main question is how
do business models and interests change if the neighborhood has to become climate
neutral by 2045? It is provided to be implemented in real-world neighborhoods. The
implementation is planned to be modular and thus can be used as a construction frame-
work principle to build up the needs of a real neighborhood. The analyzed studies help
us to build the structure of the agents and to set up the input and output parameters. For
the neighborhoods to be analyzed in terms of their development and changes over time,
transformation paths must be deposited for all sectors. These transformation paths still
need to be worked out.

Conclusion
In this paper, we present a literature review of the use of agent-based models (ABM) in
analyzing of urban neighborhood energy systems. We derive a concept for an ABM that
integrates all energy sectors: Electricity, heat, and mobility.

We conducted a systematic literature search: Using specific search terms, we searched
the Scubos and mdpi databases and finally identified 33 studies that met our selection cri-
teria (25 for electricity and heat, 7 for mobility). In evaluating these studies, we applied the
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ODD protocol: Firstly, explain the model purpose and output. Secondly, describe the agents
and their interactions. Finally, give the implementation functions based on the selected cri-
teria of the market mechanism, guidelines, user behavior, efficiency, and method.

The reviewed studies show the diverse use of ABM, ranging from political to economic,
environmental, and technical issues. A particularly interesting phenomenon that offers
high research potential, especially with an ABM approach, is energy communities: Groups
of actors (residents, energy users, and prosumers) in a neighborhood that, for example,
can share electricity from PV and batteries and merge the demand from households, heat
pumps, and BEV locally to increase the degree of self-sufficiency. In addition, energy com-
munities can cooperate in bringing about a heat transition.

While some of the reviewed studies explicitly address energy communities (Wildt et al.
2021; Nava-Guerrero et al. 2021, 2022), they do not deal with how energy communities are
formed; nor how they could be expanded to include additional stakeholders like energy
supply companies or local network operators. Especially these latter two could play a
key role in the energy transition. The neighborhood energy community offers potential
for new business areas. For example, the distribution grid operator could reduce the local
grid expansion if he can operate the local grid optimally. A grid-friendly use of control-
lable local flexibility would be possible both for the local and the entire energy grid. The
energy supplier would have the option of expanding his plant portfolio with renewable
energy systems, offering (cheap) flexible tariffs to the final customer, and benefiting eco-
nomically from the energy transition with the owners. The owner benefits financially from
the energy transition and makes a significant ecological contribution. The complexity of
the different local energy systems, the transformation of the heat supply, and the devel-
opment of sustainable battery-electric mobility combined with the interests of the other
stakeholders—which can also lead to different energy solutions—still represent a signifi-
cant research gap.

It is precisely where our proposed ABM framework starts. We will address new mar-
ket mechanisms for trading energy and energy services between energy communities
and private companies at the local neighborhood level. How can energy communities
meet local needs while at the same time supporting the overall energy system? This
question is one of the most significant challenges for future ABM applications in the
neighborhood’s local energy system. The complexity of the decisions and interactions
of the agents in an intelligent and distributed energy system needs to be further devel-
oped and scaled in an ABM concept. The transferability of the developed solutions to
other quarters and the integration of existing quarters into integrated planning are fur-
ther questions because neighborhoods’ structures depend on several factors that must
be investigated.

Appendix
See Tables 3 and 4.
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A1: Overview of the implemented functions for Result 1

Table 3 Overview of the implemented functions for an Agent-based modeling with an urban

energy system

ID Market
mechanism

Policies modelled User behavior

Efficiency

Method

Category: local heating transition—policies makers

Busch

etal.

(2017)

Wildt et al.

(2021)

Nava- Market condi-

Guerrero tions include

etal. electricity,

(2021) natural gas,
and retail
heat prices
of energy
suppliers and
contractors’
fees for con-
ducting heat-
ing systems
and insulation
changes

Nava-

Guerrero

etal.

(2022)

Three distinct instigators: Twelve commercial instiga-
local authorities, com-mercial tors and thirty-two commu-
developers, and community nity instigators are included
organizations

In 2015, a group of resi-dents Analyzing conflicts between
launched the 'Warminde  different households in the
Wijk' project to identify and  heating sector

implement a more ecological

heating techno-logy than

natural gas

Households could decide
under the current market
conditions, policies, and
renewable energy in the heat
transitions

Fiscal and disconnection
are types of public policy
interventions

The taxation of electricity and A percentage of households
gas, price regulation for net- in the neighborhood needs

work heating, and subsidies  to be willing to join a project
for insulation and heating are for the project to be realized
specified

Category: local heating transition—energy planer and energy multi-utilities

Pagani
etal.
(2020)

Expansion of
the heat grid
by a Demand-
driven
scenario and
Predicted-
demand
driven
scenario (cost
optima)

Guerrero They are ana-
etal.

(2019) of the heat
transition

Foulad-  Financial

vand et al. options for the

(2020) households
are an invest-
ment, payback
time monthly
payments

Fichera  Self-con-

etal. sumption:

(2021) analyzing rules

for electricity

exchan-ge in

the neighbor-
hood

lyzing the cost considered

Analyze Behaviors of the
End-User

Taxes and subsidies are value orientation, social
threshold, and ability to com-

pare combined investments

Energy plans for a household
are maximizing renewable
energy generation, maximiz-
ing the individuals'profit, or
the best-mixed energy plan

building profiles are gener-
ated

Analyze thermal
energy commu-
nity systems. Four
factors are relevant:
neighbor-hood size,
minimum member
requirement, satis-
faction factor, and
drop-out factor

Uses quantities
data from differ-
ent stakeholder;
represent a large
city in the UK

Empirical based:
community driven
heating initiative
in‘de Vruchten-
buurt’

Empirical based:
community driven
heating initiative
in‘de Vruchten-
buurt’

literature data
were for persons
and households,
as well from dwell-
ings; landscape
model of Switzer-
land "swissTLM3D"

GlS-Data: St. Gal-
len, heating grid
data

Retail energy
prices; technology
parameters from
the literature

It uses empirical
data from inter-
views

theory-based
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Table 3 (continued)

ID Market Policies modelled User behavior Efficiency Method
mechanism

Category: planning aquifer thermal energy storage

Beernink Analyzing the planning Analyze Aquifer GIS-Data-Utrecht,
etal. method for ATES Thermal Energy Stor-Dutch, heating
(2022) age with heat pump and cooling

and building energy de-mand from a

demand cooling andDutch data-base

heating (RVO), climate
data from the
Royal Netherlands
Meteorological

Institute
Bloemen- Analyzing the planning Aquifer Thermal The Netherlands
dal etal. method for ATES Energy Storage with contained a
(2018) heat pump and dataset of the

building energy de- legal capacity of
mand cooling and  over 430 ATES

heating systems from five
provinces
Category: microgrid only electricity—PV, battery, household, building, substation
Lovati (i) electricity Self-consumption forGlS-Data-Swedish
etal. from the com- grid relief community for
(2020) munal PV is PV generator
free available, and load profile
(ii) at produc- of forty-eight
tion cost (i.e, households; price
without profit), data Eurostat
or (i) the PV 2007-2019
is owned by a
single provider
and set the
price
Lovati Different Effect of users who refuse Self-consumption for grid GlS-Data for PV generator
etal. designs of the the investment vs. investors  relief and load profile of forty-
(2021) local markets who invest in the local energy eight households; price data
to analyzes system Eurostat 2007-2019
prices and
revenues
Monroe  Eighteen trial Empirical data from the P2P
etal participants energy trading Renewable
(2020) had access to Energy and Water Nexus in
an online trad- Perth, Australia, was used
ing platform between August 2018 and
that allowed June 2019. In addition,
them to set electricity consumption and
and adjust PV generation data were col-
their buying lected from fifty households
and selling
prices at any
time (local
market)
Fichera  Prosumers EU GIS Data- Catania, Italy
etal. increase the  Directive for 370 buildings (ca. 0,7
(2020a)  degree of self- 2019/944: km?2); GIS-Data Tool: energy
sufficiency  Neighbor- demand, specific technology
hoods to (production and storage)
consume,
store, and
sell self-
generated

electricity
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Table 3 (continued)

ID

Market
mechanism

Policies modelled

User behavior

Efficiency Method

Hoffmann
etal.
(2020)

Sun et al.
(2018)

Kuznet-
sova et al.
(2015)

Schiera
etal.
(2019)

Bellekom
etal.
(2016)

Fichera
etal
(2020b)

Self-organ-
ization:

All actors
make
decisions
indepen-
dently; soft
control:
The DSO
sends
feedback
and incen-
tives to the
end-user;
strong
control: By
contract,
the DSO

is allowed
to access
flexibilities
automati-
cally

Weights
of each
energy
source
can be set,
denoting
different
policies

Electrification, change of
building types, and improve-
ment of energy efficiency

Incentives Social influence and interac-
include  tion between consumers
capital with economical and techni-
grants, tax cal interests

reliefs, or

other sup-

porting

schemes

(eg.,

Net-Billing,

Feed-in

Tariff,

Feed-in-

Premium)

and mass

media

advertising

actions

increase self-
sufficiency for
a community
by using peer-
to-peer

Self-con-
sumption,

A microgrid
can exchange
electric
energy if their
mutual spatial
distance is (i)
lower than

50 m or (ii)
lower than
200 m

Electrification scenario: gas
vs. Electrification, Building
type conversion scenario:
change building types due to
economic or social reasons,
Energy-efficient scenario: A
shift in energy use intensities
for different building types

Empirical Data from End-
User and DSO

GIS-Data- London, UK:
electricity demand and
electricity generation

Increase the performance
of the microgrid by using
uncertainties in generation
and demand

theoretical approach

Three Layer: Environmental,
Socio-Cultural, and Techno-
Economic Layer used
different empirical data from
other databases

The'Icare’demo will be used
to generate data on power
demand and a web-based
tool for PV data

GIS-Data—urban commu-
nity in Italy. Public databases
of the National Statistical
Institute and Data from the
Italian National Agency for
New Technolo-gies, Energy
and Sustain-able Economic
Development (ENEA)
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Table 3 (continued)

ID

Market
mechanism

Policies modelled

User behavior

Efficiency

Method

Category: microgrid electricity and heat

Haque
etal.
(2017)

Shen et al.
(2021)

Kremers
2020)

Hall and
Geissler
(2020)

Loose
etal.
(2020)

Khalil and
Fatmi
(2022)

Local market
to coordinate
flexibility of
PV and heat
pump

By finding
leaks, the
opera-tional
cost of the
heating grid
should be
reduced

The price
signal is
composed
of a local and
an external
component
to strive for a
contribution
to overall
energy effi-
ciency

Self-consump-
tion: (i) all PV
production
offers are
accepted, (i)
substation’s
limits: remain-
ing offers from
the buildings
are ranked,
whereby fixed
amounts like
heat pumps
or electrical
DHW boilers
come first, and
battery offers
are last

Market-ori-
ented operat-
ing mode for

a wastewater
heat pump and
CHP

The network assets'thermal
overload and voltage limit
violations at the connection
points should be avoided

Optimizing the operation
and maintenance of district

theory-based: 400 Dutch
residential consumers and
solar irradiation and the out-
door temperature from the
Royal Dutch Meteorological
Institute

Data collected from end-
users’pressure and flow of

heating networks information
Improving the local and An actual demonstration is
overall energy efficiency implemented

Three typical

Bottom-up energy consump-
tion model that takes end-
users in-home and out-home
activities into account

building clusters in
Basel, Switzerland;
Climate data of
the year 2015 is
used

Efficient operation Empirical data
of a heating net-  from municipal
work using a waste-utilities of Lemgo
water heat pump

and a combined

heat and power

(CHP) system

Empirical data
from End-user
for the in-home
and out-home
activities
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A2: Overview of the implemented functions for Result 2

Table 4 Overview of the implemented functions for an Agent-based modeling in neighborhoods

mobility
Refs. Market Policies User Efficiency Method
mechanism  modelled behavior
Category: park-and-ride
Zhou Determination Actual driving  High vehicle  GIS-Data and empirical driver
etal. of necessary behavior utilization information from Nagoya, Japan
(2019) vehicles fleet with minimal
waiting time
for drivers
Zhou Determination Actual driving  High vehicle  GIS-Data and empirical driver
etal. of necessary behavior utilization information from Kozoji New-
(2021) vehicles fleet with minimal ~ town, Japan
waiting time
for drivers

Category: microgrid with battery electric vehicle

Sur- Increasing
mann self-consump-
etal. tion in the
(2020) neighborhood
to reduce the
charging costs
(bidirectional
charging) of
battery-elec-
tric vehicles
Xydas Demand
etal. Response:
(2016) Relief of the

network node

through price
curve

Communica-
tion, billing,
and decision-
making do
not require

a centralized
authority

The user
decides load-
ing mode:
maximum
SOC, cost-
optimized or
performance-
optimized

Battery-elec-
tric vehicles
are Respon-
sive or not
responsive
to the price
signal

Category: charging station and charging characteristics

Yagles- Determination
Goma of the neces-
etal. sary battery
(2014)  size for the
vehicle fleet
Linetal. Reduce the
2018) cost of the
charging infra-
structure
Liuand  Reduce the
Bie cost of the
(2019) charging infra-

structure

seven trip
reasons:

end journey,
home, work,
shopping,
dine, pick/
drop, and
public recrea-
tion

Less electricity
is drawn from
the external
power grid

Two charging
modes for the
battery-elec-
tric vehicle:
single charge
end of the day
or mul-tiple
charges when
the battery is
less than 20%
and capped at
80%

Case 1:stand-
ard charging
(level 2) and
case 2: two
location rapid
charging
(level 3 up to
240 kW)

Analyze the
different
charging sta-
tions AC, DC,
and ADC

GIS-Data, empirical driver infor-
mation

GIS-Data, empirical driver infor-
mation

Travel input data is obtained from
Barcelona’s driving survey, Battery

data for LI-lon

GIS-Data, empirical driver infor-
mation, for location spots are
defined

theory based model with driver
profile, GIS-Data
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Abbreviations

ABM Agent-based modelling

ATES Aquifer thermal energy storage

BEV Battery-electric vehicle

CHP Combined Heat Power

cs Charging station

ENTSOE  European Network of Transmission System Operators for Electricity
EU European union

LinUCB Linear upper confidence bound

ODD protocol Overview, design concepts, and details protocol
SLR Systematic literature review
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