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1 Introduction 
The latest report of the Intergovernmental Panel on Climate Change (IPCC) was published 
recently in summer 2021 regarding the current scientific research related to climate 
change [1]. The main take-aways from this report are of great concern for the current 
energy policy of the whole world: 

1. “It is unequivocal that human influence has warmed the atmosphere, ocean 
and land. Widespread and rapid changes in the atmosphere, ocean, cryosphere 
and biosphere have occurred.” [1]  

2. “The scale of recent changes across the climate system as a whole – and the 
present state of many aspects of the climate system – are unprecedented 
over many centuries to many thousands of years.” [1]  

3. “Human-induced climate change is already affecting many weather and 
climate extremes in every region across the globe.” [1]  

 
There are no more doubts that the human interference with the world climate due to 

high amounts of released CO2 did not cause a multitude of consequences we have to 
deal with now and in the future. To reduce the CO2 emissions and slow down this 
process, the Paris Agreement was already introduced in 2015 [2]. All parties agreed to 
limit the global warming below 2 °C, preferably 1.5 °C, compared to pre-industrial levels 
by reducing the greenhouse gas emissions permanently in the long-term. However,  
the IPCC predicts in their report that the 2 °C limit will barely cope with the progress of 
climate change and that the goal of 1.5 °C or less should be achieved as some 
consequences are already irreversible [1]. The facts presented about Europe include [1]: 

• Temperatures will rise regardless of future levels of global warming. 
• The frequency and intensity of hot extremes has increased and will continue 

increasing regardless of greenhouse gas emission development. 
• The frequency of cold spells and frost days will decrease regardless of 

greenhouse gas emission development. 
 
To cope with the climate change, the European Union (EU) has communicated  

“The European Green Deal” [3], which includes short- and long-term objectives. Goals 
for 2030 are greenhouse gas emission cuts of at least 40%, renewable energy share of at 
least 32% and increased energy efficiency of at least 32.5%. The goal for 2050 for the EU 
is to be climate neutral. [3]  

To achieve the targets regarding the renewable energy share and energy efficiency,  
a more specific Directive was released by the EU to describe specific goals for target 
technologies [4]. In this context, there is a multitude of EU funded projects, e.g.,  
in the Horizon 2020 framework. These projects, such as the NetZeroCities [5], Decarb 
City Pipes 2050 [6], or FinEst Twins [7], aim to achieve the set goals with research on the 
future design of technologies, their interoperability and feasibility. An important part of 
the future design of the electrical grid is the construct of a “Smart City” composed of 
many smaller Smart Grids working in tandem.  

For this multi-microgrid design structure, it is generally agreed to use CO2 neutral 
technologies as much as possible. This means that current technologies and policies are 
researched and advanced to overcome challenges in the context of microgrids. The current 
standard for new buildings is nearly zero energy buildings (nZEB) [8], including renewable 
energy source integration and often storage technologies to achieve very high energy 
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performance. From the greenhouse gas emission point of view, this increase of 
renewable energy sources is remarkable; from a technical point of view, this poses 
challenges, especially due to the volatile energy production [9]. To balance the energy 
demand with the energy supply, load scheduling is a viable option by implementing 
different demand side management (DSM) [10] or energy flexibility [11] related 
strategies.  

This balancing of many distributed generation (DG) units with many small scheduled 
loads and storage systems involves a large number of devices with a complex control 
structure. It is inevitable that some device or control error will happen, leading to 
mismatches and blackouts. However, the renewable energy sources are not only the root 
cause for this challenge, but they are the solution as well: with DG units in microgrids,  
it is possible with a storage system for energy buffering to continue operation of a 
microgrid in islanded mode during a blackout [12]. So far, most of the research regarding 
control strategies for DG units, energy storage systems (ESS) and load scheduling with 
DSM are focussed on grid-connected operation [13], [14], [15], as the microgrid will be 
connected to the main grid most of the time. Thus, further research regarding the 
islanded operation mode is necessary. 

As it is essential to develop these new control concepts and achieve market readiness 
as quick as possible to reach the set greenhouse gas emission goals, modern research 
and development approaches are commonly used. Instead of the traditional process 
from design to testing to building, modelling and analyses are carried out before 
prototyping a system [16]. Within this modelling and analysing process, approaches are 
changing from traditional designs and simulations to machine learning (ML) aided 
designs [17] with real time [18] and power hardware in the loop (PHIL) simulations [19] 
due to increasing availability and cheaper computational resources. 

As it is not enough for a system to be adopted by the wide public if it works only from 
a technical point of view, social and financial feasibility aspects need to be considered as 
well [20]. These can include user comfort, data privacy issues, or return of investment as 
examples. [21]  

This thesis aims to contribute to the presented research field in the following way:  
a topology for microgrid systems is proposed and analysed. The microgrid is designed 
with CO2 reductions in mind, using ESSs and renewables as the only energy source.  
To control these devices, islanded and grid-connected control strategies are researched 
and developed, focussing on the islanded operation. ML as well as PHIL real time 
simulations are used for modelling and validation purposes. This technical analysis is 
complemented with social and financial feasibility investigations. General content of this 
PhD research is summarized in Figure 1.1. 

 

 
Figure 1.1: General content of this thesis 
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1.1 Thesis objectives 
The main objective of this work is to research and develop object models with improved 
accuracy and control strategies for hybrid energy storage systems to improve security of 
supply and financial feasibility of residential microgrids.  

The secondary aim is to analyse the investment return time and end user’s privacy 
and comfort requirements with the developed control strategies to increase the users’ 
general acceptance level and provide recommendations for microgrid designers, 
microgrid and building managers, and homeowners in the development of microgrid 
systems. 

1.2 Hypotheses 
The main hypotheses of this thesis are: 

• Using PV-systems with hybrid energy (battery, flywheel) storages and home 
appliances as supporting thermal storages could be a feasible and flexible 
topology for improving the security of supply and financial feasibility of typical 
residential microgrids. 

• The novel methodology, which synthesizes space heating models by training a 
neural network with input data from civil engineering thermal building 
simulations, will create space heating object models more efficiently. This is 
achieved by reducing the active time and effort for manual modelling and 
simplifying space heating object models in electrical engineering software with 
a high level of detail by more than 50%. 

• Using space heating models created with the novel methodology based on 
neural networks will reduce the computational time for microgrid simulations 
by more than 50% compared to a co-simulation with civil engineering software 
and will reduce the mean power error by more than 3% compared to a 
linearized space heating model. 

• Using a combination of different (improved and novel) control strategies could 
increase the battery storage system cyclic lifetime by more than 5% and the 
islanded operation duration by more than 2%, and simultaneously reduce the 
energy costs by more than 5% and the necessary battery storage capacity by 
more than 3%. 

• The methodology for evaluation of social acceptance for microgrid developers, 
which considers the user comfort and privacy concerns, will improve the 
development and planning quality of residential area microgrids through higher 
satisfaction of end-users.  

• The complex methodology for microgrid development, which will consider 
security of supply, social acceptance and financially oriented control strategy 
decisions, could reduce the investment return time of the proposed system to 
less than 15 years.  
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1.3 Research tasks 
The main research tasks of this thesis are: 

• Analysis and classification of common microgrid components and control 
strategies to develop mathematical object models and design the 
corresponding simulations 

• Research, development, and improvement of mathematical object models for 
use in microgrid simulations. This includes energy storage systems (ESSs),  
a renewable energy source and loads. 

• Validation of the ESS object models for increased model accuracy and microgrid 
simulation quality to develop different control strategies  

• Research and development of control strategies for security of supply and 
financial feasibility improvements  

• Investigation and analysis of user comfort, privacy concerns, and financial 
feasibility of the proposed system and control strategies to increase the users’ 
general acceptance level and to give recommendations for the development 
and design of microgrid systems 

 

1.4 Contribution and dissemination 
This thesis presents a comprehensive view with an interdisciplinary research focus on 
microgrid systems. Contributions were made in the field of electrical engineering with 
the cooperation of civil engineering, law and social sciences, and information 
technologies. The work is aimed at microgrid designers, microgrid and building 
managers, and homeowners for guidance in the development of new and existing 
microgrid systems. 

 
Scientific novelties: 

• A methodology for synthesizing neural network-based space heating object 
models from simulated data sets of existing thermal building models in civil 
engineering software was developed, which reduced the simulation 
computational time by 85% while increasing the model accuracy by 5.7%.  

• A combination of improved and novel control strategies was developed, 
which increased the cyclic lifetime of the battery storage system by 19% and 
the islanded operation duration by more than 3%, and simultaneously 
reduced the energy costs by more than 10% and the necessary battery 
storage capacity by 4%. 

• A user comfort definition methodology was developed to specify the comfort 
requirements of end users regarding the control decisions for a hybrid energy 
(battery, flywheel, thermal) storage system in islanded and grid-connected 
operation mode. 
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Practical novelties: 
• A user comfort aspect-based decision tree for selection of the best control 

strategy to increase user satisfaction was developed to be used by microgrid 
development and design engineers. 

• A mapping of user privacy concerns between technical and legal aspects was 
developed as an applicable tool for control and data management engineers 
to develop microgrid systems with increased social acceptance.  

• A complex microgrid development methodology and a decision tree for 
microgrid design engineers considering technical, social and financial control 
strategy decisions was developed to reduce the investment return rate for 
microgrid systems. 

 
This thesis comprises results of research published in 9 international publications, 

including 7 international scientific conferences and 2 international peer-reviewed journals. 
Additionally, the topic was introduced and presented in 3 doctoral schools. Other 
researchers’ interest in the presentations and results has shown the relevance and 
importance of the topic.  

The knowledge gained in this work supports the research of ZEBE Center of Excellence 
for zero energy and resource efficient smart buildings and districts (TAR16012), PUT1680 
“Power Electronics Based Energy Management Systems for Net Zero Energy Buildings”, 
PSG409 “New generation dynamic sizing methods for heating and cooling systems in 
intermittently operated buildings”, MOBTP88 “Climate impact on the energy balance and 
cost-optimal design solutions of office buildings in Europe”, and the FinEst Centre for 
Smart Cities (VFP19031 / 856602). Knowledge from this work could additionally be applied 
in an expertise for Enefit (Eesti Energia AS), the AI4Cities project with Fusebox OÜ, and 
an expertise for GridIO. 

This dissertation is supported by 4 master theses with focus on flywheel and battery 
storage systems, which were supervised during the doctoral studies. 
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2 State of the art 
The need for balancing demand and supply within the microgrid is increasing due to 
renewable energy sources that are eco-friendlier than the previously used main energy 
sources. This creates challenges for grid planners and designers because the existing grid 
cannot be completely changed immediately to serve as a perfect infrastructure for 
renewables.  

One promising solution to gradually adjust the electricity grid to the new needs is  
so-called microgrids. These microgrids can be designed and operated in various ways and 
need to be integrated into the existing energy markets. Within these microgrids,  
the current regulations and technology regarding buildings are nearly zero energy 
buildings (nZEB). These buildings try to minimize their electrical energy needs by 
integrating renewable energy sources, demand side management (DSM) strategies and 
storage systems within the building energy management. One relevant kind of 
schedulable load for DSM applications is common household thermal energy storages 
(TES), such as freezers, water heaters and space heating, as they can store a certain 
amount of energy for limited time in the form of heat. To gain knowledge about 
microgrid systems, there is a need for simulations and tests with accurate models and 
control strategies. This can be achieved with ML, which gained popularity lately, and PHIL 
setups. These structures, devices and methodologies are presented in the following 
sections.  

2.1 Microgrids  
As mentioned, the need for electricity is increasing while the CO2 emissions must be 
reduced to fulfil the goal of the Paris Agreement [2]. To cope with these challenges, more 
and more renewable energy sources must be integrated into the existing electricity grid. 
The volatile nature of many of those renewable technologies creates a greater need for 
balancing the demand and supply than before, as recent events already show that the 
existing grid is quite fragile [22], [23], [24]. One solution to this challenge is splitting up 
the existing grid into microgrids, which can be managed independently [25].  

No unanimous agreement upon the definition of a microgrid has been reached. 
However, it is often defined as “a group of interconnected loads and distributed energy 
resources within clearly defined electrical boundaries, which act as a single controllable 
entity with respect to the grid. A microgrid can connect and disconnect from the grid to 
enable it to operate in both grid-connected and islanded-modes” [26]. This means:  

• that different small power plants, energy storages and controllable demand 
are connected and controlled as a unit. 

• that microgrids are interlinked to each other and share power, if necessary 
(grid-connected operation), but if a disturbance occurs, they can separate 
themselves (islanded operation). 

 
Thus, microgrids will play an essential role in the future design of the electric power 

and energy systems. To get a better overview on microgrids, the listed aspects have been 
analysed in the literature presented in the following subsections in more detail: 

• Topologies and design of microgrids 
• Operation modes of microgrids 
• Technical challenges in microgrids 
• Energy markets and advanced metering infrastructure (AMI) 
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A general topology for a microgrid is depicted in Figure 2.1. 

Figure 2.1: General microgrid topology 

2.1.1 Topologies and design 
Microgrids can generally be categorized into three mayor topologies: AC-, DC- or hybrid 
microgrids [27]. AC- and hybrid microgrids can be designed with one single phase or as a 
three-phase system. 

AC microgrids, as the most common topology, typically consist of distributed 
generation (DG) units (PV, wind turbines, fuel cell etc.), an AC switch, battery energy 
storage systems (BESS), and (bidirectional) converters. There is an AC connection 
between the utility grid and AC microgrid. This AC grid is connected to the DG units, 
which have (bidirectional) converters to connect to their DC buses. The loads are 
supplied via the AC grid. [28]  

A typical AC microgrid is shown in Figure 2.2. 

Figure 2.2: AC microgrid topology 
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DC Microgrids include PV generation systems, DC/DC converters, bidirectional 
converters, BESSs, DC loads, and AC loads. The PV system is connected through a DC/DC 
converter to the DC bus as well as to the DC loads, BESSs. The AC loads are supplied by 
the bidirectional converters. [28]  

The Topology for a typical DC microgrid is shown in Figure 2.3. 
 

 
Figure 2.3: DC microgrid topology 

Comparison of AC and DC microgrid topologies shows that the number of AC/DC 
converter can be reduced in a DC microgrid. The AC loads are supplied by the bidirectional 
converter, which can lead to improvements in power distribution reliability and power 
quality. [28]  

Hybrid Microgrids combine the advantages of both AC and DC architectures, as two 
networks are combined in the same distribution grid [29]. With this, it is possible to 
integrate both AC and DC based DGs, energy storage systems (ESS) and loads. [30].  
An example topology of a hybrid microgrid is shown in Figure 2.4. The hybrid inverter can 
be designed like the energy router presented in [29]. 

 

 
Figure 2.4: Hybrid microgrid topology 
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As the presented topologies already show, a microgrid contains several components 
for different purposes: 

• DG units 
• ESS 
• (Controllable) loads 

 
Electricity is produced with DG units [31], including, for example, wind-, PV-, or 

hydropower, which can be integrated depending on the environmental and geological 
circumstances. These renewable energy sources will be analysed in more detail in section 
2.2.1.  

In the design of a microgrid, the supply reliability and controllability of the selected 
power sources must be considered: PV- and wind power are volatile power sources,  
for example, while diesel generators are reliable with constant power output, if needed. 
Wind turbines [22] or hydropower plants [32] are only controllable in the direction of 
low power supply, while a diesel generator on the other hand can be controlled in both 
directions. Unfortunately, most of the reliable and fully controllable power sources are 
not renewable and should therefore be avoided in the design of new microgrids 
according to the Paris Agreement [2]. An overview of the typical microgrid power sources 
is given in Figure 2.5. 

 

 
Figure 2.5: Microgrid power sources [33]  

As shown in [31], ESS is typically a part of a microgrid. It is preferable over backup 
power plants with fuels from renewable sources, as its efficiency is higher. There are two 
operation modes for ESS: 

• Charging – if the demand for energy is smaller than the produced energy 
• Discharging – if the demand is higher than the supply  

 
More details about the possible storage systems are presented in section 2.2.2.  
The loads are evidently important in the microgrid context as well, as they have been 

subject to extensive research recently in terms of flexibility and demand side management 
(DSM) [10] [14]. These concepts work as follows:  

• DSM: If a lot of energy is available, the demand is increased. If less energy is 
available, the demand is reduced.  

• Flexibility: Demand-side flexibility is defined as the capability of consumption 
modification in response to control (penalty) signals and is recognized 
officially [34], [11]. 
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More details about controllable loads are presented in section 2.2.3. An overview of 
the advantages and disadvantages of the different microgrid topologies is given in Table 
2.1. 

 
Table 2.1: Advantages and disadvantages of different microgrid topologies [28], [27], [33]  

Microgrid Advantages Disadvantages 
AC • DG units can be integrated in 

the current utility grid  
• It is possible to apply 

conventional operational 
concepts for power flux 
control, protection devices, 
fault detection etc. 
 

• Need for synchronization of 
DG units 

• Control and operation more 
challenging in islanded mode 

DC • No need for synchronization 
of DG units 

• Absence of frequency and 
phase dependences among AC 
generators  

• Higher overall efficiency due 
to fewer interface converters 
and no circulation of reactive 
current in the network 
 

• Higher initial cost due to 
general lack of code 
recognition and efficiency 
metric recognition  

• Problems with certification 
and code compliance  

Hybrid • Better integration of DC-based 
units 

• No need for synchronization 
of generation and storage 
systems depending on the 
connection bus 

• Voltage transformation can be 
performed on AC-side 
transformers or DC-side 
 

• Protection devices for DC-
based networks need more 
research 

• Lower reliability than AC 
microgrids due to the 
interface power converter 

• Management of hybrid 
microgrids can be more 
complex due to AC- and DC- 
bus 

 
Microgrids can be designed as single-phase or three-phase systems: single-phase 

microgrids, on the one hand, operate at 230 V phase-to-ground voltage. They are 
becoming more popular as BESS and single-phase hybrid inverters are becoming 
cheaper. Single-phase microgrids are typically used for small households in a remote 
location. Three-phase microgrids, on the other hand, operate at 400 V phase-to-phase 
voltage. The advantages for these are: firstly, the ability to integrate larger renewable 
energy sources and secondly, the possibility to supply three-phase and single-phase 
consumers. However, the complexity for a three-phase control system is higher. 
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2.1.2 Operation modes 
As previously mentioned, microgrids can operate in two different modes: grid-connected 
mode and islanded mode. Some microgrids can operate in both modes constantly or 
temporarily and depending on the installed devices even switch between the modes 
seamlessly. In the following, these operation modes are explained for AC-, DC- and hybrid 
microgrids. 

In the islanded mode, an AC microgrid operates without being connected to the utility 
grid, only using its energy storage systems and DGs [28]. In the grid-connected mode, 
it is connected to the utility grid: The photovoltaic system generates electricity, which is 
fed to the public grid. Alternatively, the microgrid can be connected to the utility grid but 
instead of feeding the produced electricity into the power grid, it is stored in an energy 
storage. This is often used as a backup system in weaker supply networks or in off-grid 
mode to ensure greater security of supply. The connected systems are more common in 
industrialized countries, while the backup systems are used more in emerging or 
developing countries. [35]  

For DC microgrids, DC loads are supplied by the PVs and AC loads by the bidirectional 
converter in the islanded mode. In case of lower energy demand than generation, 
surpluses will be used to charge the storage devices. Vice versa, if the energy 
consumption of the loads is higher than the generation, the ESS will be supplying power 
to balance the shortage. If the ESS is completely discharged, the system will switch to the 
on-grid mode to charge the batteries. [28]  

An overview of the operation mode schematics is presented in Figure 2.6. 

Figure 2.6: Schematic of the grid-connected (A) and the islanded (B) operation mode  for a microgrid 

2.1.3 Technical Challenges 
There are many challenges to be faced when designing or implementing a microgrid. 
These include a lack of scalable prototype installations, a lack of unified general microgrid 
metrics, regional regulations, cyber-security concerns etc. The most relevant technical 
challenges include [36], [37]: 

• Power quality
• Control strategies
• Energy management
• Stability and reliability
• Protection
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Power quality is extremely important due to the volatile power supply of many 
renewable energy sources, transition between microgrid operation modes, high reactive 
power, and nonlinear loads. It is possible to utilize BESS, a flywheel energy storage 
system (FESS), or other filters to improve the power quality in microgrids. [36], [37]  

Control strategies can influence the power quality or minimize costs with DSM. Multiple 
control strategies for different devices with multiple objectives can be implemented. 
[36], [38]  

The energy management system (EMS) must coordinate the control strategies for 
efficient and stable operation of the microgrid. This includes managing power flows of 
DG units and ESS, often making use of load and generation forecasts. [36], [39]  

Stability and reliability concern grid synchronization, transition between operation 
modes, unpredictable frequency deviations etc. [36], [37]  

Protection is of critical importance in all electrical power systems. On the one hand, 
the microgrid should be able to isolate from the main grid during faults. On the other 
hand, this creates problems as the short circuit capacity is different in the grid-connected 
and the islanded mode. Traditional overcurrent protection devices may not react in this 
case and adaptive protection systems need to be considered. [36], [37]  

Important standards regarding these points for planning, designing, and modernizing 
microgrids are [36]: 

• IEEE 1547: Criteria and requirements for interconnection of DERs with the main 
grid 

• EN 50160: Voltage characteristics of electricity supplied by public electricity 
networks 

• IEC 61000: General conditions or rules necessary for achieving electromagnetic 
compatibility 

• IEEE C37.95: Protective relaying of utility-consumer interconnections 

2.1.4 Energy markets and advanced metering infrastructure 
Large parts of the European transmission system are connected and synchronized. There 
are five regional groups: Continental Europe, Nordic, United Kingdom, Ireland, and Baltic. 
Within these groups, the frequency is synchronized. To trade between the regional 
groups, several DC interconnections have been established. [40]  

Within these regional groups, there are one or multiple transmission system operators 
(TSO) responsible for the transmission system stability and power flow on high voltage 
level. For the medium and low voltage distribution, different distribution system 
operators ensure the power quality regionally. A list of TSOs and selected distribution 
system operators (DSO) for Estonia (EE) [41] and Germany (DE) is shown in Table 2.2. 

 
Table 2.2: TSOs and DSOs in Germany and Estonia 

Country TSOs DSOs 
DE TransnetBW  

TenneT  
Amprion  
50Hertz Transmission 

Kempten (Allgäu) regional:  
AllgäuNetz GmbH & Co. KG  
Kaufbeuren regional:  
Vereinigte Wertach Elektrizitätswerke GmbH  

EE Elering 95% of Estonia: Elektrilevi OÜ 
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Grid operators need to control the frequency and voltage stability within the grid.  
To engage power plant operators and microgrid operators into providing these ancillary 
services, a special market with incentives has been established. This market includes 
scheduling and dispatch, reactive and voltage control, operating reserves, and frequency 
control. Smaller microgrids or customers can be accumulated to a virtual power plant. 
The structure for the frequency control and voltage control reserve is shown in Figure 
2.7. The reaction time and delivery duration determine in which category a power plant 
or a microgrid can be marketed. [40]  

 

 
Figure 2.7: Basic schematic of primary, secondary and tertiary control reserve [40]  

Participation in the ancillary service market is generally possible even with small plants 
as they can be included as a virtual power plant. However, there are rules and regulations 
that need to be fulfilled. For example, in [42], small hydropower plants were investigated 
for their participation in the ancillary service market for the abovementioned DSO 
“Vereinigte Wertach Elektrizitätswerke GmbH” in Germany. Due to regional restrictions, 
the only financially and technically feasible possibility to take part in the market was the 
installation of a large programmable load. The system would be viable if the heat 
dissipation of the load is used for district heating. Otherwise §1 EnWG [43] is not met as 
heat dissipation without further utilization is not eco-friendly. This example shows that 
regional regulations can create additional challenges. 

The general electricity market is structured as follows: quick balancing corrections are 
made within the ancillary service market. There is the intraday market for hourly 
corrections within the day and a day-ahead spot market for rough corrections of 
electricity demand or supply one day in advance. Long-term contracts for electricity 
dispatch and trade are the cheapest way to buy electricity but the planning must be done 
days or weeks ahead. [40]  

Within this existing market structure, new programmes like demand response and 
flexibility programmes are established by the TSOs and DSOs to engage prosumers, nZEB 
communities and microgrid owners more in the electricity market with corresponding 
incentives to balance the increased amount of volatile renewable energy production. 
One possibility in this case is, for example, a time of use tariff where the customer pays 
the real time, hourly or 15-min based electricity market price. The installation of 
renewable energy sources is often encouraged with governmental funding or similar 
processes [40]. 

To establish a bidirectional communication between utilities and prosumers, the AMI 
was designed [44], [45], [46], [47], [48]. It includes all relevant technologies to provide 
services for customers, suppliers and DSOs/TSOs, including automated meter reading, 
billing, information provision, event management, device configuration etc.  
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Typically, the AMI is composed of smart meters (SM), hierarchically disposed 
communication networks, meter data management systems (MDMS), and head-end 
systems (HES). The HES, as the central data system, is responsible for the coordination of 
the data exchange in its complete service area. The communication network includes 
home area networks (HAN), wide area networks (WAN), and the utility network with 
MDMSs as meter data concentrators, respectively as gateways. Compared to traditional 
energy meters, SMs provide enhanced metering capabilities, data communication and 
optional auxiliary functions [49], [50], [51]. They are the coupling points of users to the 
AMI. SMs are essential data sources for analytics as they can be used to report, measure 
and monitor loading conditions, power quality metrics and power flows. 

Considering this structure, the AMI reveals several surfaces for intrusion or other 
forms of cyber-attacks, as identified in [52], which are presented in Table 2.3.  

 
Table 2.3: Surfaces for intrusion and cyber-attacks of the AMI [53]  

Surface  Description 
HAN The consumer side of the AMI. A consumer gateway acts as a 

bridge between the smart meter and the consumer’s home 
devices. 

SM The primary point of data collection for power grid energy 
consumption. Physical access to the meter is considered a 
vulnerable attack surface. 

SM data 
collector 

A hardware computing device aggregating real-time data from 
multiple smart meters and providing a data collection and 
management point for the utility; an integral part of the MDMSs 

AMI 
communication 
interfaces and 
network 

The network along with used communication interfaces linking 
the smart meter and the SMDCs. The AMI communications 
network exists alongside the power grid and can be scaled to 
serve millions of smart meters. 

AMI 
communication 
protocols and 
software 

The communication links and protocols utilized by the AMI 

HES The AMI management platform at the utility installation providing 
data warehousing for collected data and centralized management 
of the AMI 

2.2 Typical renewable generation and storage systems in residential 
microgrids 
Nearly zero energy buildings (nZEB) are an important part of microgrids. These buildings 
aim to accomplish a nearly zero energy balance. Therefore, most nZEBs utilize on-site 
energy generation and storage systems, which can be integrated into a microgrid as DG 
units. 

To accomplish the energy goal set out by the Paris Agreement [2], the European Union 
has imposed a directive that requires since the end of 2020 that all new buildings should 
comply with the nZEB standards [8]. The chosen definition for an nZEB in this directive is 
“a building that has a very high energy performance. The nearly zero or very low amount 
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of energy required should be covered to a very significant extent by energy from 
renewable sources, including energy from renewable sources produced on-site or 
nearby” [3]. 

As previously mentioned, the DG units in microgrids and nZEBs must be coordinated 
effectively to balance the control and demand. Renewable energy sources, such as PV- 
and wind power, are fluctuating and volatile, while being controllable in one direction 
only. Therefore, different renewable energy sources are reviewed in subsection 2.2.1.  

Microgrids and especially standalone nZEBs tend to have small inertia due to their 
smaller size compared to conventional large grids, increasing the importance of proper 
balancing of supply and demand. This can be further aggravated in weaker microgrids 
and nZEB that have a suboptimal power infrastructure. To effectively balance production 
and consumption, an ESS is a viable solution. The chosen storage technology should be 
able to supply or draw power quickly to react to fast changes in the grid parameters, 
especially in the islanded operation. Different storage technologies are analysed and 
presented in section 2.2.2. These ESSs can be supported by household appliances, as 
shown in section 2.2.3. 

Another term, which is often being used in the context of nZEBs, is a “prosumer”. 
Prosumers are members of the energy market which produce energy but are also 
customers who are consuming energy. Their share increased in the last years noticeably, 
and it is expected to continue to rise with around 4% per year until 2030 [54].  
The preferred DG unit of prosumers is PV-systems and some of them have their own 
energy storage system, increasing their energy independence from the grid further. 

2.2.1 Renewable energy sources 
The most common renewable generation sources installed in microgrids are PV-systems, 
wind turbines or small hydropower plants. These DG units have different requirements 
and properties. Thus, the selection of the energy production must be tailored to the 
specific microgrid. The DG units in microgrids can be classified by [36]: 

• Availability 
• Output characteristics (AC, DC) 
• Controllability 
• Connection interface 
• Power flow control 

 
PV-systems, wind turbines and hydropower plants have common drawbacks, as they 

are dependent on the geographical location; they are volatile and only uncontrollable in 
one direction. 

PV-systems are a popular installation in nZEBs, as mentioned before. PV-systems have 
the advantage of easy scalability and lower dependency on the geographical location 
compared to wind- or hydropower. For example, a solar powered boat travelled around 
the world from 2010-2012 [55]. However, there are aspects that need to be considered 
before installing a PV-system in a microgrid: 

• Due to easy scalability, PV-systems can usually be installed in residential 
areas without disturbance of other residents. 

• PV-systems are preferably installed in places that have a large amount of 
clear and sunny days per year, have a high direct normal radiation, are on 
high altitudes (natural cooling) and have low amounts of shading and dirt 
collection. [56]  
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• PV-installations have a lifetime of more than 20 years. Long-term 
measurements have shown a degradation of 0.11% per year in high altitudes 
(3450 m a.s.l.) or 0.57% per year on 1270 m a.s.l. However, it must be noted 
that these old installations are thicker and more durable than newer panels 
that are available today. [56]  

• Dirt on and faults with PV-panels need to be detected and removed to avoid 
further damage. Thermal imaging can be used for this purpose. [56]  

• PV-panels provide a DC voltage that needs to be converted to AC for most 
installations. 

 
There are basically four different types of wind turbines available: lift- or drag-type 

turbines. Each of those types can be designed as a vertical or horizontal axis turbine. 
These types have different efficiencies and applications and can be realized with different 
numbers of blades. The size of the blades and hub influences the efficiency as well.  
The type of those turbines generally depicted would be a 3-blade horizontal axis lift-type 
wind turbine. [57]  

However, it can be noticed that the spread of wind power systems is weak in many 
countries. The problem in many regions is low acceptance due to a “ruined landscape”. 
That might be true if large wind parks are considered, but carefully planned wind turbines 
do not harm the landscape. The key to success is the communication with the residents 
to find a solution that is suitable for everyone. [58]  

In general, the following aspects are relevant for the implementation of wind turbines: 
• The location needs to be chosen carefully, as the wind profile is to be 

observed to achieve good efficiency. In complex terrain, this assessment can 
be complicated. Maintainability should be considered as well if placed at 
hardly accessible places. [59]  

• The residents in the region need to be included in the planning process for a 
higher chance of acceptance. [58]  

• Regional laws and restrictions need to be considered, including flora, fauna, 
optical disturbances, and noise pollution. [58]  

 
There are different types of hydropower plants: large (>10 MW), small and hidden 

hydropower plants. Additionally, hydropower can be distinguished into run-of-river 
plants and plants with a storage reservoir. Traditionally, hydropower plants are extremely 
dependent on the location, as they can only be placed near a river. Another technology 
is placing turbines in wastewater systems. The successful placement depends on the 
wastewater quality. [32]  

Generally, the following aspects need to be considered regarding implementation of 
hydropower plants for microgrids: 

• A suitable river or wastewater system is required. [32]  
• Placing a hydropower station can interfere with the flora and fauna 

considerably if a reservoir is created. [32]  
• Depending on the size, different turbine types, such as Francis, Kaplan or 

Pelton turbines are most efficient. [32], [42]  
• Region regulations might be established regarding the interference with flora 

and fauna through water waves or similar matters. This can limit the control 
possibilities. [42]  
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• To increase the eco-friendliness, fish or beaver passes may be necessary at 
additional costs. [32], [42]  

 
Table 2.4 summarizes the comparison of the presented renewable energy sources 

based on the mentioned classification criteria. The feasibility in urban areas is the biggest 
advantage of the PV-systems, making them the commonly used technology for nZEBs.  
As this advantage is highly likely to prevail in future, PV-systems will be used as the object 
of investigation in this work. However, the knowledge gained about the control strategies 
will be transferable to microgrids with other renewable sources. 

 
Table 2.4: Comparison of renewable energy source characteristics [36], [60] 

Characteristics PV-System Wind Hydro 

Availability Dependent on geographical location 

Output DC AC AC 

Controllability Only output power reduction 

Typical 
interface 

Power electronics 
converter  

(DC-DC-AC) 

Power electronics 
converter  

(AC-DC-AC) 

Synchronous or 
induction generator 

Power flow 
control 

MPPT, DC link 
voltage control 

MPPT, pitch and link 
voltage control Controllable 

Feasibility in 
urban areas High Very low Low 

 

2.2.2 Storage systems 
ESS can collect energy, store the energy, and release the energy again. These three 
processes are called charging, storing, and discharging [61]. Each of these processes has 
a certain efficiency η due to heating or friction losses. The output energy is always smaller 
than or equal to the input energy (2.1): 

 
𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝑖𝑖𝑖𝑖 ∗ 𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸,𝑠𝑠𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 ∗ 𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑𝑖𝑖𝑠𝑠𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (2.1) 

where: Eout: Output energy [Wh]; Ein: Input energy [Wh]; ηx: Efficiency of device x [%].  
 
These efficiencies in combination with other properties, like calendric lifetime, cyclic 

lifetime, capacity, or reaction time, are important characteristics to consider for the 
choice of an ESS for a certain application. The main function of ESS in the microgrids is 
balancing of energy demand and supply [62]. In islanded mode, in particular, the 
generated power from DG units needs to be matched to load demands immediately to 
ensure stable operation. The ESS capacity must therefore be sufficient to mitigate the 
volatile renewable generation unbalances on request. Furthermore, the transition 
between islanded and grid-connected mode should be run seamlessly by the ESS. [63]  

An overview of the classification of different ESSs is given in Figure 2.8, and a comparison 
of different storage systems is shown in Table 2.5.  
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Figure 2.8: Overview of energy storage systems [33]  

 
Table 2.5: Comparison of energy storage technologies [64]  
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As seen in the table, lithium-ion based BESSs have the highest efficiency while showing 

very low self-discharge rates. Additionally, their costs are lower than for most other 
technologies. Due to these advantages, BESSs are the best generally feasible technology 
for nZEBs as a medium-term storage system and will be discussed in more detail in the 
next chapter. FESSs, on the other hand, have lower efficiency and higher self-discharge 
rate. But they achieve very high numbers of charging and discharging cycles. The costs 
for a FESS are much lower compared to supercapacitors with similar strengths. Based on 
that, FESSs are the most feasible technology for short-term energy adjustments in nZEBs. 
Therefore, they are investigated in more detail in the following sections as well.  
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2.2.2.1 Battery energy storage system 
BESSs are electrochemical storage systems where the energy is stored as chemical 
energy. Common battery types are lead acid, nickel, or lithium based. The most widely 
used battery in smartphones, electric cars, and buildings is the lithium-ion battery [65], 
[66].  

The self-discharge rate during the storing state depends on several parameters, like 
the electrolyte material, temperature, or the state of charge (SOC). The behaviour of 
aging for BESSs can be defined by aging over time and aging per cycle. The aging over 
time, or so-called “calendric lifetime”, is influenced by temperature and SOC. The cyclic 
lifetime is influenced by the charging and discharging rate, temperature, SOC and 
discharge depth [61]. A lower number of charging cycles will reduce these aging effects 
and increase the durability of the BESS. In this regard, battery diagnostics are necessary 
to observe and maintain reliability, prevent catastrophic failures, and predict the end of 
battery lifetime. So far there is no quick method to test everything with certainty as a 
battery can be compared to a living organism. To estimate the state of health (SOH) of a 
battery, test methods presented in [67] could be used.  

For example, the state of life indicator (SOLI) estimates the battery life by counting 
the total coulombs a battery can deliver in its life. A new battery starts at 100%; delivered 
coulombs decrease the number until the allotment is spent and a battery replacement is 
imminent. The full scale is set by calculating the coulomb count of 1 cycle based on the 
manufacturer’s specifications (V, Ah) and then by multiplying the number with the given 
cycle count. 

According to [68], battery lifetime can be prolonged by: 
1. Reducing stress with moderate two- to three-hour-charge rather than an 

ultra-fast charge within less than one hour 
2. Prevent harsh and erratic discharges 
3. Rather charge a battery more often than draining a battery fully 
4. Prevent unfavourable temperature conditions: extreme cold and high heat 
5. Checking small- to mid-sized batteries with a full charge/discharge cycle on a 

battery analyser  
6. Maximizing battery life by slight overdimensioning to cover unknowns and 

emergencies 

2.2.2.2 Flywheel energy storage system 
A FESS converts electrical energy into rotational energy and vice versa. For the conversion, 
an electrical drive is used that is connected to a rotational mass. The energy is stored in 
the rotating mass. Charging is the acceleration of the rotational mass, rotation at a 
certain velocity means storing the energy, and decelerating the rotational mass is the 
discharging process.  

A basic schematic of a FESS is depicted in Figure 2.9:  
• The electrical drive is connected to an inverter. It can either be a three-phase 

asynchronous or synchronous induction motor, or a DC motor.  
• Additionally, FESSs can have a fan to cool the electric drive.  
• The inverter increases, holds, or decreases the rotational speed of the drive. 
• The shaft connects the rotational mass and the drive. It must withstand high 

torques from the drive and rotational mass inertia.  
• The mass is fixed with bearings to the chamber to reduce vibrations.  
• The chamber itself is completely closed for modern FESS for safety reasons. 
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Figure 2.9: Schematic of a FESS [64], [69]  

FESSs are scalable for applications from small consumer systems [69] to large grid 
applications [70]. They are most useful for applications with high power demand for short 
durations occurring in a cyclic nature. Therefore, FESS can be used for power quality 
applications [71] as an uninterruptable power supply [71], or for power smoothing [72]. 
Capacity and maximum power delivery can be scaled by arranging multiple FESS in banks 
[71], [73]. The advantages of FESSs compared to other storage systems are [74], [75], [76]: 

• High power density 
• High energy density (high-speed flywheels) 
• No capacity degradation over time 
• Long lifetime: more than 105 charge cycles 
• Short recharge time 
• Simple SOC estimation 
• Low maintenance cost 
• Manufactured without rare materials 
• Scalable technology 

 
Disadvantages are [74], [75], [76]: 

• Low energy capacity 
• Low energy density (low-speed flywheels) 
• High self-discharge 
• High investment cost 

 
The potential of FESS is limited to short-term energy storage applications due to its 

high self-discharge rate of 3% to 20% per hour [61]. The reason for the self-discharge of 
FESSs is mainly friction: mechanical friction at the bearings and air friction on the 
rotational mass. Measures that can be taken are: 

1. Using magnetic bearings instead of ball bearings reduces the mechanical 
friction.  

2. Applying a vacuum in the chamber reduces the air friction. 
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Both of these measures improve the self-discharge of FESS significantly. Based on the 
basic equations describing a FESS, (2.2) and (2.3), the stored rotational energy, 
respectively the energy density, can be increased by:  

• Increasing the rotational speed
• Design changes at the rotational mass to increase the inertia

𝐸𝐸𝑎𝑎𝑜𝑜𝑜𝑜 =
1
2
∗ 𝐽𝐽 ∗ 𝜔𝜔² (2.2) 

𝐽𝐽 = �𝑚𝑚𝑖𝑖 ∗ 𝑟𝑟𝑖𝑖2

𝑖𝑖

 (2.3) 

where: Erot: Rotational energy [J]; J: Inertia [kg m²]; ω: Rotational speed [rad/s]; 
m: Mass [kg]; r: Radius [m].  

FESS rotational masses can be manufactured from different materials, like steel, titan, 
or fiber-reinforced plastics. The latter is a relatively new technology for FESS, which 
increases the potential energy storage compared to steel. Another benefit of reinforced 
plastics is their behaviour if the rotational mass breaks due to a malfunction: masses out 
of steel build a dangerous bullet, while the reinforced plastics shatter into lighter, less 
dangerous pieces [61].  

ABB, Amber Kinetics or Beacon POWER produce FESSs. Several grid scale FESSs 
operate in Asia and the USA. Recently, Siemens Energy announced to install the world’s 
largest FESS for grid stabilization in Ireland [77]. 

2.2.3 Home appliances and buildings as TES 
As mentioned before, one possibility to balance the volatile renewable energy 
production is to adjust the load side. This process is called DSM or demand response;  
the total amount or potential for changing the load at a given time is investigated in 
flexibility analyses.  

Grid utilities usually provide lucrative offers for customers to engage in such flexibility 
or demand response programmes. Within this framework, different devices and loads in 
a typical dwelling can be scheduled [78]. However, this scheduling needs to be done 
carefully not to reduce the user comfort [79]. Scheduling a washing machine or a 
dishwasher needs actively participating users to prepare the device and have a flexible 
policy for finishing the job, e.g., folding laundry whenever the device is ready.  

Another group of schedulable devices available in most households that influences 
the users’ habits much less are freezers, water heaters or space heating systems. These 
devices cannot just be scheduled but are used as TESs as well. This provides additional 
energy storage without additional investments into systems like supercapacitors [80] or 
batteries [81]. The mentioned TESs are even more relevant, considering that such 
appliances can compose 50% of the electrical energy consumption in buildings [82], 
as shown in Figure 2.10. A relatively long lifetime of 10-20 years [83] of such devices is 
convenient for users as well. 
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Figure 2.10: Share of household loads; purple: TESs; grey: other [82]  

2.2.3.1 Freezers and water heaters  
In many publications, freezers and water heaters are studied regarding to scheduling 
algorithms like in [84], or the performance and feasibility of implementing control as in 
[85]. Other publications consider a model predictive scheduling method for freezers or 
water heaters based on the day-ahead or real-time market prices, which leads to cost 
reductions [86], [87]. Even though the TESs do not influence the user comfort level as 
much as some other devices, it should still be considered in the control algorithm design. 
Different boundaries due to user comfort considerations can influence the performance 
of such algorithms, as shown in [79].  

The studies in [10] and [88] addressing the performance and feasibility aspects of DSM 
algorithms for freezers and water heaters consider the user comfort as well. In their 
analysis of a grid-connected system, the focus is on price-based control methods. This 
increases the cost savings of the system, which is important as many microgrids operate 
most of the time with a grid connection. Few papers consider the possibility to increase 
the power quality in the off-grid mode with TESs or other scheduled loads [89]. Grid 
backup or diesel generators are often used in such investigations [90], which is not 
desirable due to CO2 emissions, as mentioned earlier. In [91], a simple scheduling 
algorithm is presented for a water heater and battery storage reductions of about  
15-25% for a PV-powered off-grid building including BESS. A power quality control 
strategy for water heaters investigated in [92] implemented peak load shaving for a  
grid-connected system.  

In summary, freezers and water heaters can be scheduled in a DSM-manner to achieve 
electricity cost reductions of about 5-30% [86], [10]. Additionally, some publications 
show power quality and reliability improvements with such devices. In an islanded 
microgrid scheduling, these loads with a sophisticated algorithm can be used to reduce 
the battery capacity, ensuring stable operation while providing potential cost reductions 
for an expensive BESS [93]. 
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2.2.3.2 Space heating of buildings 
To develop thermal freezer and water heater models for DSM simulations, knowledge in 
electrical engineering and thermal engineering is necessary. Modelling a building 
thermally for electrical microgrid simulations is an even more interdisciplinary approach, 
where expert knowledge in civil engineering is mandatory to create a detailed model as 
well. As a result, there are typically three different kinds of models:  

1. Complex control strategies with simplified thermal models from the electrical 
engineering domain  

2. Complex thermal models with simple control strategies from the civil 
engineering domain 

3. Co-simulations between different modelling software as a cooperation of 
both domains 

 
Complex Control Strategies: Several authors present simplified thermal models for 

heating demand estimation, like [94], where a minimalistic model of space heating is 
used. Space heating is modelled as a certain percentage of the overall energy 
consumption, and on that basis, a price-based control strategy is proposed. In [95],  
a multi-agent system is used for DSM control strategies. The model for space heating is 
a simple aggregated model in that case. A DSM approach for assessing the flexibility of 
heat pumps is shown in [96], using simple thermal models for the houses and heat 
pumps.  

Complex Thermal Models: Publications that show accurate thermal models typically 
do not consider DSM-related electrical control strategies, or only in a limited way.  
As an example, in [97], a linear time-series model based on historical measurement data 
is presented. The model shows good results while being computationally light. However, 
there are no considerations about DSM control methods. Similarly, a detailed thermal 
model of a building is shown in [98], but DSM strategies are not considered for the 
control. Other publications, such as [99], [100], present very accurate models of heat 
pumps or buildings, but the proposed control strategies are quite simple. In this case,  
the full flexibility potential cannot be achieved and the simple pre-charging for peak 
shaving does not show the anticipated results.  

Based on discussions with civil engineers, the development and modelling of space 
heating objects will take more than 100 hours, depending on the level of detail and 
modelling software. In this regard, Matlab and other electrical engineering software is 
not recommended for fast development of detailed thermal building models and will 
increase the effort and time for development. 

Co-Simulations: If complex DSM control strategies are to be connected with complex 
thermal models, co-simulations can be a powerful tool. Since civil engineering software 
often does not provide a good framework for complex DSM control strategies and 
electrical engineering software has limited tools for thermal models, implementations of 
both aspects in one software can be very time-consuming in both cases. Co-simulations 
bring both simulators together [101] and use the complexity and detail of each 
simulation. To implement a co-simulation, the functional mock-up interface (FMI) or 
functional mock-up units (FMU) can be used. These are supported by multiple simulators, 
including Matlab or Python [102]. Another possibility is presented in [103], where the 
control is modelled in Modelica, while the building is simulated in EnergyPlus. The SimAPI 
software platform can be used to connect the building model and control, as shown in 
[104]. A comprehensive overview of co-simulation with fundamental disadvantages,  
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like slow speed and limited compatibility, is shown in [105]. The following drawbacks 
apply, for example, to the above-mentioned publications about co-simulations:  

• Additional overhead for coordinating and synchronizing 
• Initialization of some simulators for each macro time step 
• Limited communication and data exchange between simulators 
• Complicated implementation in real-time simulations 

Thus, existing articles in literature typically cover complex control strategies for DSM 
with space heating but are lacking complex thermal models by relying on simplified 
temperature difference based or aggregated models. Vice versa, publications with 
complex space heating models provide detailed models in the thermal domain, but the 
control strategies are limited by using fixed set point (FSP) control or other simple 
methods, given that a DSM related control is considered at all. Co-simulations as an 
alternative have other limitations, including connection, communication, and 
compatibility issues with an additional communications overhead that can slow down 
those simulations. This indicates a need for a new methodology with complex thermal 
models in combination with DSM related control strategies. 

2.2.3.3 User comfort 
As mentioned, TESs have a lower influence on the user comfort than some other scheduled 
household appliances. However, especially for space heating, special attention is to be 
given to the temperature related user comfort definition and implementation. 
Comfortable temperature settings are different for every person. In some publications, 
the researchers use certain preferred or fixed temperature ranges and limits that are 
typically based on standards, as shown in [106] or [107]. But these limits do not take into 
account the temperature fluctuations within the limits, which can already disrupt the 
comfort for some people. Additionally, there are no specific definitions for the user 
comfort in the temporary islanded operation of a microgrid. Thus, both of these aspects 
should be considered in this work. 

2.3 Machine learning applications in microgrids 
In recent years, artificial intelligence has gained increased attention in all fields of 
research. In particular, machine learning methods have many use-cases in the field of 
electrical engineering. One reason for this is the increasing number of smart meters and 
the related availability of recorded data. There are several applications for machine 
learning, as shown in [17]. The most relevant applications for machine learning regarding 
microgrids are: 

• Forecast of residential loads [108] in connection with flexibility considerations 
[109] or load modelling [110]  

• Forecast of renewable energy sources, like PV- [111] or wind power [13]  
• Blackbox modelling of complex objects like [97]  
• Control purposes, like general energy management [112], power flow control 

[113], or bidding strategies [114]  
• Disaggregation of SM data to improve recommendations and control of home 

energy management systems or ambient assisted living [115]  
 
These applications are discussed in more detail in the following sections. 
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2.3.1 Forecasting and prediction with machine learning 
For forecasting loads and renewable energy production, different methods have been 
researched and developed based on time series analysis methods and more recently on 
machine learning algorithms. Compared to complex machine learning algorithms, ARIMA 
or linear regression models [116], [117], [118] are quicker to implement and calculate, 
thus providing advantages with simple problems.  

More complex problems may be solved with a machine learning based regression 
model, as shown in [109] more efficiently. Additionally, such a method can be used online 
and in real time. Long short-term memory networks are very well suited for specific 
forecasts [119], [120], [118] where short- and long-term components are relevant.  

A very popular machine learning technique intended not just for predictions of load 
and renewable production patterns, but also in terms of general approach, is neural 
networks [121], [118]. This technique can be used for long- and short-term load 
predictions as well. Figure 2.11 shows an example of the forecast of the hourly energy 
consumption for Estonia, using linear and NN-based predictions. 

 

 
Figure 2.11: Load forecast for the Estonian grid [118]  

In this regard, black-box object modelling is a more specific approach of forecasting. 
In general forecasting tasks, environmental influences, like temperature or weather, are 
used to estimate a general output, e.g., irradiation or energy consumption, with ML. 
Additionally, the model is intended for calculations of each time step of a simulation,  
for example, instead of forecasting the whole load profile at once.  

Object modelling does not use just environmental parameters, but also, for example, 
object internal values or correlations as input data for the ML. This can increase the 
complexity of the input data set. The output of the ML algorithm is a very specific object 
variable, like voltage, current or a temperature change, that can be used for calculations 
in the next time step of a simulation, e.g., as part of an input for the same ML model.  
The training and use of such an ML-based object model is depicted in Figure 2.12.  
The model can only be used within the trained limits and has a lower accuracy than the 
original model or system used for creating the ML input data. 
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Specifically, to exemplify modelling a space heating system, an approach similar to the 
one presented in [97] could be used. The authors use a time series algorithm to create a 
black-box model with measurement data. Instead of using measurement data, it is also 
possible to create data sets from simulations with accurate models, like [98]. In this case, 
even more measurement variables are available that can be used for the model training. 
This results in more complex data sets that can be learnt more accurately by the ML 
instead of time series methods. The trained algorithm then acts as a black-box model in 
microgrid simulations with electrical engineering software. Additionally, machine 
learning based black-box models of microgrid devices, like space heating, can be integrated 
more easily into real time simulations of microgrids [18] than co-simulations due to the 
limitation to one simulation environment, as analysed in more detail in Chapter 3. 

Figure 2.12: Training and use of ML-based object model 

2.3.2 Control and coordination with machine learning 
Coordination in a microgrid does not only include the specific control task for one object, 
but multiple control objectives for multiple devices [122]. NNs on the one hand, as well 
as other supervised and unsupervised machine learning methods, cannot be used directly 
for control purposes. They can only be included for specific tasks in other control and 
coordination methods. Reinforcement learning, on the other hand, is a specific machine 
learning technique for control that can be directly used [123]. A basic reinforcement 
learning based control system works as shown in Figure 2.13. The reinforcement learning 
process works as follows: 

• The reinforcement learning agent interacts with the environment by taking
actions.

• The agent follows a certain policy to take actions.
• The agent observes the environment and gains rewards that are used for

learning.
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Figure 2.13: Typical reinforcement learning based control 
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Extending the control capabilities of reinforcement learning to implement machine 
learning (ML)-based coordination tasks in microgrids results in three main methods, as 
depicted in Figure 2.14. 

 
Figure 2.14: Machine learning based coordination methods  

Multi-agent reinforcement learning strategies are presented in [124], [125] and [126]. 
For such coordination approaches, a multi-agent structure is used with reinforcement 
agents for devices and management.  

Deep reinforcement learning is presented in [127], [128] and [129]. This kind of control 
is using deep artificial neural networks with multiple layers instead of more simple ones 
inside the reinforcement learning agent to achieve more complex coordination tasks. 

Another coordination method is model predictive control including ML-based 
prediction. Model predictive control itself is not related to machine learning but it is a 
common control strategy [130]. However, there is a special kind of model predictive 
control that uses machine learning predictions to determine control decisions. For 
example, in [131], a recurrent neural network is used for day-ahead predictions that 
influence the control decisions directly.  

Regarding all these ML-based coordination methods, it can be summarized that  
they are an emerging topic as there are certain limitations to be studied in detail to  
have a robust and efficient coordination architecture. Advantages of these methods  
are a decreased need for information about underlying structures, which can be an 
important reason for deciding the coordination method, considering privacy concerns  
of users. Thus, this work will focus mainly on the implementation of more robust  
control strategies and consider ML-based control strategies as a promising option for 
future developments. 

2.3.3 Disaggregation with machine learning 
To gain additional information for different applications in microgrids, disaggregation of 
load profiles can be used. This process is called non-intrusive load monitoring (NILM). 
Applications of NILM include home energy management systems, ambient assisted 
living, recommender systems and fault diagnostics [132]. The goals of these applications 
are different, like power on/off detection, power estimations [133] or predictions for 
more efficient home energy management [134]. The basic process of NILM is shown in 
Table 2.6. 

The NILM process is quite independent of the used ML methods, like neural networks 
(NN) or support vector machines. The amount, resolution and details of the collected 
data, the amount of auxiliary data measurements, and the disaggregation purpose differ 
between presented methods in the literature. Some publications use different public 
data sets [135] for their NILM training and tests whereas other publications rely on their 
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own measurement data, which can complicate performance comparisons. Considering 
the size of the public data sets, the amount of processed data is large for most of the 
NILM methods, which can raise privacy concerns of users about the collected data and 
their use. 

Sometimes additional data measurements are used in publications to improve the 
NILM results. These additional measurements can be voluntary user feedback [136], 
classifying the user activities [137], or the use of cameras, motion sensors and 
smartphone apps for tracking [138]. Other additional proposed features for a better user 
experience are smartphone applications [139], cloud-based monitoring features [115], 
or novelty detection for new appliances [140]. However, none of those papers consider 
privacy or cyber-security in any way. 

 
Table 2.6: NILM process stages [132], [53]  

Stage Description 
Metering Data is collected from smart meters and sometimes 

additional measurement equipment, typically with a low 
frequency (including current, voltage and power data). 

Event detection Events are detected within the data sets (e.g., an appliance 
changed its state ). 

Feature extraction Every appliance has a certain load signature and features, by 
which it can be distinguished from others. 

Classification Loads are identified by a classification procedure to 
determine the times or periods a device was operating. 

Analysis of 
classification 

For each specific application, the classification can be 
analysed to draw conclusions. 

2.4 Power hardware in the loop and real time simulations 
There are different methodologies to test models and hardware components, like model 
validation tests etc. The following three types should be distinguished [19]:  

1. Software in the loop tests: These are solely run on a virtual device under test 
(DUT).  

2. Classical hardware in the loop tests: A hardware DUT is used and the 
communication between the simulation environment and the DUT is 
performed in real time. No high power is running through the DUT, and 
signals are not measured under real time conditions. 

3. Power hardware in the loop (PHIL) tests: A real time test bench is used, where 
the DUT is analysed under real conditions. During the test, high power is 
running through the DUT and real physical signals are measured.  

 
In this context, the terms “real time simulation” and “real time simulator” are commonly 

used. A real time simulator, by definition, is capable of executing a computer simulation 
or model at the same rate as an actual physical system. For example, if a kettle needs 1 
minute to heat the water reservoir, it needs 1 minute in the simulation. This gives the 
advantage that physical devices can interact with simulated models and vice versa. 
However, complex systems, including devices with high sample rates, can quickly reach 
the computational limits regarding the real time requirement. [141], [18]  
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An example of a PHIL setup is depicted in Figure 2.15. In this example, the load profile 
and BESS are simulated by the real-time capable PLC. Thus, they are not part of the DUT. 
The FESS control algorithm runs on the PLC as well and interacts with the simulated 
models in real-time. The PLC is controlling the inverter, which is connected to the 
induction motor of the flywheel energy storage and to the grid.  

 

 
Figure 2.15: PHIL example schematic [64] 

There are four main benefits of implementing PHIL technologies [142]: 
• Faster and cheaper development due to digital twins 
• High fidelity simulation results 
• Easy to add or modify simulated devices 
• Ability to simulate scenarios that are hard-to-achieve in the real world 

 
The main drawbacks are: 

• The inaccuracy of the simulation due to time delays of calculations and signal 
transmission  

• The potential instability of the simulation 
 
The advantages of PHIL setups outweigh their disadvantages, making PHIL systems 

increasingly popular and better available [143]. Due to differences of DUTs and test 
scenarios, the PHIL hardware setup is to be chosen carefully to develop a stable setup. 
The DUT can be any device, like a resistive load, a PV-inverter, an energy storage system 
(ESS), or even a complete microgrid system [143], [144]. Examples of PHIL setups are: 

1. FREA PHIL Setup in Japan [145]: The PHIL components are a diesel generator, 
PV-system, BESS, load, and measurement devices. The microgrid controller 
is simulated. 

2. AIT PHIL-Setup in Austria [146]: The PHIL components are a programmable 
load, power amplifier and BESS. A digital twin of the BESS is simulated. 
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3. Test bench for PHIL simulation of a PowerCorner device [147]: The PHIL 
components are a power amplifier, A/D and D/A converters, sensors and 
inverters. PV-system and an energy storage device are simulated. 

As microgrid systems can quickly become very complex with multiple different 
components that have different control needs, the setup of a completely physical 
testbench for a microgrid may prove a time-consuming and expensive project. A lot of 
development time and costs for the communication between different controllers of 
microgrid components can be reduced with a PHIL-setup and expanding such a system 
with more components is easier as well. Thus, a PHIL-setup for the validation of some 
models and control strategies of this work will be developed.  

2.5 Conclusions 
From this comprehensive review of the state of the art, regarding multiple structures, 
devices and methodologies, the following conclusions can be drawn: 

• As DC microgrid systems are not yet standardized, e.g., regarding voltage 
levels, there could be future-related uncertainties using a DC or hybrid 
microgrid modelling. Thus, an AC microgrid topology is of higher interest for 
this investigation.  

• Grid-connected operation with participation in energy markets should be 
considered in the investigation, as the AC microgrid will be operating most of 
the time with a main grid connection. However, due to the high future 
penetration of renewables, islanded operation should be the focus for the 
control strategies in this work to improve security of supply.  

• Since the current standard for new buildings and renovations is nZEBs, a 
typical configuration of such a building should be modelled for the microgrid.  

• This includes PV-system for power supply, as it is the most common and most 
feasible renewable energy source for such applications and storage systems 
to implement a suitable EMS.  

• For the storage system, a BESS is the optimal choice considering capacity, 
power rating and feasibility.  

• The drawback of BESSs is their lifetime, so a FESS should be added for peak 
shaving and load levelling to reduce stress on the BESS and increase the cyclic 
lifetime.  

• Common household TESs should support the other ESS. 
• TESs’ impact on the user comfort is to be investigated for the control 

strategies in different operation modes.  
• PHIL real time simulations are used for faster development and validations. 
• Machine learning methods can be used for model development. 
• Additionally, due to the ML approach, it is relevant to investigate privacy 

concerns of potential users towards the proposed systems.  
 
On this background, the microgrid topology shown in Figure 2.16 is proposed for the 

investigation. The PV-system, load, BESS, FESS and TESs need to be modelled first, as 
presented in the next chapter, in order to validate them and develop control strategies 
for achieving the aim of security of supply and financial feasibility improvements as a 
basis for recommendations. 
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Figure 2.16: Topology of the proposed microgrid system for investigation 
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3 Research and development of object models for microgrid 
components 
To simulate a microgrid, it is necessary to have object models of all the relevant 
components and apply control strategies to those models. In this chapter, the relevant 
object models and used profiles are presented. These include the patterns for PV-systems, 
thermal and electrical load patterns, FESS, BESS, and common household TESs. The applied 
control strategies are addressed in Chapter 5. 

The FESS and BESS models have several simplifications to ensure a fast calculation 
speed at reasonable accuracy, as shown in Chapter 4. The TESs, freezer, water heater 
and space heating are modelled based on linearized equations. A space heating model 
has a much higher complexity than a freezer or water heater model. This leads to more 
than 100 hours of manual model development and simplifications if a detailed model is 
developed in electrical engineering software. Therefore, methodology for a space heating 
model based on neural networks was created. The error and accuracy analysis to 
determine the model quality is shown for these models in Chapter 4 as well.  

Several profiles were integrated into microgrid simulations to be able to test the 
implemented scenarios. These profiles can act as object models or as inputs for object 
models. The following profiles were included: 

• PV-system measurements 
• Electrical load patterns 
• Various consumption resp. thermal load patterns 
• Occupancy patterns 

These profiles are partly measured data and partly artificially generated data.  
The following subsections describe the different profiles in detail. 

3.1 PV-system profile 
Two PV-system measurement profiles with different resolutions and for different locations 
were used as PV-system models. One profile was measured in Estonia and the other in 
Southern Germany.  

The Laastu Talu OÜ PV-system is a larger installation with 668 PV-panels and an output 
peak power of 177 kWp. It is located in northern Estonia, south of Tallinn. The available 
dataset was measured from 17th to 24th September 2019 with a resolution of 1 min [33], 
[148]. An example day of this profile is shown in Figure 3.1.  

 

 
Figure 3.1: Example day from the measured PV-system profile in Estonia 
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The second PV-profile used was measured in southern Germany by Allgäunetz GmbH 
& Co. KG. It contains data from 17th to 22nd July 2019 with a resolution of 1 s [64]. As an 
example, data from 19th July is shown in Figure 3.2. 

 

 
Figure 3.2: Example day from the measured PV-system profile in southern Germany 

For different applications and tests, the PV-profiles need to be scaled in size 
accordingly. This scaling factor [149], [33] can be calculated as shown in (3.1): 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑟𝑟 =

𝑃𝑃𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑌𝑌𝑌𝑌
𝐺𝐺𝐺𝐺𝑆𝑆𝑇𝑇𝑌𝑌𝑇𝑇
𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃

 

(3.1) 

where: 𝑃𝑃𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑌𝑌𝑌𝑌: Yearly power consumption [kWh/a]; 𝐺𝐺𝐺𝐺𝑆𝑆𝑇𝑇𝑌𝑌𝑇𝑇: Typical regional solar 
generation [kWh/kWp]; 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 : Unscaled peak power of PV-installation [kWp]. 

 
For example, 𝐺𝐺𝐺𝐺𝑆𝑆𝑇𝑇𝑌𝑌𝑇𝑇 can be obtained from PVGIS [150]. The typical regional solar 

generation values for the locations of the PV-systems are: 
• Estonia: 864 kWh/kWp 
• Southern Germany: 1000 kWh/kWp 

3.2 Thermal and electrical load profiles 
There are multiple thermal and electrical load profiles that have been used for different 
investigations in this work. This was necessary because the modelled laboratory 
equipment used for verification is dimensioned for different system sizes. Therefore, 
accordingly sized load profiles should be used for validation tests and simulations. Within 
reasonable limits, it is possible to transfer the results to larger or smaller sized systems 
[149].  

An overview of the used load profiles with relevant parameters and related 
applications within this work is presented in Table 3.1.  
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Table 3.1: Overview of load profiles with relevant parameters [148], [151], [152], [153], [154]  

Description Type Sizing ∆t Time Values Application 
NRG-Building M Larger 

building 
1 
sec 

20 h El FESS model 
and control 
validation 

Measured 3-room 
apartment 

M Household / 
Apartment 

5 
min 

1 
week 

El, W, 
F 

TES control, 
Water heater 
validation 

Generated single 
family house 

G Detached 
single family 
house 

1 
min 

1 
year 

El FESS + BESS 
control 

8 generated 
households with 
different 
occupancies 

G Household / 
Apartment 

5 
min 

1 
week 

El, W, 
F 

TES control  

M: Measured; G: Generated; El: Electricity Consumption; W: Water Consumption; F: Food Consumption. 
 
The NRG-Building profile was measured on the Tallinn University of Technology 

campus. The measurement was done for the NRG-Building starting from April 3rd, 2019, 
10:00, until April 4th, 2019, 6:00. The measurement resolution was 1 s during that 
timeframe. This load profile shows the power fluctuations of a university building  
(c.f. Figure 3.3). Thus, it is suitable for the flywheel model and control validation where 
such power fluctuations should be balanced.  

 

 
Figure 3.3: Example segment of the measured NRG-Building load profile 

The measured apartment profile [151] represents a typical dwelling, as mentioned in 
section 3.4. It is a 67.4 m², 3-room apartment in the Kristiine district in Tallinn, Estonia. 
The measurements for different appliances, hot water and food consumption, space 
heating, and total electrical energy consumption were conducted from 22nd February 
2010 until 28th February 2010. It was occupied by 2 adults and 2 children during the 
measurements. The time resolution for all measurements was 5 minutes. This profile was 
used in the work for the research of TES control algorithms and in the verification on the 
water heater model. The total electricity load, and food and hot water consumption 
profiles as thermal loads are shown in Figure 3.4. 
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Figure 3.4: Measured total energy, food and hot water consumption 

The generated single family house profile [148] and the eight generated household 
profiles [152], [153] with different occupancies were created using LoadProfileGenerator 
[155]. This is a software developed for a doctoral thesis at Chemnitz University of 
Technology in 2016 and is still being maintained and improved by the creator. The quality 
of the generated profiles has been assessed and validated, showing adequate similarity 
to measured profiles [156]. The load profile generation is based on an occupant 
behaviour model. This means that not just the electrical load profile, but also hot water 
usage, space heating, and cooking (food consumption) patterns are created and can be 
used. For the correct behaviour of the occupants regarding the weather, an outside 
temperature profile for Helsinki of the year 2017 from the Finnish Meteorological 
Institute was applied during the profile creation [157]. Helsinki has similar weather 
conditions as Tallinn, thus the profile for Helsinki can be used for this purpose.  

The generated single family house profile [148] represents a family with 2 children. 
One adult is working, one is staying at home and the children go to school. The profiles 
were generated for a whole year with 1 minute time steps. The electricity load profile for 
one example day is shown in Figure 3.5. 

The eight generated households (i-viii) represent the dwelling occupancies as depicted in 
Table 3.2. These occupancy profiles have been selected to represent typical occupancy 
scenarios for dwellings. This selection was based on the statistics of the Federal Statistics 
Office of Germany [158]. The selection criteria and shares according to [158] are shown in 
Table 3.3. These profiles were used to investigate the influence of different household 
occupancies on the performance of different control algorithms for TESs. 
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Figure 3.5: Example day from a single family house load profile 

Table 3.2: Description of generated occupancy profiles with average electrical energy consumption 
per day [152], [153] 

Household i ii iii iv v vi vii viii 
Working 2 1 - - - 1 - - 
Studying - - 1 - - - 3 - 
Unemployed - - - 2 - 1 - - 
Retired - - - - 1 - - 2 
Children - - - 2 - 2 - - 
Σ 2 1 1 4 1 4 3 2 
El. Consumption [kWh/d] 9.82 4.18 2.15 14.63 2.58 13.10 9.22 5.85 

 
Table 3.3: Occupancy profile selection criteria with typical shares [152], [153] 

Number of people per dwelling 
Number of people Share Represented in household 

1 
2 
3 
4 

42% 
33% 
12% 
9% 

ii, iii, v 
i, vii 
vii 

iv, vi 
Number of children per dwelling 

Number of children Share Represented in household 
0 

1 or 2 
72% 
25% 

i, ii, iii, v, vii, viii 
iv, vi 

Number of people working per dwelling 
Number of people Share Represented in household 

0 
1 
2 

34% 
36% 
26% 

iii, iv, v, vii, viii 
ii, vi 

i 
Employment status of the person with the main income per dwelling 

Employment status Share Represented in household 
Retired 

Employed 
Other 

36% 
48% 
16% 

v, viii 
i, ii, vi 

iii, iv, vii 

0

0,02

0,04

0,06

0,08

0,1
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Load Profile: Single family house (1st January example day)
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These profiles have different consumption patterns, which is due to different 
occupations; some people are at work, at school, at university or retired. This does not 
only change the electric energy consumption directly but also the water heating and 
space heating load. The electric energy consumption patterns for one week for different 
households (i-viii) are shown in Figure 3.6. 

 
Figure 3.6: Electric energy consumption in households i-viii for 1 week [152], [153] 

3.3 BESS and FESS model 
The BESS and FESS models are based on existing objects and products. The FESS was 
modelled based on a device available in a laboratory at Tallinn University of Technology. 
The BESS is based on different datasheets from available lithium-ion batteries. The details 
about the models are shown in the following subsections. 

3.3.1 FESS model with basic converter control 
The FESS was modelled using Matlab/Simulink with the Simscape Electrical library [154], 
[159]. The model is based on the Rosseta Technik GmbH T3-15 FESS [69] with Unidrive 
SP2403 motor- and grid-side converters, located in Tallinn University of Technology.  
The relevant parameters for modelling are shown in Table 3.4.  
 
Table 3.4: FESS parameters [159]  

FESS Parameters Value 
Nominal Power 15 kVA 
Energy Capacity 300 kWs 
Speed Range 500 – 6000 rpm 
DC-link Capacitance 500 μF 
DC-link Voltage 700 V 
Inverter Switching Frequency 16 kHz 
LC Filter Parameters Value 
Filter Inductance 6.2 mH 
Filter Capacitance 3 μF 
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The modelled flywheel system includes an asynchronous machine, bidirectional AC-DC 
converters, a DC-link capacitor, and a LC filter at the front end.  

The working principle of the flywheel storage system is shown in Figure 3.7.  
 

 
Figure 3.7: Schematic of flywheel storage system model control [154], [159] 

The grid-side converter was used to exchange energy between the DC-link and the 
grid using current control. Due to the energy exchange with the grid, the voltage of the 
DC-link starts to increase or decrease. The resulting objective for the motor-side 
converter was to maintain the DC-link voltage within acceptable levels by supplying 
energy to or from the induction motor of the flywheel.  

3.3.1.1 Current control 
The power smoothing control, which is discussed in section 5.1, provides active (𝑃𝑃𝑎𝑎𝑎𝑎𝑟𝑟) 
and reactive (𝑄𝑄𝑎𝑎𝑎𝑎𝑟𝑟) power control references to the current control block. The current 
control used the Clarke and Park transform [160] to convert the reference values from 
abc- to dq-domain. With the dq-domain reference values it is possible to calculate the 
output currents references of the grid-side converter using the grid voltage. A PI controller 
was used for minimizing the measured current and current reference difference. 
Considering the inductance from the LC-filter, the voltage difference signal of the PI 
controller and the measured voltage values, dq-voltage reference signals could be 
generated. This can be transformed back to αβ-domain and used to implement a space 
vector pulse width modulation for switching the grid side converter transistors [161]. 

The schematic of the current control block is shown in Figure 3.8. 

 
Figure 3.8: Flywheel current control block [154], [159] 
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3.3.1.2 DC-link voltage control 
With the measured rotational speed 𝜔𝜔𝑚𝑚 and the DC-link voltage 𝑈𝑈𝐷𝐷𝐷𝐷, the torque (𝑇𝑇𝑎𝑎𝑎𝑎𝑟𝑟) 
and flux (Ψ𝑎𝑎_𝑎𝑎𝑎𝑎𝑟𝑟) references for the field-oriented control can be calculated [162]. 
Therefore, two PI controllers, one to minimize the DC voltage difference and the other 
to minimize the rotational speed error, were used. The flux reference was calculated 
using the nominal flux and the nominal and measured rotational speed, as described in 
[163]. 

The DC-link voltage control schematic is shown in Figure 3.9. 
 

 
Figure 3.9: Flywheel DC-voltage control block [154], [159] 

3.3.1.3 Field-oriented control 
Since the rotor flux in the simulated model was not measured directly but estimated 
through the stator current, an indirect field-oriented control was implemented. With 
knowledge about the induction motor parameters, it is possible to derive the rotor flux 
Ψ𝑎𝑎  , as shown in (3.2) [163]: 
 

𝑑𝑑
𝑑𝑑𝐹𝐹
𝛹𝛹𝑎𝑎 = −�

𝑅𝑅𝑎𝑎
𝐿𝐿𝑎𝑎
�𝛹𝛹𝑎𝑎 + �

𝐿𝐿𝑚𝑚𝑅𝑅𝑎𝑎
𝐿𝐿𝑎𝑎

� 𝑆𝑆𝑑𝑑𝑠𝑠 (3.2) 

where: 𝑅𝑅𝑎𝑎: Rotor resistance; 𝐿𝐿𝑎𝑎: Rotor inductance; 𝐿𝐿𝑚𝑚: mutual inductance; 𝑆𝑆𝑑𝑑𝑠𝑠: flux 
forming current. 

 
The control of the induction machine torque and flux can be decoupled by regulating 

the torque forming current 𝑆𝑆𝑞𝑞𝑠𝑠 and the flux forming current 𝑆𝑆𝑑𝑑𝑠𝑠  independently. The flux 
forming stator current reference 𝑆𝑆𝑑𝑑𝑠𝑠_𝑎𝑎𝑎𝑎𝑟𝑟 could be evaluated using a PI controller by 
minimizing the error between the reference flux 𝛹𝛹𝑎𝑎𝑎𝑎𝑟𝑟 and the estimated flux. The torque 
forming current 𝑆𝑆𝑞𝑞𝑠𝑠_𝑎𝑎𝑎𝑎𝑟𝑟 can be calculated using (3.3) [163]: 

 

𝑆𝑆qs_ref =
2
3
𝐿𝐿r𝑇𝑇ref
𝑆𝑆p𝐿𝐿m𝛹𝛹r

 (3.3) 

where: 𝑇𝑇𝑎𝑎𝑎𝑎𝑟𝑟: Torque reference; 𝐿𝐿𝑎𝑎: Rotor inductance; 𝐿𝐿𝑚𝑚: mutual inductance; Ψ𝑎𝑎: 
rotor flux; n𝑇𝑇: number or motor poles pairs. 

 
The stator voltage 𝑈𝑈𝑑𝑑_𝑎𝑎𝑎𝑎𝑟𝑟 ,𝑈𝑈𝑞𝑞_𝑎𝑎𝑎𝑎𝑟𝑟  references are evaluated within the current 

controller block by minimizing the error between measured and reference stator 
currents, using PI controllers. Space vector pulse width modulation is used to generate 
switching for motor side converter transistors. 

An overview of the field-oriented control block is shown in Figure 3.10. 
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Figure 3.10: Flywheel field-oriented control block [154], [159] 

3.3.2 BESS model 
The model for the BESS is a simplified basic model based on [151], [164]; an extended 
model has been developed in [33], [148]. The model represents a lithium-ion based 
battery resp. battery cells, including a controller modelled on the datasheets of existing 
products.  

The basic model of the battery itself consists of a SOC value and charging and 
discharging efficiencies. Based on the charging, respectively discharging current, the 
corresponding efficiencies, and the battery’s nominal capacity, the SOC of the BESS can 
be calculated for each time step i (3.4): 

𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜(𝑆𝑆) = 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜(𝑆𝑆 − 1) +
𝜂𝜂𝑐𝑐𝑑𝑑 ∗ Δ𝐹𝐹 ∗ 𝐼𝐼𝑐𝑐𝑑𝑑  (𝑆𝑆)

𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜,𝑖𝑖𝑜𝑜𝑚𝑚

(3.4) 

where: SOCBat: State of charge of the battery; ηcd: Charging resp. discharging efficiency 
[%];  Δt: Time step duration [h]; Icd: Charging (>0) and discharging (<0) current [A]; CBat,nom: 
Nominal battery capacity [Ah].  

Additionally, the self-discharge rate, which is relevant for long-term simulations [165], 
and a temperature dependence, which is relevant in environments with changing 
temperatures [166], have been added in the extended model presented in [33].  

Lithium-ion batteries have a self-discharge rate of 5% within the first 24 hours and 
then 1-2% per month. This will remain reasonably steady throughout the service life. 
However, elevated temperatures and full SOC will cause an increasing self-discharge, as 
shown in Table 3.5. The self-discharge is implemented in the model with a linear 
approximation, which is shown in more detail in [33]. 

Table 3.5: Self-discharge per month for different temperatures and SOCs [165] 

Temperature 0 °C 25 °C 60 °C 
SOC = 1 6% 20% 35% 
SOC = 0.5 2% 4% 15% 
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A BESS is affected by temperature changes as well, as the battery ages faster at higher 
temperatures and loses storage capacity temporarily at low temperatures. The simulations 
in this work were not conducted for such long-term timeframes that the aging due to 
temperature had to be considered. Thus, just the temporary capacity reduction due to 
lower temperatures is implemented in the model. The capacity retention at different 
temperatures is shown in Figure 3.11. [166]  

 

 
Figure 3.11: Battery capacity retention at different temperatures  

The modelled batteries are based on the following available products, and their 
brochures and datasheets: 

• Victron Energy LFP Smart Batteries (Nominal Capacity: 50 Ah - 300 Ah) [167] 
• KOKAM SLPB120255255 (Nominal Capacity: 75 Ah) [168] 
• KROS-H-2-222 (Nominal Capacity: 300 Ah) [169] 

3.4 Freezer, water heater and simplified space heating model 
The following simplified object models are based on the models presented in [10]. They 
use linear approximations for the temperature differences during the time step. Using 
such simplified models will reduce the calculation time compared to simulations with 
more detailed models, which is an important measure, especially for medium or large 
microgrid simulations. The accuracy resp. errors of these simplified models are 
determined and evaluated in the model validation in Chapter 4.  

3.4.1 Freezer model 
The freezer model is based on [10] and uses the temperature differences due to freezing, 
food exchange and ambient temperature for each time step i. All details about the model 
are shown in [151]. Since this model was developed for a chest type freezer,  
the temperature loss due to door opening was not considered in [10]. According to [170], 
this is an important parameter for the modelling of upright type refrigerators and 
freezers, which amounts to about 9 Wh for each door opening. Therefore, an additional 
temperature change due to door opening when exchanging food with an upright freezer 
is included in the freezer calculation (3.5) [151], [10]: 

 
𝑇𝑇(𝑆𝑆 + 1) = 𝑇𝑇(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑎𝑎(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑟𝑟𝑜𝑜𝑜𝑜𝑑𝑑(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑑𝑑𝑜𝑜𝑜𝑜𝑎𝑎(𝑆𝑆) (3.5) 

where: dTfreeze: Temperature change due to freezing [°C]; dTfood: Temperature change 
due to food exchange [°C]; dTamb: Temperature change due to ambient losses [°C]; dTdoor: 
Temperature change due to door opening [°C].  
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The temperature changes can be calculated as shown in (3.6)-(3.9) [151], [10]: 
 

𝑑𝑑𝑇𝑇𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑎𝑎(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝑃𝑃𝑎𝑎𝑌𝑌,𝑟𝑟 ∗ 𝑆𝑆𝑆𝑆𝑃𝑃𝑟𝑟 ∗ 𝑦𝑦𝑖𝑖 (3.6) 

𝑑𝑑𝑇𝑇𝑟𝑟𝑜𝑜𝑜𝑜𝑑𝑑(𝑆𝑆) = �
𝑚𝑚𝑖𝑖(𝑆𝑆)

𝑉𝑉𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑐𝑐𝑜𝑜 ∗ 𝜌𝜌𝑥𝑥
� ∗ �𝑇𝑇(𝑆𝑆) − 𝑇𝑇𝑟𝑟𝑐𝑐� 

(3.7) 

𝑑𝑑𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝛼𝛼 ∗ (𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎) (3.8) 

𝑑𝑑𝑇𝑇𝑑𝑑𝑜𝑜𝑜𝑜𝑎𝑎(𝑆𝑆) = 𝛽𝛽 ∗ 𝐸𝐸𝑑𝑑𝑜𝑜𝑜𝑜𝑎𝑎−𝑌𝑌𝑜𝑜𝑠𝑠𝑠𝑠 ∗ 𝑑𝑑𝑖𝑖 (3.9) 

where: Δt: Time step duration [h]; Pel,f: Electrical power of freezer [W]; COPf: 
Coefficient of performance of freezer; yi: Freezing/Heating status {0;1}; ρx: Density of 
material x [kg/m³]; Tf_corrected: Corrected food temperature [°C]; VObject: Volume of object 
[m³]; cpi: Specific heat capacity of ice [J/kgK]; Edoor-loss: Energy loss for each door opening 
[Wh]; 𝑑𝑑𝑖𝑖: 𝑓𝑓𝑟𝑟𝐺𝐺𝐺𝐺𝑓𝑓𝐺𝐺𝑟𝑟 𝑑𝑑𝐹𝐹𝐹𝐹𝑟𝑟 𝐹𝐹𝑜𝑜𝐺𝐺𝑆𝑆𝐺𝐺𝑑𝑑 {0; 1}. 

 
The coefficients α and β are shown in (3.10)-(3.11) [10]: 
 

𝛼𝛼 = 𝑈𝑈𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑐𝑐𝑜𝑜 ∗ 𝐴𝐴𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑐𝑐𝑜𝑜 (3.10) 

𝛽𝛽 =
1

𝑉𝑉𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑐𝑐𝑜𝑜 ∗ 𝜌𝜌𝑥𝑥 ∗ 𝑆𝑆𝑇𝑇𝑥𝑥
 (3.11) 

where: UObject: U-value of the object [W/m²K]; AObject: Surface area of the object [m²]; 
VObject: Volume of the object [kg].  

 
To use the specific heat coefficient of ice for the whole temperature spectrum of the 

food, the corrected food temperature Tf_corrected for food warmer than 0 °C must be obtained 
with (3.12) [151]. For food below 0 °C, Tf_corrected equals the actual food temperature 
Tf_actual. 
 

𝑇𝑇𝑟𝑟_𝑐𝑐𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑎𝑎𝑑𝑑 = 𝑇𝑇(𝑆𝑆) −
�𝑚𝑚𝑖𝑖 ∗ 𝑆𝑆𝑇𝑇𝑖𝑖 ∗ 𝑇𝑇(𝑆𝑆)� + �𝑚𝑚𝑖𝑖 ∗ 𝑆𝑆𝑇𝑇𝑝𝑝 ∗ �−𝑇𝑇𝑟𝑟_𝑎𝑎𝑐𝑐𝑜𝑜𝑜𝑜𝑎𝑎𝑌𝑌��

𝑚𝑚𝑖𝑖 ∗ 𝑆𝑆𝑇𝑇𝑖𝑖
 

(3.12) 

where: Tf_actual: Actual food temperature [°C].  

3.4.2 Water heater model 
The water heater model is similar to the freezer model and is based on [10] as well.  
All the details of the model were presented in [151]. It uses the temperature changes 
due to heating with the heating element, exchange of water and ambient losses.  
The temperature of the water inside the boiler at the end of the time step is calculated 
as in (3.13) [151], [10]:  
 

𝑇𝑇(𝑆𝑆 + 1) = 𝑇𝑇(𝑆𝑆) + 𝑑𝑑𝑇𝑇ℎ(𝑆𝑆) − 𝑑𝑑𝑇𝑇 𝑐𝑐𝑜𝑜𝑌𝑌𝑑𝑑_𝑝𝑝𝑎𝑎𝑜𝑜𝑎𝑎𝑎𝑎(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎(𝑆𝑆) (3.13) 

where: dTh: Temperature change due to heating [°C]; dTcold_water: Temperature change 
due to water exchange [°C]; dTamb: Temperature change due to ambient losses [°C].  
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The temperature changes can be calculated in the following way (3.14)-(3.16) [151], 
[10]: 

𝑑𝑑𝑇𝑇ℎ(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝑃𝑃𝐺𝐺𝑆𝑆,𝑤𝑤ℎ ∗ 𝜂𝜂𝑤𝑤ℎ ∗ 𝑦𝑦𝑆𝑆 (3.14) 

𝑑𝑑𝑇𝑇𝑆𝑆𝐹𝐹𝑆𝑆𝑑𝑑_𝑤𝑤𝑆𝑆𝐹𝐹𝐺𝐺𝑟𝑟(𝑆𝑆) = �
𝑉𝑉𝑆𝑆

𝑉𝑉𝑆𝑆𝑂𝑂𝑂𝑂𝐺𝐺𝑆𝑆𝐹𝐹
� ∗ �𝑇𝑇(𝑆𝑆) − 𝑇𝑇𝑤𝑤𝑆𝑆𝐹𝐹𝐺𝐺𝑟𝑟_𝑆𝑆𝑆𝑆𝑜𝑜𝑖𝑖𝐹𝐹� 

(3.15) 

𝑑𝑑𝑇𝑇𝑆𝑆𝑚𝑚𝑂𝑂(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝛼𝛼 ∗ (𝑇𝑇(𝑆𝑆) − 𝑇𝑇𝑆𝑆𝑚𝑚𝑂𝑂) (3.16) 

where: ηwh: Efficiency of water heater [%].  

3.4.3 Simplified space heating model 
The model for space heating and space cooling is similar to the freezer and water heater 
models; it is shown in detail in [151]. It was developed with equations, modelling 
techniques and typical values described by the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) [171]. Since space heating is more 
complex to model than a water heater, there are more temperature influences for each 
time step i to calculate. These include the ventilation, occupancy, and sunlight irradiation 
through windows. The temperature for the next time step can be calculated as shown in 
(3.17) [151]: 

 
𝑇𝑇(𝑆𝑆 + 1) = 𝑇𝑇(𝑆𝑆) + 𝑑𝑑𝑇𝑇ℎ(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑣𝑣𝑎𝑎𝑖𝑖𝑜𝑜(𝑆𝑆) − 𝑑𝑑𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎(𝑆𝑆) + 𝑑𝑑𝑇𝑇𝑜𝑜𝑐𝑐𝑐𝑐(𝑆𝑆)

+ 𝑑𝑑𝑇𝑇𝑎𝑎𝑎𝑎𝑑𝑑(𝑆𝑆) 

(3.17) 

where: dTh: Temperature change due to heating or cooling [°C]; dTvent: Temperature 
change due to ventilation [°C]; dTamb: Temperature change due to ambient losses [°C]; 
dTocc: Temperature change due to room occupancy [°C]; dTrad: Temperature change due 
to sun irradiation through windows [°C]. 
 

The temperature changes can be described with equations (3.18)-(3.22) [151]: 
 

𝑑𝑑𝑇𝑇ℎ(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝑃𝑃𝐺𝐺𝑆𝑆,𝑠𝑠ℎ ∗ 𝑆𝑆𝑆𝑆𝑃𝑃𝑠𝑠ℎ ∗ 𝑦𝑦𝑆𝑆 (3.18) 

𝑑𝑑𝑇𝑇𝑣𝑣𝐺𝐺𝑆𝑆𝐹𝐹(𝑆𝑆) = �
𝑉𝑉𝑆𝑆

𝑉𝑉𝑆𝑆𝑂𝑂𝑂𝑂𝐺𝐺𝑆𝑆𝐹𝐹
� ∗ (𝑇𝑇(𝑆𝑆) − 𝑇𝑇𝑆𝑆𝑚𝑚𝑂𝑂) 

(3.19) 

𝑑𝑑𝑇𝑇𝑆𝑆𝑚𝑚𝑂𝑂(𝑆𝑆) = 𝛽𝛽 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝛼𝛼 ∗ (𝑇𝑇(𝑆𝑆) − 𝑇𝑇𝑆𝑆𝑚𝑚𝑂𝑂) (3.20) 

𝑑𝑑𝑇𝑇𝐹𝐹𝑆𝑆𝑆𝑆(𝑆𝑆) = 𝑘𝑘𝑆𝑆 ∗ 𝑃𝑃𝑃𝑃𝐺𝐺𝑟𝑟𝑠𝑠𝐹𝐹𝑆𝑆 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝛽𝛽 (3.21) 

𝑑𝑑𝑇𝑇𝑟𝑟𝑆𝑆𝑑𝑑(𝑆𝑆) = 𝑃𝑃𝐺𝐺𝑆𝑆,𝑠𝑠𝐹𝐹𝑆𝑆𝑆𝑆𝑟𝑟 ∗ 𝛥𝛥𝐹𝐹 ∗ 𝛽𝛽 (3.22) 

where: ki: Number of people in the room; PPerson: Typical heating power of one person 
[W]. 

 
Two different models were implemented based on this simplified space heating 

model. The first model is a simple room, which is modelled according to the civil 
engineering based simple room model shown in section 3.5.1. The second model is based 
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on a measured apartment located in the Kristiine district in Tallinn, Estonia, as presented 
in section 3.2. This apartment was selected due to several reasons:  

• Measured electricity consumption data including separate devices was 
available for this apartment 

• Measured food and hot water consumption data was available for this 
apartment 

• The dwelling with 67.4 m² represents a typical dwelling for Germany/Estonia 
 
The average dwelling size is 92.3 m² in Germany [158] and 66.7 m² in Estonia [172]. 

This includes family houses as well as apartments. Since the majority of people live alone, 
about 40% [173], the dwelling size per person should be considered as well. This is  
44.8 m² in Germany [158] and 30.5 m² in Estonia [174]. Thus, the 67.4 m² apartment can 
be considered a typical dwelling. The modelling parameters to calculate the heating gains 
and losses for this apartment are shown in Table 3.6. 

 
Table 3.6: Modelling variables for simplified space heating of an apartment 

Variable Value 
Floor area 67.4 m² 
Roof area 67.4 m² 
Wall area 42.4 m² 
Window area (each direction) 7.2 m² / 4.7 m² / 0 m² / 0 m² 
Cooling power 2000 W 
Heating power 2000 W 
U-value windows 0.6 W/m²K 
Relative volume of furniture 5% 
Room height 2.5 m 
U-value of wall insulation 27.0 W/m²K 
U-value of other wall materials 5.6 W/m²K 
Surface azimuth (each direction) 90° / 180° / -90° / 0° 
Thickness of insulation 0.1 m 
Thickness of other wall materials 0.25 m 

3.5 Neural network-based space heating model 
The neural network-based space heating models were created with an approach 
different from the previously described models. Pre-existing civil engineering models of 
a building created with IDA-ICE modelling software were used to create comprehensive 
datasets. These datasets could be used to train a neural network to behave like the  
IDA-ICE object model of the building within the defined limits. All details about the 
methodology were presented in [175]. 

With this methodology (c.f. Figure 3.12), it is possible to use building models from any 
civil engineering modelling software if the datasets from the simulation can be saved in 
a common file format. Additionally, the neural network model can be trained in any 
software which supports machine learning techniques like Matlab or Python. This provides 
more flexibility than co-simulations where certain communication standards must be 
met by both simulators.  
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Figure 3.12: Methodology overview of the neural network-based space heating model 

The creation of suitable datasets and training of the neural network model are 
described in more detail in the following subsections. 

3.5.1 Description of used civil engineering models 
The existing building models used for the creation of the datasets are modelled with  
IDA-ICE modelling software from Equa. It shows compliance with CEN standards EN 
15255-2007, EN 15265-2007 and EN 13791, and with ASHRAE standard 140-2004 [176]. 
Three civil engineering models are used in this work. All of them have been described 
and validated in previous publications. The 3D-models are shown in Figure 3.13: 

 

   
Figure 3.13: 3D view of used IDA-ICE building models; left: simple room; centre: control centre; right: 
single family house 
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3.5.1.1 Simple room  
The first model is a simple room, which was chosen to represent a single room of a 
private house or an apartment building. It was previously published and validated in two 
conference papers [177], [178]. It used a 400 W electric radiator for heating, which was 
sized according to the Estonian heating design standard [179], including an added 20% 
power margin for safety. The thermostat was operating at 21 °C with a +/- 1 °C dead 
band. The implemented room was equipped with balanced heat recovery ventilation and 
the usage profiles for appliances, lights, and people were modelled as established for 
energy calculation of the apartment buildings by the Estonian law [180]. The Estonian 
test reference year data was used as weather data for this model [181]. This model was 
used for direct performance comparisons between the simplified space heating model, 
the civil engineering space heating model and the neural network-based space heating 
model.  

3.5.1.2 Control centre  
The second model is a control centre of the Energy Campus Wildpoldsried, which is 
located in the city of Wildpoldsried, Germany. Several measurements with the real object 
were done between 21st November and 3rd December 2019 in free-floating state and 
with an electric heater operated at 1300 W. [182] 
The following data was logged: 

• Temperature at several positions within and outside the control centre with 
four EL-USB-2 EH / Temp Data Loggers 

• Outside temperature, global irradiation, air pressure, humidity, dew point, 
wind speed, and wind direction from a nearby weather station 

• Power consumption of all active devices (including the electric heater) with 
portable power meters 

 
With these measurements and the available construction data of the control centre, 

the IDA-ICE model could be created. With the free-floating measurements, the envelope 
could be calibrated and the heater measurement could be used to check the heat-up 
performance. The result of the calibration is shown in Figure 3.14. The average absolute 
error of the model compared to the measured data is 1.61 °C. This error is within the 
acceptable range, especially as the error during the independent test period is lower at 
1.00 °C. Thus, the model is correctly calibrated and can be used for further research.  

 

 
Figure 3.14: Air temperature behaviour of the IDA-ICE model compared to the measurements [182] 
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3.5.1.3 Single family house  
The third model is a small single family house with one floor and a detached roof. It was 
used previously in a sample project for redefining the cost-optimality level of nearly zero 
energy buildings (nZEBs) for new residential buildings in Estonia [183]–[188]. The model 
development, validation and use are published in [189] and [190]. Like the simple room 
model, it uses the Estonian test reference year weather data [181]. The model is divided 
into 11 thermal zones/rooms (c.f. Figure 3.15) and is heated by underfloor heating at  
100 W/m². Each zone is controlled by a separate thermostat. All rooms except the attic 
were equipped with balanced heat recovery ventilation.  
 

 
Figure 3.15: Floor plan of the single family house with area sizes; doors: blue; windows: light grey 

As this model was intended to be used for flexibility simulations with variable set 
points for the thermostats, it was necessary to change the standard usage profiles for 
appliances, lights, and people to more realistic stochastic profiles. Like this, the created 
datasets will show more complexity regarding, e.g., the temperature set points or 
occupancy, which is necessary for a more dynamic behaviour and complexity of the 
neural network-based model.  

To generate the occupancy profiles, the ProccS web tool [191] was used. It was 
developed, tested, and validated for a doctoral thesis at the Technical University of 
Denmark [192]. The profiles were generated for a family of two adults with one child. 
The adults go to work and the child to kindergarten/school [193]. The profiles were 
generated twice and the bathroom profile from the second run was used for the WC and 
the profile of the living room for the office. This introduces an error because up to five 
people can be in the house simultaneously; however, this can be even more realistic 
considering visiting guests. Rooms that are not often used (laundry room, technical 
room, corridor, hall) have no occupancy and are typically not heated specifically. Thus, 
they are excluded from the dataset creation.  

3.5.2 Creation of comprehensive datasets with civil engineering models 
To get the training datasets for the machine learning algorithm, it is necessary to do 
simulations with each model and log the relevant parameters. To obtain enough training 
data, the simulation period was chosen to be one year with 1 min output time step.  
This time step is small enough compared to the larger time constant of space heating 
systems. The whole year needs to be simulated to include different environmental 
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situations, like day/night, summer/winter, weather effects, etc. Otherwise, the neural 
network model will be limited to a certain season or weather conditions later.  

To exemplify the single family house, the variables shown in Table 3.7 are logged.  
The room-based variables are only logged for the 7 relevant rooms with active heating 
and occupancy, as mentioned in the previous subsection.  

 
Table 3.7: Variables for the neural network training dataset of a single family house [175] 

General variables Room-based variables 
 

• Dry-bulb temperature [°C] 
• Relative humidity of air [%] 
• Direction of wind 
• Speed of meteorological wind [m/s] 
• Direct normal radiation [W/m²] 
• Diffuse radiation on horizontal surface 

[W/m²] 
 

• Mean air temperature [°C] 
• Heating energy [W]* 
• Ventilation [W]* 
• Infiltration and openings [W]* 
• Occupancy (Number of People) 
• Energy losses [W]* 
• Internal wall energy exchange [W]* 
• Equipment heat energy [W]* 
• Windows and solar gains [W]* 
• Cooling energy [W]* 
• Lighting energy [W]* 
 

*sensible heat gains/losses 

3.5.3 Development and training of neural network-based models 
The following methodology was used for synthesizing the NN-based space heating model 
from the IDA-ICE simulation datasets. 

The dataset needed to be pre-processed to be in the correct format for the neural 
network training. The neural network training parameters had to be chosen to achieve a 
model with good accuracy without over- or underfitting. Then the neural network model 
could be trained and tested. If the accuracy was not good enough, then the neural 
network training parameters had to be changed and the training had to be repeated.  
The process is shown in Figure 3.16 and described in more detail in the following 
subsections. 

 

PRE-PROCESS INPUT

SET

OUTPUT TRANSFORM

OPTIMIZE

Raw Data Processed Data

NN Parameters

NN Training Error/Accuracy 
Check

NN Based Model 
Function  

Figure 3.16: Overview of the neural network training process 

 



61 

3.5.3.1 Dataset pre-processing 
First, it was required to add the temperature difference between the current and the 
previous time step to the dataset (3.23). 
 

∆𝑇𝑇(𝑆𝑆) = 𝑇𝑇(𝑆𝑆 + 1) − 𝑇𝑇(𝑆𝑆) (3.23) 
where: 𝑇𝑇(𝑆𝑆): Mean air temperature of time step i [°C]; 𝑇𝑇(𝑆𝑆 + 1): Mean air temperature 

of time step i+1 [°C]; ∆𝑇𝑇(𝑆𝑆): Temperature difference between time step i and i+1 [°C]. 
 
Second, the weather data had to be changed. The source weather data that IDA-ICE 

was using was hourly data and therefore needed to be converted to minutely data. 
Typically, the values would be interpolated. But since the other variables in the IDA-ICE 
training data were based on the hourly weather values, it was more reasonable to 
duplicate the hourly values for each minute within the hour.  

In a third step, the datasets needed to be normalized as this usually yields better 
results in the accuracy of the model because the influence of large fluctuating numbers 
dominating smaller numbers can be reduced. The input and target data for the neural 
network model were generated using (3.24) and (3.25). 

 

𝑋𝑋𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎,𝑖𝑖𝑜𝑜𝑎𝑎𝑚𝑚(𝑆𝑆, 𝑘𝑘) =  
𝑋𝑋𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎(𝑆𝑆, 𝑘𝑘) − 𝜇𝜇(𝑘𝑘)

𝜎𝜎(𝑘𝑘)
 (3.24) 

𝑇𝑇𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎,𝑖𝑖𝑜𝑜𝑎𝑎𝑚𝑚(𝑆𝑆, 𝑆𝑆) =  
𝑇𝑇𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎(𝑆𝑆, 𝑆𝑆) − 𝜇𝜇(𝑆𝑆)

𝜎𝜎(𝑆𝑆)
 

(3.25) 

where: 𝑋𝑋𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎,𝑖𝑖𝑜𝑜𝑎𝑎𝑚𝑚(𝑆𝑆, 𝑘𝑘): Normalized input data of time step i and variable k; 
𝑋𝑋𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎(𝑆𝑆, 𝑘𝑘): Input data of time step i and variable k; 𝑇𝑇𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎,𝑖𝑖𝑜𝑜𝑎𝑎𝑚𝑚(𝑆𝑆, 𝑆𝑆): Normalized target 
data of time step i and variable l; 𝑇𝑇𝑑𝑑𝑎𝑎𝑜𝑜𝑎𝑎(𝑆𝑆, 𝑆𝑆): Target data of time step i and variable l; 𝜇𝜇: 
mean value of variable k resp. l; 𝜎𝜎: standard deviation of variable k resp. l. 

3.5.3.2 Neural network training 
To select and optimize the training parameters for the neural network model, the following 
error and accuracy metrics were considered: 

• Root mean square error (RMSE) of the mean air temperature (3.26) 
• RMSE of the heating power per square meter (3.27) 
• Mean heating power difference (3.28) 
• Percent of time steps with correctly estimated heating power (3.29) 

 

𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑇𝑇 = �𝜇𝜇((𝑇𝑇𝐷𝐷𝐸𝐸 − 𝑇𝑇�)²) (3.26) 

where: 𝜇𝜇: Mean value; 𝑇𝑇𝐷𝐷𝐸𝐸 : Civil engineering model mean air temperature [°C]; 𝑇𝑇�: Test 
model mean air temperature [°C]. 
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𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑃𝑃 =
�𝜇𝜇 ��𝑃𝑃𝐷𝐷𝐸𝐸 − 𝑃𝑃��2�

𝐴𝐴𝑅𝑅𝑜𝑜𝑜𝑜𝑚𝑚
 (3.27) 

where: 𝜇𝜇: Mean value; 𝑃𝑃𝐷𝐷𝐸𝐸: Civil engineering model heating power [W]; 𝑃𝑃�: Test model 
heating power [W]; 𝐴𝐴𝑅𝑅𝑜𝑜𝑜𝑜𝑚𝑚: Room area [m²]. 

 

𝑃𝑃� =  
𝜇𝜇(𝑃𝑃𝐷𝐷𝐸𝐸) − 𝜇𝜇�𝑃𝑃��

𝜇𝜇(𝑃𝑃𝐷𝐷𝐸𝐸) ∗ 100% (3.28) 

 
𝑇𝑇𝑆𝑆𝐴𝐴 =  𝜇𝜇(∆𝑃𝑃𝐸𝐸) ∗ 100% (3.29) 

where: 𝑇𝑇𝑆𝑆𝐴𝐴: time step accuracy; ∆𝑃𝑃𝐸𝐸(𝑆𝑆) = 1 𝑆𝑆𝑓𝑓 𝑃𝑃𝐷𝐷𝐸𝐸(𝑆𝑆) − 𝑃𝑃�(𝑆𝑆) = 0; 𝐹𝐹𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 0. 
 
For a distinct representation of error metrics, one total error metric (𝐸𝐸𝑟𝑟𝑟𝑟𝐹𝐹𝑟𝑟𝑇𝑇𝑜𝑜𝑜𝑜𝑎𝑎𝑌𝑌) is 

derived [194]. A weighting factor based on the importance of each error and accuracy 
metric for the overall use of the model was added. Since the model is included in an 
electric simulation, the temperature accuracy is less important. The most important 
values are the root mean square error and mean error for the power, resulting in the 
biggest weights. Additionally, the following limits and optimum values were chosen for 
the mapping to percentage values (c.f. Table 3.8): 

 
Table 3.8: Error metric limits, optima, mapping factors and weighting factors [194] 

Error Limit Optimum Mapping factor Weighting factor 
𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑇𝑇  0.7 ⁰C 0 ⁰C 1 − 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑇𝑇 ∗

0.1
𝐿𝐿𝑆𝑆𝑚𝑚𝑆𝑆𝐹𝐹

 1/10 

𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑃𝑃 300 W 0 W 1 − 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑃𝑃 ∗
0.1
𝐿𝐿𝑆𝑆𝑚𝑚𝑆𝑆𝐹𝐹

 4/10 

𝑃𝑃� 10 % 0 % 1 − |𝑃𝑃�| 3/10 
𝑇𝑇𝑆𝑆𝐴𝐴 90 % 100 % TSA 2/10 

 
The limit value should be mapped to 90% and the optimum to 100%. The resulting 

total error metric can be calculated as follows (3.30) [194]:  
 

𝐸𝐸𝑟𝑟𝑟𝑟𝐹𝐹𝑟𝑟𝑇𝑇𝑜𝑜𝑜𝑜𝑎𝑎𝑌𝑌 = ��
1

10 ∗ �1 − 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑇𝑇 ∗
0.1

0.7°𝑆𝑆�� + �
4

10 ∗ (1 − 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸𝑃𝑃 ∗
0.1

300𝑊𝑊)�

+ �
3

10
∗ (1 − |𝑃𝑃�|)� + �

2
10 ∗ 𝑇𝑇𝑆𝑆𝐴𝐴�� ∗ 100% 

(3.30) 

 
The most important training parameters for the selected algorithm are the number of 

neuron and layers, and the maximum number of epochs. The selected sizes for the hidden 
layers of the neural network models need to be chosen according to the complexity of the 
training data. As a rule of thumb, a good starting point for finding the optimum number of 
neurons can be chosen as 2/3 the size of the input layer. For the second hidden layer, 
half the size of the first hidden layer is commonly chosen. The optimum number of 
neurons can then be found by decreasing or increasing their number slowly and checking 
the corresponding accuracy of the model. In this stage, it is essential to make sure that 
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the model is neither underfitting with too few neurons nor overfitting with too many. 
From the training set, a ratio of 60% was used for training, 20% for cross-validation and 
20% for testing. Fitting, cross-validation, and prediction tests were done internally within 
the Matlab training function. To be able to use the GPU computing capabilities, a scaled 
conjugate gradient algorithm [195], [196] had to be chosen as the other available 
algorithms are not compatible with GPU computing.  

Table 3.9 shows the results obtained using the previously described metrics for a 
model with 17 input variables and different numbers of neurons for each layer. 

 
Table 3.9: Results for different numbers of neurons per layer [194]  

Neurons [12 6] [14 7] [26 13] 
Test 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 
RMSET [⁰C] 3*103 0.71 0.67 2.81 4*103 0.66 3.99 0.50 3.42 
RMSEP [W] 407 288 288 406 533 267 247 308 278 
𝑃𝑃� [%] 53.73 -1.16 1.35 48.02 100.00 -4.87 13.00 -9.59 8.01 
TSA [%] 96.27 98.13 98.13 96.27 93.59 98.39 98.62 97.85 98.26 
Epochs 4243 803 909 2981 4146 1449 4407 1483 4190 
ErrorTotal -5*103 94.83 94.83 76.04 -5*103 94.08 87.27 92.29 89.12 

 
These results demonstrate that the rule of thumb number for neurons with 12 in the 

first hidden layer and 6 in the second hidden layer gives the best total error metrics,  
as marked in bold in the table. It is evident as well that the best results are achieved with 
a lower number of training epochs. The typical behaviour where the validation error 
increases as the overfitting starts does not apply to the model, which can be the case for 
some datasets [197], [198]. Thus, the training cannot be stopped automatically. To select 
a suitable number to limit the epochs, it is necessary to look at the validation 
performance of the training. A too high number of epochs can be chosen for training to 
see the point where overfitting due to overtraining starts, as shown in Figure 3.17. 

 

 
Figure 3.17: Evaluation of performance: Overfitted model [194]  
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The figure shows that the performance of the model reaches a good stable level at 
around 500 epochs. This will be referred to as the underfit marker. At around 1500 epochs, 
the overfitting transition due to overtraining starts, as marked by the purple circle. 
At this point, the model does not learn a general applicable solution anymore but learns 
the responses by heart. The maximum number of epochs should be limited between 
those two markers. To be sure not to overfit the model, a value of around 1/3 the 
difference between the over- and underfit marker is chosen: 850 epochs for this model.  

Therefore, the chosen parameters for the model are: 
• Neurons: Depending on input variables; according to the rule of thumb
• Maximum number of epochs: 1/3 the difference between the over- and

underfit marker
The neural network model sizes are shown in Table 3.10 and visualized for the single 

family house in Figure 3.18. 

Table 3.10: Neural network model sizes for different space heating models 

Model Input 
Variables 

Hidden 
Layer 1 

Hidden 
Layer 2 

Output 
Variables 

Epochs 

Simple room 17 10 5 1 850 
Control center 11 6 3 1 800 
Single family 
house each room 

17 12 6 1 850 

Figure 3.18: Visualization of neural network model used for each room of the single family house 

The other training parameters of the training algorithm [195] do not necessarily need 
to be optimized as the variations between training with the same parameters have higher 
influence on the accuracy than the change of the parameters. An overview is presented 
in [194].  
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The training is much more stable when applying the optimized parameters, reducing 
the need for repeated trainings, as shown in Table 3.11. This can be seen by the 
comparison with the total error values for Test 1.1 presented in Table 3.9, where the 
training shows extremely bad results. Choosing a too large number of neurons and 
epochs does not improve the model, as it will regularly overfit (c.f. Table 3.9, Table 3.11). 

 
Table 3.11: Comparison of optimized parameters to wrongly chosen parameters: mean total error 
values for multiple trainings 

Evaluation criterion [%] Mean ErrorTotal value 
Optimized parameters:  92,03 
Doubled neuron number; 5000 epochs 89,16 

 
After the optimized training, the neural network model is converted and saved to a 

Matlab function instead of a neural network object. This has the advantage of higher 
compatibility, for example, if Matlab is used in combination with other software and 
higher calculation speed. The disadvantage is that the neural network cannot be 
additionally trained later with more input data but needs to be retrained completely. 
Applying this methodology to an existing civil engineering model to create a space 
heating model for a microgrid simulation can be achieved within 8 hours of active work 
for pre-processing and parameter adjustments. Additional computational time for  
pre-simulation and NN training in the background depends on the model size and detail 
and can take multiple hours. However, this does not account for active modelling time 
as it can be done in the background without supervision. This is a huge reduction by 
around 90% of active modelling time compared to more than 100 hours, as estimated by 
civil engineers. 

3.6 Conclusions 
To simulate the proposed system based on the conclusions of Chapter 2, models for the 
PV-system and loads, FESS and BESS, and TESs are necessary. For each of those models, 
either a measured profile or an object model has been presented. In summary, the 
following can be concluded for the used PV-system and load profiles used as input data 
for the simulations: 

• For the PV-system model, measured profiles with resolutions of 1 minute and 
1 second for Estonia and southern Germany were used. These PV-profiles 
were scaled to the specific application. 

• Different load profiles for electrical and thermal loads were measured and 
artificially generated according to the foreseen simulated scenarios.  
To improve the results of the simulations, different dwelling occupancy 
profiles based on demographic statistics were selected to investigate the 
general applicability of the developed control algorithms in Chapter 5.  

 
The energy storage systems were modelled with different methodologies. The following 

conclusions can be drawn from the modelling methodologies:  
• The FESS model is modelled based on the available FESS at Tallinn University 

of Technology to enable validations of the model and control strategies with 
the physical object in Chapters 4 and 5.  
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• The BESS model is simplified to the basic function of a changing SOC.  
The behaviour is based on datasheet values. To improve this simple model, 
self-discharge and temperature dependent charge retention were 
implemented additionally.  

• The freezer and water heater TES model are linear approximation models for 
the temperature changes inside the devices. Such models have been used in 
literature with similar microgrid level simulations with satisfying accuracy.  
To improve the freezer model, the additional losses during the door opening 
process of an upright-type freezer were added.  

• The same approach was taken for the thermal model of a building. However, 
the literature analysis in Chapter 2 and the multitude of influences that need 
to be represented by a space heating model suggest that this model will not 
be accurate enough.  

• To reduce the development and active modelling time and effort for detailed 
space heating objects, a novel methodology for the creation of NN-based 
space heating models was developed. With the correct pre-processing of 
data and training parameter selection, a NN-based space heating model that 
can be used as an object model in the microgrid simulations could be created. 
The active modelling time can be reduced with this methodology by around 
90% from more than 100 hours to around 8 hours. 

 
These models need to be validated next to ensure a good accuracy for the 

development of control strategies in Chapter 5, which will be the basis for the social  
and financial investigations in Chapter 6 and the microgrid development related 
recommendations in Chapter 7. 
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4 Validation of mathematical object models for storage 
systems 
To get more insight into the quality of the presented modelled objects, it is necessary to 
validate the models and quantify the errors and accuracy. This is needed for the control 
strategy development in Chapter 5. Therefore, different validation methods are used for 
the different storage system models, as shown in more detail in the following 
subsections. 

In the context of microgrid simulations, errors for the different storage systems should 
be kept within certain limits to ensure a valid simulation result. For the BESS, FESS and 
TESs, the mean error should be below 10%. For more complex models like space heating, 
a slightly higher error of up to 12% can be acceptable as well.  

4.1 Validation of BESS and FESS models 
The BESS and FESS models will introduce certain errors into the simulations. To decide 
whether the models are accurate enough and modelled properly, the following 
validation tests were conducted:  

• Validation against measurement data 
• Repeatability test of measurement data 

4.1.1 Validation of FESS model 
To be able to validate the flywheel model and later the corresponding control scenarios, 
it was necessary to modernize the available setup in the laboratory of Tallinn University 
of Technology.  

Therefore, the existing PLC was replaced with a new Software-PLC, the Siemens AG ET 
200SP Open Controller 2. This PLC enables real time simulations with Matlab in a PHIL 
setup. In this first step, the flywheel was connected to the PLC, but it is possible to 
connect more devices in future. The PHIL arrangement is depicted in Figure 2.15, a more 
detailed overview schematic for the validation is shown in Figure 4.1 and details about 
the implementation of the setup are presented in [64].  

 

 
Figure 4.1: Schematic of the modernized flywheel validation setup [64] 
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With this setup it was possible to validate the FESS model and the implemented 
software power controller. The first test is a repeatability analysis, as shown in the next 
subsection, followed by a round trip efficiency validation. 

4.1.1.1 Repeatability analysis 
To know the accuracy of the flywheel power controller, a ramp shown in Figure 4.2 is 
applied. This charging and discharging test was performed for five times to analyse the 
deviation from the set ramp.  

 

 
Figure 4.2: Flywheel storage repeatability profile [64] 

The results for the power differences between set power and measured power are 
shown in Table 4.1. The RMSE is below 100 W across the whole spectrum and the other 
error metrics are small too. Thus, the power controller is working accurately. 

 
Table 4.1: Results of flywheel storage repeatability [64] 

Test 1st  2nd  3rd  4th  5th  Overall 
Average -1.63W 0.25W 0.58W 0.00W 0.26W -0.09W 
Median -4.68W -0.83W -3.40W -7.14W -5.46W -3.97W 
RMSE 94.06W 96.66W 98.25W 95.57W 100.91W  

4.1.1.2 Validation of round trip efficiency 
The round trip efficiency typically shows how efficiently the storage system works. It is a 
good indicator for the model and setup quality as this value has been measured by the 
manufacturer and is available in the device documentation. Additionally, the simulation 
can be compared with the actual setup. 

To get comparable results, the test is to be done as follows: first, the flywheel is at 
standstill. It is then charged with the maximum power of 15 kW until it is fully charged. 
Immediately after that, the flywheel is completely discharged with the maximum power 
of 15 kW. The consumed energy for charging and retrieved energy from discharging can 
then be compared to get the overall efficiency. The process is shown in Figure 4.3. 
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Figure 4.3: Flywheel storage round trip efficiency test  

In total, 375 kWs are charged in the test run while 269 kWs are discharged. This results 
in a round-trip efficiency of 71.8% for the flywheel storage system, which is slightly lower 
than the provided value of 77.6% in the datasheet [69], which can indicate that a 
maintenance resp. balancing of this old device could be necessary. The modelled 
flywheel shows a slightly higher round trip efficiency value of 80.2%. The results are 
shown in Table 4.2. 

 
Table 4.2: Efficiency errors of flywheel storage round trip  

Round Trip Efficiency / Error Datasheet Simulation Test 
Datasheet 77.6% -2.6% +5.8% 
Simulation  +2.6% 80.2% +8.4% 
Test -5.8% -8.4% 71.8% 

 
These error values concerning the FESS model are within the acceptable range of less 

than 10%. The developed model for the FESS at Tallinn University of Technology can be 
used in the intended microgrid simulations. 

4.1.2 Validation of BESS model 
The battery models could be validated against measured data. The corresponding 
lithium-ion battery measurements were obtained from [199] and the batteries were 
modelled as shown in section 3.3 with their datasheet values. 

The measurement data contained four lithium-ion battery data sets. The batteries 
were tested with different operational profiles for charging, discharging and impedance 
with detailed explanations of the methodology. The measured values for charging and 
discharging are: 

• Voltage_measured: Battery terminal voltage [V] 
• Current_measured: Battery output current [A] 
• Temperature_measured: Battery temperature [°C] 
• Current_charge: Current measured at load [A] 
• Voltage_charge: Voltage measured at load [V] 
• Time: Time vector for the cycle [s] 
• Capacity: Battery capacity [Ah] for discharge until 2.7 V 
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Based on the methodology description and available measurements, the battery 
storage model was tested with suitable simulations. Comparison of the simulation results 
to the measured values shows that the charging current error is 11.6% and the 
discharging current error is 6.4%. Since these are errors for charging and discharging at 
maximum current, they will be smaller at partial load. Therefore, the BESS model has an 
acceptable accuracy, even though the charging current error is higher than the aimed 
10% limit.  

4.2 Validation of TES models 
It is necessary to know the errors that are introduced into the simulation by each of the 
TES models. Thus, it is possible to decide if the models are accurate enough for the 
intended purpose and whether they are modelled correctly. The following validation 
methods are used for the simplified TES models: 

• Design of experiment (DoE) 
• Simulation with standardized conditions 
• Validation against civil engineering models 
• Validation against measurement data 
• Uncertainly analysis 

 
The validation details of the implemented storage system models are shown in the 

following subsections. 

4.2.1 Validation of freezer model 
The approach to verify the freezer object model is the following. First, the influence of 
the most significant parameters is confirmed with the design of the experiment (DoE) 
analysis. Second, simulations according to the requirements of the European Union 
commission delegated regulation (EU) No 1060/2010 with varied initial conditions are 
conducted. This can be used to analyse the error including the uncertainty.  

4.2.1.1 Design of experiment for freezer model validation 
Significant parameters based on typical implementations of a freezer model are the 
ambient temperature and the exchange of content in the freezer compartment [10].  
To test if both of these values are significant in the simulation of the object model as 
well, a 2² factorial design was considered, as shown in Table 4.3. The high value for the 
ambient temperature is 23 °C, the low value 17 °C. The high and low values for the food 
exchange are 0.02 kg/5min and 0 kg/5min. 

 
Table 4.3: Design of experiment: 2² factorial design for freezer verification 

Experiment Tamb = xa mi = xb 
E1 23 °C 0.02 kg/5min 
E2 17 °C 0.02 kg/5min 
E3 23 °C 0 kg/5min 
E4 17 °C 0 kg/5min 
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The results for experiments E1-E4 are shown in Table 4.4. 

Table 4.4: Results for experiments E1-E4 

Tamb/mi 0.02kg/5min 0kg/5min 
23 °C E1 = 526.50 Wh E3 = 470.25 Wh 
17 °C E2 = 456.75 Wh E4 = 400.50 Wh 

 
With those values it is possible to apply a simple regression model (4.5) using equations 

(4.1) - (4.4):  

𝑜𝑜0 + 𝑜𝑜𝐴𝐴 + 𝑜𝑜𝐵𝐵 + 𝑜𝑜𝐴𝐴𝐵𝐵 = 𝐸𝐸1 = 526.50 (4.1) 
𝑜𝑜0 − 𝑜𝑜𝐴𝐴 + 𝑜𝑜𝐵𝐵 − 𝑜𝑜𝐴𝐴𝐵𝐵 = 𝐸𝐸2 = 456.75 (4.2) 

𝑜𝑜0 + 𝑜𝑜𝐴𝐴 − 𝑜𝑜𝐵𝐵 − 𝑜𝑜𝐴𝐴𝐵𝐵 = 𝐸𝐸3 = 470.25 (4.3) 

𝑜𝑜0 − 𝑜𝑜𝐴𝐴 − 𝑜𝑜𝐵𝐵 + 𝑜𝑜𝐴𝐴𝐵𝐵 = 𝐸𝐸4 = 400.50 (4.4) 

𝑦𝑦 = 𝑜𝑜0 + 𝑜𝑜𝐴𝐴𝑥𝑥𝐴𝐴 + 𝑜𝑜𝐵𝐵𝑥𝑥𝐵𝐵 + 𝑜𝑜𝐴𝐴𝐵𝐵𝑥𝑥𝐴𝐴𝑥𝑥𝐵𝐵
=  463.500 + 34.875𝑥𝑥𝐴𝐴 + 28.125𝑥𝑥𝐵𝐵 + 0.000𝑥𝑥𝐴𝐴𝑥𝑥𝐵𝐵 

(4.5) 

Using the sum of squares it is possible to determine the contribution of the two 
parameters (c.f. Table 4.5). 

Table 4.5: Sum of squares for freezer parameters 

Sum of 
squares 

Equation Contribution % Contribution 

SST 4 ∗ (𝑜𝑜𝐴𝐴2 + 𝑜𝑜𝐵𝐵2 + 𝑜𝑜𝐴𝐴𝐵𝐵2) 8029.1250 100 
SSA 4 ∗ (𝑜𝑜𝐴𝐴2) 4865.0625 61 
SSB 4 ∗ (𝑜𝑜𝐵𝐵2) 3164.0625 39 
SSAB 4 ∗ (𝑜𝑜𝐴𝐴𝐵𝐵2) 0.0000 0 

 
This shows that both parameters have significant influence on the simulation. In this 

case, the influence of the ambient temperature is higher than the food exchange rate. 
Both parameters are independent of each other due to the modelling.  

4.2.1.2 Simulations with standardized conditions 
The European Union commission delegated regulation (EU) No 1060/2010 [200] 
describes the standardized test parameters that need to be met to determine the official 
energy consumption values for a freezer for the EU energy label. Applying the same 
conditions to a simulation, which are typically applied in an experiment to the real object, 
will create comparable results for error analysis.  

The simulation uses the following conditions:  
• The set point is fixed to -18 °C 
• The time step is 5 min 
• The duration of the simulation is 24 h 
• The food exchange is 3 times 0.3 kg in 24 h 
• The temperature of the replacement food is 25 °C 
• The ambient temperature is 25 °C 
• The food exchange pattern is shifted 5 min for each simulation 
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With these simulations, a mean energy consumption of 442.9531 Wh/day with a 
standard deviation of 2.0144 Wh/day can be obtained. The uncertainty of the repeated 
simulations is of type A [201] and can be calculated like this (4.6):  

 

𝑖𝑖𝑟𝑟 =
𝑠𝑠𝐹𝐹𝑆𝑆𝑆𝑆𝑑𝑑𝑆𝑆𝑟𝑟𝑑𝑑 𝑑𝑑𝐺𝐺𝑣𝑣𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹𝑆𝑆

�# 𝐹𝐹𝑓𝑓 𝑠𝑠𝑆𝑆𝑚𝑚𝑖𝑖𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹𝑆𝑆𝑠𝑠
=

2.0144 Wh/day
√288

= 0.1187𝑊𝑊ℎ/𝑑𝑑𝑆𝑆𝑦𝑦 (4.6) 

 
Matlab is calculating with 16 digits. The power consumption is in a range of 3 digits 

before the decimal point, leaving 13 digits after the decimal point. This yields the following 
uncertainty of type B [201] (4.7): 

 

𝑖𝑖𝑀𝑀𝐴𝐴𝑇𝑇𝑀𝑀𝐴𝐴𝐵𝐵 =
𝑠𝑠𝐺𝐺𝑚𝑚𝑆𝑆 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺

√3
=

(0.0000000000001𝑊𝑊ℎ/𝑑𝑑𝑆𝑆𝑦𝑦)/2
√3

= 0.00000000000003𝑊𝑊ℎ/𝑑𝑑𝑆𝑆𝑦𝑦 

(4.7) 

 
The combined uncertainty can be obtained with equation (4.8) [201]: 
 

𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑌𝑌 = �𝑖𝑖𝑃𝑃𝑝𝑝𝑎𝑎2 + 𝑖𝑖𝑀𝑀𝐴𝐴𝑇𝑇𝑀𝑀𝐴𝐴𝐵𝐵2 =  0.1187𝑊𝑊ℎ/𝑑𝑑𝑆𝑆𝑦𝑦 (4.8) 

 
Using a coverage factor k=2 for a confidence level of 95% yields that the freezer  

object model operates according to this simulation with a power consumption of 
442.9531 +/-0.2374 Wh/day. This corresponds to 161.677 +/- 0.0866 kWh/a compared 
to 174 kWh/a, as shown in the technical data for the selected freezer model [202].  
This is an error of about 7%, which is acceptable for the microgrid simulations in this 
work, as it is below the chosen 10% error limit. 

4.2.2 Validation of water heater model 
The model for the water heater has been verified with a DoE analysis and measurements. 
For this purpose, the hot water consumption for a water heater in an apartment with the 
corresponding electrical energy consumption has been measured. The installed water 
heater in the apartment has a volume of 200 l and a power of 2100 W. All relevant 
parameters for the installed water heater are set according to the datasheet [203]. 

4.2.2.1 Design of experiment for water heater model validation 
Typical models of water heaters show that the significant parameters are the ambient 
temperature and the water exchange [10]. A 2² factorial design for the DoE of the water 
heater model can be used to confirm the relevance of these, using the parameters shown 
in Table 4.6.  

 
Table 4.6: Design of experiment: 2² factorial design for water heater verification 

Experiment Tamb = xa Vi = xb 
E1 26 °C 0.5l/5 min 
E2 10 °C 0.5l/5 min 
E3 26 °C 0l/5 min 
E4 10 °C 0l/5 min 
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The ambient temperature changes for this DoE analysis are chosen more extremely 
than for the freezer, which is mostly placed in the basement with milder temperature 
changes. Despite that, the DoE analysis for the water heater shows that the ambient 
losses have a much lower influence on the model than the water exchange (c.f. Table 
4.7). This is the result of better thermal design of a water heater without larger openings 
compared to a freezer, where the door is a strong thermal bridge, causing more ambient 
losses. 

 
Table 4.7: Sum of squares for freezer parameters 

Sum of squares Contribution % Contribution 
SST 4.97 ∗ 106 100 
SSA 0.13 ∗ 106 3 
SSB 4.84 ∗ 106 97 
SSAB 0 0 

4.2.2.2 Validation against measurement data 
The measurements for the hot water and electrical energy consumption were done for 
1 week with a 5 min time step. The resulting hot water pattern could then be applied  
to a simulation with the same ambient temperature that was present during the 
measurements. The average electrical power error of the simulated water heater is less 
than 6% compared to the measurements. This is well below the 10% error limit that was 
selected for the intended microgrid simulations.  

4.2.3 Validation of the simplified space heating model 
Since the simplifications for the simplified space heating model are extensive, it is 
necessary to determine whether the degree of abstraction is too high for the intended 
use in microgrid simulations. 

Therefore, two validation methods were chosen to obtain quantitative error and 
accuracy values: First, the model was validated against the previously described civil 
engineering model of the simple room. Secondly, the model was compared to the 
measured data from the described 3-room apartment located in the Kristiine district in 
Tallinn. 

4.2.3.1 Validation against civil engineering model 
The simplified space heating model was validated against the simple room IDA-ICE model 
described in section 3.5. As mentioned, the civil engineering model had been validated 
previously. Thus, the additional error of the simplified space heating model, which is the 
test model in this case, could be verified against that model. A one-week simulation with 
one-minute time step was implemented for both models with the same environmental 
parameters as shown in Table 4.8. For the simulation results, the error and accuracy 
metrics from section 3.5 could be used for evaluation of the simplified space heating 
model: 

• Root mean square error (RMSE) of the mean air temperature (3.26) 
• RMSE of the heating power per square meter (3.27) 
• Mean heating power difference (3.28) 
• Percent of time steps with correctly estimated heating power (3.29) 
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Table 4.8: Environmental and model parameters for simplified space heating model validation 
against civil engineering simulation 

Parameter Value 
Ambient air temperature 0.5 °C 
Temperature set point 21 °C 
Solar irradiation Yes 
Heating power 400 W 
Structural dimensions and windows According to civil engineering model 
Occupancy According to civil engineering model 

 
The results for the error and accuracy metrics are the following: 

• RMSET: 0.92 °C 
• RMSEP: 27.63 W/m² 
• 𝑃𝑃�: 8.3% 
• TSA: 63.54% 

 
The error metrics are quite high and the accuracy is quite low, as the simulation errors 

for the civil engineering model need to be added as well. Those are around 5% according 
to [176], lifting the mean power error to 13.3%. Additionally, this model is quite simple 
compared to a regular apartment model, resulting in even higher expected errors for 
more complex rooms. The temperature RMSE is within a reasonable margin, the mean 
heating power error and heating power RMSE are too high, and the TSA is too low.  
The model is not within the 10% error margin, nor is it within the extended 12% error 
limit for complex models. Thus, the model can be useful for first general tests with 
different control algorithms, but the results should be verified with a more detailed 
model to ensure the correct behaviour of the control strategies in a specific case. 

4.2.3.2 Validation against measurement data 
Additionally, the simplified model was validated against the measurement data of the 
apartment in Kristiine district in Tallinn, as described in section 3.2. The validation time 
covers the complete week of the measurement data. 

The model uses the parameters according to the conditions of the measurements 
presented in Table 4.9. 

 
Table 4.9: Environmental and model parameters for simplified space heating model validation 
against measurements 

Parameter Value 
Ambient air temperature Fluctuating between -8 °C and +2 °C 
Temperature set point 22 °C 
Solar irradiation Yes 
Heating power 230 W 
Structural dimensions and windows According to apartment dimensions 
Occupancy According to apartment measurements 

 
Unfortunately, the temperature in the apartment was not measured; thus, it is only 

possible to calculate the electrical power error between the model and the measurements. 
Due to the higher complexity of this model compared to the simple room model in the 
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previous validation, the mean power error increased in this test to 24%. This confirms, 
on the one hand, that the error increases with a more complex model, and on the other 
hand, that this simple modelling technique can only be used to get first indications about 
the behaviour of space heating for a general building. Thus, as mentioned before, the 
model can be only used for first control algorithm tests, but there is a need to verify the 
control strategy with a more detailed model for a specific case.  

4.2.4 Validation of neural network space heating model 
The neural network-based space heating model has been validated against the 
corresponding civil engineering models and against measurement data from the control 
center of the Energy Campus Wildpoldsried located in the city of Wildpoldsried, 
Germany. Like this, the different used models were all validated, and the errors of the 
different models can be compared. Additionally, an uncertainty analysis with the single 
family house model was conducted to see the stability of the neural network based 
models as a modelling quality indicator. 

4.2.4.1 Validation against civil engineering model 
For the validation of the neural network-based models, the error and accuracy metrics 
from section 3.5 could be used. The evaluation is presented in more detail in [175]. 

•Root mean square error (RMSE) of the mean air temperature (3.26)
•RMSE of the heating power per square meter (3.27)
•Mean heating power difference (3.28)
•Percent of time steps with correctly estimated heating power (3.29)

As described in more detail in [175], a simple simulation with the neural network-based 
model is created. Input data for a whole year with the different values are used as shown in 
Table 3.7. The simulation has a 1-min time step. The temperature calculated by the 
model for the end of a time step is used as input for the next time step. The resulting 
error metrics for this validation are shown in Table 4.10.  

Table 4.10: Comparison of error and accuracy metrics between the neural network-based models 
and the civil engineering models [175] 

Model 𝑻𝑻𝑻𝑻𝑻𝑻 [%] 𝑷𝑷� [%] 𝑹𝑹𝑹𝑹𝑻𝑻𝑹𝑹𝑷𝑷 [
𝑾𝑾
𝒎𝒎𝟐𝟐] 𝑹𝑹𝑹𝑹𝑻𝑻𝑹𝑹𝑻𝑻 [°𝑪𝑪] 

Simple room (Simple Model) 63.54 8.3 27.63 0.92 
Simple room (NN Model) 98.92 2.6 3.13 0.30 
Single family house (NN 
Model): Average of 7 rooms 

94.56 6.1 16.93 0.85 

It can be observed that the accuracy and error metrics for the NN-based simple room 
model are much better than those for the simple space heating model of the simple 
room. The errors are lower, and the TSA is higher. For example, the mean power error is 
5.7% lower. This clearly shows the superior modelling quality of the NN-based model 
over the simplified space heating model. The error metrics for the much more complex 
single family house model are better than the simple space heating model of a simple 
room. However, the more complex model shows slightly worse error metrics than the 
less complex simple room model. This indicates that a simplified model of the single 
family house would perform worse than the simplified simple room model.  
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Thus, improved space heating models are necessary to get more accurate simulation 
results. The mean air temperature validation result is shown visually for the single family 
house in Figure 4.4 and the related power consumption graph in Figure 4.5. 

Figure 4.4: Mean air temperature comparison between civil engineering simulation and test 
simulation for single family house bedroom model in the test simulation with zoom-in [175]  

Figure 4.5: Power data comparison between civil engineering simulation and test simulation for 
single family house bedroom model (Calculated power data is shown in the negative y-direction) 
with zoom-in [175] 

The high model quality for the NN-based models can be seen in both graphs, as the 
temperature and power consumption are close to the results for the civil engineering 
model. This is especially visible in the zoomed-in graphs on the right. Additionally, 
the model accuracy stays on the same level throughout the whole simulation of 1 year, 
as seen on the overview graphs on the left. 

In summary, the NN-based space heating model for the more complex single family 
house does not quite reach the 10% error limit, but is well within the extended 12% error 
margin for complex models. 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time Step 10 5

16

18

20

22

24

26

28

30

M
ea

n 
Ai

r T
em

pe
ra

tu
re

 [°
C

]

Mean Air Temperature for Single Family House Bedroom Model

IDA-ICE Model Temperature Data

Neural Network Model Temperature Data

1.083 1.0835 1.084 1.0845 1.085

Time Step 10 5

19.5

20

20.5

21

21.5

22

M
ea

n 
Ai

r T
em

pe
ra

tu
re

 [°
C

]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time Step 10 5

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

Po
w

er
 [W

]

Electrical Power for Single Family House Bedroom Model

IDA-ICE Model Temperature Data

Neural Network Model Temperature Data

1.083 1.0835 1.084 1.0845 1.085

Time Step 10 5

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

Po
w

er
 [W

]



77 

4.2.4.2 Validation against measurement data 
Validation of the NN-based models against civil engineering models gives a good 
indication about the model quality. To have a comprehensive validation of the models, 
they need to be directly compared to measurements. Therefore, the control centre 
model of the Energy Campus Wildpoldsried was developed. With this model, it is possible 
to compare the NN-based model, the civil engineering model and the real object with 
each other and analyse the errors. Figure 4.6 shows the visual result for the comparison 
of the three models. The same input parameters that were measured for the real object 
have been used for the simulations. The NN-based model has been synthesized from the 
civil engineering model as described before.  
 

 
Figure 4.6: Model validation of neural network and IDA ICE control centre models with measured 
data 

It can be observed that the temperature calculations for the two simulated models 
are closer to each other than to the measured data. This shows that the errors between 
the models are lower than to the real object. This is confirmed by the error calculations 
shown in Table 4.11. 
 
Table 4.11: Error comparison between measurement and control centre models 

Errors NN vs. IDA ICE NN vs. 
Measurement 

IDA ICE vs. 
Measurement 

RMSE [°C] 0.32 2.95 2.94 
Mean Temperature 
error [°C] 

1.93 4.98 7.05 

 
The presented error metrics show error differences between the NN-based model and 

the civil engineering model. The errors between the civil engineering model and the 
measurements are much higher. The NN-based model presents higher error metrics as 
well. Interestingly, the RMSE is very similar to the civil engineering model, while the mean 
temperature error is even lower. This does not mean that the NN-based model is more 
accurate than the civil engineering model. Rather the errors between the measurements 
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and the civil engineering model, and the error between the civil engineering model and 
the NN-based model cancel each other out to a certain degree for the tested input data. 
With different input data, the results can differ. The NN-based model is within the set 
error margins and can therefore be used in the intended microgrid simulations. 

To classify the results in relation to the other NN-based models, the temperature 
RMSE for the control centre, simple room and single family house model can be 
compared as shown in Table 4.12. The complexity of the control centre is slightly higher 
than the simple room model, which can be seen in the RMSE as well. The single family 
house model is more complex, as indicated by the higher RMSE, and the expected errors 
towards a real object should be considered higher than with the control centre 
consequently.  

 
Table 4.12: Error comparison between NN-based models and civil engineering models 

NN Based 
Models 

Control Centre 
Model 

Simple Room 
Model 

Single Family House 
Model 

RMSE [°C] 0.32  0.30 0.85 

4.2.4.3 Validation with uncertainly analysis 
Additionally, an uncertainty analysis was conducted as a model quality indicator. 
Therefore, multiple short simulations were run with the NN-based space heating model 
of the single family house, using a simulation time of 10 days with 1 min time steps.  
For each of the simulations, the initial parameters were varied slightly for each of the  
7 rooms included in the model. This results in a total number of simulations of 1921, 
which can be used for the uncertainty analysis of the electrical power consumption of 
the space heating model, as this is the most relevant parameter for the intended purpose 
of the model. Based on the standard deviation between those simulations, the uncertainty 
could be calculated using (4.9): 

 

𝑖𝑖𝑁𝑁𝑁𝑁 =
𝑠𝑠𝐹𝐹𝑆𝑆𝑆𝑆𝑑𝑑𝑆𝑆𝑟𝑟𝑑𝑑 𝑑𝑑𝐺𝐺𝑣𝑣𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹𝑆𝑆

�𝑆𝑆𝑖𝑖𝑚𝑚𝑂𝑂𝐺𝐺𝑟𝑟 𝐹𝐹𝑓𝑓 𝑠𝑠𝑆𝑆𝑚𝑚𝑖𝑖𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹𝑆𝑆𝑠𝑠
 (4.9) 

The Matlab calculation uncertainty can be neglected in this case as Matlab calculates 
with 16 digits, as mentioned in section 4.2.1. This would result in an additional uncertainty, 
which is multiple magnitudes smaller than the space heating model uncertainty. 

The standard deviation for the single family house model was 1.25% and as a result, 
the uncertainty of the model is 0.03% in these test simulations. This assures, on the one 
hand, the stability of the proposed modelling method and guarantees, on the other hand, 
the ability to handle small differences within the operational limits of the model. 

4.3 Conclusions 
The object models developed in Chapter 3 needed validation to obtain quantitative 
results for error metrics. This ensures good accuracy levels and a correct behaviour of 
the models for the control strategies that are developed next. For this purpose, 
validations with a PHIL setup against measurement data with standardized test 
conditions and against other detailed models were implemented. To ensure a good 
quality and accuracy of the simulations, a maximum mean error margin of 10% for most 
object models was chosen. As space heating models are much more complex due to all 
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the external influences than the other object models, an extended maximum error limit 
of 12% was chosen for the complex space heating models. 

For the FESS model, validation with a PHIL setup was chosen, as the device is physically 
available at Tallinn University of Technology.  

• A repeatability analysis to ensure the validity and stability of the other 
validation results showed that the system is working properly.  

• The error margin for the round trip efficiency test was 8.4% between the 
measured object and the simulated model, which is well below the set 10% 
error margin. The error between the simulation and datasheet value is much 
smaller. This indicates that the physical object needs maintenance to reach 
the original measured efficiency level. 

The BESS model was validated against measurement data. The mean discharging 
current error at maximum discharging rate was 6.4%, which is below the 10% error goal. 
The result for the mean charging current error at maximum charging rate was 11.6%. This 
is above the set 10% error limit. However, it can be considering that the battery will not 
be charged and discharged with the maximum allowed rate:  

1. … because the battery is charging and discharging according to the load 
needs, which are typically lower than the maximum allowed current level 

2. … because the BESS should be slightly over-dimensioned to increase the 
lifetime, as discussed in Chapter 2 

3. … because the control strategies should be designed to achieve a long 
lifetime by avoiding high currents  

 
This means that the current error will be lower and within the set error margins most 

of the time. 
 

The TESs were validated with the following results: 
• The freezer model was validated according to standardized test conditions. 

The simulation was implemented exactly as the experimental setup used for 
obtaining the datasheet values. The mean power error obtained was 7%, 
which is below the set goal of a maximum of 10%.  

• The water heater was validated against measurement data from the 
apartment in Kristiine district in Tallinn. The mean error was 6%, well below 
the set limit of 10%. 

• The simplified space heating model was validated against the more accurate 
civil engineering model and against the measurement data from the 
measured apartment in Kristiine district in Tallinn. As expected, after adding 
the additional simulation error from the civil engineering model of 5%,  
the overall error for the simplified space heating model was 13.3% for the 
simple room. The error compared to the measured model was 24%, which is 
too high as well. Thus, the model can be used for first tests with control 
strategies, but the results should be verified with a more detailed model to 
ensure the correct behaviour of the control algorithms.  

• The NN-based space heating model was validated against the civil 
engineering models and measurement data. The civil engineering model for 
this validation was the complex single family house model. Between the civil 
engineering model and the NN-based model, the mean power error was 
6.1%, resulting in a total error of 11.1% if the civil engineering software error 
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is added. This value is slightly above the target of 10% maximum error, but 
since this is a complex model, the 12% error margin can be applied; thus, the 
model is accurate enough. The second validation against measured data of 
the control centre model confirmed that, showing an even lower mean 
power error of 5%, which is well below the set limit. The improvement of the 
mean power error compared to the simplified space heating model is 5.7%. 

 
The error rates for all the storage system models are summarized in Table 4.13. FESS, 

BESS, freezer, water heater, and the NN-based space heating model can clearly be used 
for the development of control strategies, whereas the simplified model should be used 
for first general investigations.  

 
Table 4.13: Overview of all object model errors 

Object model Mean error Acceptable (10% / 12% 
limit) 

FESS 8.4% Yes / Yes 
BESS 6.4% - 11.6%  Barely / Yes 
Freezer 7% Yes / Yes 
Water heater 6% Yes / Yes 
Simplified space heating >13.3% No / No 
NN-based space heating 5% - 11.1% No / Yes 

 
Additionally, during these validation tests, the simplified space heating model could 

be compared to the NN-based model further, as shown in Table 4.14. The tests showed 
not just different accuracy results, but also different calculation times and, as analysed 
in Chapter 2, different compatibilities. The reduction of calculation time during the 
microgrid simulation between a co-simulation and the NN-based model is 85%. 
Considering that in microgrid simulations, the simulations are repeated multiple times 
with different control strategies, the NN-based space heating model is most useful for 
the investigation of control strategies. Pre-training and data set creation is only necessary 
once and the reduction of calculation time and the compatibility issue compared to a  
co-simulation are therefore significant. As mentioned, the simplified model is only 
suitable for first general investigations on the control strategies, which is confirmed as 
the model is quickly calculated and highly compatible but has low accuracy.  
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Table 4.14: Overview of advantages and disadvantages for different space heating models in 
microgrid simulations [175] 

Model Advantages Disadvantages 
Simple model • Fast to calculate during 

simulation (~3-min 
calculation time for 
complete single family 
house*) 

• No pre-training 
• Highly compatible (part of 

the microgrid simulation) 

• Low Accuracy 

Civil engineering 
model (e.g., 
with co-
simulation) 

• Very good accuracy  
• No pre-training 

• High computational effort 
and slow during simulation 
(~20-min calculation time 
for complete single family 
house*) 

• Compatibility problems 
between simulators 

NN- based 
model 

• Fast to calculate during 
simulation (~3-min 
calculation time for 
complete single family 
house*) 

• Good accuracy within set 
limitations 

• Highly compatible (part of 
the microgrid simulation) 

• Pre-training (~6 min per 
room*) and creation of 
datasets (~20 min for 
complete single family 
house*) 

*Intel Core i7 4770K CPU; Nvidia GeForce GTX 980Ti GPU 
 



82 

5 Research and development of control strategies for 
residential microgrids 
In Chapter 2, the BESS, FESS and TES selected for investigations have been modelled and 
validated in Chapters 3 and 4. As a next step, control strategies for these storage systems 
need to be researched and developed to give recommendations and investigate the 
related user requirements and financial feasibility. In this regard, the BESS and FESS need 
to work with different control strategies than the TESs to cooperate efficiently and 
achieve the security of supply and financial feasibility improvement goals. The main goals 
in this regard are: 

1. Increase of islanded operation duration (Security of supply parameter) 
2. Increase of the cyclic lifetime of the BESS (Financial parameter) 
3. Minimization of energy costs (Financial parameter) 
4. Minimization of BESS capacity (Financial and security of supply parameter) 

 
The first two goals, the cyclic lifetime and security of supply improvement, can be 

achieved with the FESS and BESS. The cyclic lifetime is a financial parameter, which 
influences the re-investment costs of the system when the BESS needs to be exchanged. 
The security of supply can be improved due to a prolonged islanded operation time with 
the additional FESS storage capacity. This is investigated in section 5.1.  

The minimization of energy costs can be achieved with the TESs. In this case, the 
thermal energy is saved and released according to the electricity price in a real time price 
market scenario, as shown in section 5.2.  

Minimizing the BESS capacity will reduce the investment costs for the system. This can 
be achieved by scheduling the TESs and therefore adjusting the consumption profile to 
the production, which can also increase the islanded operation duration. The development 
of these islanded control algorithms is described in section 5.3.  

The latter two control strategies are dependent on the occupancy of the investigated 
dwelling as the thermal and electrical consumption patterns change. With this 
investigation, conclusions about the general applicability of the different algorithms can 
be drawn as shown in section 5.4. 

5.1 Cyclic lifetime and security of supply improvement with FESS and 
BESS 
As mentioned before, the primary goal of the FESS control system is to improve the 
power quality by reducing peaks and dips, which can help to increase the BESS lifetime 
as the number of charging and discharging cycles can be reduced with such a control. 
The control for the BESS itself is load following as it is the responsible device in the 
islanded operation to maintain voltage and frequency. As the FESS adds a small 
additional storage capacity to the system, the security of supply can be improved as well 
due to a longer islanded operation duration. The simulation topology is shown in Figure 
5.1. 
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Figure 5.1: Simulation topology for islanded BESS and FESS investigation 

5.1.1 FESS control 
As mentioned in section 3.3, there is a power smoothing control implemented for the 
FESS. To smooth the load, a variety of different low pass filters can be used. As a first 
implementation, a moving average filter was selected, as shown in Figure 5.2. This 
control was implemented to change the active power reference for the current controller 
since the power smoothing operation is related to the active power. 
 

 
Figure 5.2: Schematic of FESS moving average control [154] 

The length for this moving average filter was chosen to be 30 and 60 seconds. This 
length effects strongly how much the load profile is smoothed and therefore, how much 
stress will be put on the FESS. If the length chosen is too low, the profile will not be 
smoothed much, and the peaks and dips will remain. If the length chosen is too long, 
then the flywheel might not be able to work for extended time as it will be fully charged 
or discharged. The results for the power smoothing scenario for a small islanded 
microgrid are shown in Figure 5.3. The start-up phase for the flywheel in the first 30 s has 
been cut in the graph. 

As the figure shows, the load in the microgrid is smoothed well with the moving 
average filter. The flywheel is balancing the peaks and dips in this simulation. However, 
it can be observed that the the rotational speed of the FESS is decreasing over time. This 
is an indication that the moving average filter length might be already too long for 
permanent operation of the selected flywheel. But it should also be mentioned that the 
selected flywheel, which is modelled based in the device in the laboratory, is an old 
device with lower efficiency and low capacity. A more modern FESS could perform better 
with this filter length. 
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Figure 5.3: Main grid to microgrid power supply with and without power smoothing, FESS power 
and FESS rotational speed [154] 

To verify these results, the same load profile is tested with the PHIL setup of the FESS. 
The result is shown in Figure 5.4. 

 

 
Figure 5.4: Load smoothing with FESS PHIL-setup moving average control with the test profile [64] 

Like the results of the simulation in Figure 5.3, the real time simulation with the PHIL 
setup shows a smoothed load profile. The time resolution for the real time simulation is 
higher, which can be seen in the discretized graph for the original load profile. However, 
in this profile, a delay for the FESS power adjustment can be seen, as the controller and 
physical system have a certain reaction time constant. The FESS power controller has to 
adapt the set signal to the output signal. A more detailed graph for this delay is shown in 
Figure 5.5. 
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Figure 5.5: Detailed load smoothing with FESS PHIL-setup moving average control with the FESS 
power graph [64] 

These peaks from the reaction time of the FESS controller can be positive and 
negative, but they are typically smaller in amplitude than the original step from the load 
signal that was sampled at 1 Hz. To see if the response of the flywheel can be optimized, 
a Butterworth filter was implemented additionally. The two different filter impulse 
responses are shown in Figure 5.6. 

 
Figure 5.6: Impulse response for moving average and Butterworth filters [64] 

The Butterworth filter is designed as a second order filter with a sampling frequency 
of 1 Hz and a cut-off frequency of 1/60 Hz. As shown in the figure, the moving average 
filter reacts first to the impulse and stays constant till the impulse passes the full filter. 
The Butterworth filter reacts less aggressively to the impulse but after some seconds, its 
response overshoots the moving average response. It is the first filter that starts to 
decrease and align to zero. However, the slope of the moving average filter reaches zero 
first. These properties of the Butterworth filter lead to a much better smoothing result. 
This can be seen even more detailed in the slope gradient of the smoothed load profile 
in Figure 5.7. The slope gradient is much smaller and smoother, which ensures a better 
power quality and more potential to reduce the charging and discharging cycles for the 
BESS. 
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Figure 5.7: Power slope gradient for moving average and Butterworth filters with the test load 
profile [64] 

A second implemented control algorithm is to charge the FESS in case the produced 
power from the PV-system exceeds the maximum charging power for the BESS.  
The charged energy can then be used to charge the BESS when the produced PV-power 
is reduced again. This can be implemented as shown on the flowchart in Figure 5.8. 

 

START

Pbat,charge = Pbat,max 
&&

 PPV > Pload+Pbat,max

Y

SOCFESS < 1

Y

Charge FESS

END

FESS Power Smoothing 
Control

N

N

FESS Power Retention

 
Figure 5.8: High PV-system production control strategy for FESS 
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5.1.2 BESS control 
As the BESS is the grid forming device in the islanded operation mode, it needs to work 
in a load following way. This means that it needs to control the frequency and voltage for 
the microgrid according to the current load by charging and discharging the battery cells. 
Therefore, the following control principles have been implemented for the simulations 
[28], [38]. 

The integrated battery controller is assumed to limit the batteries SOC to a maximum 
value of 0.9 and a minimum value of 0.2 to reduce the degradation of the battery [68]. 
The inverter control model for the BESS reduces its basic working principle in the 
simulations [28], [38]:  

• The inverter is modelled as an efficiency value. 
• The typical inverter behaviour in the islanded mode is defined with the limits 

stated in grid standard EN 50160 in the following way: 
 The frequency in the islanded microgrid is kept constant in any case.  
 The voltage in the islanded microgrid is limited to the nominal root-

mean-square (RMS) voltage of 230 V (VN) and cannot be exceeded. 
Thus, the energy production needs to be reduced. 

 Consequently, if the energy production cannot supply the demand, 
the voltage will drop and the microgrid will shut down in the 
islanded mode operation. 

5.1.3 Results of cyclic lifetime and security of supply improvement control 
As shown in [24], different scenarios with an islanded microgrid including a FESS and BESS 
were simulated. The islanded microgrid consists of the generated single family house 
load profile, the scaled Laastu Talu OÜ PV-system profile, the FESS model, and the BESS 
model. The first scenario was simulated without the FESS power smoothing control.  
The second scenario includes the moving average power smoothing control for the FESS. 
The simulation runs for 24 h even if the battery cannot maintain stable islanded 
operation anymore. The BESS SOC during the simulations is shown in Figure 5.9.  

 

 
Figure 5.9: BESS SOC of an islanded microgrid system with and without supporting FESS for power 
smoothing; (A) Increase of islanded operation time with special case; (B) Increase of islanded 
operation time with typical cases [33], [24] 
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As indicated in the figure, the islanded operation time can be increased by more than 
10 h 30 min or 50% because in the selected special case (Figure 5.9, (A)), a large dip was 
compensated by the flywheel. At around 10 hours of operation, the load of the single 
family house was draining the BESS below its minimum SOC because the sun was not 
shining strong enough for the PV-system to produce enough energy. With other load and 
PV-system profiles, there might appear similar cases where the islanded operation time 
is increased massively.  

The increase of the islanded operation time without such a special case can be 
estimated from the figure as well (Figure 5.9, (B)). At the end of the simulation, the points 
in time when the final minimum SOC value is reached can be compared, assuming that 
the dip below the minimum SOC right after hour 10 did not take place. In this case, the 
increase would be around 45 min or 3%.  

Based on the number of charging and discharging cycles within this 24-h simulation,  
it can be estimated by how much the cyclic lifetime can be increased with this control 
strategy. This estimation can be done using the maximum number of cycles given by the 
manufacturer’s datasheet for the BESS (5.1). This estimation can be compared to the SOLI 
test described in section 2.2.2. 

 

𝐹𝐹𝐵𝐵𝑎𝑎𝑜𝑜,𝑐𝑐𝑌𝑌𝑐𝑐𝑌𝑌𝑖𝑖𝑐𝑐 =
𝑁𝑁𝑐𝑐𝑌𝑌𝑐𝑐𝑌𝑌𝑎𝑎𝑠𝑠,24ℎ ∗ 365
𝑁𝑁𝑐𝑐𝑌𝑌𝑐𝑐𝑌𝑌𝑎𝑎𝑠𝑠,𝑚𝑚𝑎𝑎𝑥𝑥

  
(5.1) 

where: tBat,cyclic: Cyclic lifetime for BESS [a]; Ncycles,24h: Number of cycles in 24 h; 
Ncycles,max: Maximum number of cycles according to the datasheet. 

 
This estimation incudes the simplification of counting the partial cycles and adding 

them up to full cycles, even though they are less damaging for the BESS than full cycles 
[68]. The calculated cyclic lifetime values with the corresponding cycles per year and 
maximum islanded operation times are shown in Table 5.1. 

 
Table 5.1: BESS cyclic lifetime estimation and maximum islanded operation time for microgrid 
system with and without FESS power smoothing [33], [24] 

Scenario Cycles/Year Cyclic Lifetime Maximum 
islanded operation 
time 

Without FESS 542 8.3 a 10 h 22 min 
With FESS moving 
average control 

455 9.9 a 20 h 55 min 

 
This reduced number of cycles per year by around 16% leads to an increase of the 

cyclic lifetime by 19% for the BESS, which is related to an increased service life of the 
battery with longer periods before re-investments for replacement devices. Of course, 
the microgrid is not operating in the islanded mode permanently, but these results apply 
to a very similar maximum self-consumption BESS control strategy in the grid-connected 
mode as well. 

For the second control approach regarding improved energy use and self-consumption, 
which is especially useful during the islanded operation, a real time simulation with the 
PHIL setup was used. A combined load and PV-system profile and a BESS model were 
implemented in Matlab and the response of the real FESS was measured and included in 
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the microgrid simulation in real time. In this scenario, the produced power during the 
daytime of the PV-system is exceeding the maximum charging power for the BESS. In this 
case, the FESS is charged with the excess-energy. The load profile power, BESS charging 
power and FESS power are shown in Figure 5.10, including the stored FESS energy. In the 
last few minutes, the energy stored in the FESS is used to charge the BESS even more for 
later use of the energy when the PV-production is lower. In this case, more than 200 kWs 
could be additionally stored. However, due to the low efficiency of the old FESS system, 
about 90% of the excess energy is lost due to high self-discharge of the device. A more 
modern device could show more significant results with an improved performance and 
efficiency.  

 
Figure 5.10: Flywheel and battery storage control with PHIL setup for exceeding the PV-power 
scenario [25] 

5.2 Energy cost minimization with TESs 
In the grid-connected operation, the TES has to work with an energy cost minimization 
control strategy to reduce the cost for energy exchange to and from the grid.  
The price-based control algorithms depend on the real time electricity price or  
day-ahead electricity prices. Example price patterns have been obtained from the 
Nord Pool website [77] for the corresponding times and dates of the other used profiles. 
The simulation topology is shown in Figure 5.11. 

 

 
Figure 5.11: Simulation topology for grid-connected TES investigation 
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5.2.1 Price-based control algorithm description 
The general working principle of the price-based control algorithms is the following:  
if the electricity price is high, then it is required to choose a low consumption set point: 

• For heating devices, a low temperature set point 
• For cooling devices, a high temperature set point 

If the electricity price is low, a higher consumption set point can be chosen: 
• For heating devices, a high temperature set point 
• For cooling devices, a low temperature set point 

In total, 7 different price-based algorithms have been implemented based on [85], 
[84] and [10]. The algorithms are shown in Table 5.2. 

 
Table 5.2: Price-based control algorithm description; Cooling = Freezer; Heating = Water heater and 
space heating [10], [85], [84] 

# Description of set point calculation algorithm 
A Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

Prmax−Prmin
 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
Prmax−Prmin

 

B Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
|Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔|

Prdev
 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
|Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔|

Prdev
 

C Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Prmax−Pravg

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Prmin−Pravg

 

D Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Prmax−Pravg

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Prmin−Pravg

 

E Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
Tset,max−Tset,min
Prmax−Prmin

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pr − Pravg� ∗
Tset,max−Tset,min
Prmax−Prmin

 

F Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,max−Tset,min
Prmax−Prmin

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pr − Prmin) ∗ Tset,max−Tset,min
Prmax−Prmin

 

G Cooling: 
Pr ≥Pravg → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ; 𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ;   
Heating:  
Pr ≥Pravg → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ; 𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ;  

 
where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; 

Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; Cuser: User 
comfort related scaling factor; Pr: Current electricity price [€/kWh]; Prmin: Minimum 
electricity price [€/kWh]; Prmax: Maximum electricity price [€/kWh]; Pravg: Average 
electricity price [€/kWh]; Prdev: Electricity price deviation [€/kWh]. 
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All these algorithms have slightly different methods for choosing the set point 
between the minimum and maximum consumption. The selection is based on different 
quantities related to the electricity price. As an additional scaling factor, Cuser is 
introduced. For most simulations, the factor is set to 1. If the factor is selected higher, 
the set point variation is more aggressive and should reduce the user comfort. If it is 
chosen lower than 1, the set point variation is less aggressive and the user comfort should 
increase. The results for the scaling of this factor are presented in more detail in [38]. 
The general relation between the chosen set point and the electricity price is shown for 
all the algorithms in the example of the water heater model in Figure 5.12. It can be seen 
that the algorithms have different linear and non-linear behaviour, which causes 
different results regarding the cummulative price and the user comfort based on the 
temperature selection. 

 

 
Figure 5.12: Price-based control algorithm visualization: Example with the water heater [30] 

5.2.2 Results of price-based control algorithms 
Typical cost reductions with such price-based algorithms are in a range of 5-30% [10], 
[85]. For 1-week simulations with each of the algorithms the cost reductions presented 
in Table 5.3 could be achieved. The simulation focuses on the TESs. The BESS, FESS and 
PV-system are not considered in this case to have results comparable to the previously 
presented scientific literature. More detailed influences from changing different 
parameters have been published in [38]. As it can be seen, these values are within the 
same range as other published scientific work. However, these studies did not consider 
space heating as the thermostatically controllable load that has the biggest potential for 
cost saving as the results clearly show. The combined case with all 3 TESs shows lower 
relative cost savings than the case with only space heating because the freezer and water 
heater show lower cost reductions. This results in lower total relative cost savings 
compared to a fixed set point control. In general, algorithms D and F show the best 
performance for most cases. 
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Table 5.3: Cost reductions for price-based control algorithms compared to FSP control [38] 

# Freezer Water heater Simplified Space 
heating 

Combined 

A -5% -7% -13% -8% 
B -14% -9% -13% -10% 
C -10% -9% -15% -10% 
D -11% -19% -22% -20% 
E -14% -10% -15% -11% 
F -11% -19% -22% -19% 
G -15% -6% -2% -5% 

 
So far, these control algorithms have only been applied to one specific household 

configuration. It is required to determine the influence of different household 
occupancies well, to find out which control algorithm is the most efficient in different 
occupancy cases. This is shown in section 5.4. Additionally, the magnitude of the 
influence of different space heating model complexities on the results needs to be 
determined. Then it is possible to confirm the conclusions about the accuracy of the 
space heating model from Chapter 4 and improve the reliability of the results, as shown 
in the next section. 

5.2.3 Comparison of space heating model complexities 
As mentioned in Chapter 4, the space heating model complexity has an influence on the 
model accuracy. Therefore, it was concluded in that chapter that it is reasonable to use 
the simplified space heating model only for first general investigations and a more 
complex model for a specific case. To confirm and strengthen those conclusions, the 
influence of the different models on the control strategies needs to be determined. 
Therefore, the simplified space heating model is compared to the civil engineering model 
regarding the performance with the price-based algorithms presented in the previous 
sections. The simulation topologies are depicted in Figure 5.13. 
 

 
Figure 5.13: Simulation topologies for investigation of space heating model complexity with the 
simplified (A) and civil engineering (B) models 

The selected model is the control centre of the Energy Campus Wildpoldsried.  
As published in more detail in [57], the selected timeframe for the simulation with  
price-based control algorithms was from November 22nd until December 2nd, 2019,  
with the corresponding prices from the Nord Pool Website [77]. The same price-based 
algorithms A-G and FSP control were used with each model. For an easier comparison,  
in Table 5.4, the qualitative cost reductions of each model and algorithm are compared 
to the FSP control. 
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Table 5.4: Comparison of cost savings of the civil engineering and the simplified space heating 
model for the price-based algorithms A-G [57] 

Algorithm Cost Reduction with Civil 
Engineering Model 

Cost Reduction with Simplified 
Model 

A -- + 
B - + 
C - + 
D ++ ++ 
E + + 
F ++ ++ 
G 0 0 

++ highest; + high; 0 none; - lower; -- lowest; 
 
The results of the simulations show that the models behave similarly for algorithms  

D-G. The cost reductions are comparable between the models. However, it can clearly 
be seen that with different models, algorithms A-C behave differently. With the more 
detailed civil engineering model, they show worse performance than the FSP control 
while with the simplified model, they show cost reductions. This shows that the model 
complexity has an influence on the performance of the control algorithms, which leads 
to the same conclusion as in chapter 4. The simplified space heating model should only 
be used for a first general investigation. For accurate analysis in a specific case, a complex 
space heating model is necessary. However, as the system in this work is not a specific 
planned microgrid, the general results from the simplified space heating model will be 
sufficient as a basis for the financial feasibility analysis in chapter 6.  

Additionally, the NN-based space heating model of the single family house is 
investigated in more detail regarding the behaviour with small control variations.  
This will show whether it is necessary to run multiple slightly different simulations to 
achieve a more accurate forecast of the system behaviour to improve the choice of the 
price-control algorithm financially. Therefore, flexibility analysis is implemented with a 
large number of simulations, which is possible even with the more complex NN-based 
model, as shown in section 4.3. Each simulation has a length of 240 h, and the total 
number of simulations is 481. The available set points are the following: 

• Low set point of 21 °C 
• Regular set point of 22 °C 
• High set point of 23 °C 

 
The simulations are then conducted with the topology shown in Figure 5.14 according 

to the following process [80]: 
• In the 1st simulation, each hour has the regular set point of 22 °C.  
• In the 2nd simulation, the first hour has a lower set point of 21 °C while the 

other hours are set to the regular set point of 22 °C 
• In the 3rd simulation, the second hour has a lower set point of 21 °C while the 

other hours are set to the regular set point of 22 °C 
• … 
• In the 481st simulation, the last hour has a higher set point of 23 °C while the 

other hours are set to the regular set point of 22 °C 
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Figure 5.14: Simulation topology for investigations of space heating model behaviour  

With these simulations it is possible to analyse the intra-interval and long-term 
flexibility with the space heating model. Consequently, the behaviour of the complex 
space heating model can be investigated with such a simple control strategy.  
The intra-interval flexibility using the NN based single family house model is shown in 
Figure 5.15. The graph shows the energy consumption within each hour for each selected 
set point.  

 
Figure 5.15: Intra-interval flexibility for 240 h on an hourly basis [80] 

As expected, the energy consumption within each interval is higher if a high set point 
is chosen, lower if a lower set point is chosen, and inbetween for the regular set point.  
If the cumulated energy consumption over the whole 240-h-simulation is investigated, 
the results look different, as shown in Figure 5.16. This long-term flexibility is shown for 
each of the changed intervals in the graph. It can be observed that when selecting a high 
set point in one interval, it does not necessary lead to an overall higher energy 
consumption, like for interval 91. Vice versa, if a low set point is chosen for one interval, 
it does not necessary lead to a lower overall energy consumption, like for interval 57. 
This indicates that space heating is a very complex system that does not always behave 
as expected. Therefore, to make accurate predictions in a specific case, a numerous 
slightly varied simulations are necessary. This is only possible with an accurate model 
that can be calculated with low computational effort, like the proposed NN based model. 
Thus, it is recommended in the case of a specific planned microgrid to run multiple 
variations of the control strategy simulations with an NN-based space heating model for 
more accurate estimations of the space heating behaviour and control strategy 
performance that can be expected. More details about the setup of the simulations and 
a more detailed result analysis have been published in [80].  
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Figure 5.16: Long-term flexibility for 240 h on an hourly basis [80] 

5.3 BESS capacity minimization with TESs 
In the islanded operation mode, the TESs need to be controlled with a different control 
strategy as the electricity price is not relevant without power exchange to and from the 
grid. Therefore, other available values of the microgrid components need to be used as 
a reference to adjust the temperature set point of the TESs in an optimal and efficient 
way to minimize the necessary BESS capacity and therefore the investment costs for the 
system. The simulation topology is depicted in Figure 5.17. 

 

 
Figure 5.17: Simulation topology for islanded TES investigation 

5.3.1 Islanded control algorithm description 
There are two different devices available within the proposed microgrid structure that 
can be used as reference points for the set point selection: 

1. PV-system 
2. BESS 

 
The FESS is not a good reference as it works quite arbitrarily in power smoothing 

operation and has lower relevance for the long-term islanded operation due to its high 
self-discharge rate. Similarly, the load is not a suitable reference point on its own as it 
does not give any information about the stored or available energy in the microgrid.  
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The general working principle of the PV-power-based control algorithms is the following. 
If the available PV-power is high, then it is required to choose a high consumption set point: 

• For heating devices, a high temperature set point 
• For cooling devices, a low temperature set point 

 
If the available PV-power is low or 0, a low consumption set point must be chosen: 

• For heating devices, a low temperature set point 
• For cooling devices, a high temperature set point 

 
Firstly, 7 different PV-power-based algorithms have been implemented, like the  

price-based algorithms presented in section 5.2. More details have been published in 
[28], [38]. An overview of these algorithms is shown in Table 5.5. 

 
Table 5.5: PV-power-based control algorithm description; Cooling = Freezer; Heating = Water 
heater and space heating [28] 

# Description of set point calculation algorithm 
A Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

Pwrmax−Pwrmin
 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
Pwrmax−Pwrmin

 

B Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
|Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔|

Pwrdev
 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
|Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔|

Pwrdev
 

C Cooling:𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Prmin−Pravg

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Pwrmax−Pwravg

 

D Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,min−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Pwrmin−Pwravg

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,max−𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Pwrmax−Pwravg

 

E Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
Tset,max−Tset,min
Pwrmax−Pwrmin

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �Pwr − Pwravg� ∗
Tset,max−Tset,min
Pwrmax−Pwrmin

 

F Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,max−Tset,min
Pwrmax−Pwrmin

 

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ (Pwr − Pwrmin) ∗ Tset,max−Tset,min
Pwrmax−Pwrmin

 

G Cooling:  
Pwr ≥Pwravg → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ; 𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ;   

Heating:  
Pwr ≥ Pwravg → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ; 𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ;  

 
where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; 

Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; Cuser: User 
comfort related scaling factor; Pwr: Current power [W]; Pwrmin: Minimum power [W]; 
Pwrmax: Maximum power [W]; Pwravg: Average power [W]; Pwrdev: Power deviation [W]. 
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As with the price-based algorithms, all these algorithms have slightly different 
methods, choosing the set point between the minimum and maximum consumption as 
well. The selection is based on different quantities related to the available PV-power 
instead of the electricity price. The user comfort, respectively the aggressivity of the set 
point variation, Cuser is included in these algorithms as well but it is set to 1 for most of 
the simulations. The results for the scaling of this factor are presented in more detail in 
[38]. The visual representation for all the algorithms with the example of the water 
heater model is shown in Figure 5.18. The algorithms show linear and non-linear 
behaviour according to their general working principles, which leads to different results 
in the energy consumption adjustment during islanded operation. 

Figure 5.18: PV-power-based control algorithm visualization: Example with the water heater [29] 

Secondly, four additional algorithms were implemented, as shown in Table 5.6. 
Algorithm H is indirectly related to the battery SOC. As mentioned in section 5.1, 
the stability of the microgrid can be determined by the voltage as the frequency is 
assumed to be kept constant in any case. Algorithm H uses this property, as the set point is 
chosen as the goal set point if the microgrid voltage is not dropping to the minimum 
desired voltage. This only happens if the SOC of the BESS is reaching the minimum while a 
powerful load is active. The other three algorithms are directly related to different BESS 
SOC properties. Algorithm J includes the user comfort scaling factor as the price- and 
PV-power-based algorithms. 

The algorithms show linear and non-linear behaviour with the set point selection, 
as shown with the example of the water heater model in Figure 5.19. This leads to 
different energy consumption adjustments than with the PV-power-based 
algorithms and therefore, to other overall performance results.  
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Table 5.6: SOC-based control algorithm description; Cooling = Freezer; Heating = Water heater and 
space heating [28] 

# Description of set point calculation algorithm 
H Cooling: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌;If 𝑉𝑉𝑀𝑀𝑀𝑀 ≤ 𝑉𝑉𝑀𝑀𝑀𝑀,𝑚𝑚𝑖𝑖𝑖𝑖  then 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑎𝑎𝑥𝑥  

Heating: 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌;If 𝑉𝑉𝑀𝑀𝑀𝑀 ≤ 𝑉𝑉𝑀𝑀𝑀𝑀,𝑚𝑚𝑖𝑖𝑖𝑖 then 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖  

I Cooling: SOC𝐵𝐵𝑎𝑎𝑜𝑜 ≥ SOCBat,min + 0.2 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 ; 
𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ;  

Heating: SOC𝐵𝐵𝑎𝑎𝑜𝑜 ≥ SOCBat,min + 0.2 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑎𝑎𝑜𝑜𝑎𝑎𝑌𝑌 ; 
𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ;  

J Cooling:  
𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜 − 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖� ∗

Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
DODBat,max

 

Heating:  
𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 ∗ �𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜 − 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑎𝑎𝑜𝑜,𝑚𝑚𝑖𝑖𝑖𝑖� ∗

Tset,max−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
DODBat,max

 

K Cooling: SOC𝐵𝐵𝑎𝑎𝑜𝑜 ≥ (1 + SOCBat,min)/2 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ;  
𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ;  

Heating: SOC𝐵𝐵𝑎𝑎𝑜𝑜 ≥ (1 + SOCBat,min)/2 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,min  ;  
𝑆𝑆𝐹𝐹ℎ𝐺𝐺𝑟𝑟𝑤𝑤𝑆𝑆𝑠𝑠𝐺𝐺 → 𝑇𝑇𝑠𝑠𝑎𝑎𝑜𝑜 = Tset,max  ;  

 
where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; 

Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; VMG: Microgrid 
voltage [V]; VMG,min: Minimum desired microgrid voltage [V]; Cuser: User comfort related 
scaling factor; SOCBat: SOC of BESS; SOCBat,min: Minimum acceptable SOC of BESS; 
DODBat,max: Maximum DOD of BESS.  

 
 

 
Figure 5.19: SOC-based control algorithm visualization: Example with the water heater [29] 
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5.3.2 Results of islanded control algorithms 
The simulations in the islanded mode were designed to find the minimum BESS capacity 
for the microgrid to be able to operate for 1 week in the islanded mode. The simulations 
include the BESS and PV-system, while the FESS is not included to reduce the simulation 
complexity and use a larger time step of 5 min. This time step is sufficient for the TESs as 
they have a large time constant for reactions and minimum switching cycle times of 
several minutes. Compressors in heat pumps and freezers have minimum run (typically 
3 min) and pause times (30 s to 15 min), as shown in datasheets [206], [207], [208]. This 
was confirmed in correspondence with heat pump manufacturers and measurements of 
a Sharp heat pump. The results for each of the PV-power-based algorithms in comparison 
to a FSP control are presented in Table 5.7. More detailed influences from changing 
different parameters have been published in [38].  

 
Table 5.7: Minimum BESS capacity for PV-power-based control algorithms compared to  FSP control 
[38] 

# Freezer Water heater Simplified Space 
heating 

Combined 

A 0% -1% 0% -12% 
B 0% -21% 0% -30% 
C 0% -25% -24% -35% 
D 0% -21% +3% -36% 
E 0% -1% 0% -12% 
F 0% -21% 0% -30% 
G 0% -25% -24% -35% 

 
The freezer alone does not provide a reduction in the BESS capacity, as seen in the 

table. The energy consumption of the freezer itself is relatively low, while it cannot store 
the energy for extended amounts of time. This results in low amounts of energy that can 
be stored and shifted, which has a small influence on the minimum required BESS 
capacity. Another significant result can be seen with algorithm D and the space heating 
model. This leads to a higher required minimum BESS capacity than with the FSP control. 
One reason for this is the complexity of the space heating model, where small influences 
can make large differences, as described in more detail in section 5.4. Another reason is 
the possibility of having a small influence at the wrong time, as presented in section 5.1, 
where a small change at a BESS SOC dip can result in huge differences. The BESS capacity 
reductions with the combined use of all 3 TESs show impressive margins of more than 
1/3 of BESS capacity reduction. This presents generally a huge potential to operate 
microgrids in the islanded mode more efficiently. The simulation results for the  
SOC-based control algorithms are shown in Table 5.8. 

For the freezer model as well as the water heater, the SOC-based control seems to 
work better than the PV-power-based one. Space heating results are like in the  
PV-power-based control but there is no case of a necessary BESS capacity increase.  
The results for the combined case are in the same range as with the PV-power-based 
algorithms. Thus, in general the same BESS capacity reductions seem to be achievable 
with a slight advantage for the SOC-based algorithms considering single devices.  
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Table 5.8: Minimum BESS capacity for SOC-based control algorithms compared to FSP control [38] 

# Freezer Water heater Simplified Space 
heating 

Combined 

H 0% -15% 0% -18% 
I -3% -30% 0% -27% 
J -3% -31% -30% -35% 
K 0% -36% -4% -30% 

 
So far, the control strategies for the TESs have only been applied to one specific 

household configuration and the influence of different household occupancies needs to 
be determined to find out which control algorithm is the most efficient in general or 
under a specific occupancy case. This is shown in the following section. 

5.4 Cost and capacity minimization with different dwelling occupancies 
The dwelling occupancy is an important parameter for the simulation of the household, 
which can influence the results for the TES control strategies. This applies to the 
previously described energy cost minimization control strategy as well as to the BESS 
capacity minimization control strategy. This additional investigation improves the 
understanding of the already obtained results and enables conclusions about the general 
applicability or case specific use of the different presented and developed algorithms 
from sections 5.2 and 5.3.  

The described models of the measured 3-room apartment in Kristiine district in Tallinn 
or the single family house described in section 3.5.1 can be occupied by different 
demographic groups, such as young families, elderly people or students. These people 
have different daily schedules as they go working, studying, or for example, to a bingo 
game. 

These different activities at different times have direct influence on the energy 
consumption. TV sets are turned on at different times, computers are used during home 
office times, and time preferences regarding cooking are different. This changes the 
electricity profile for the same physical object, as devices are actively turned on or off. 
Additionally, these different habits influence the thermal load of the freezer, water 
heater and space heating. Every person inside the apartment is emitting heat, which 
changes the space heating energy consumption. People are eating and cooking at 
different times, influencing the amount of food they put in and take out of the freezer. 
Different people have different personal hygiene patterns, influencing the amount of 
water that needs to be heated for hot showers or baths. The overall electricity 
consumption depends strongly on the number of people living in the household, as 
shown in Figure 3.6. To investigate the influence of these differences, the previously 
described households i-vii are used in simulations where the different presented 
algorithms are applied: 

1. For price-based algorithms A-G 
2. For PV-power-based algorithms A-G 
3. For SOC-based algorithms H-K 
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Figure 5.20 shows the simulation topologies for these investigations. 
 

 
Figure 5.20: Simulation topologies for investigations of dwelling occupancy influence on price-
based (A) and islanded (B) control algorithm performance 

First, the price-based simulations are implemented with the following conditions: 
• Used models: Freezer, water heater, simplified space heating, and thermal- 

and electrical patterns for household i-vii 
• Simulation time is 1 week with a time step of 5 min 
• Prices are taken from the Nord Pool Webpage [77]  
• Price-based algorithms A-G and the FSP control are implemented 

 
The results for these simulations are shown in Figure 5.21. More details about the 

simulations have been published in [30]. 
 

 
Figure 5.21: Electricity cost differences for algorithms A-G in households i-viii in percent compared 
to FSP control 

The results show that there are not always cost reductions with algorithm G. With 
some households, the costs are increased compared to FSP control, which is not 
desirable. The reason for this is the binary behaviour of the algorithm. As it can be seen 
in Figure 5.12 and Table 5.9, the algorithm does not have a goal set point and can only 
change between maximum and minimum consumption set point. 



102 

The best cost savings are achieved for households i, ii, iii, and v. These are the 
households with a low number of occupants. The algorithms are working better for a 
lower number of occupants as they put a lower total thermal load on the devices. 

The most significant observation is the extremely good cost reduction for algorithms 
D and F for all households. These algorithms are scaling between minimum consumption 
and goal set point instead of minimum and maximum consumption set point like the 
other algorithms, as shown in Figure 5.12 previously. The consequences of this behaviour 
will be analysed in more detail in section 6.1.1. To simplify and summarize the results for 
all households, a qualitative cost reduction classification shown in Table 5.9 is used. 

 
Table 5.9: Qualitative cost savings classification with description for goal set point operation for 
price-based algorithms A-G [30] 

Algorithm Goal Set Point Operation Cost Savings 
A (Max. Price + Min. Price)/2 + 
B Average Price + 
C Average Price + 
D Minimum Price ++ 
E Average Price + 
F Minimum Price ++ 
G Never 0 

++ highest; + high; 0 none; - lower; -- lowest; 
 
Second, the PV-power-based simulations are implemented with the following 

conditions: 
• Used models: Freezer, water heater, simplified space heating, basic BESS,  

PV-system pattern, and thermal and electrical patterns for household i-vii 
• Simulation time is 1 week with a time step of 5 min 
• PV-power-based algorithms A-G and the FSP control are implemented 
• As in section 5.3, the simulation searches for the minimum BESS capacity for 

stable 1 week operation of the microgrid 
 
Additional information about the simulations has been published in [29]. As a reference, 

the minimum BESS capacities for the households with a FSP control are shown in Table 
5.10. The households with more occupants, and consequently a higher electricity 
consumption, need a larger BESS capacity, even though they are living in the same 
physical object. In comparison, the relative minimum BESS changes for each household 
and algorithm are presented in Figure 5.22. 

 
Table 5.10: Minimum battery storage capacities for households i-viii with a fixed set point control 
[29] 

Household i ii iii iv v vi vii viii 
Battery Capacity [kWh] 5.7 1.3 0.6 9.6 0.8 16.8 13.8 11.4 
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Figure 5.22: Battery capacity differences for islanded algorithms A-G in households i-viii in percent 
compared to FSP control [29] 

It is significant that the minimum BESS capacity cannot be reduced for all households 
with the PV-power-based algorithms. For households iv, vi, vii, and viii, the BESS  
capacity must be increased. The same holds for household i with algorithm D or F. Closer 
investigations on the households show that those are the households with higher energy 
consumptions. Since the simulations are based on the same physical objects, it can be 
concluded that the behaviour origins from the PV-system. The PV-system size has been 
scaled to the largest household consumption. The PV-power-based algorithms cannot 
scale well in this situation as they only work well if the PV-system is over-dimensioned 
for the household.  

It can be seen as well that algorithms D and F show the worst performance regarding 
BESS capacity reduction. This is the opposite behaviour compared to the price-based 
algorithms. Since the PV-power-based algorithms are based on the inverted logic of the 
price-based algorithms, algorithms D and F can only scale between maximum 
consumption and goal set point, as can be seen in Figure 5.18. For household iii, with the 
lowest energy consumption, all algorithms work extremely well and achieve BESS capacity 
reductions around 50%.  

Third, the SOC-based simulations are implemented with the following conditions: 
• Used models: Freezer, water heater, simplified space heating, basic BESS,

PV-system pattern, and thermal- and electrical patterns for households i-vii
• Simulation time is 1 week with a time step of 5 min
• SOC-based algorithms H-K and FSP control are implemented
• As in section 5.3, the simulation searches for the minimum BESS capacity for

stable 1 week operation of the microgrid

More details about the implementation and results have been published in [29]. 
The relative minimum BESS changes for each household and algorithm compared to FSP 
control shown in Table 5.10 are presented in Figure 5.23. 
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Figure 5.23: Battery capacity differences for islanded algorithms H-K in households i-viii in percent 
compared to FSP control [29] 

It can be observed that no algorithm creates BESS capacity increases for any 
households. This is a very positive result regarding the stability and reliability of those 
algorithms. It can be seen as well that for households with lower energy consumption 
the best results can be achieved. This is related to the PV-system over-sizing, as mentioned 
before. A larger PV-system compared to the energy consumption enables more control 
freedom for the algorithms. Further, the extremely simple algorithm H shows good 
performance for households ii, iii and v. Algorithm K presents good results for all 
households and is the most constant overall even though it does not always show the 
best result for the household. The BESS capacity reductions that can be achieved are 
around 4-70%.  

5.5 Conclusions 
The modelled and validated storage systems need to be controlled with different control 
strategies to achieve certain defined goals. Therefore, different simulations with control 
strategies for the storage systems have been developed and tested. The following four 
goals for the control strategies were investigated: 

1. Increase of islanded operation duration (Security of supply parameter) 
2. Increase of the cyclic lifetime of the BESS (Financial parameter) 
3. Minimization of energy costs (Financial parameter) 
4. Minimization of BESS capacity (Financial and security of supply parameter) 

 
From the cyclic lifetime and security of supply improvement control strategy with the 

BESS and FESS, the following main conclusions can be drawn: 
• The BESS cyclic lifetime can be improved by around 19% with a cycle reduction 

of 16%. 
• The islanded operation time for the microgrid could be improved by up to 

50%. This result, however, is not generally applicable, as the FESS managed 
to bridge a short power shortage. 

• An increase of around 3% in the islanded operation time is a general applicable 
value. 
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The energy cost minimization control strategy for the TESs achieved the following: 
• The cost reductions are in a range around 5%-30%. 
• The highest cost reductions could be achieved with algorithms D and F for all 

different tested dwelling occupancies. 
• Comparing the cost reductions between the simplified and a more complex 

space heating model showed different results for some algorithms. Thus,  
the conclusion from Chapter 4 is confirmed that the simplified model should 
only be used for a general investigation and a complex model is needed for 
better accuracy and recommendations in a specific case. 

 
With the TESs it was also possible to achieve the minimization of the BESS capacity: 

• The minimum required BESS capacity for the islanded operation could be 
reduced by 10-36%. 

• The results for the PV-power-based algorithms showed that they seem to 
work only with dwelling occupancies where the PV-production is over 
dimensioned compared to the household’s energy consumption. This is not 
a desirable behaviour. 

• The SOC-based algorithms showed more stable results with BESS capacity 
reductions in all cases around 4-70%. 

• In this regard, for low-budget upgrades of existing systems, algorithm H can 
be recommended as it needs no additional communication, while algorithm 
K should be used in all other cases due to the most stable performance. 

 
The results and conclusions from these investigations are used in the next chapter as 

a basis for studying user requirements and as input for the financial feasibility analysis. 
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6 Analysis of social and financial feasibility 
Since the proposed setup is technically feasible, as shown in the previous chapters, 
additional investigations are required to cover financially and socially relevant aspects as 
well. If a system is not financially feasible, then the interest in the technology will be low 
despite its technical feasibility. Additionally, it should be considered whether the system 
has the potential to be accepted by the designated users. Therefore, the following 
sections will investigate the social acceptability and financial feasibility in more detail.  

6.1 Social acceptance analysis 
A technology that is not acceptable for the potential customers has a small chance of 
widespread use and will stay a niche product [209]. Therefore, an analysis regarding the 
social acceptability of the proposed setup has been done. Two main factors were selected 
for this investigation: the potential concerns regarding the user comfort interference and 
the users’ privacy concerns. If these concerns can be reduced, the technology has a higher 
potential for general acceptance.  

6.1.1 Concerns regarding user comfort interference 
The user comfort is an important acceptance parameter. If the user comfort is reduced, 
the technology is unlikely to be adopted. As the state-of-the-art analysis in chapter 2 
showed, it is first necessary to define the user comfort for the different devices and 
operation modes. Then the limits need to be determined and selected based on certain 
standards. Afterwards, additional boundaries for evaluation can be chosen.  

For the grid-connected operation, the temperatures of the TESs are the measurements 
for user comfort. The control algorithms for the TESs are influencing the temperature set 
points of the freezer, water heater and space heating. As mentioned in chapter 5, 
maximum and minimum set points for the algorithms can be set. Users can change the 
settings in case the standard values are not fitting and out of their comfort range. 
Additionally, a preferred goal set point inbetween can be selected. This is especially 
important for the space heating control, as people feel comfortable at slightly different 
temperatures [210]. The comfort interference for changing the temperature set point of 
the freezer and water heater is very low if it is done within reasonable limits. The user 
typically cannot determine the difference between 60 or 70 °C hot water temperature, 
as it is mixed with cold water during a shower anyway. Similarly, the temperature 
difference between -21 and -20°C in the freezer compartment does not cause the frozen 
food to go bad immediately.  

Revisiting the simulations from section 5.4, the indoor air temperature development 
for the different price-based control algorithms during the simulation can be visualized 
as shown in Figure 6.1. 
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Figure 6.1: Indoor air temperature results for price-based set point calculation algorithms A-G and 
a fixed set point for the civil engineering space heating model [57] 

As space heating can influence the comfort feeling of humans much easier, a difference 
of 1-2 °C can already cause discomfort [210]. The indoor air temperature graphs show a 
temperature range of 4 °C. The goal set point selected by the user would be 22 °C,  
the same as the FSP control. If 22 °C is the prefect temperature, larger variations from 
this value can be considered as a reduced user comfort. In this regard, mean temperature 
deviations from this goal set point are considered a large discomfort as well.  

The user comfort for the grid-connected system is therefore defined as: 
• “More and larger temperature fluctuations and mean temperature 

deviations of the room temperature equal less user comfort.” 
 
It can be observed in the figure that algorithms D and F are always below the goal set 

point. This creates a large discomfort. Algorithm G is switching between the extreme 
values, which is not desirable in terms of user comfort either. Algorithms A, B and C are 
fluctuating between the maximum and minimum, creating only a small comfort 
reduction compared to an FSP. Algorithm E behaves similarly, but it tends to vary less 
than algorithms A, B and C, reducing the user comfort less consequently.  

These findings in relation to the cost reductions for each algorithm, as presented in 
Chapter 5, are summarized in Table 6.1. 

 
Table 6.1: Cost savings and user comfort classification for price-based algorithms A-G 

Algorithm User Comfort Cost Reductions with Detailed Model 
A + -- 
B + - 
C + - 
D -- ++ 
E +(+) + 
F -- ++ 
G - 0 
FSP ++ 0 

++ highest; + higher; 0 none; - lower; -- lowest; 
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The table reveals that algorithms D and F, which provide the highest electricity cost 
reductions, create the highest user discomfort. Algorithm G does not show any benefits 
over an FSP control. Algorithms A, B and C do not reduce the user comfort significantly, 
but do not provide cost savings with space heating either. Algorithm E shows good 
performance in cost reductions and additionally has a small impact on the user comfort. 
Thus, algorithm E would be the preferred algorithm if the user comfort is prioritized over 
cost reductions. 

For islanded operation, the thermal user comfort plays a much smaller role, as stable 
operation of the microgrid is more important. If the microgrid management cannot 
maintain stable operation, it must turn off the energy supply during islanded operation, 
which causes a larger discomfort for the user than a temperature deviation. Therefore, 
the temperature related user comfort of the islanded set point control algorithms does 
not need to be investigated as detailed as for the grid-connected operation. Thus, a 
longer islanded operation time and therefore better security of supply is the main 
measurement for user comfort in the islanded operation mode.  

The user comfort for the islanded operation mode is defined as: 
• “A longer islanded operation duration improves the user comfort more than 

fluctuations of the room temperature reduce it as a blackout is a much larger 
inconvenience for the user.” 

 
Considering this, it is evident that the FESS and BESS control strategy in section 5.1, 

which shows that such a control can prolong the islanded mode operation by 3%-50%, 
improves the user comfort significantly by increasing the security of supply. Following 
the results presented in section 5.3.2, the performance of the islanded TES control needs 
to be evaluated as well. Considering the SOC-based algorithms H and K, it is evident that 
the user comfort from the temperature comfort point of view is reduced. However,  
the results show that the necessary BESS capacity could be reduced, respectively,  
the islanded operation time could be increased with the same BESS capacity. Since this 
is more important than the temperature comfort, the overall user comfort for this 
control strategy is improved. Thus, the FESS and BESS, and the islanded TES control 
strategy should be implemented for improved user comfort in islanded operation mode. 
These aspects are summarized in Table 6.2. 

 
Table 6.2: User comfort classification for islanded control strategies 

Control Strategy Results Overall User Comfort 

Without FESS Regular Islanded Operation 
Time 0 

FESS Power Smoothing Increased Islanded Operation 
Time (3%-50%) ++ 

TESs: FSP 
Optimal Temperature with 
Regular Islanded Operation 
Time 

0 

TESs: SOC-based 
Algorithm H/K 

Reduced Temperature Comfort 
with Increased Islanded 
Operation Time 

+ 

++ large increase; + small increase; 0 regular level; 
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In Chapter 5, a user comfort scaling factor was introduced for some of the price-based 
and islanded algorithms. If the factor is selected higher, the set point variation is more 
aggressive, reducing the user comfort. If it is chosen lower than 1, the set point variation 
is less aggressive, and the user comfort increases. The results for the investigation of this 
user comfort-based scaling show inconclusive results for values larger than 1. The user 
comfort gains with values lower than 1 are quite low, while the performance regarding 
BESS capacity reduction and cost saving drops sharply. Therefore, the user comfort 
scaling factor was set to 1 for all other simulations. The basic control selection 
considering the user comfort should be made based on the algorithm. The user comfort 
scaling is more suitable for small optimization adjustments in a specific case. The results 
for the other user comfort scaling factors compared to a scaling factor of 1 can be 
summarized as shown in Table 6.3. 

 
Table 6.3: Relative cost savings with different user comfort scaling factors; Cuser = 2: more 
aggressive scaling; Cuser = 0.5: less aggressive scaling 

Algorithm type Scalable algorithms Cuser = 2 Cuser = 0.5 
Price-based A, D, F + - 

C, E - - 
PV-power-based A, B, C, D, E, F + - 
SOC-based J - - 

+ better performance; - worse performance; 
 
As a side aspect of user comfort, it can be noted that the islanded BESS and FESS 

control strategy, in combination with the TES control in islanded mode, reduces the size 
of the necessary BESS and prolongs its lifetime, as shown in Chapter 5. This increases the 
sustainability of such a system because less rare materials need to be used to produce 
BESSs in case they are not already in use in the microgrid as a second life. Many users 
welcome this higher environmental friendliness and feel more comfortable additionally. 

6.1.2 Concerns regarding privacy  
Data privacy concerns regarding the proposed system in this work may seem to be 
neglectable on first sight if the system is designed for just one household. The whole 
control can be implemented in a local home energy management system. Additionally, 
traditional, robust algorithms are used for control, which do not collect data. 

However, if the system is designed for a multi household building or even multiple 
buildings, there will be a dataflow between the households. This can already create 
concerns with some users. Multiple buildings can be considered a microgrid if they have 
a common point of coupling or are connected on the same feeder. In this case, the local 
DSO is already involved in the microgrid design. The next step would be the 
interconnection of multiple microgrids to form a so-called smart city. In this case, data 
will be transferred across multiple layers, like the already existing AMI. A common AMI 
configuration as described in chapter 2 with the AMI surfaces that can lead to privacy 
concerns is shown in Figure 6.2. Thus, the scalability of the proposed system can raise 
user concerns regarding their privacy. 
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Figure 6.2: Common AMI configuration, based on [53]  

Another aspect that can create data privacy related concerns is the further 
development of such systems. The proposed system is using mostly traditional, robust 
control algorithms with a low amount of processed data. As shown in Chapter 2, machine 
learning is becoming more common in the microgrid context. Additional data input from 
machine learning methods, like PV-power production predictions and load predictions, 
can be beneficial for optimizing the control strategies further. For example, model 
predictive control or reinforcement learning control can be implemented instead of 
traditional algorithms. Most user concerns will be raised in this regard with the analysis 
of their load patterns. Non-intrusive load monitoring (NILM) is a technique that is based 
on machine learning. It can disaggregate the load profile of a smart meter to learn 
switching patterns for single devices. This can be used to determine the users’ behaviours 
on the one hand; on the other hand, it is extremely useful to optimize the control of 
schedulable devices.  

To determine the privacy concerns that could be raised with the proposed system,  
the AMI related user concerns were identified in literature. The results can be transferred 
to a large-scale version of the proposed system. The identified concerns are shown in 
Table 6.4.  

Consecutively, as it is a likely that the proposed system will be optimized in future with 
predictions, the most concerning technique, NILM, is analysed step by step regarding the 
identified concerns. As mentioned in Chapter 2, the used data sets in different NILM 
publications are quite large. This means that a lot of training data is used for the machine 
learning methods to get good results at accuracy. An overview of the data set sizes is 
presented in Table 6.5. 
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Table 6.4: Residential user concerns regarding the AMI and ML algorithms [53], [47], [51], [49], 
[81], [82] , [83], [84], [45], [85]  

Concern Description 
Privacy 
Price discrimination Variance in consumer pricing based on consumer profile 
Denial of consumer 
services 

Denied access to consumer services due to unsuitable 
consumer profile 

Target to excessive 
advertisements 

Increased advertisements, since consumer identified as 
target group by consumer profile 

Identification of home 
appliances 

Unwanted identification of individual home appliances 
through NILM 

Exhibition of user 
habits and lifestyle 

Exposure of sensitive data regarding consumer habits 
through NILM 

Exhibition of illnesses 
and disabilities 

Exposure of sensitive health data through NILM 

Personification of 
anonymous data 

The personification of data deemed to be collected 
anonymously through ML algorithms 

Cyber Security 
Disconnection of home 
appliances 

The manipulation of demand response (DR) programs 
through the tampering of ML training and input data 

Burglary, arson, 
vandalism etc. 

Increased threat through occupancy information gained 
by NILM 

Attractive target to 
burglary  

Increased likelihood of burglary due to identification of 
attractive appliances through NILM 

Target to kidnapping Possibility to use NILM for identifying persons in 
vulnerable situations 

Denial of personal 
mobility 

The manipulation of DR programs through the tampering 
of ML training and input data to deny charging of electric 
vehicles 

 
Table 6.5: Overview of training data sets with literature examples [CSW] 

Dataset  Duration/Resolution Publication 
Pecan Street 4 years / 1 minute [133], [87], [88]  
REDD 2-4 weeks / <=4 seconds [88], [115], [90]  
UK-DALE 655 days / <=6 seconds [115], [137], [237]  
ECO 8 months / 1 second [238], [239]  
BLUED 1 week / <=1 seconds [140]  
Challekere Campus  7 days / 2 minutes [139]  
Private Dataset  1 months / 10 seconds [138]  
Private Dataset  1 month / 30 minutes [136]  

 
Analysing the sizes of the used data sets and the presented accuracy of the 

disaggregation shows that there is a correlation between the data set size and the 
accuracy, as with nearly all ML methods. The more data, including additional 
measurements, like mentioned in Chapter 2, the better the accuracy of the NILM process. 
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This leads to a tendency of using as much data as possible, raising concerns regarding the 
users’ privacy. 

To complement the analysis, the corresponding legal documents that are relevant in 
this regard have been mapped to the identified concerns regarding whether: 

• … the current EU legislation protects the prosumer’s data and privacy rights, 
using [240], [241]  

• … the EU regulatory framework addresses the prosumer’s concerns in the 
area of cyber-security, using [240], [241], [242], [243]  

 
The results are presented in Table 6.6. It is intended to be used as a tool to guide the 

future development of the proposed system and to avoid complications regarding 
privacy concerns from a legal and users’ point of view. The tool can be used during the 
development of an application that makes use of NILM or operates at any surface of the 
AMI to determine cyber-security and data privacy requirements that need to be 
prioritized. This is transferrable to the microgrid development as well. A flowchart is 
presented in Figure 6.3 to provide an example for the use of the developed tool. More 
details were published in [53]. 

 

Start

Approach?Identify surface of AMI Identify application of NILM

Table / Tool Table / Tool

Identify highly relevant and 
relevant concerns 

Identify highly relevant and 
relevant concerns for NILM 

stages

Relevant prosumer 
concerns

Identify highly relevant and 
relevant GDPR and CIA Triad 

articles

Relevant GDPR / CIA 
Triad articles for 

further design

END
 

Figure 6.3: Flowchart for the use of the provided tool 

Evaluating the proposed and investigated system in this work with the tool showed 
no privacy concerns because there is no data stored or analysed with the implemented 
control algorithms. However, the cyber-security concerns apply here as in nearly all 
cyber-physical systems. As mentioned before, this can change if the system is extended 
to multiple households or uses data analysis-based control or prediction methods. 



113 

Table 6.6: Mapping of ML angles via prosumer concerns based on relevance: Technical and legal 
views [53] 
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Surfaces of 
AMI 

Home Area Network 
 0 0 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 
Smart Meter 
 + 0 + ++ ++ ++ ++ + ++ ++ ++ ++ 
Smart Meter Data 
Collector 0 0 ++ + + + + + + + + + 
AMI Networks 
 0 0 + + + + + + + + + + 
AMI Protocols 
 0 0 + + + + + + + + + + 
Head-End 
Management System ++ ++ ++ ++ ++ ++ ++ + + + + + 

Applications 
of NILM 

Home Energy 
Management System a 

a, e a, e 

c 

e 

0 

a, e 
a, b, 
c, d, 

e 
d, e c, d d, e 

a, b, 
c, d, 

e 

Ambient Assisted 
Living 0 0 e 
Recommender 
System a c 0 
Fault Diagnostics 
 0 0 0 

Le
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Data 
Protection 
and Privacy 
(I) 

GDPR Art. 5(1)(a) 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 5(1)(b) 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 5(1)(c) 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 5(1)(d) 
 + + + + + + + + + + + + 
GDPR Art. 5(1)(e) 
 + + + + + + + + + + + + 
GDPR Art. 5(1)(f) 
 + + + ++ ++ ++ + ++ ++ ++ ++ ++ 
GDPR Art. 5(1)(g) 
 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 

Data 
Protection 
and Privacy 
(II) 

GDPR Art. 12 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 13, 14, 15 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 16, 17, 18, 
19, 20 ++ ++ ++ + + + + 0 0 0 0 0 
GDPR Art. 21, 22 
 ++ ++ ++ ++ ++ ++ ++ 0 0 0 0 0 

Data 
Protection 
and Privacy 
(III) 

GDPR Art. 24 
 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 
GDPR Art. 28 
 ++ ++ ++ ++ ++ ++ ++ + + + + + 
GDPR Art. 32 
 + + + ++ ++ ++ + ++ ++ ++ ++ ++ 

Cyber-
security:  
CIA Triad 

Confidentiality  
 0 0 0 0 0 0 0 0 ++ ++ ++ 0 
Integrity/Authenticit
y 0 0 0 0 0 0 0 ++ 0 0 0 0 
Availability 
 0 0 0 0 0 0 0 0 0 0 0 ++ 

++ = highly relevant; + = relevant; 0 = not relevant/applicable; a = Metering NILM stage; b = Event detection 
NILM stage; c = Feature extraction NILM stage; d = Classification NILM stage; e = Analysis of classificationα 
NILM stage  
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6.2 Financial feasibility analysis 
To complement the social and technical analysis, a financial investigation is needed. Even 
if a system works technically well and has a general social acceptance, it still needs 
financial feasibility to be successful on the market. This investigation is divided into two 
parts:  

• A general financial analysis of the complete proposed system with BESS, FESS 
and TESs 

• Additional investigations regarding FESS and the separate influence of each 
of the TESs  

 
Based on these two investigations, it is possible to give recommendations about the 

microgrid design from the financial point of view. 

6.2.1 Financial investigation for the complete proposed system  
An important metric from the investment point of view is the time until the invested 
money is completely recovered, and the implemented system shows profits compared 
to regular operation without the added devices. This return of investment time is the 
comparison basis for different control strategies in the grid-connected mode and  
should be below 10 years considering the component lifetimes. As mentioned earlier, 
the islanded control methods can be applied in the grid-connected operation for 
maximum self-consumption as well. The price-based control strategies are relevant for 
times when electricity is needed from the main grid. In the first step, the current average 
supply interruption times per year should be evaluated to estimate the share of the 
islanded operation per year. 

The System Average Interruption Duration Index (SAIDI) is the average outage 
duration for each customer, measured in minutes per year. The average SAIDI values for 
Estonia and Germany for the year 2020 are shown in Table 6.7. As the table shows,  
the current supply interruption levels make a very low share of the whole year. Thus, 
these interruptions have a neglectable average impact on the financial calculations for 
such a system. But supply interruptions can have a very high case specific value, e.g.,  
for microgrids with hospitals or other service providers that must not be interrupted at 
all.  

 
Table 6.7: Disturbance metrics for DE and EE for 2020 [226], [227]  

Country SAIDI 2020 [minutes/year] Share of the year [%] 
DE 2.11 0.0004 
EE 157.9 0.03 

 
Thus, for the financial analysis, different self-consumption levels will be investigated, 

which make use of the described islanded control methods. The system that is investigated 
financially consists of all the described components with their related financial aspects. 
This includes FESS, BESS, PV-system, and TESs. The different aspects that are relevant for 
the financial investigation are listed in Table 6.8.  

These aspects include consumption and production values, component dimensioning 
values, component costs, installation costs, electricity prices, subsidy rates, and other 
values from the technical calculations.  
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Table 6.8: Considered aspects for financial analysis of a hybrid storage system for a typical single 
family house 

Aspect Unit Single 
Family 
House 

Description / Details 

Power consumption kWh/
year 

3987.97 
 

Typical regional solar generation 
EE 

kWh/
kWp 

864 Based on PVGIS [150] 

Total generated PV-power per 
day 

W 819446 24th Sep. of the Laastu Talu OÜ 
PV-profile 

Min. basic required PV-system 
output 

kWp 4.62 
 

Surcharge for losses (25%) kWh/
year 

997 BESS self-discharge and other 
losses [149] 

Power consumption with 
surcharge 

kWh/
year 

4985 
 

Min. required PV-system output 
with surcharge 

kWp 5.77 
 

Required energy generation per 
day 

kWh 13.66 
 

kW per day kW 819 
 

Power of one PV-module Wp 330 Typical value between 300 Wp 
– 400 Wp  

Area of one PV-module m^2 2 Typical area of PV-module 

Required amount of PV-modules pcs 17 
 

Required total roof area m^2 29.37 
 

Electricity price DE (2021) EUR/ 
kWh 

0.33 End of 2021 prices [228] 

Electricity price EE (2021) EUR/ 
kWh 

0.14 End of 2021 prices [229] 

BESS capacity kWh 3.88 Example: Kokam 
SLPB120255255 [168] 

BESS costs per kWh EUR/ 
kWh 

1000 Beginning of 2022 average end-
user price [230] 

BESS costs total EUR 3880 
 

FESS capacity kWh 10 Minimum offered by e.g., 
Energiestro [231] 

FESS costs per kWh EUR/ 
kWh 

250 2021 Estimation [232], [233] 

FESS costs total EUR 2500 
 

Price of one PV-module EUR 150 Beginning of 2022 average 
prices [234] 

Price for all PV-modules EUR 2623 
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PV-inverter costs EUR 1574 50%-60% of module costs 
(Beginning 2022) [235] 

Small parts EUR 1000 Cables etc. 

Installation and commissioning 
(BESS+FESS+PV-system) 

EUR 900 Medium installation effort [230] 

Control system for TESs EUR 100 Small devices, e.g., Raspberry 
Pi, Cables, ... 

Installation and commissioning 
(TESs) 

EUR 100 Low installation effort 

BESS capacity reductions (Max. 
reduced BESS capacity for new 
systems) 

% 15% SOC-based Algorithm K; 
Average for different dwelling 
occupancies 

BESS capacity reductions 
(Reduced BESS capacity for 
existing systems) 

% 4% SOC-based Algorithm H; 
Average for different dwelling 
occupancies 

Consumption reductions 
(Comfort oriented) 

% 4% Price-based Algorithm E; 
Average for different dwelling 
occupancies 

Consumption reductions (Price 
oriented) 

% 17% Price-based Algorithm D/F; 
Average for different dwelling 
occupancies 

Subsidy rate DE EUR/ 
kWh 

0.0653 Value for 22 April 2022 [236] 

Subsidy rate EE EUR/ 
kWh 

0.0537 [237] 

Additional renewable support 
programmes 

EUR 0 Programmes are regional and 
temporary  Not included 

 
The financial analysis will be carried out for the following cases to compare the main 

control strategies during grid-connected operation with differently dimensioned 
systems:  

• Case 1: Typical grid-connected operation with regular dimensioning of 
components leads to approx. 38% self-consumption [149].  

• Case 2: It is assumed that at least 80% self-consumption can be achieved with 
BESS in maximum self-consumption operation mode for reduced PV-system 
size (like islanded operation). 

• Case 3: It is assumed that at least 80% self-consumption can be achieved with 
TESs and reduced BESS capacity in maximum self-consumption operation 
mode for reduced PV-system size (like islanded operation). 

• Case 4: It is assumed that the PV-system and BESS are 50% too small to cover 
the self-consumption. Additional energy is consumed from the grid. 

• Case 5: It is assumed that the PV-system and BESS are 50% too small to cover 
the self-consumption. The TESs work with price-based control algorithms D/F 
for the consumed energy from the grid. 
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The benefits for extended islanded operation, which depend on the microgrid 
consumers, are not considered, and can be added for each case additionally. These are 
reduced loss of revenue due to devices and computers not working and other cases. 
Details for the component dimensioning for the cases are shown in Table 6.9. 

 
Table 6.9: Changed aspects for self-consumption cases for financial analysis 

Aspect Unit Case 1 Case 2 Case 3 Case 4 Case 5 

Self-consumption rate % 38 80 80 100 100 

PV-system output kWp 5.77 2.74 2.74 1.8 1.8 

PV-system costs EUR 2623 1200 1200 600 600 

BESS capacity kWh 3.88 3.88 3.30 1.6 1.6 

BESS costs EUR 3880 3880 3300 1600 1600 

Feed-in (Power) per day W 508057 77847 77847 0 0 

Feed-in (Energy) per day Wh 8468 1297 1297 0 0 

TES Algorithm - - - K - D/F 

Self-consumption 
(Power) per day 

W 311389 

Self-consumption 
(Energy) per day 

Wh 5190 

 
To calculate the investment return time, it is necessary to consider the initial 

investment cost and the yearly returns, as shown in Table 6.10. The initial investment 
costs differ for the 5 presented cases due to the sizing of the BESS and PV-system.  
The yearly returns contain the cost savings on electricity that would have to be bought if 
there was no self-consumption. This value is smaller if electricity consumption from the 
grid was necessary. Additionally, the yearly subsidy for feeding energy into the main grid 
is added. These yearly returns depend on the country as the subsidy rates and electricity 
prices differ. 

The table shows that the investment return for Germany is the best for case 3 at 6 
years. This means that the components are sized for a very high self-consumption rate 
with as little main grid interaction as possible and optimized self-consumption control 
methods for BESS, FESS and TESs. It includes medium investment costs and medium 
investment return rates, which is the best compromise based on the German pricing 
system. This is a good investment return time as it is smaller than the lifetime of the 
installed components. The BESS capacity minimization strategy improves the return of 
invest compared to case 2. 

For Estonia, case 1 shows the fastest return of investment at 11.8 years. This is due to 
the high subsidy rates compared to the electricity prices, where an over-dimensioned 
system benefits from selling a lot of energy to the main grid. However, the investment 
return time is quite high as it can be longer than the lifetime of the BESS system, which 
means additional investments. This will be investigated in more detail in the following 
subchapter. Independently, it can be observed from the results for case 2 and 3 that 
using the BESS capacity minimization strategy can improve the return of investment 
additionally and should therefore be applied to case 1 as well. 
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Cases 4 and 5 show the worst investment return times for both countries. Thus, 
the system components should rather be over-dimensioned than too small. 

Table 6.10: Financial analysis of a hybrid storage system for a single family house 

Unit Case 1 Case 2 Case 3 Case 4 Case 5 

Investment costs 

Components (BESS, FESS, 
PV-system, etc.) 

EUR 11677 9400 8818 6160 6160 

Installation and 
commissioning  

EUR 1000 1000 1000 1000 1000 

Sum of investment costs: EUR 12677 10400 9818 7160 7160 

Yearly returns: 

Consumption cost reduction 
DE 

EUR 1563 1563 1563 977 1076 

Subsidy DE EUR 505 77 77 0 0 

Yearly sum of returns DE: EUR 2067 1640 1640 997 1076 

Consumption cost reduction 
EE 

EUR 663 663 663 414 457 

Subsidy EE EUR 415 64 64 0 0 

Yearly sum of returns EE: EUR 1078 727 727 414 457 

Investment return DE Years 6.1 6.3 6.0 7.3 6.7 

Investment return EE Years 11.8 14.3 13.5 17.3 15.7 

As shown in [33], the investment return time can be reduced by up to 50% depending 
on the selected components, necessary investment cost and cost reductions for cases 
with microgrids or complete settlements. This should be investigated in more detail in 
the future work.  

6.2.2 Financial investigation regarding flywheel and TESs 
This general financial analysis does not provide enough details about the financially related 
behaviour of the FESS and each of the TESs separately. To give better recommendations 
from the financial point of view, the following aspects are investigated and presented 
additionally: 

• Investment return time behaviour with and without FESS
• Financial analysis of the previously mentioned long-term prediction challenges 

of space heating
• Consumption cost and BESS investment cost behaviour for each TES

separately

For the first additional financial analysis, it is assumed that the FESS does not 
contribute as additional storage or self-consumption device but only supports the 
lifetime of the BESS. The investment return-calculations with and without additional FESS 
show the results presented in Figure 6.4 for the Estonian case and for the German case. 
Based on [33], the BESS has a cyclic lifetime of 4500 cycles according to the datasheet 
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[168] or 8.3 years with the proposed microgrid operation. After this time, the BESS needs 
to be replaced. This can be increased using an additional FESS by 19% to 9.9 years, using 
the calculation method presented in section 5.1. The FESS cyclic lifetime is around 105 
cycles or more with low maintenance costs, as mentioned in chapter 2. Therefore,  
the replacement and maintenance costs can be neglected for the FESS for this 
calculation. TESs have lifetimes of 10-20 years [164], but this is not considered as the 
control does not shorten the lifetime and the device would have to be replaced 
independent of the control system. The used investment return times are based on case 
3 for DE and case 1 for EE, as these show the lowest investment return periods. Both 
cases are recalculated without FESS to obtain the correct investment costs and 
investment return times. 

 

 
Figure 6.4: Investment return calculations with re-investments for BESS for DE  

 
Figure 6.5: Investment return calculations with re-investments for BESS for EE  

The figures show that from a purely financial point of view, it does not make sense to 
include a FESS in the system as the return of investment costs is reached earlier without 
FESS in both cases for DE and EE. However, in the case of Estonia, the investment curve 
without the FESS nearly crosses the zero-line again after 17 years. The development of 
storage system prices could lead to an actual crossing of the zero-line, making a system 
with a FESS storage more attractive. The additional benefits for increased islanded 
operation time and short-term storage are not taken into account in this financial 
investigation.  
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As mentioned in section 5.4, the behaviour of space heating can be challenging to 
predict regarding the long-term behaviour. The long-term flexibility results presented in 
Figure 5.16 show the following: 

• The long-term energy consumption for 10 days is at 149 kWh, resulting in
costs of approximately 49€ in DE and 21€ in EE.

• With a higher set point as described, these costs can increase for the same
timeframe by 12%, respectively decrease by 9%, depending on the chosen
time of the changed set point.

• For the same timeframe, changing the set point to a lower one can increase
the costs by 9%, respectively decrease them by 3%.

This behaviour strengthens the previously mentioned need for detailed models and 
predictions of space heating for microgrid simulations for their financially and technically 
efficient operation planning, which is recommended for accurate investigations in a specific 
case. 

To find out the influence of each of the three investigated common household TESs 
on the financial investigations, a more detailed analysis of the reduction of consumption 
costs and BESS investment costs is shown in Table 6.11. Different algorithms and 
household occupancies are considered for averaging the numbers. It can be seen that 
the water heater has the biggest share in both cases, followed by space heating with a 
significantly smaller share. These modelled shares correspond to the shares presented in 
Figure 2.10 well. The share of the freezer is low. Regarding the consumption cost 
reductions, the freezer has the highest relative improvement but the impact of space 
heating and especially the water heater is much higher in the end due to their 
significantly higher price shares. For the case of the BESS capacity, regarding investment 
cost reductions, the freezer influence is neglectable while the water heater and space 
heating show a similarly high average impact. Thus, it can be concluded that the water 
heater and space heating should be prioritized from a financial point of view as they have a 
much higher influence on both types of costs.  

Table 6.11: Influence on consumption costs and BESS investment for each TES [152], [153], [164]  

TES Share of total 
price 

Average 
reduction 
potential for 
price share 

Share of BESS 
capacity use 

Average 
reduction 
potential for 
BESS capacity 
resp. costs 

Freezer 2% 10% 1% 0% 
Water heater 54% 7% 63% 20% 
Space heating 
and cooling 

15% 7% 9% 20% 

As an example, the consumption costs for space heating are investigated in more 
detail to see the influence of the different price-based algorithms on the example 
previously shown in section 5.4 and section 6.1. The costs are shown in Table 6.12. In this 
case, the price shares are slightly below the average shown in Table 6.11. With these 
exact numbers, the recommendation from the financial point of view is to use algorithm 
D or F, as indicated in previous chapters. Algorithm E presents less cost reductions but 
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achieves around 1/3 of cost reductions compared to algorithm D or F. The other algorithms 
are not desirable from a financial point of view. 

Table 6.12: Cumulative costs and cost savings for price-based algorithms A-G for an electric heater 
[182]  

Algorithm Cumulative Costs [€] Difference compared to FSP Control 
A 8.65 +1.3% 
B 8.56 +0.2% 
C 8.59 +0.6% 
D 7.76 -9.1% 
E 8.27 -3.2% 
F 7.80 -8.7% 
G 8.53 -0.1% 
FSP 8.54 --- 

6.3 Conclusions 
Based on the selected, modelled, and validated storage systems, control strategies were 
developed and simulated in the previous chapters. Based on the results from the control 
strategies, it could be concluded that the proposed system is technically feasible. 
Accordingly, it was necessary to evaluate the social acceptance and financial feasibility 
of the system. The user comfort and privacy as social factors were investigated and 
different financial analyses were made in this chapter to give recommendations for 
choice of a control strategy in different scenarios.  

Regarding the user comfort, the following conclusions can be made:  
• A novel method to evaluate the user comfort for the islanded and the  

grid-connected operation was developed. The user comfort definitions are 
based on temperature limits, temperature fluctuations, and security of 
supply.  

• Temperatures of TESs can be directly noticed by the users. In this context,  
it is most important to investigate space heating as users typically do not 
notice smaller temperature deviations in frozen food or hot water supply.  

• The space heating simulations showed that the algorithms with the highest 
cost reductions using price-based control, algorithm D and F, show the lowest 
user comfort levels. These algorithms are recommended from a financial 
point of view. 

• Algorithm E showed moderate cost reductions while maintaining a similar 
user comfort level as a FSP control and is therefore the recommendation 
from the user comfort point of view.  

• In temporary islanded mode operation, the user comfort is more determined 
by having electricity at all than by discomfort due to temperature deviations. 
Therefore, the algorithm with the best performance from the technical point 
of view should be recommended, which is algorithm H for low budget 
upgrade projects and algorithm K for all other cases, as mentioned in chapter 
5.  

• The FESS control strategy providing 3-50% prolonged islanded operation time 
provides increased user comfort in this regard as well.  
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Since data collection is becoming more common today, investigations on possible user 
concerns regarding their private data are more relevant. Therefore, the AMI infrastructure 
was used as an example to analyse the user concerns.  

• The concept of NILM has been investigated regarding the privacy concerns, 
as this poses the most profound data collection technique. These investigations 
showed 13 privacy and cyber-security related concerns of users for different 
surfaces of the AMI and applications of NILM.  

• The results were mapped to each other in a table, adding the corresponding 
GDPR and CIA Triad articles for reference on mitigating the problems from a 
legal point of view. This developed table should be used as a novel tool to 
evaluate the users’ privacy concerns.  

• Based on this tool, the proposed system poses low risk for privacy concerns, 
as it is implemented on a household level as shown in the simulations, and 
the used algorithms do not collect and store data about the user.  

• If the system is expanded to the building, microgrid or even multi-microgrid 
level, the data needs to flow through the different levels, as shown in Chapter 
2, or if the control algorithms of the proposed system will be optimized with 
additional data collection for predictions, the tool needs to be used to design 
the system according to the relevant legal norms.  

 
From a financial point of view, to estimate the average necessary yearly islanded 

operation time, the SAIDI values for Germany and Estonia are used. Since the interruption 
times are multiple magnitudes below 1%, there is no need to separately investigate the 
islanded operation mode financially. Instead, the islanded control strategies are used for 
maximum self-consumption in the grid-connected mode. Therefore, five different cases 
were defined to represent different self-consumption and component dimensioning 
situations: 

• Case 1: Over-dimensioning of components with 38% self-consumption  
• Case 2: Reduced PV-system size with 80% self-consumption 
• Case 3: Reduced PV-system and BESS size with 80% self-consumption 
• Case 4: PV-system and BESS are 50% under-dimensioned leading to 

electricity consumption costs 
• Case 5: PV-system and BESS are 50% under-dimensioned with price-based 

control algorithms for reduced electricity consumption costs 
 
Considering the investment costs and investment returns for a system with all 

components, the different cases showed the following results:  
• For Germany, case 3 shows the fastest investment return of 6 years which is 

a good overall result as it is well below 10 years. Using the BESS capacity 
minimizing control strategy for the TESs reduces the investment return time 
compared to case 2 and should therefore be applied in any case. 

• Relatively high subsidy rates lead to the best result with case 1 for Estonia 
with 11.8 years. Independently, this could be additionally reduced with the 
BESS capacity minimizing control strategy. 

• The result of 11.8 years is too high as this exceeds the lifetime of some 
components, which leads to re-investments and therefore even longer 
investment return times. It should be below 10 years. 
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• Cases 4 and 5 have the slowest return rates. Thus, the components should be 
rather over-dimensioned than under-dimensioned. 

From a purely financial point of view, it is not recommended to use a FESS in the 
system as the investment return rate is longer for the DE and EE case. Without a FESS, 
the EE case manages to stay with re-investments below the maximum acceptable 
investment return time of 15 years. Depending on the development of storage prices, a 
system with a FESS might lead to a faster investment return in Estonia.  

Investigating each TES financially showed the following: 
• The space heating model must be very detailed as the previously mentioned 

prediction challenges can lead to strong undesirable financial differences.  
• The freezer has a low influence as a TES from a financial point of view. This is 

valid for the energy consumption price reduction as well as the BESS 
investment cost reduction. 

• Water heater and space heating have a much higher financial influence as 
TESs and should therefore be preferred. This is valid for the energy 
consumption price reduction as well as the BESS investment cost reduction. 

• Algorithm D and F show the highest energy consumption price reductions as 
mentioned previously. The comfort-oriented control algorithm E shows 
about 1/3 of these cost reductions while the other algorithms are not 
desirable at all. 

 
As an overview, a decision tree based on these financial investigation conclusions, is 

shown in Figure 6.6. 
 

 
Figure 6.6: Investment-based decision tree  

In the following chapter, these conclusions can be used in combination with the 
findings from the previous chapters, to give comprehensive recommendations to 
microgrid designers, microgrid and building managers, and homeowners regarding the 
development of new and existing microgrid systems. 
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7 Conclusions, recommendations and future work 
Based on a state-of-the-art review, a microgrid system topology was proposed to 
improve the security of supply and financial feasibility for the users. This system consists 
of a BESS, FESS, and nZEBs with PV-systems and common household TESs. The proposed 
system with the simulation framework is depicted in Figure 7.1. 

 

 
Figure 7.1: Proposed microgrid topology with simulation framework 

The thermal and electrical load patterns and the PV-system could be modelled as 
measured and artificially generated profiles. The BESS, FESS and TESs were modelled as 
object models. These models were simplified to a reasonable level for microgrid 
simulations, as e.g., detailed chemical or cell controller research for BESS is out of the 
scope of this work. For most models, the set mean power error limit of 10%, respectively 
12% for complex models, could be achieved during the object model validation.  
The simplified space heating model could not reach the target and a second modelling 
methodology was developed for a more accurate NN-based space heating model.  
The improvements of the different modelling are presented in the next subchapter in 
more detail.  

For these validated models, different control strategies with different aims were 
developed and simulated. An overview is shown in Table 7.1. For these different control 
strategies, various control algorithms were researched, developed, and tested with 
different scenarios. This investigation includes the technical performance as well as a 
consideration of the user comfort and financial aspects. Relevant conclusions are shown 
in section 7.2.  

The complete technical investigation with social acceptance and financial feasibility 
analyses was developed to give comprehensive recommendations to microgrid planners, 
building and dwelling owners. Optimal solutions from each of those three viewpoints and 
the overall recommendations are presented in section 7.3.  

Lastly, recommendations for future work are described in section 7.4.  
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Table 7.1: Devices used in software simulations with time steps and control aim 

Object Models Δt Control aim 
•FESS 1s •Power smoothing 
•FESS 
•BESS 

1min •BESS lifetime improvement 
•Islanded operation duration increase 

•Freezer  
•Water heater 
•Simplified space heating 

5min •Cost reduction 
•Minimum BESS capacity reduction 

•Freezer 
•Water heater 
•Simplified space heating 
•Different occupancy profiles 

5min •Influence of occupancy 

•Simplified space heating 
•Civil engineering space 
heating 

1min •Influence of complex space heating models 

•NN-based space heating 1min •Influence of complex space heating models 

7.1 Modelling techniques for space heating 
Space heating models for buildings are quite complex and time consuming to create. Civil 
engineers are dedicated to developing detailed thermal models of buildings with a high 
level of detail and complexity, using their own special software tools. These tools have 
limit capabilities regarding electrical engineering control strategies. Integrating space 
heating into electrical microgrid simulations turns into an interdisciplinary challenge, 
where the most useful modelling technique needs to be determined for the intended 
application. Three categories of modelling techniques could be identified in literature: 

• Complex thermal models with limited electrical and control engineering 
capabilities from the civil engineering domain 

• Complex control strategies with strongly simplified thermal models for the 
electrical power engineering domain 

• Co-simulations with detailed thermal and control models but compatibility 
problems and computational overhead 

 
As this work is placed in the field of electrical power engineering, the first investigated 

model was a simplified thermal model that uses linearized approximations for 
temperature changes. Validating the accuracy of this model showed that the errors 
introduced by such a simplified model were 3.3% higher than the set error limits for the 
intended use in a microgrid simulation. However, such a model proved to be quick to 
calculate, which is useful for repeated control optimization simulations typically used in 
microgrid simulations. Second, co-simulations with a civil engineering model were 
investigated. The advantage is good accuracy, however, there are compatibility problems 
with time step width and communication combined with a high computational burden. 
Thus, on the other hand, there is a need for a different modelling method that is accurate 
enough for microgrid simulations, on the other hand, higher compatibility and lower 
computational power than the existing methods can provide are required. 

For the proposed novel ML-based model in this work, the following methodology was 
developed: 
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1. A pre-validated civil engineering model is used to create comprehensive data 
sets that include all necessary information. 

2. The data sets are pre-processed to fit the needs for the ML training algorithm. 
3. Training parameters are chosen and optimized to avoid over- and 

underfitting of the model. 
4. The NN is trained with the pre-processed data.  
5. The obtained NN object can be transformed into a function in Matlab, which 

can be used as a space heating object model in microgrid simulations. 
 
This methodology could reduce the active modelling and development time and effort 

for a detailed space heating object in electrical engineering software by around 90% from 
more than 100 hours to 8 hours. An overview of all three different space heating 
modelling methods discussed in this work is shown in Figure 7.2. 

 

 
Figure 7.2: Comparison of space heating modelling and simulation 

A disadvantage of the NN-based model is that the pre-simulation with the civil 
engineering model and pre-training of the algorithm are necessary. This is a  
time-consuming process (c.f. Table 4.14). However, the pre-simulation and pre-training 
are only necessary once. Since there are typically multiple runs for microgrid simulations 
for control optimization purposes, these one-time pre-calculations have a much lower 
weight than the repeated high computation effort for every run of a co-simulation. 
Further, the NN-based model cannot be more accurate than the civil engineering model 
it is based on.  

As an advantage, the NN-based model can be calculated as fast as the simplified model 
during microgrid simulation and 85% faster compared to a very slow co-simulation  
(c.f. Table 4.14). Simultaneously, the model shows a more than 5% higher accuracy than 
the simplified model (c.f. Table 4.10). 

Thus, comparisons show that the proposed NN-based model is the best compromise 
of accuracy, calculation speed and compatibility. It achieves an error of less than 12%, 
which was the set goal accuracy for such a complex model. Simulations with the 
simplified and more detailed space heating model showed that the model accuracy  
can have an influence on the control algorithm results. This is due to the high complexity 
of building thermal dynamics where small changes can show their influences later.  
This strengthens the necessity for the more accurate and quickly calculated NN-based 
space heating model further. 
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7.2 Control algorithm selection in different scenarios 
The developed and validated models for the proposed system were simulated with 
different control strategies for different scenarios. These scenarios have been 
investigated from a technical, social, and financial point of view. The conclusions from 
the respective chapters are connected and summarized in the following.  

The occupancy of a dwelling can change due to, for example, a landlord renting out 
an apartment to a different demographic group. The investigation showed that even with 
different occupancies, there are specific algorithms for the TESs that seem to be 
generally working better in all cases. For a price-based control situation, algorithms D 
and F are providing the best cost reductions. However, if the user comfort is the main 
priority, then algorithm E is the preferred solution for space heating, as it keeps the room 
temperature within more comfortable limits. In the islanded control scenario, which is 
also valid as a maximum self-consumption scenario in the grid-connected mode,  
the PV-power based algorithms could not be recommended in general as they did not 
show good results with households where the PV-system was not over-sized. However, 
from the SOC-based control algorithms, algorithm K can be recommended for all 
households, especially if it is implemented in a new microgrid, where some communication 
infrastructure can be added in the design stage. For existing microgrids, algorithm H 
without communication needs is better suitable from an investment point of view. This 
is valid for all TESs. Connecting these findings leads to the following decision tree  
(c.f. Figure 7.3), which can be used for recommendations. 

 

 
Figure 7.3: User comfort-based decision tree for TES control algorithms 

7.3 Recommendations for microgrid designers, building and dwelling 
owners 
To give suitable recommendations to microgrid designers, building and dwelling owners, 
it is necessary to analyse all the conclusions from the technical, social, and financial 
investigations. Based on this, it is possible to draw overall conclusions and formulate 
recommendations. For a better overview and understanding, the recommended 
decisions are visualized using a decision tree. This complete decision tree for the 
selection of the components and control strategies is shown in Figure 7.4. As mentioned, 
this decision tree is based on the conclusions and recommendations developed on the 
proposed system in this work. The recommendations can be transferred to design or 



128 

upgrade a microgrid, a smart building or a dwelling. Some additional remarks regarding 
the three main branches of the decision tree are the following: 

• The BESS and PV-system sizing is based on the financial conclusions presented 
in Figure 6.6. As shown in section 5.4, the occupancy of an apartment 
influences the sizing of components as well because the islanded control 
algorithms for TESs work more effectively with an over-sized PV-system.  
This means an additional benefit for case 1. 

• With the TESs, it is required to determine whether a new microgrid is 
designed or an existing one is upgraded to select an islanded control strategy. 
Algorithm K shows better performance but needs some communication with 
the BESS, while algorithm H does not need additional communication, thus 
no additional investment. 

• Adding a FESS to the system as proposed will improve the user comfort in the 
islanded mode additionally, as the islanded operation time is improved by  
3-50%. This can be of additional financial interest in microgrids where the 
power supply must never be interrupted.  
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Figure 7.4: Complete decision tree based on technical, financial and comfort decisions  
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For further development of this decision tree and applying the findings to extended 
systems, it is recommended to assess first the legal dimension with the provided tool  
(c.f. Table 6.6). Figure 7.5 shows the recommended approach in a simplified way: 

• If data driven control strategies are implemented in the system, the legal 
norms should be assessed based on the provided tool. 

• If the proposed system is extended to the building, microgrid or smart city 
level, the legal norms should be assessed based on the provided tool as well. 

 

 
Figure 7.5: User privacy tool use cases 

7.4 Future work 
To improve the developed models, control strategies and system topology, the following 
aspects can be researched and developed further: 

• In addition to the FESS or as an alternative for the FESS, supercapacitors could 
be investigated to optimize the proposed system technically or financially 
further.  

• The developed PHIL-setup should be extended with additional components, 
as intended in the initial design. This work has already been started by a 
student under the author’s supervision.  

• The NN-based space heating model should be developed further with 
different machine learning techniques to improve the accuracy. In addition, 
models for different kinds of buildings, including larger residential buildings, 
commercial buildings, etc., should be tested.  

• As the control strategies for the TESs and FESS are traditional and simple 
approaches, they could be improved with reinforcement learning based 
control, especially for the design in new microgrids with more 
communication and data analysis possibilities. 

• The financial analysis can be calculated for more countries to provide better 
country specific recommendations. 

• The financial benefits for different specific critical system examples that must 
not be interrupted could be calculated to give more specific 
recommendations on the financial benefit of the extended islanded 
operation time. 

• The proposed system is investigated and modelled for the size of a single 
family house. It should be extended to multi-household buildings, microgrids 
or even smart cities to include aggregation challenges and influences. This 
includes technical, social, and financial investigations. 
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Abstract 
Research and development of energy storage control 
strategies for residential area microgrids 
Due to the rising concerns regarding climate change, there are multiple national and 
international agreements to reduce greenhouse gas emissions, e.g., the European Green 
Deal. To achieve the goal of these agreements, the share of renewable energy sources 
needs to be increased while reducing the dependence on fossil energy sources. This 
transition can be accomplished with microgrids as they can balance demand and supply 
of renewable generation already locally with demand side management strategies and 
storage systems. For such microgrids, the control possibilities for hybrid energy storage 
systems, including household appliances as supporting thermal storages, as well as the 
related user acceptance and financial feasibility, need additional research, especially for 
the islanded operation mode.  

Thus, this work aims to research and develop object models with improved accuracy 
and control strategies for hybrid energy storage systems to improve supply reliability and 
financial feasibility in residential microgrids to provide recommendations for the 
development of microgrids. 

First, the current state of the art regarding smart grid topologies and components, 
including building requirements, storage systems, energy sources, and modelling and 
experimental setup design, like machine learning and hardware-in-the-loop-setups, was 
investigated.  

On these bases, it was possible to improve and develop object models for flywheel 
energy storage, battery energy storage, and common household thermal storages, 
namely freezer, water heater and space heating. For the space heating model, a novel 
neural network-based methodology was developed to compensate either high 
computational time or low accuracy of existing modelling techniques.  

These models were then validated to ensure good accuracy levels for the microgrid 
simulations with error rates for all object models below 12% mean error.  

With the validated models, it was possible to develop control strategies for supply 
reliability and financial feasibility improvements: The energy costs could be reduced by 
more than 10% and the battery storage capacity, representing investment costs, by 4%. 
Simultaneously, the battery storage cyclic lifetime could be increased by 19% and the 
islanded operation duration as a supply reliability parameter by more than 3%.  

Lastly, a social acceptance evaluation methodology and privacy mapping tool were 
developed to address the user satisfaction and privacy concerns more effectively and 
thereby improve the microgrid development and planning quality. A consecutive 
financial analysis showed that the investment return time of the system is 6 years in 
Germany and 13 years in Estonia for different component dimensioning strategies. 

In conclusion, the set goals were achieved. Based on the technical, social, and financial 
feasibility analyses discussed in this thesis it was possible to develop a decision tree as 
an applicable guidance tool for recommendations on the design of microgrids to simplify 
the work for microgrid planners and designers. The developed solutions will increase the 
supply reliability and profitability of microgrids with renewable energy sources and 
hybrid energy storage systems and ensure social acceptance in the development of 
future microgrids. 
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Lühikokkuvõte 
Energiasalvestite juhtimisstrateegiate uurimine ja 
arendamine elamupiirkondade mikrovõrkudele 
Seoses kliimamuutustega on kasvuhoonegaaside heitkoguste vähendamine järjest 
olulisem, milleks on sõlmitud mitmeid riiklikke ja rahvusvahelisi lepinguid, sh Euroopa 
roheline kokkulepe. Lepingutes sätestatud eesmärkide saavutamiseks tuleb suurendada 
taastuvate energiaallikate osakaalu, vähendades samaaegselt sõltuvust fossiilsetest 
energiaallikatest. Seda üleminekut toetavad nutikad mikrovõrgud, kus on võimalik 
juhuslikku taastuvenergia tootmist ja tarbimist tasakaalustada nutikate juhtimise 
strateegiate ja salvestussüsteemidega. Selliste mikrovõrkude puhul vajavad täiendavat 
uurimist hübriid-energiasalvestussüsteemide juhtimine sh kodumasinate kui toetavate 
soojussalvestite juhtimisvõimalused. Samuti mikrovõrkude vaates olulisel koha 
kasutajamugavuse hindamine, eriti saartalitluse puhul. 

Käesoleva töö eesmärk on uurida ja arendada täiustatud objektide mudeleid ja 
hübriid-energiasalvestite juhtimisstrateegiaid, et parandada elamupiirkondade 
mikrovõrkude varustuskindlust ja kulutõhusust. Lisaks analüüsitakse investeeringu- 
tasuvust ning lõppkasutaja privaatsus- ja mugavusnõudeid, et tõsta sotsiaalse heakskiidu 
taset ja anda soovitusi tulevaste mikrovõrkude arendamiseks. 

Esmalt viidi läbi tehnika- ja teadustaseme hetkeolukorra kaardistus tarkvõrgu 
topoloogiate, komponentide, sh salvestussüsteemide, energiaallikate, objektide 
mudelite, masinõppemudelite ja katseseadmete (PHIL) osas, et väljatöötada raamistik 
edasiste uuringute ja arendustöö jaoks. Analüüsi põhjal töötati välja ja täiustati hooratta, 
akude ja kodumajapidamistes kasutatavate soojust salvestavate seadmete (sügavkülmik, 
veeboiler, ruumiküte) mudelid. Näiteks, ruumi küttemudeli jaoks töötati välja uudne 
närvivõrgupõhine metoodika, et kompenseerida olemasolevate modelleerimistehnikate 
suurt ajamahukust või madalat täpsust. 

Töö järgmises etapis mudelid valideeriti, et tagada mikrovõrgu simulatsioonide puhul 
soovitud täpsus ehk keskmine objektimudelite summaarne viga oleks alla 12%. 
Valideeritud mudelite abil töötati välja hübriidsalvestuslahendusele juhtimisstrateegiad 
varustuskindluse ja kulutõhususe parandamiseks, mille tulemusel oli võimalik vähendada 
energiakulusid enam kui 10% ja aku salvestusmahtu 4%. Samaaegselt võimaldasid 
juhtimisstrateegiad pikendada aku salvestamise tsüklilist eluiga 19% ja tööaega enam kui 
3%. 

Töö viimases etapis töötati välja sotsiaalse heakskiidu hindamimetoodika, mille abil 
saab tõhusamalt arvestada kasutaja rahulolu ja privaatsusprobleemidega ning seeläbi 
parandada tulevaste mikrovõrkude arendamise ja planeerimise kvaliteeti. Samuti 
koostati investeeringu tasuvusanalüüs, mis näitas, et süsteemi investeeringu tasuvusaeg 
on sõltuvalt erinevate komponentide dimensioneerimisest Saksamaal 6 aastat ja Eestis 
13 aastat.  

Kokkuvõtteks võib öelda, et püstitatud eesmärgid said täidetud. Doktoritöös 
käsitletud tehniliste lahenduste, sotsiaalsete mõjude ja tasuvuse analüüsi baasil on 
loodud mikrovõrkude kavandamiseks ja soovituste andmiseks tööriist ehk otsustuspuu, 
mis lihtsustab mikrovõrkude planeerijate ja projekteerijate tööd. Väljatöötatud 
lahendused võimaldavad parandada taastuvenergiaallikate ja hübriid-
energiasalvestuslahendustega mikrovõrkude varustuskindlust, tasuvust ning tagada 
sotsiaalne heakskiit tulevaste mikrovõrkude arendamisel. 
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"P#��&�\�����̀�Ò L̀c�\2����H�$�"�0����%��0G��INLG��02�7�

����Z�� ¡¢�£¤��¥�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



���������	�
��
��
��
����
����������������

��
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��H�����������������%�����������������
	��	�I�� �u ��������������Ì )�������
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Q©ª«�©ª«¬­®W
̄°±²£³ µ́¶·̧C�£¹=º»¼½³ µ́¶»¼½³¾¿���H&&$'�(4�¡¢O\�¡ÀÁ¥Â�M§¢Ö 
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�����	����������r
����������	�����	���������r�����	�������	�	���������42��������	�����r����	���3������������������s��/�
	�/	�	������	��
�	�	
�������
�p���	�	��3������
���/�	����	��
	�������r��r���3���7p	�����	����	���/	
���	����t
������s�������������������p��u	���	��������/��v���w�	���������
��r�����4������	��w�	�����s���/��v���������r	�	���������	��	��	012�������	
�����	����sx�����r����������	�����	���7012������	���	���������	��p�������������������������s���������	�������	�����p�����������	��
����
���p���x	��	�s1	�����/��2��v���/��
��	������/����
	�
��	����	���������p�������v����p��up�������42�����������	��������������y�
���	��	��	
	��	���012/�p��s1���	��	���	�����y���	���r
�	����	���	���������	����
���/��������p��usj�	������p���	r���3��7p	�����	���	���/	
���	����t
��������	���/�p������	012����������7	/��������	���������	��
	/	
�������
�����r�/��z{|p���012/�p���	���	���/��}~|p����n��	���	���������
��/	���������	�������� p���v������/������������	��

������
������	
���
��s��������	���7���
	/	
���
�����
��������
�����/����|����������	
������
���	�����/�s���������������p����y�����r�����
���
��������
����	������
��	����s������	�������r���p���/�/��	����	����������
�����	��	���	��	��������p����s�����
������������	�������
���
/�p��7������
���	����r�
������	������������p	�������������
��7/��
�����
��	2�������
���
/�p��s���������������
��
��������
��	����p���	�{{|����p	��������������	�����	�u�����s����r��
������������������	��	�����
�������/��	��������2�	�����	���
����
�������r��//��	�����	����u��/r��w���
�	��/�p����
�����	���	��p����������������s�������������
	�������
������������//���������	u���/	����
������/�p��	���������	�u��p��������/�p����	�����s���/�p�������	�����r�����/�p��/�	���p�����
�	����	

�������������2�������	�����	�	�
��������sm��������	������7����/�������r�����������������/��
�����2
�	��
��4���r��
�������������	������2
	�������	�������	�2	���������x�s�����	����4�������	����	��/�
	��p��������	�
	����
��������}�snr��������
������������
���������
��r������7��/�������������
�
��s�����r������
�����	�����
�
��7��	�	��	
	��	�������������������7
	�������	������	�����	���r����x7��u�r���3��7p	�����	������/	
���	����t
������s��������	�������

����	��
	/	
���
	��������3������p	�p��������
���������������	�������	�����	�����������u�����	
	/	
������z����	��������~�s����/	/��r�
��������
�	//��	�
��	�����
	�
��/���z{| �r������
���
	�������
�����/������������������s�����	����
��	�/	/�����	�/�������
��������������t	���2������7��u����7	������	���r�
���������/��r���	�
�	��r�	��2���������sj���{����	������/������	�����/����
��
��
��������������r��r���3����	���������	�	��	��	�u��/��
��s���	�������r�����
��������	��7��
������	p	�����	���7�	�������	�����/��
��s����	//��	
���	����
�������
�����s:�������r�����/	/���������	u�����	

����	����
��r�����
��7p��
�	���������
�����/��r���	�
��r��
�	�����������u�/�������������sj��������/��r���	�
�	��r�	��������	�/�
��	���������	���������
��r�����
���������s���	�������r��}�
������������	�/�
�����������
�����	����	�p���s�����	�������/	/���	��r�
������/��
��	���
������7������/��
���
����	
������	/�p������
����
���������sn���r�p/	/���
	���r����������������	�����	������
���������������	������
��	�����/�p��w�	�������42������������s�����	
u�/�������������	����	���r�����������
���2
�����	�������z�sj���~����	��������
����	���/���
��������	�2�������r��	p	�����	���	��������������p�
�	�����������2
���	���	�����
	/	
���	

�����������	���	�������
�����/�����r���/��tt���s���t�{s�{�~t�s���	s�{��s{zs{��9�
��
��~��
������{���9�
��
������
����r������/����{����

�/�����x	��{��8������/������	�����sE�A>HF>LL?<OO<Oo����	�s�	������	���
�s����s56�����7	���s�������	���
�s����s9�����7���
�����2u��/���s���5s:��
���s

����� ¡�¢£¤¥¦¡¤§̈©¥ª¤«¬¡­£­̈ ¤�¥�¡®¥̄��¤��°¤¡��¥±²¥³́µ¶·̧¥¶́¹́º

´́¶±»¶±¼¼½¥¾¥́µ¶·¥¦£�¤¿ ¤§¥À�®Á¥̄££¥§ ̈¬��¥§¤�¤§¿¤®Á



����������	
���������
����������������������������������������������������������	������������������������������������������������������������������������������� !�"	
�����������#�!$���������������������������������������������%��&��������������������'��	(����������������������������������������������������������������������	)�����������������������������������������������������������������������������������&�������������	)�#�*$���������������������������+������������������������������������	
���������,���� ���&���������������������������������������������������+����������������������������������������������������������������������������������������������������&�������������	
�����������#�-$����������������������������������������������������.���������������������&�������������������������������������������������	)�#�/$�����������������������������������������������
������������������������������	0����������������������������������������������	)��������������������������������������������������������������������������������
���������'�������������	1������%�������������������������������������������������������&������������������������������	����&�������������������������������������������������#!2$	0���������������������������&�����%���������������������������������������������������������������������������������������������������&������������������������	)�#!�$�����������������������������������%����������������������������������������������������������������������������&�	
���������������������������������������������������.����������������������������������������������������&�������������	3����������������������������#!!$�������������������������������������������������������	
���������&��������������������������������������������������������	
����������������������

�����,�����������������������������������������������������������������������������	
�����������#!4$�����������������������������������������������������������������������1
�5������	
������������������������������������������������������������������1
�5�����������������������������������������������	6��������������������+�����������������������#!7$	5������������������������������������������������&���������������������������������������������	8������������������������������������������������������������������	)�#!�$�����������������������������������������������������������������������������	
������������9���������������+������������������������������������������'�	:�����������������������������������������������	���������������
����������������������������������������#!;$	:�����������������������������������������������������������������������'����������������������������&��������������������������������������������������	)�#!*$����������������������������������������������������	
�������������������������������������������������������������������������������������������	:������������������������������%��������������������������������������������������������������	
������������#!-$���������������������������������������������������������������������������������������������������������	1������%������������������������%��������������������������������������������������������������	
��������������������������������������&�������������������	
��������'���������'������������������������������������������#!/$	
�����������������������%�
������� �����������������	:�������������������&�����������������9�����������������������������'������������������	
��������������������������������������������������������

<=>?@ABCDEF?�, G0������H������3�I���J#�!$K 5��L�����M6,N�,#O.P$Q 5��L�����M�.G
,N��,H#P.R$53� 5��L��������������������, 0����S�1���5���������J#R&�T�PT�$5���� 6���5������.0������������������U3U��, V�,���� �������U������U�������������:������0�����U0V U�����0���G������HV���������W� 
���0���O����#�$X, �L�����������������,#"$&� Y������������������Z���������
���0������ V������,�������(���������
���0����#&�$�[�: Y�����[���������:��������� Z����������������������5�����������1�������#O$���%� 0�����0���������������������(���'��#O$�� Z����������������������1�����������1�������#O$���, V�,����Z�����������(���'��.1�����#O$������� 1���U��������������������������1���#O$�
 ���������������� ������������������������������
���0���#O$������ ���������������U��������������5����������O�����#O$������� ����������������������������5����������O�����#O$�����, V�,���� ���������������������5����������O�����#O$������ V������ ���������������������5����������O�����#O$ZV0 Z����������+����

�� �������0����)������������O������M��.��\2%�]035 0������5�����035��� V�������������0������5����������:������0�����
��� �������
����������#̂5$
���%���� 
����������5�����������������8�����#P$
�� 
����������5����������O����(����������#P$
� 
�������������,�������(���#̂5$
�� 5��������
�������������,�������(���#̂5$
���� 
����������5����������(����,������#P$
����'� 
����������5����������(���'��������#P$
���� _���
����������������������G6�����S���H#̂5$
�� 
����������5����������1������.5������#P$
������� 
����������5����������1�������������#P$
� 
���������������������.Z��� ��:����������
���0����#̂5$
��,� 
����������������������������
���0����#̂5$
������ 
����������5���������������������Z���#P$
��� 0�������
���������������,�
���0���#̂5$
���%��, V�,����0�������
����������G6�����S���H#̂5$
���%��� V������0�������
����������G6�����S���H#̂5$
���	��� 
����������5����������0����Z��������#̂5$
������ 
����������5����������3�����O������#P$6, 6��������3�I���J#O�T!PT�$
� 
����������.O����(����������������
���0����#�4$
��, 
������������������������.1����#�4$
� Y������
������#
$
���� 
�������O���G(��������H��������������.1����
, V�,����
����������������J#�4$
��%��, (���'���
�������&����!7�#�.&�$�� 0�������������������M��.��\2%�]'� 0����������1�������M5������.1������\2%�]
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>̂ _̀AGISa@EFĴ bcdefghfijklmhknoplqkrshtjtogkdlfhulvddkddwkhedlxylz{|}~�l}{�{�

��



����������	�
	�����
�������������������
���
����������������
	�������������������	��������
���������	�������������������������
���������������������������	����������������������	��	���
����������������
�����
�����
	�������
��	�����������������������	��	�
 �����	��������������
��������	������� ������������������������
�����������	��������!"#����������	��������������
����		��������������������� �	������� $�������	���	������������������������	����������	�����������������%��������	��������������
�������������
��������
���������������	���&���'���()��	�������(���*+,	����������������	�	��������������������-���������������������	�
����������	
�����
�������������%��������	����������
� &�������)����������
� &���	���)����������	�������.!��������������������������������*+,������������

/01232'�������
���������
���������
�������
	�������

/012425���
��������
���������
���������
�������
	�������

/012627
����������	������������������
���������
�������
	�������

89:;<=>?@ABCD9 EFGHIJKILMNOPKNQRSOTNUVKWMWRJNGOIKXOYGGNGGZNKHGO[\O]̂_̀abÒ̂ ĉd
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		Qref
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		Temperature root mean square error [°C]



		RMSEP

		Heating power root mean square error [W/m²]
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		State of charge of device x
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		Sum of squares total



		SSA

		Sum of squares for parameter xa



		SSB

		Sum of squares for parameter xb
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		Sum of squares for parameter dependence xa and xb



		T

		Temperature [°C]



		

		Civil engineering model mean air temperature [°C]



		Tamb
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		tBat,cyclic

		Cyclic lifetime for BESS [a]



		Tf_corrected

		Corrected food temperature [°C]



		Tf_actual

		Actual food temperature [°C]



		Tgoal
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		Tref
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		TSA

		Time step accuracy



		Tset

		Chosen set point for thermal storage [°C]



		Tset,max

		Maximum set point temperature [°C]



		Tset,min

		Minimum set point temperature [°C]



		UDC

		DC-link voltage [V]



		uNN

		Uncertainty of neural network based space heating model



		UObject

		U-value of object [W/m²K]



		uf

		Uncertainty of freezer object model [Wh/day]



		uMATLAB

		Uncertainty of Matlab calculation [Wh/day]



		utotal

		Total uncertainty of freezer simulation [Wh/day]



		VObject

		Volume of object [m³]



		Vi

		Water/Air exchange [l/Δt]



		VMG

		Microgrid voltage [V]



		VMG,min

		Minimum desired microgrid voltage [V]



		xa

		Design of experiment 1st parameter



		xb

		Design of experiment 2nd parameter



		yi

		Freezing/Heating status {0;1}



		∆PE

		Heating power difference error {0;1}



		Δt

		Time step duration [h]



		α

		Coefficient [W/K]



		β

		Coefficient [K/J]



		ηx

		Efficiency of device x [%]



		ρx

		Density of material x [kg/m³]



		μ

		Mean value



		Ψr

		Rotor flux [Wb]



		Ψr_ref

		Rotor flux reference [Wb]



		ω

		Rotational speed [rad/s]



		ωm

		Measured rotational speed [1/min]



		#

		Set point algorithm









[bookmark: _Toc517344494][bookmark: _Toc102474624][bookmark: _Toc517344498]Introduction

The latest report of the Intergovernmental Panel on Climate Change (IPCC) was published recently in summer 2021 regarding the current scientific research related to climate change [1]. The main take-aways from this report are of great concern for the current energy policy of the whole world:

1. “It is unequivocal that human influence has warmed the atmosphere, ocean and land. Widespread and rapid changes in the atmosphere, ocean, cryosphere and biosphere have occurred.” [1] 

2. “The scale of recent changes across the climate system as a whole – and the present state of many aspects of the climate system – are unprecedented over many centuries to many thousands of years.” [1] 

3. “Human-induced climate change is already affecting many weather and climate extremes in every region across the globe.” [1] 



There are no more doubts that the human interference with the world climate due to high amounts of released CO2 did not cause a multitude of consequences we have to deal with now and in the future. To reduce the CO2 emissions and slow down this process, the Paris Agreement was already introduced in 2015 [2]. All parties agreed to limit the global warming below 2 °C, preferably 1.5 °C, compared to pre-industrial levels by reducing the greenhouse gas emissions permanently in the long-term. However, 
the IPCC predicts in their report that the 2 °C limit will barely cope with the progress of climate change and that the goal of 1.5 °C or less should be achieved as some consequences are already irreversible [1]. The facts presented about Europe include [1]:

· Temperatures will rise regardless of future levels of global warming.

· The frequency and intensity of hot extremes has increased and will continue increasing regardless of greenhouse gas emission development.

· The frequency of cold spells and frost days will decrease regardless of greenhouse gas emission development.



To cope with the climate change, the European Union (EU) has communicated 
“The European Green Deal” [3], which includes short- and long-term objectives. Goals for 2030 are greenhouse gas emission cuts of at least 40%, renewable energy share of at least 32% and increased energy efficiency of at least 32.5%. The goal for 2050 for the EU is to be climate neutral. [3] 

To achieve the targets regarding the renewable energy share and energy efficiency, 
a more specific Directive was released by the EU to describe specific goals for target technologies [4]. In this context, there is a multitude of EU funded projects, e.g., 
in the Horizon 2020 framework. These projects, such as the NetZeroCities [5], Decarb City Pipes 2050 [6], or FinEst Twins [7], aim to achieve the set goals with research on the future design of technologies, their interoperability and feasibility. An important part of the future design of the electrical grid is the construct of a “Smart City” composed of many smaller Smart Grids working in tandem. 

For this multi-microgrid design structure, it is generally agreed to use CO2 neutral technologies as much as possible. This means that current technologies and policies are researched and advanced to overcome challenges in the context of microgrids. The current standard for new buildings is nearly zero energy buildings (nZEB) [8], including renewable energy source integration and often storage technologies to achieve very high energy performance. From the greenhouse gas emission point of view, this increase of renewable energy sources is remarkable; from a technical point of view, this poses challenges, especially due to the volatile energy production [9]. To balance the energy demand with the energy supply, load scheduling is a viable option by implementing different demand side management (DSM) [10] or energy flexibility [11] related strategies. 

This balancing of many distributed generation (DG) units with many small scheduled loads and storage systems involves a large number of devices with a complex control structure. It is inevitable that some device or control error will happen, leading to mismatches and blackouts. However, the renewable energy sources are not only the root cause for this challenge, but they are the solution as well: with DG units in microgrids, 
it is possible with a storage system for energy buffering to continue operation of a microgrid in islanded mode during a blackout [12]. So far, most of the research regarding control strategies for DG units, energy storage systems (ESS) and load scheduling with DSM are focussed on grid-connected operation [13], [14], [15], as the microgrid will be connected to the main grid most of the time. Thus, further research regarding the islanded operation mode is necessary.

As it is essential to develop these new control concepts and achieve market readiness as quick as possible to reach the set greenhouse gas emission goals, modern research and development approaches are commonly used. Instead of the traditional process from design to testing to building, modelling and analyses are carried out before prototyping a system [16]. Within this modelling and analysing process, approaches are changing from traditional designs and simulations to machine learning (ML) aided designs [17] with real time [18] and power hardware in the loop (PHIL) simulations [19] due to increasing availability and cheaper computational resources.

As it is not enough for a system to be adopted by the wide public if it works only from a technical point of view, social and financial feasibility aspects need to be considered as well [20]. These can include user comfort, data privacy issues, or return of investment as examples. [21] 

This thesis aims to contribute to the presented research field in the following way: 
a topology for microgrid systems is proposed and analysed. The microgrid is designed with CO2 reductions in mind, using ESSs and renewables as the only energy source. 
To control these devices, islanded and grid-connected control strategies are researched and developed, focussing on the islanded operation. ML as well as PHIL real time simulations are used for modelling and validation purposes. This technical analysis is complemented with social and financial feasibility investigations. General content of this PhD research is summarized in Figure 1.1.
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[bookmark: _Ref91500830][bookmark: _Toc102474706]Figure 1.1: General content of this thesis

[bookmark: _Toc102474625]Thesis objectives

[bookmark: _Hlk97898730]The main objective of this work is to research and develop object models with improved accuracy and control strategies for hybrid energy storage systems to improve security of supply and financial feasibility of residential microgrids. 

[bookmark: _Hlk98949048]The secondary aim is to analyse the investment return time and end user’s privacy and comfort requirements with the developed control strategies to increase the users’ general acceptance level and provide recommendations for microgrid designers, microgrid and building managers, and homeowners in the development of microgrid systems.

[bookmark: _Toc102474626]Hypotheses

[bookmark: _Hlk97896442]The main hypotheses of this thesis are:

· Using PV-systems with hybrid energy (battery, flywheel) storages and home appliances as supporting thermal storages could be a feasible and flexible topology for improving the security of supply and financial feasibility of typical residential microgrids.

· The novel methodology, which synthesizes space heating models by training a neural network with input data from civil engineering thermal building simulations, will create space heating object models more efficiently. This is achieved by reducing the active time and effort for manual modelling and simplifying space heating object models in electrical engineering software with a high level of detail by more than 50%.

· Using space heating models created with the novel methodology based on neural networks will reduce the computational time for microgrid simulations by more than 50% compared to a co-simulation with civil engineering software and will reduce the mean power error by more than 3% compared to a linearized space heating model.

· Using a combination of different (improved and novel) control strategies could increase the battery storage system cyclic lifetime by more than 5% and the islanded operation duration by more than 2%, and simultaneously reduce the energy costs by more than 5% and the necessary battery storage capacity by more than 3%.

· The methodology for evaluation of social acceptance for microgrid developers, which considers the user comfort and privacy concerns, will improve the development and planning quality of residential area microgrids through higher satisfaction of end-users. 

· The complex methodology for microgrid development, which will consider security of supply, social acceptance and financially oriented control strategy decisions, could reduce the investment return time of the proposed system to less than 15 years. 






[bookmark: _Toc102474627]Research tasks

The main research tasks of this thesis are:

· Analysis and classification of common microgrid components and control strategies to develop mathematical object models and design the corresponding simulations

· Research, development, and improvement of mathematical object models for use in microgrid simulations. This includes energy storage systems (ESSs), 
a renewable energy source and loads.

· Validation of the ESS object models for increased model accuracy and microgrid simulation quality to develop different control strategies 

· Research and development of control strategies for security of supply and financial feasibility improvements 

· Investigation and analysis of user comfort, privacy concerns, and financial feasibility of the proposed system and control strategies to increase the users’ general acceptance level and to give recommendations for the development and design of microgrid systems



[bookmark: _Toc102474628]Contribution and dissemination

This thesis presents a comprehensive view with an interdisciplinary research focus on microgrid systems. Contributions were made in the field of electrical engineering with the cooperation of civil engineering, law and social sciences, and information technologies. The work is aimed at microgrid designers, microgrid and building managers, and homeowners for guidance in the development of new and existing microgrid systems.



Scientific novelties:

· A methodology for synthesizing neural network-based space heating object models from simulated data sets of existing thermal building models in civil engineering software was developed, which reduced the simulation computational time by 85% while increasing the model accuracy by 5.7%. 

· A combination of improved and novel control strategies was developed, which increased the cyclic lifetime of the battery storage system by 19% and the islanded operation duration by more than 3%, and simultaneously reduced the energy costs by more than 10% and the necessary battery storage capacity by 4%.

· A user comfort definition methodology was developed to specify the comfort requirements of end users regarding the control decisions for a hybrid energy (battery, flywheel, thermal) storage system in islanded and grid-connected operation mode.






Practical novelties:

· A user comfort aspect-based decision tree for selection of the best control strategy to increase user satisfaction was developed to be used by microgrid development and design engineers.

· A mapping of user privacy concerns between technical and legal aspects was developed as an applicable tool for control and data management engineers to develop microgrid systems with increased social acceptance. 

· A complex microgrid development methodology and a decision tree for microgrid design engineers considering technical, social and financial control strategy decisions was developed to reduce the investment return rate for microgrid systems.



This thesis comprises results of research published in 9 international publications, including 7 international scientific conferences and 2 international peer-reviewed journals. Additionally, the topic was introduced and presented in 3 doctoral schools. Other researchers’ interest in the presentations and results has shown the relevance and importance of the topic. 

The knowledge gained in this work supports the research of ZEBE Center of Excellence for zero energy and resource efficient smart buildings and districts (TAR16012), PUT1680 “Power Electronics Based Energy Management Systems for Net Zero Energy Buildings”, PSG409 “New generation dynamic sizing methods for heating and cooling systems in intermittently operated buildings”, MOBTP88 “Climate impact on the energy balance and cost-optimal design solutions of office buildings in Europe”, and the FinEst Centre for Smart Cities (VFP19031 / 856602). Knowledge from this work could additionally be applied in an expertise for Enefit (Eesti Energia AS), the AI4Cities project with Fusebox OÜ, and an expertise for GridIO.

This dissertation is supported by 4 master theses with focus on flywheel and battery storage systems, which were supervised during the doctoral studies.

[bookmark: _Toc102474629]State of the art

The need for balancing demand and supply within the microgrid is increasing due to renewable energy sources that are eco-friendlier than the previously used main energy sources. This creates challenges for grid planners and designers because the existing grid cannot be completely changed immediately to serve as a perfect infrastructure for renewables. 

One promising solution to gradually adjust the electricity grid to the new needs is 
so-called microgrids. These microgrids can be designed and operated in various ways and need to be integrated into the existing energy markets. Within these microgrids, 
the current regulations and technology regarding buildings are nearly zero energy buildings (nZEB). These buildings try to minimize their electrical energy needs by integrating renewable energy sources, demand side management (DSM) strategies and storage systems within the building energy management. One relevant kind of schedulable load for DSM applications is common household thermal energy storages (TES), such as freezers, water heaters and space heating, as they can store a certain amount of energy for limited time in the form of heat. To gain knowledge about microgrid systems, there is a need for simulations and tests with accurate models and control strategies. This can be achieved with ML, which gained popularity lately, and PHIL setups. These structures, devices and methodologies are presented in the following sections. 

[bookmark: _Toc102474630]Microgrids 

As mentioned, the need for electricity is increasing while the CO2 emissions must be reduced to fulfil the goal of the Paris Agreement [2]. To cope with these challenges, more and more renewable energy sources must be integrated into the existing electricity grid. The volatile nature of many of those renewable technologies creates a greater need for balancing the demand and supply than before, as recent events already show that the existing grid is quite fragile [22], [23], [24]. One solution to this challenge is splitting up the existing grid into microgrids, which can be managed independently [25]. 

No unanimous agreement upon the definition of a microgrid has been reached. However, it is often defined as “a group of interconnected loads and distributed energy resources within clearly defined electrical boundaries, which act as a single controllable entity with respect to the grid. A microgrid can connect and disconnect from the grid to enable it to operate in both grid-connected and islanded-modes” [26]. This means: 

· that different small power plants, energy storages and controllable demand are connected and controlled as a unit.

· that microgrids are interlinked to each other and share power, if necessary (grid-connected operation), but if a disturbance occurs, they can separate themselves (islanded operation).



Thus, microgrids will play an essential role in the future design of the electric power and energy systems. To get a better overview on microgrids, the listed aspects have been analysed in the literature presented in the following subsections in more detail:

· Topologies and design of microgrids

· Operation modes of microgrids

· Technical challenges in microgrids

· Energy markets and advanced metering infrastructure (AMI)

A general topology for a microgrid is depicted in Figure 2.1.
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[bookmark: _Ref90885000][bookmark: _Toc102474707]Figure 2.1: General microgrid topology

[bookmark: _Toc102474631]Topologies and design

Microgrids can generally be categorized into three mayor topologies: AC-, DC- or hybrid microgrids [27]. AC- and hybrid microgrids can be designed with one single phase or as a three-phase system.

AC microgrids, as the most common topology, typically consist of distributed generation (DG) units (PV, wind turbines, fuel cell etc.), an AC switch, battery energy storage systems (BESS), and (bidirectional) converters. There is an AC connection between the utility grid and AC microgrid. This AC grid is connected to the DG units, which have (bidirectional) converters to connect to their DC buses. The loads are supplied via the AC grid. [28] 

A typical AC microgrid is shown in Figure 2.2.
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[bookmark: _Ref90885012][bookmark: _Toc102474708]Figure 2.2: AC microgrid topology



DC Microgrids include PV generation systems, DC/DC converters, bidirectional converters, BESSs, DC loads, and AC loads. The PV system is connected through a DC/DC converter to the DC bus as well as to the DC loads, BESSs. The AC loads are supplied by the bidirectional converters. [28] 

The Topology for a typical DC microgrid is shown in Figure 2.3.
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[bookmark: _Ref90885792][bookmark: _Toc102474709]Figure 2.3: DC microgrid topology

Comparison of AC and DC microgrid topologies shows that the number of AC/DC converter can be reduced in a DC microgrid. The AC loads are supplied by the bidirectional converter, which can lead to improvements in power distribution reliability and power quality. [28] 

Hybrid Microgrids combine the advantages of both AC and DC architectures, as two networks are combined in the same distribution grid [29]. With this, it is possible to integrate both AC and DC based DGs, energy storage systems (ESS) and loads. [30]. 
An example topology of a hybrid microgrid is shown in Figure 2.4. The hybrid inverter can be designed like the energy router presented in [29].
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[bookmark: _Ref91011815][bookmark: _Toc102474710]Figure 2.4: Hybrid microgrid topology

As the presented topologies already show, a microgrid contains several components for different purposes:

· DG units

· ESS

· (Controllable) loads



Electricity is produced with DG units [31], including, for example, wind-, PV-, or hydropower, which can be integrated depending on the environmental and geological circumstances. These renewable energy sources will be analysed in more detail in section 2.2.1. 

In the design of a microgrid, the supply reliability and controllability of the selected power sources must be considered: PV- and wind power are volatile power sources, 
for example, while diesel generators are reliable with constant power output, if needed. Wind turbines [22] or hydropower plants [32] are only controllable in the direction of low power supply, while a diesel generator on the other hand can be controlled in both directions. Unfortunately, most of the reliable and fully controllable power sources are not renewable and should therefore be avoided in the design of new microgrids according to the Paris Agreement [2]. An overview of the typical microgrid power sources is given in Figure 2.5.





[bookmark: _Ref90888276][bookmark: _Toc102474711]Figure 2.5: Microgrid power sources [33] 

As shown in [31], ESS is typically a part of a microgrid. It is preferable over backup power plants with fuels from renewable sources, as its efficiency is higher. There are two operation modes for ESS:

· Charging – if the demand for energy is smaller than the produced energy

· Discharging – if the demand is higher than the supply 



More details about the possible storage systems are presented in section 2.2.2. 

The loads are evidently important in the microgrid context as well, as they have been subject to extensive research recently in terms of flexibility and demand side management (DSM) [10] [14]. These concepts work as follows: 

· DSM: If a lot of energy is available, the demand is increased. If less energy is available, the demand is reduced. 

· Flexibility: Demand-side flexibility is defined as the capability of consumption modification in response to control (penalty) signals and is recognized officially [34], [11].



More details about controllable loads are presented in section 2.2.3. An overview of the advantages and disadvantages of the different microgrid topologies is given in Table 2.1.



[bookmark: _Ref90893947][bookmark: _Toc102474781]Table 2.1: Advantages and disadvantages of different microgrid topologies [28], [27], [33] 

		Microgrid

		Advantages

		Disadvantages



		AC

		· DG units can be integrated in the current utility grid 

· It is possible to apply conventional operational concepts for power flux control, protection devices, fault detection etc.



		· Need for synchronization of DG units

· Control and operation more challenging in islanded mode



		DC

		· No need for synchronization of DG units

· Absence of frequency and phase dependences among AC generators 

· Higher overall efficiency due to fewer interface converters and no circulation of reactive current in the network



		· Higher initial cost due to general lack of code recognition and efficiency metric recognition 

· Problems with certification and code compliance 



		Hybrid

		· Better integration of DC-based units

· No need for synchronization of generation and storage systems depending on the connection bus

· Voltage transformation can be performed on AC-side transformers or DC-side



		· Protection devices for DC-based networks need more research

· Lower reliability than AC microgrids due to the interface power converter

· Management of hybrid microgrids can be more complex due to AC- and DC- bus







Microgrids can be designed as single-phase or three-phase systems: single-phase microgrids, on the one hand, operate at 230 V phase-to-ground voltage. They are becoming more popular as BESS and single-phase hybrid inverters are becoming cheaper. Single-phase microgrids are typically used for small households in a remote location. Three-phase microgrids, on the other hand, operate at 400 V phase-to-phase voltage. The advantages for these are: firstly, the ability to integrate larger renewable energy sources and secondly, the possibility to supply three-phase and single-phase consumers. However, the complexity for a three-phase control system is higher.



[bookmark: _Toc102474632]Operation modes

As previously mentioned, microgrids can operate in two different modes: grid-connected mode and islanded mode. Some microgrids can operate in both modes constantly or temporarily and depending on the installed devices even switch between the modes seamlessly. In the following, these operation modes are explained for AC-, DC- and hybrid microgrids.

In the islanded mode, an AC microgrid operates without being connected to the utility grid, only using its energy storage systems and DGs [28]. In the grid-connected mode, 
it is connected to the utility grid: The photovoltaic system generates electricity, which is fed to the public grid. Alternatively, the microgrid can be connected to the utility grid but instead of feeding the produced electricity into the power grid, it is stored in an energy storage. This is often used as a backup system in weaker supply networks or in off-grid mode to ensure greater security of supply. The connected systems are more common in industrialized countries, while the backup systems are used more in emerging or developing countries. [35] 

For DC microgrids, DC loads are supplied by the PVs and AC loads by the bidirectional converter in the islanded mode. In case of lower energy demand than generation, surpluses will be used to charge the storage devices. Vice versa, if the energy consumption of the loads is higher than the generation, the ESS will be supplying power to balance the shortage. If the ESS is completely discharged, the system will switch to the on-grid mode to charge the batteries. [28] 

An overview of the operation mode schematics is presented in Figure 2.6. 
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[bookmark: _Ref90895160][bookmark: _Toc102474712]Figure 2.6: Schematic of the grid-connected (A) and the islanded (B) operation mode  for a microgrid 

[bookmark: _Toc102474633]Technical Challenges

There are many challenges to be faced when designing or implementing a microgrid. These include a lack of scalable prototype installations, a lack of unified general microgrid metrics, regional regulations, cyber-security concerns etc. The most relevant technical challenges include [36], [37]:

· Power quality

· Control strategies

· Energy management

· Stability and reliability

· Protection




Power quality is extremely important due to the volatile power supply of many renewable energy sources, transition between microgrid operation modes, high reactive power, and nonlinear loads. It is possible to utilize BESS, a flywheel energy storage system (FESS), or other filters to improve the power quality in microgrids. [36], [37] 

Control strategies can influence the power quality or minimize costs with DSM. Multiple control strategies for different devices with multiple objectives can be implemented. [36], [38] 

The energy management system (EMS) must coordinate the control strategies for efficient and stable operation of the microgrid. This includes managing power flows of DG units and ESS, often making use of load and generation forecasts. [36], [39] 

Stability and reliability concern grid synchronization, transition between operation modes, unpredictable frequency deviations etc. [36], [37] 

Protection is of critical importance in all electrical power systems. On the one hand, the microgrid should be able to isolate from the main grid during faults. On the other hand, this creates problems as the short circuit capacity is different in the grid-connected and the islanded mode. Traditional overcurrent protection devices may not react in this case and adaptive protection systems need to be considered. [36], [37] 

Important standards regarding these points for planning, designing, and modernizing microgrids are [36]:

· IEEE 1547: Criteria and requirements for interconnection of DERs with the main grid

· EN 50160: Voltage characteristics of electricity supplied by public electricity networks

· IEC 61000: General conditions or rules necessary for achieving electromagnetic compatibility

· IEEE C37.95: Protective relaying of utility-consumer interconnections

[bookmark: _Toc102474634]Energy markets and advanced metering infrastructure

Large parts of the European transmission system are connected and synchronized. There are five regional groups: Continental Europe, Nordic, United Kingdom, Ireland, and Baltic. Within these groups, the frequency is synchronized. To trade between the regional groups, several DC interconnections have been established. [40] 

Within these regional groups, there are one or multiple transmission system operators (TSO) responsible for the transmission system stability and power flow on high voltage level. For the medium and low voltage distribution, different distribution system operators ensure the power quality regionally. A list of TSOs and selected distribution system operators (DSO) for Estonia (EE) [41] and Germany (DE) is shown in Table 2.2.



[bookmark: _Ref91180886][bookmark: _Toc102474782]Table 2.2: TSOs and DSOs in Germany and Estonia

		Country

		TSOs

		DSOs



		DE

		TransnetBW 

TenneT 

Amprion 

50Hertz Transmission

		Kempten (Allgäu) regional: 

AllgäuNetz GmbH & Co. KG 

Kaufbeuren regional: 

Vereinigte Wertach Elektrizitätswerke GmbH 



		EE

		Elering

		95% of Estonia: Elektrilevi OÜ







Grid operators need to control the frequency and voltage stability within the grid. 
To engage power plant operators and microgrid operators into providing these ancillary services, a special market with incentives has been established. This market includes scheduling and dispatch, reactive and voltage control, operating reserves, and frequency control. Smaller microgrids or customers can be accumulated to a virtual power plant. The structure for the frequency control and voltage control reserve is shown in Figure 2.7. The reaction time and delivery duration determine in which category a power plant or a microgrid can be marketed. [40] 
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[bookmark: _Ref91184293][bookmark: _Toc102474713]Figure 2.7: Basic schematic of primary, secondary and tertiary control reserve [40] 

Participation in the ancillary service market is generally possible even with small plants as they can be included as a virtual power plant. However, there are rules and regulations that need to be fulfilled. For example, in [42], small hydropower plants were investigated for their participation in the ancillary service market for the abovementioned DSO “Vereinigte Wertach Elektrizitätswerke GmbH” in Germany. Due to regional restrictions, the only financially and technically feasible possibility to take part in the market was the installation of a large programmable load. The system would be viable if the heat dissipation of the load is used for district heating. Otherwise §1 EnWG [43] is not met as heat dissipation without further utilization is not eco-friendly. This example shows that regional regulations can create additional challenges.

The general electricity market is structured as follows: quick balancing corrections are made within the ancillary service market. There is the intraday market for hourly corrections within the day and a day-ahead spot market for rough corrections of electricity demand or supply one day in advance. Long-term contracts for electricity dispatch and trade are the cheapest way to buy electricity but the planning must be done days or weeks ahead. [40] 

Within this existing market structure, new programmes like demand response and flexibility programmes are established by the TSOs and DSOs to engage prosumers, nZEB communities and microgrid owners more in the electricity market with corresponding incentives to balance the increased amount of volatile renewable energy production. One possibility in this case is, for example, a time of use tariff where the customer pays the real time, hourly or 15-min based electricity market price. The installation of renewable energy sources is often encouraged with governmental funding or similar processes [40].

To establish a bidirectional communication between utilities and prosumers, the AMI was designed [44], [45], [46], [47], [48]. It includes all relevant technologies to provide services for customers, suppliers and DSOs/TSOs, including automated meter reading, billing, information provision, event management, device configuration etc. 

Typically, the AMI is composed of smart meters (SM), hierarchically disposed communication networks, meter data management systems (MDMS), and head-end systems (HES). The HES, as the central data system, is responsible for the coordination of the data exchange in its complete service area. The communication network includes home area networks (HAN), wide area networks (WAN), and the utility network with MDMSs as meter data concentrators, respectively as gateways. Compared to traditional energy meters, SMs provide enhanced metering capabilities, data communication and optional auxiliary functions [49], [50], [51]. They are the coupling points of users to the AMI. SMs are essential data sources for analytics as they can be used to report, measure and monitor loading conditions, power quality metrics and power flows.

Considering this structure, the AMI reveals several surfaces for intrusion or other forms of cyber-attacks, as identified in [52], which are presented in Table 2.3. 



[bookmark: _Ref90900829][bookmark: _Toc102474783]Table 2.3: Surfaces for intrusion and cyber-attacks of the AMI [53] 

		Surface 

		Description



		HAN

		The consumer side of the AMI. A consumer gateway acts as a bridge between the smart meter and the consumer’s home devices.



		SM

		The primary point of data collection for power grid energy consumption. Physical access to the meter is considered a vulnerable attack surface.



		SM data collector

		A hardware computing device aggregating real-time data from multiple smart meters and providing a data collection and management point for the utility; an integral part of the MDMSs



		AMI communication interfaces and network

		The network along with used communication interfaces linking the smart meter and the SMDCs. The AMI communications network exists alongside the power grid and can be scaled to serve millions of smart meters.



		AMI communication protocols and software

		The communication links and protocols utilized by the AMI



		HES

		The AMI management platform at the utility installation providing data warehousing for collected data and centralized management of the AMI





[bookmark: _Toc460831047][bookmark: _Toc517344499][bookmark: _Toc102474635]Typical renewable generation and storage systems in residential microgrids

Nearly zero energy buildings (nZEB) are an important part of microgrids. These buildings aim to accomplish a nearly zero energy balance. Therefore, most nZEBs utilize on-site energy generation and storage systems, which can be integrated into a microgrid as DG units.

To accomplish the energy goal set out by the Paris Agreement [2], the European Union has imposed a directive that requires since the end of 2020 that all new buildings should comply with the nZEB standards [8]. The chosen definition for an nZEB in this directive is “a building that has a very high energy performance. The nearly zero or very low amount of energy required should be covered to a very significant extent by energy from renewable sources, including energy from renewable sources produced on-site or nearby” [3].

As previously mentioned, the DG units in microgrids and nZEBs must be coordinated effectively to balance the control and demand. Renewable energy sources, such as PV- and wind power, are fluctuating and volatile, while being controllable in one direction only. Therefore, different renewable energy sources are reviewed in subsection 2.2.1. 

Microgrids and especially standalone nZEBs tend to have small inertia due to their smaller size compared to conventional large grids, increasing the importance of proper balancing of supply and demand. This can be further aggravated in weaker microgrids and nZEB that have a suboptimal power infrastructure. To effectively balance production and consumption, an ESS is a viable solution. The chosen storage technology should be able to supply or draw power quickly to react to fast changes in the grid parameters, especially in the islanded operation. Different storage technologies are analysed and presented in section 2.2.2. These ESSs can be supported by household appliances, as shown in section 2.2.3.

Another term, which is often being used in the context of nZEBs, is a “prosumer”. Prosumers are members of the energy market which produce energy but are also customers who are consuming energy. Their share increased in the last years noticeably, and it is expected to continue to rise with around 4% per year until 2030 [54]. 
The preferred DG unit of prosumers is PV-systems and some of them have their own energy storage system, increasing their energy independence from the grid further.

[bookmark: _Toc102474636]Renewable energy sources

The most common renewable generation sources installed in microgrids are PV-systems, wind turbines or small hydropower plants. These DG units have different requirements and properties. Thus, the selection of the energy production must be tailored to the specific microgrid. The DG units in microgrids can be classified by [36]:

· Availability

· Output characteristics (AC, DC)

· Controllability

· Connection interface

· Power flow control



PV-systems, wind turbines and hydropower plants have common drawbacks, as they are dependent on the geographical location; they are volatile and only uncontrollable in one direction.

PV-systems are a popular installation in nZEBs, as mentioned before. PV-systems have the advantage of easy scalability and lower dependency on the geographical location compared to wind- or hydropower. For example, a solar powered boat travelled around the world from 2010-2012 [55]. However, there are aspects that need to be considered before installing a PV-system in a microgrid:

· Due to easy scalability, PV-systems can usually be installed in residential areas without disturbance of other residents.

· PV-systems are preferably installed in places that have a large amount of clear and sunny days per year, have a high direct normal radiation, are on high altitudes (natural cooling) and have low amounts of shading and dirt collection. [56] 

· PV-installations have a lifetime of more than 20 years. Long-term measurements have shown a degradation of 0.11% per year in high altitudes (3450 m a.s.l.) or 0.57% per year on 1270 m a.s.l. However, it must be noted that these old installations are thicker and more durable than newer panels that are available today. [56] 

· Dirt on and faults with PV-panels need to be detected and removed to avoid further damage. Thermal imaging can be used for this purpose. [56] 

· PV-panels provide a DC voltage that needs to be converted to AC for most installations.



There are basically four different types of wind turbines available: lift- or drag-type turbines. Each of those types can be designed as a vertical or horizontal axis turbine. These types have different efficiencies and applications and can be realized with different numbers of blades. The size of the blades and hub influences the efficiency as well. 
The type of those turbines generally depicted would be a 3-blade horizontal axis lift-type wind turbine. [57] 

However, it can be noticed that the spread of wind power systems is weak in many countries. The problem in many regions is low acceptance due to a “ruined landscape”. That might be true if large wind parks are considered, but carefully planned wind turbines do not harm the landscape. The key to success is the communication with the residents to find a solution that is suitable for everyone. [58] 

In general, the following aspects are relevant for the implementation of wind turbines:

· The location needs to be chosen carefully, as the wind profile is to be observed to achieve good efficiency. In complex terrain, this assessment can be complicated. Maintainability should be considered as well if placed at hardly accessible places. [59] 

· The residents in the region need to be included in the planning process for a higher chance of acceptance. [58] 

· Regional laws and restrictions need to be considered, including flora, fauna, optical disturbances, and noise pollution. [58] 



There are different types of hydropower plants: large (>10 MW), small and hidden hydropower plants. Additionally, hydropower can be distinguished into run-of-river plants and plants with a storage reservoir. Traditionally, hydropower plants are extremely dependent on the location, as they can only be placed near a river. Another technology is placing turbines in wastewater systems. The successful placement depends on the wastewater quality. [32] 

Generally, the following aspects need to be considered regarding implementation of hydropower plants for microgrids:

· A suitable river or wastewater system is required. [32] 

· Placing a hydropower station can interfere with the flora and fauna considerably if a reservoir is created. [32] 

· Depending on the size, different turbine types, such as Francis, Kaplan or Pelton turbines are most efficient. [32], [42] 

· Region regulations might be established regarding the interference with flora and fauna through water waves or similar matters. This can limit the control possibilities. [42] 

· To increase the eco-friendliness, fish or beaver passes may be necessary at additional costs. [32], [42] 



Table 2.4 summarizes the comparison of the presented renewable energy sources based on the mentioned classification criteria. The feasibility in urban areas is the biggest advantage of the PV-systems, making them the commonly used technology for nZEBs. 
As this advantage is highly likely to prevail in future, PV-systems will be used as the object of investigation in this work. However, the knowledge gained about the control strategies will be transferable to microgrids with other renewable sources.



[bookmark: _Ref91172210][bookmark: _Toc102474784]Table 2.4: Comparison of renewable energy source characteristics [36], [60]

		Characteristics

		PV-System

		Wind

		Hydro



		Availability

		Dependent on geographical location



		Output

		DC

		AC

		AC



		Controllability

		Only output power reduction



		Typical interface

		Power electronics converter 

(DC-DC-AC)

		Power electronics converter 

(AC-DC-AC)

		Synchronous or induction generator



		Power flow control

		MPPT, DC link voltage control

		MPPT, pitch and link voltage control

		Controllable



		Feasibility in urban areas

		High

		Very low

		Low







[bookmark: _Toc102474637]Storage systems

ESS can collect energy, store the energy, and release the energy again. These three processes are called charging, storing, and discharging [61]. Each of these processes has a certain efficiency η due to heating or friction losses. The output energy is always smaller than or equal to the input energy (2.1):



		

		[bookmark: _Ref91064531](2.1)





where: Eout: Output energy [Wh]; Ein: Input energy [Wh]; ηx: Efficiency of device x [%]. 



These efficiencies in combination with other properties, like calendric lifetime, cyclic lifetime, capacity, or reaction time, are important characteristics to consider for the choice of an ESS for a certain application. The main function of ESS in the microgrids is balancing of energy demand and supply [62]. In islanded mode, in particular, the generated power from DG units needs to be matched to load demands immediately to ensure stable operation. The ESS capacity must therefore be sufficient to mitigate the volatile renewable generation unbalances on request. Furthermore, the transition between islanded and grid-connected mode should be run seamlessly by the ESS. [63] 

An overview of the classification of different ESSs is given in Figure 2.8, and a comparison of different storage systems is shown in Table 2.5. 





[bookmark: _Ref91066110][bookmark: _Toc102474714]Figure 2.8: Overview of energy storage systems [33] 



[bookmark: _Ref91093617][bookmark: _Toc102474785][bookmark: _Ref91093611]Table 2.5: Comparison of energy storage technologies [64] 

		Storage

		Li-Ion battery

		Vanadium redox battery

		Fuel cell

		Pumped hydro 

		Compressed air

		Supercapacitor

		FESS



		Efficiency [%]



		90-97

		70-79

		34-51

		70-82

		70

		90-95

		83-93



		Self-discharge [%/day]

		0.008-0.041

		0.3

		0.03

		0-0.5

		-

		0.004-0.013

		72-100



		Cycles [n]



		400-6000

		7000-15000

		-

		12800-33000

		-

		1Mio.

		>1Mio.



		Costs



		++

		+++

		+++

		++

		++

		+++

		+





+ low; ++ medium; +++ high; - not available;



As seen in the table, lithium-ion based BESSs have the highest efficiency while showing very low self-discharge rates. Additionally, their costs are lower than for most other technologies. Due to these advantages, BESSs are the best generally feasible technology for nZEBs as a medium-term storage system and will be discussed in more detail in the next chapter. FESSs, on the other hand, have lower efficiency and higher self-discharge rate. But they achieve very high numbers of charging and discharging cycles. The costs for a FESS are much lower compared to supercapacitors with similar strengths. Based on that, FESSs are the most feasible technology for short-term energy adjustments in nZEBs. Therefore, they are investigated in more detail in the following sections as well. 

Battery energy storage system

BESSs are electrochemical storage systems where the energy is stored as chemical energy. Common battery types are lead acid, nickel, or lithium based. The most widely used battery in smartphones, electric cars, and buildings is the lithium-ion battery [65], [66]. 

The self-discharge rate during the storing state depends on several parameters, like the electrolyte material, temperature, or the state of charge (SOC). The behaviour of aging for BESSs can be defined by aging over time and aging per cycle. The aging over time, or so-called “calendric lifetime”, is influenced by temperature and SOC. The cyclic lifetime is influenced by the charging and discharging rate, temperature, SOC and discharge depth [61]. A lower number of charging cycles will reduce these aging effects and increase the durability of the BESS. In this regard, battery diagnostics are necessary to observe and maintain reliability, prevent catastrophic failures, and predict the end of battery lifetime. So far there is no quick method to test everything with certainty as a battery can be compared to a living organism. To estimate the state of health (SOH) of a battery, test methods presented in [67] could be used. 

For example, the state of life indicator (SOLI) estimates the battery life by counting the total coulombs a battery can deliver in its life. A new battery starts at 100%; delivered coulombs decrease the number until the allotment is spent and a battery replacement is imminent. The full scale is set by calculating the coulomb count of 1 cycle based on the manufacturer’s specifications (V, Ah) and then by multiplying the number with the given cycle count.

According to [68], battery lifetime can be prolonged by:

1. Reducing stress with moderate two- to three-hour-charge rather than an ultra-fast charge within less than one hour

2. Prevent harsh and erratic discharges

3. Rather charge a battery more often than draining a battery fully

4. Prevent unfavourable temperature conditions: extreme cold and high heat

5. Checking small- to mid-sized batteries with a full charge/discharge cycle on a battery analyser 

6. Maximizing battery life by slight overdimensioning to cover unknowns and emergencies

Flywheel energy storage system

A FESS converts electrical energy into rotational energy and vice versa. For the conversion, an electrical drive is used that is connected to a rotational mass. The energy is stored in the rotating mass. Charging is the acceleration of the rotational mass, rotation at a certain velocity means storing the energy, and decelerating the rotational mass is the discharging process. 

A basic schematic of a FESS is depicted in Figure 2.9: 

· The electrical drive is connected to an inverter. It can either be a three-phase asynchronous or synchronous induction motor, or a DC motor. 

· Additionally, FESSs can have a fan to cool the electric drive. 

· The inverter increases, holds, or decreases the rotational speed of the drive.

· The shaft connects the rotational mass and the drive. It must withstand high torques from the drive and rotational mass inertia. 

· The mass is fixed with bearings to the chamber to reduce vibrations. 

· The chamber itself is completely closed for modern FESS for safety reasons.
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[bookmark: _Ref91079579][bookmark: _Toc102474715]Figure 2.9: Schematic of a FESS [64], [69] 

FESSs are scalable for applications from small consumer systems [69] to large grid applications [70]. They are most useful for applications with high power demand for short durations occurring in a cyclic nature. Therefore, FESS can be used for power quality applications [71] as an uninterruptable power supply [71], or for power smoothing [72]. Capacity and maximum power delivery can be scaled by arranging multiple FESS in banks [71], [73]. The advantages of FESSs compared to other storage systems are [74], [75], [76]:

· High power density

· High energy density (high-speed flywheels)

· No capacity degradation over time

· Long lifetime: more than 105 charge cycles

· Short recharge time

· Simple SOC estimation

· Low maintenance cost

· Manufactured without rare materials

· Scalable technology



Disadvantages are [74], [75], [76]:

· Low energy capacity

· Low energy density (low-speed flywheels)

· High self-discharge

· High investment cost



The potential of FESS is limited to short-term energy storage applications due to its high self-discharge rate of 3% to 20% per hour [61]. The reason for the self-discharge of FESSs is mainly friction: mechanical friction at the bearings and air friction on the rotational mass. Measures that can be taken are:

1. Using magnetic bearings instead of ball bearings reduces the mechanical friction. 

2. Applying a vacuum in the chamber reduces the air friction.



Both of these measures improve the self-discharge of FESS significantly. Based on the basic equations describing a FESS, (2.2) and (2.3), the stored rotational energy, respectively the energy density, can be increased by: 

· Increasing the rotational speed

· Design changes at the rotational mass to increase the inertia 
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where: Erot: Rotational energy [J]; J: Inertia [kg m²]; ω: Rotational speed [rad/s]; m: Mass [kg]; r: Radius [m]. 



FESS rotational masses can be manufactured from different materials, like steel, titan, or fiber-reinforced plastics. The latter is a relatively new technology for FESS, which increases the potential energy storage compared to steel. Another benefit of reinforced plastics is their behaviour if the rotational mass breaks due to a malfunction: masses out of steel build a dangerous bullet, while the reinforced plastics shatter into lighter, less dangerous pieces [61]. 

ABB, Amber Kinetics or Beacon POWER produce FESSs. Several grid scale FESSs operate in Asia and the USA. Recently, Siemens Energy announced to install the world’s largest FESS for grid stabilization in Ireland [77].

[bookmark: _Toc102474638]Home appliances and buildings as TES

As mentioned before, one possibility to balance the volatile renewable energy production is to adjust the load side. This process is called DSM or demand response;  
the total amount or potential for changing the load at a given time is investigated in flexibility analyses. 

Grid utilities usually provide lucrative offers for customers to engage in such flexibility or demand response programmes. Within this framework, different devices and loads in a typical dwelling can be scheduled [78]. However, this scheduling needs to be done carefully not to reduce the user comfort [79]. Scheduling a washing machine or a dishwasher needs actively participating users to prepare the device and have a flexible policy for finishing the job, e.g., folding laundry whenever the device is ready. 

Another group of schedulable devices available in most households that influences the users’ habits much less are freezers, water heaters or space heating systems. These devices cannot just be scheduled but are used as TESs as well. This provides additional energy storage without additional investments into systems like supercapacitors [80] or batteries [81]. The mentioned TESs are even more relevant, considering that such appliances can compose 50% of the electrical energy consumption in buildings [82], 
as shown in Figure 2.10. A relatively long lifetime of 10-20 years [83] of such devices is convenient for users as well.
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[bookmark: _Ref90972821][bookmark: _Toc102474716]Figure 2.10: Share of household loads; purple: TESs; grey: other [82] 

Freezers and water heaters 

In many publications, freezers and water heaters are studied regarding to scheduling algorithms like in [84], or the performance and feasibility of implementing control as in [85]. Other publications consider a model predictive scheduling method for freezers or water heaters based on the day-ahead or real-time market prices, which leads to cost reductions [86], [87]. Even though the TESs do not influence the user comfort level as much as some other devices, it should still be considered in the control algorithm design. Different boundaries due to user comfort considerations can influence the performance of such algorithms, as shown in [79]. 

The studies in [10] and [88] addressing the performance and feasibility aspects of DSM algorithms for freezers and water heaters consider the user comfort as well. In their analysis of a grid-connected system, the focus is on price-based control methods. This increases the cost savings of the system, which is important as many microgrids operate most of the time with a grid connection. Few papers consider the possibility to increase the power quality in the off-grid mode with TESs or other scheduled loads [89]. Grid backup or diesel generators are often used in such investigations [90], which is not desirable due to CO2 emissions, as mentioned earlier. In [91], a simple scheduling algorithm is presented for a water heater and battery storage reductions of about 
15-25% for a PV-powered off-grid building including BESS. A power quality control strategy for water heaters investigated in [92] implemented peak load shaving for a 
grid-connected system. 

In summary, freezers and water heaters can be scheduled in a DSM-manner to achieve electricity cost reductions of about 5-30% [86], [10]. Additionally, some publications show power quality and reliability improvements with such devices. In an islanded microgrid scheduling, these loads with a sophisticated algorithm can be used to reduce the battery capacity, ensuring stable operation while providing potential cost reductions for an expensive BESS [93].



Space heating of buildings

To develop thermal freezer and water heater models for DSM simulations, knowledge in electrical engineering and thermal engineering is necessary. Modelling a building thermally for electrical microgrid simulations is an even more interdisciplinary approach, where expert knowledge in civil engineering is mandatory to create a detailed model as well. As a result, there are typically three different kinds of models: 

1. Complex control strategies with simplified thermal models from the electrical engineering domain 

2. Complex thermal models with simple control strategies from the civil engineering domain

3. Co-simulations between different modelling software as a cooperation of both domains



Complex Control Strategies: Several authors present simplified thermal models for heating demand estimation, like [94], where a minimalistic model of space heating is used. Space heating is modelled as a certain percentage of the overall energy consumption, and on that basis, a price-based control strategy is proposed. In [95], 
a multi-agent system is used for DSM control strategies. The model for space heating is a simple aggregated model in that case. A DSM approach for assessing the flexibility of heat pumps is shown in [96], using simple thermal models for the houses and heat pumps. 

Complex Thermal Models: Publications that show accurate thermal models typically do not consider DSM-related electrical control strategies, or only in a limited way. 
As an example, in [97], a linear time-series model based on historical measurement data is presented. The model shows good results while being computationally light. However, there are no considerations about DSM control methods. Similarly, a detailed thermal model of a building is shown in [98], but DSM strategies are not considered for the control. Other publications, such as [99], [100], present very accurate models of heat pumps or buildings, but the proposed control strategies are quite simple. In this case, 
the full flexibility potential cannot be achieved and the simple pre-charging for peak shaving does not show the anticipated results. 

Based on discussions with civil engineers, the development and modelling of space heating objects will take more than 100 hours, depending on the level of detail and modelling software. In this regard, Matlab and other electrical engineering software is not recommended for fast development of detailed thermal building models and will increase the effort and time for development.

Co-Simulations: If complex DSM control strategies are to be connected with complex thermal models, co-simulations can be a powerful tool. Since civil engineering software often does not provide a good framework for complex DSM control strategies and electrical engineering software has limited tools for thermal models, implementations of both aspects in one software can be very time-consuming in both cases. Co-simulations bring both simulators together [101] and use the complexity and detail of each simulation. To implement a co-simulation, the functional mock-up interface (FMI) or functional mock-up units (FMU) can be used. These are supported by multiple simulators, including Matlab or Python [102]. Another possibility is presented in [103], where the control is modelled in Modelica, while the building is simulated in EnergyPlus. The SimAPI software platform can be used to connect the building model and control, as shown in [104]. A comprehensive overview of co-simulation with fundamental disadvantages, 
like slow speed and limited compatibility, is shown in [105]. The following drawbacks apply, for example, to the above-mentioned publications about co-simulations: 

· Additional overhead for coordinating and synchronizing

· Initialization of some simulators for each macro time step

· Limited communication and data exchange between simulators

· Complicated implementation in real-time simulations

Thus, existing articles in literature typically cover complex control strategies for DSM with space heating but are lacking complex thermal models by relying on simplified temperature difference based or aggregated models. Vice versa, publications with complex space heating models provide detailed models in the thermal domain, but the control strategies are limited by using fixed set point (FSP) control or other simple methods, given that a DSM related control is considered at all. Co-simulations as an alternative have other limitations, including connection, communication, and compatibility issues with an additional communications overhead that can slow down those simulations. This indicates a need for a new methodology with complex thermal models in combination with DSM related control strategies.

User comfort

As mentioned, TESs have a lower influence on the user comfort than some other scheduled household appliances. However, especially for space heating, special attention is to be given to the temperature related user comfort definition and implementation. Comfortable temperature settings are different for every person. In some publications, the researchers use certain preferred or fixed temperature ranges and limits that are typically based on standards, as shown in [106] or [107]. But these limits do not take into account the temperature fluctuations within the limits, which can already disrupt the comfort for some people. Additionally, there are no specific definitions for the user comfort in the temporary islanded operation of a microgrid. Thus, both of these aspects should be considered in this work.

[bookmark: _Toc102474639]Machine learning applications in microgrids

In recent years, artificial intelligence has gained increased attention in all fields of research. In particular, machine learning methods have many use-cases in the field of electrical engineering. One reason for this is the increasing number of smart meters and the related availability of recorded data. There are several applications for machine learning, as shown in [17]. The most relevant applications for machine learning regarding microgrids are:

· Forecast of residential loads [108] in connection with flexibility considerations [109] or load modelling [110] 

· Forecast of renewable energy sources, like PV- [111] or wind power [13] 

· Blackbox modelling of complex objects like [97] 

· Control purposes, like general energy management [112], power flow control [113], or bidding strategies [114] 

· Disaggregation of SM data to improve recommendations and control of home energy management systems or ambient assisted living [115] 



These applications are discussed in more detail in the following sections.

[bookmark: _Toc102474640]Forecasting and prediction with machine learning

For forecasting loads and renewable energy production, different methods have been researched and developed based on time series analysis methods and more recently on machine learning algorithms. Compared to complex machine learning algorithms, ARIMA or linear regression models [116], [117], [118] are quicker to implement and calculate, thus providing advantages with simple problems. 

More complex problems may be solved with a machine learning based regression model, as shown in [109] more efficiently. Additionally, such a method can be used online and in real time. Long short-term memory networks are very well suited for specific forecasts [119], [120], [118] where short- and long-term components are relevant. 

A very popular machine learning technique intended not just for predictions of load and renewable production patterns, but also in terms of general approach, is neural networks [121], [118]. This technique can be used for long- and short-term load predictions as well. Figure 2.11 shows an example of the forecast of the hourly energy consumption for Estonia, using linear and NN-based predictions.



[image: ]

[bookmark: _Ref90914582][bookmark: _Toc102474717]Figure 2.11: Load forecast for the Estonian grid [118] 

In this regard, black-box object modelling is a more specific approach of forecasting. In general forecasting tasks, environmental influences, like temperature or weather, are used to estimate a general output, e.g., irradiation or energy consumption, with ML. Additionally, the model is intended for calculations of each time step of a simulation, 
for example, instead of forecasting the whole load profile at once. 

Object modelling does not use just environmental parameters, but also, for example, object internal values or correlations as input data for the ML. This can increase the complexity of the input data set. The output of the ML algorithm is a very specific object variable, like voltage, current or a temperature change, that can be used for calculations in the next time step of a simulation, e.g., as part of an input for the same ML model. 
The training and use of such an ML-based object model is depicted in Figure 2.12. 
The model can only be used within the trained limits and has a lower accuracy than the original model or system used for creating the ML input data.

Specifically, to exemplify modelling a space heating system, an approach similar to the one presented in [97] could be used. The authors use a time series algorithm to create a black-box model with measurement data. Instead of using measurement data, it is also possible to create data sets from simulations with accurate models, like [98]. In this case, even more measurement variables are available that can be used for the model training. This results in more complex data sets that can be learnt more accurately by the ML instead of time series methods. The trained algorithm then acts as a black-box model in microgrid simulations with electrical engineering software. Additionally, machine learning based black-box models of microgrid devices, like space heating, can be integrated more easily into real time simulations of microgrids [18] than co-simulations due to the limitation to one simulation environment, as analysed in more detail in Chapter 3.
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[bookmark: _Ref91226932][bookmark: _Toc102474718]Figure 2.12: Training and use of ML-based object model

[bookmark: _Toc102474641]Control and coordination with machine learning

Coordination in a microgrid does not only include the specific control task for one object, but multiple control objectives for multiple devices [122]. NNs on the one hand, as well as other supervised and unsupervised machine learning methods, cannot be used directly for control purposes. They can only be included for specific tasks in other control and coordination methods. Reinforcement learning, on the other hand, is a specific machine learning technique for control that can be directly used [123]. A basic reinforcement learning based control system works as shown in Figure 2.13. The reinforcement learning process works as follows:

· The reinforcement learning agent interacts with the environment by taking actions.

· The agent follows a certain policy to take actions.

· The agent observes the environment and gains rewards that are used for learning.





[bookmark: _Ref90918849][bookmark: _Toc102474719]Figure 2.13: Typical reinforcement learning based control 

Extending the control capabilities of reinforcement learning to implement machine learning (ML)-based coordination tasks in microgrids results in three main methods, as depicted in Figure 2.14.



[bookmark: _Ref90915012][bookmark: _Toc102474720]Figure 2.14: Machine learning based coordination methods 

Multi-agent reinforcement learning strategies are presented in [124], [125] and [126]. For such coordination approaches, a multi-agent structure is used with reinforcement agents for devices and management. 

Deep reinforcement learning is presented in [127], [128] and [129]. This kind of control is using deep artificial neural networks with multiple layers instead of more simple ones inside the reinforcement learning agent to achieve more complex coordination tasks.

Another coordination method is model predictive control including ML-based prediction. Model predictive control itself is not related to machine learning but it is a common control strategy [130]. However, there is a special kind of model predictive control that uses machine learning predictions to determine control decisions. For example, in [131], a recurrent neural network is used for day-ahead predictions that influence the control decisions directly. 

Regarding all these ML-based coordination methods, it can be summarized that 
they are an emerging topic as there are certain limitations to be studied in detail to 
have a robust and efficient coordination architecture. Advantages of these methods 
are a decreased need for information about underlying structures, which can be an important reason for deciding the coordination method, considering privacy concerns 
of users. Thus, this work will focus mainly on the implementation of more robust 
control strategies and consider ML-based control strategies as a promising option for future developments.

[bookmark: _Toc102474642]Disaggregation with machine learning

To gain additional information for different applications in microgrids, disaggregation of load profiles can be used. This process is called non-intrusive load monitoring (NILM). Applications of NILM include home energy management systems, ambient assisted living, recommender systems and fault diagnostics [132]. The goals of these applications are different, like power on/off detection, power estimations [133] or predictions for more efficient home energy management [134]. The basic process of NILM is shown in Table 2.6.

The NILM process is quite independent of the used ML methods, like neural networks (NN) or support vector machines. The amount, resolution and details of the collected data, the amount of auxiliary data measurements, and the disaggregation purpose differ between presented methods in the literature. Some publications use different public data sets [135] for their NILM training and tests whereas other publications rely on their own measurement data, which can complicate performance comparisons. Considering the size of the public data sets, the amount of processed data is large for most of the NILM methods, which can raise privacy concerns of users about the collected data and their use.

Sometimes additional data measurements are used in publications to improve the NILM results. These additional measurements can be voluntary user feedback [136], classifying the user activities [137], or the use of cameras, motion sensors and smartphone apps for tracking [138]. Other additional proposed features for a better user experience are smartphone applications [139], cloud-based monitoring features [115], or novelty detection for new appliances [140]. However, none of those papers consider privacy or cyber-security in any way.



[bookmark: _Ref90920955][bookmark: _Toc102474786]Table 2.6: NILM process stages [132], [53] 

		Stage

		Description



		Metering

		Data is collected from smart meters and sometimes additional measurement equipment, typically with a low frequency (including current, voltage and power data).



		Event detection

		Events are detected within the data sets (e.g., an appliance changed its state ).



		Feature extraction

		Every appliance has a certain load signature and features, by which it can be distinguished from others.



		Classification

		Loads are identified by a classification procedure to determine the times or periods a device was operating.



		Analysis of classification

		For each specific application, the classification can be analysed to draw conclusions.





[bookmark: _Toc102474643]Power hardware in the loop and real time simulations

There are different methodologies to test models and hardware components, like model validation tests etc. The following three types should be distinguished [19]: 

1. Software in the loop tests: These are solely run on a virtual device under test (DUT). 

2. Classical hardware in the loop tests: A hardware DUT is used and the communication between the simulation environment and the DUT is performed in real time. No high power is running through the DUT, and signals are not measured under real time conditions.

3. Power hardware in the loop (PHIL) tests: A real time test bench is used, where the DUT is analysed under real conditions. During the test, high power is running through the DUT and real physical signals are measured. 



In this context, the terms “real time simulation” and “real time simulator” are commonly used. A real time simulator, by definition, is capable of executing a computer simulation or model at the same rate as an actual physical system. For example, if a kettle needs 1 minute to heat the water reservoir, it needs 1 minute in the simulation. This gives the advantage that physical devices can interact with simulated models and vice versa. However, complex systems, including devices with high sample rates, can quickly reach the computational limits regarding the real time requirement. [141], [18] 

An example of a PHIL setup is depicted in Figure 2.15. In this example, the load profile and BESS are simulated by the real-time capable PLC. Thus, they are not part of the DUT. The FESS control algorithm runs on the PLC as well and interacts with the simulated models in real-time. The PLC is controlling the inverter, which is connected to the induction motor of the flywheel energy storage and to the grid. 
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[bookmark: _Ref90910556][bookmark: _Toc102474721]Figure 2.15: PHIL example schematic [64]

There are four main benefits of implementing PHIL technologies [142]:

· Faster and cheaper development due to digital twins

· High fidelity simulation results

· Easy to add or modify simulated devices

· Ability to simulate scenarios that are hard-to-achieve in the real world



The main drawbacks are:

· The inaccuracy of the simulation due to time delays of calculations and signal transmission 

· The potential instability of the simulation



The advantages of PHIL setups outweigh their disadvantages, making PHIL systems increasingly popular and better available [143]. Due to differences of DUTs and test scenarios, the PHIL hardware setup is to be chosen carefully to develop a stable setup. The DUT can be any device, like a resistive load, a PV-inverter, an energy storage system (ESS), or even a complete microgrid system [143], [144]. Examples of PHIL setups are:

1. FREA PHIL Setup in Japan [145]: The PHIL components are a diesel generator, PV-system, BESS, load, and measurement devices. The microgrid controller is simulated.

2. AIT PHIL-Setup in Austria [146]: The PHIL components are a programmable load, power amplifier and BESS. A digital twin of the BESS is simulated.

3. Test bench for PHIL simulation of a PowerCorner device [147]: The PHIL components are a power amplifier, A/D and D/A converters, sensors and inverters. PV-system and an energy storage device are simulated.

As microgrid systems can quickly become very complex with multiple different components that have different control needs, the setup of a completely physical testbench for a microgrid may prove a time-consuming and expensive project. A lot of development time and costs for the communication between different controllers of microgrid components can be reduced with a PHIL-setup and expanding such a system with more components is easier as well. Thus, a PHIL-setup for the validation of some models and control strategies of this work will be developed. 

[bookmark: _Toc102474644]Conclusions

From this comprehensive review of the state of the art, regarding multiple structures, devices and methodologies, the following conclusions can be drawn:

· As DC microgrid systems are not yet standardized, e.g., regarding voltage levels, there could be future-related uncertainties using a DC or hybrid microgrid modelling. Thus, an AC microgrid topology is of higher interest for this investigation. 

· Grid-connected operation with participation in energy markets should be considered in the investigation, as the AC microgrid will be operating most of the time with a main grid connection. However, due to the high future penetration of renewables, islanded operation should be the focus for the control strategies in this work to improve security of supply. 

· Since the current standard for new buildings and renovations is nZEBs, a typical configuration of such a building should be modelled for the microgrid. 

· This includes PV-system for power supply, as it is the most common and most feasible renewable energy source for such applications and storage systems to implement a suitable EMS. 

· For the storage system, a BESS is the optimal choice considering capacity, power rating and feasibility. 

· The drawback of BESSs is their lifetime, so a FESS should be added for peak shaving and load levelling to reduce stress on the BESS and increase the cyclic lifetime. 

· Common household TESs should support the other ESS.

· TESs’ impact on the user comfort is to be investigated for the control strategies in different operation modes. 

· PHIL real time simulations are used for faster development and validations.

· Machine learning methods can be used for model development.

· Additionally, due to the ML approach, it is relevant to investigate privacy concerns of potential users towards the proposed systems. 



On this background, the microgrid topology shown in Figure 2.16 is proposed for the investigation. The PV-system, load, BESS, FESS and TESs need to be modelled first, as presented in the next chapter, in order to validate them and develop control strategies for achieving the aim of security of supply and financial feasibility improvements as a basis for recommendations.
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[bookmark: _Ref91230883][bookmark: _Toc102474722]Figure 2.16: Topology of the proposed microgrid system for investigation



[bookmark: _Toc102474645]Research and development of object models for microgrid components

To simulate a microgrid, it is necessary to have object models of all the relevant components and apply control strategies to those models. In this chapter, the relevant object models and used profiles are presented. These include the patterns for PV-systems, thermal and electrical load patterns, FESS, BESS, and common household TESs. The applied control strategies are addressed in Chapter 5.

The FESS and BESS models have several simplifications to ensure a fast calculation speed at reasonable accuracy, as shown in Chapter 4. The TESs, freezer, water heater and space heating are modelled based on linearized equations. A space heating model has a much higher complexity than a freezer or water heater model. This leads to more than 100 hours of manual model development and simplifications if a detailed model is developed in electrical engineering software. Therefore, methodology for a space heating model based on neural networks was created. The error and accuracy analysis to determine the model quality is shown for these models in Chapter 4 as well. 

Several profiles were integrated into microgrid simulations to be able to test the implemented scenarios. These profiles can act as object models or as inputs for object models. The following profiles were included:

· PV-system measurements

· Electrical load patterns

· Various consumption resp. thermal load patterns

· Occupancy patterns

These profiles are partly measured data and partly artificially generated data. 
The following subsections describe the different profiles in detail.

[bookmark: _Toc102474646]PV-system profile

Two PV-system measurement profiles with different resolutions and for different locations were used as PV-system models. One profile was measured in Estonia and the other in Southern Germany. 

The Laastu Talu OÜ PV-system is a larger installation with 668 PV-panels and an output peak power of 177 kWp. It is located in northern Estonia, south of Tallinn. The available dataset was measured from 17th to 24th September 2019 with a resolution of 1 min [33], [148]. An example day of this profile is shown in Figure 3.1. 
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[bookmark: _Ref87525089][bookmark: _Toc102474723]Figure 3.1: Example day from the measured PV-system profile in Estonia

The second PV-profile used was measured in southern Germany by Allgäunetz GmbH & Co. KG. It contains data from 17th to 22nd July 2019 with a resolution of 1 s [64]. As an example, data from 19th July is shown in Figure 3.2.
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[bookmark: _Ref87525212][bookmark: _Toc102474724]Figure 3.2: Example day from the measured PV-system profile in southern Germany

For different applications and tests, the PV-profiles need to be scaled in size accordingly. This scaling factor [149], [33] can be calculated as shown in (3.1):



		

		[bookmark: _Ref87538949](3.1)





where: : Yearly power consumption [kWh/a]; : Typical regional solar generation [kWh/kWp]; : Unscaled peak power of PV-installation [kWp].



For example,  can be obtained from PVGIS [150]. The typical regional solar generation values for the locations of the PV-systems are:

· Estonia: 864 kWh/kWp

· Southern Germany: 1000 kWh/kWp

[bookmark: _Toc102474647]Thermal and electrical load profiles

There are multiple thermal and electrical load profiles that have been used for different investigations in this work. This was necessary because the modelled laboratory equipment used for verification is dimensioned for different system sizes. Therefore, accordingly sized load profiles should be used for validation tests and simulations. Within reasonable limits, it is possible to transfer the results to larger or smaller sized systems [149]. 

An overview of the used load profiles with relevant parameters and related applications within this work is presented in Table 3.1. 





[bookmark: _Ref81899297][bookmark: _Toc102474787]Table 3.1: Overview of load profiles with relevant parameters [148], [151], [152], [153], [154] 

		Description

		Type

		Sizing

		∆t

		Time

		Values

		Application



		NRG-Building

		M

		Larger building

		1 sec

		20 h

		El

		FESS model and control validation



		Measured 3-room apartment

		M

		Household / Apartment

		5 min

		1 week

		El, W, F

		TES control, Water heater validation



		Generated single family house

		G

		Detached single family house

		1 min

		1 year

		El

		FESS + BESS control



		8 generated households with different occupancies

		G

		Household / Apartment

		5 min

		1 week

		El, W, F

		TES control 





M: Measured; G: Generated; El: Electricity Consumption; W: Water Consumption; F: Food Consumption.



The NRG-Building profile was measured on the Tallinn University of Technology campus. The measurement was done for the NRG-Building starting from April 3rd, 2019, 10:00, until April 4th, 2019, 6:00. The measurement resolution was 1 s during that timeframe. This load profile shows the power fluctuations of a university building 
(c.f. Figure 3.3). Thus, it is suitable for the flywheel model and control validation where such power fluctuations should be balanced. 
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[bookmark: _Ref90461081][bookmark: _Toc102474725]Figure 3.3: Example segment of the measured NRG-Building load profile

The measured apartment profile [151] represents a typical dwelling, as mentioned in section 3.4. It is a 67.4 m², 3-room apartment in the Kristiine district in Tallinn, Estonia. The measurements for different appliances, hot water and food consumption, space heating, and total electrical energy consumption were conducted from 22nd February 2010 until 28th February 2010. It was occupied by 2 adults and 2 children during the measurements. The time resolution for all measurements was 5 minutes. This profile was used in the work for the research of TES control algorithms and in the verification on the water heater model. The total electricity load, and food and hot water consumption profiles as thermal loads are shown in Figure 3.4.
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[bookmark: _Ref81930163][bookmark: _Toc102474726]Figure 3.4: Measured total energy, food and hot water consumption

The generated single family house profile [148] and the eight generated household profiles [152], [153] with different occupancies were created using LoadProfileGenerator [155]. This is a software developed for a doctoral thesis at Chemnitz University of Technology in 2016 and is still being maintained and improved by the creator. The quality of the generated profiles has been assessed and validated, showing adequate similarity to measured profiles [156]. The load profile generation is based on an occupant behaviour model. This means that not just the electrical load profile, but also hot water usage, space heating, and cooking (food consumption) patterns are created and can be used. For the correct behaviour of the occupants regarding the weather, an outside temperature profile for Helsinki of the year 2017 from the Finnish Meteorological Institute was applied during the profile creation [157]. Helsinki has similar weather conditions as Tallinn, thus the profile for Helsinki can be used for this purpose. 

The generated single family house profile [148] represents a family with 2 children. One adult is working, one is staying at home and the children go to school. The profiles were generated for a whole year with 1 minute time steps. The electricity load profile for one example day is shown in Figure 3.5.

The eight generated households (i-viii) represent the dwelling occupancies as depicted in Table 3.2. These occupancy profiles have been selected to represent typical occupancy scenarios for dwellings. This selection was based on the statistics of the Federal Statistics Office of Germany [158]. The selection criteria and shares according to [158] are shown in Table 3.3. These profiles were used to investigate the influence of different household occupancies on the performance of different control algorithms for TESs.



[bookmark: _Ref81914809][bookmark: _Toc102474727]Figure 3.5: Example day from a single family house load profile

[bookmark: _Ref81901145][bookmark: _Toc102474788]Table 3.2: Description of generated occupancy profiles with average electrical energy consumption per day [152], [153]

		Household

		i

		ii

		iii

		iv

		v

		vi

		vii

		viii



		Working

		2

		1

		-

		-

		-

		1

		-

		-



		Studying

		-

		-

		1

		-

		-

		-

		3

		-



		Unemployed

		-

		-

		-

		2

		-

		1

		-

		-



		Retired

		-

		-

		-

		-

		1

		-

		-

		2



		Children

		-

		-

		-

		2

		-

		2

		-

		-



		Σ

		2

		1

		1

		4

		1

		4

		3

		2



		El. Consumption [kWh/d]

		9.82

		4.18

		2.15

		14.63

		2.58

		13.10

		9.22

		5.85







[bookmark: _Ref81903060][bookmark: _Toc102474789]Table 3.3: Occupancy profile selection criteria with typical shares [152], [153]

		Number of people per dwelling



		Number of people

		Share

		Represented in household



		1

2

3

4

		42%

33%

12%

9%

		ii, iii, v

i, vii

vii

iv, vi



		Number of children per dwelling



		Number of children

		Share

		Represented in household



		0

1 or 2

		72%

25%

		i, ii, iii, v, vii, viii

iv, vi



		Number of people working per dwelling



		Number of people

		Share

		Represented in household



		0

1

2

		34%

36%

26%

		iii, iv, v, vii, viii

ii, vi

i



		Employment status of the person with the main income per dwelling



		Employment status

		Share

		Represented in household



		Retired

Employed

Other

		36%

48%

16%

		v, viii

i, ii, vi

iii, iv, vii





These profiles have different consumption patterns, which is due to different occupations; some people are at work, at school, at university or retired. This does not only change the electric energy consumption directly but also the water heating and space heating load. The electric energy consumption patterns for one week for different households (i-viii) are shown in Figure 3.6.
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[bookmark: _Ref89436608][bookmark: _Toc102474728]Figure 3.6: Electric energy consumption in households i-viii for 1 week [152], [153]

[bookmark: _Toc102474648]BESS and FESS model

The BESS and FESS models are based on existing objects and products. The FESS was modelled based on a device available in a laboratory at Tallinn University of Technology. The BESS is based on different datasheets from available lithium-ion batteries. The details about the models are shown in the following subsections.

[bookmark: _Toc102474649]FESS model with basic converter control

The FESS was modelled using Matlab/Simulink with the Simscape Electrical library [154], [159]. The model is based on the Rosseta Technik GmbH T3-15 FESS [69] with Unidrive SP2403 motor- and grid-side converters, located in Tallinn University of Technology. 
The relevant parameters for modelling are shown in Table 3.4. 



[bookmark: _Ref81571397][bookmark: _Toc102474790]Table 3.4: FESS parameters [159] 

		FESS Parameters

		Value



		Nominal Power

		15 kVA



		Energy Capacity

		300 kWs



		Speed Range

		500 – 6000 rpm



		DC-link Capacitance

		500 



		DC-link Voltage

		700 V



		Inverter Switching Frequency

		16 kHz



		LC Filter Parameters

		Value



		Filter Inductance

		6.2 mH



		Filter Capacitance

		3 





The modelled flywheel system includes an asynchronous machine, bidirectional AC-DC converters, a DC-link capacitor, and a LC filter at the front end. 

The working principle of the flywheel storage system is shown in Figure 3.7. 
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[bookmark: _Ref81826266][bookmark: _Toc102474729]Figure 3.7: Schematic of flywheel storage system model control [154], [159]

The grid-side converter was used to exchange energy between the DC-link and the grid using current control. Due to the energy exchange with the grid, the voltage of the DC-link starts to increase or decrease. The resulting objective for the motor-side converter was to maintain the DC-link voltage within acceptable levels by supplying energy to or from the induction motor of the flywheel. 

Current control

The power smoothing control, which is discussed in section 5.1, provides active () and reactive () power control references to the current control block. The current control used the Clarke and Park transform [160] to convert the reference values from abc- to dq-domain. With the dq-domain reference values it is possible to calculate the output currents references of the grid-side converter using the grid voltage. A PI controller was used for minimizing the measured current and current reference difference. Considering the inductance from the LC-filter, the voltage difference signal of the PI controller and the measured voltage values, dq-voltage reference signals could be generated. This can be transformed back to αβ-domain and used to implement a space vector pulse width modulation for switching the grid side converter transistors [161].

The schematic of the current control block is shown in Figure 3.8.
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[bookmark: _Ref81834107][bookmark: _Toc102474730]Figure 3.8: Flywheel current control block [154], [159]

DC-link voltage control

With the measured rotational speed  and the DC-link voltage , the torque () and flux () references for the field-oriented control can be calculated [162]. Therefore, two PI controllers, one to minimize the DC voltage difference and the other to minimize the rotational speed error, were used. The flux reference was calculated using the nominal flux and the nominal and measured rotational speed, as described in [163].

The DC-link voltage control schematic is shown in Figure 3.9.
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[bookmark: _Ref81834210][bookmark: _Toc102474731]Figure 3.9: Flywheel DC-voltage control block [154], [159]

Field-oriented control

Since the rotor flux in the simulated model was not measured directly but estimated through the stator current, an indirect field-oriented control was implemented. With knowledge about the induction motor parameters, it is possible to derive the rotor flux  , as shown in (3.2) [163]:



		

		[bookmark: _Ref81841705](3.2)





where: : Rotor resistance; : Rotor inductance; : mutual inductance; : flux forming current.



The control of the induction machine torque and flux can be decoupled by regulating the torque forming current  and the flux forming current  independently. The flux forming stator current reference  could be evaluated using a PI controller by minimizing the error between the reference flux  and the estimated flux. The torque forming current  can be calculated using (3.3) [163]:



		

		[bookmark: _Ref81841761](3.3)





where:: Torque reference; : Rotor inductance; : mutual inductance; : rotor flux; : number or motor poles pairs.



The stator voltage  references are evaluated within the current controller block by minimizing the error between measured and reference stator currents, using PI controllers. Space vector pulse width modulation is used to generate switching for motor side converter transistors.

An overview of the field-oriented control block is shown in Figure 3.10.
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[bookmark: _Ref81834267][bookmark: _Toc102474732]Figure 3.10: Flywheel field-oriented control block [154], [159]

[bookmark: _Toc102474650]BESS model

The model for the BESS is a simplified basic model based on [151], [164]; an extended model has been developed in [33], [148]. The model represents a lithium-ion based battery resp. battery cells, including a controller modelled on the datasheets of existing products. 

The basic model of the battery itself consists of a SOC value and charging and discharging efficiencies. Based on the charging, respectively discharging current, the corresponding efficiencies, and the battery’s nominal capacity, the SOC of the BESS can be calculated for each time step i (3.4):
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where: SOCBat: State of charge of the battery; ηcd: Charging resp. discharging efficiency [%];  Δt: Time step duration [h]; Icd: Charging (>0) and discharging (<0) current [A]; CBat,nom: Nominal battery capacity [Ah]. 



Additionally, the self-discharge rate, which is relevant for long-term simulations [165], and a temperature dependence, which is relevant in environments with changing temperatures [166], have been added in the extended model presented in [33]. 

Lithium-ion batteries have a self-discharge rate of 5% within the first 24 hours and then 1-2% per month. This will remain reasonably steady throughout the service life. However, elevated temperatures and full SOC will cause an increasing self-discharge, as shown in Table 3.5. The self-discharge is implemented in the model with a linear approximation, which is shown in more detail in [33].



[bookmark: _Ref90291919][bookmark: _Toc102474791]Table 3.5: Self-discharge per month for different temperatures and SOCs [165]

		Temperature

		0 °C

		25 °C

		60 °C



		SOC = 1

		6%

		20%

		35%



		SOC = 0.5

		2%

		4%

		15%







A BESS is affected by temperature changes as well, as the battery ages faster at higher temperatures and loses storage capacity temporarily at low temperatures. The simulations in this work were not conducted for such long-term timeframes that the aging due to temperature had to be considered. Thus, just the temporary capacity reduction due to lower temperatures is implemented in the model. The capacity retention at different temperatures is shown in Figure 3.11. [166] 
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[bookmark: _Ref90292739][bookmark: _Toc102474733]Figure 3.11: Battery capacity retention at different temperatures 

The modelled batteries are based on the following available products, and their brochures and datasheets:

· Victron Energy LFP Smart Batteries (Nominal Capacity: 50 Ah - 300 Ah) [167]

· KOKAM SLPB120255255 (Nominal Capacity: 75 Ah) [168]

· KROS-H-2-222 (Nominal Capacity: 300 Ah) [169]

[bookmark: _Toc102474651]Freezer, water heater and simplified space heating model

The following simplified object models are based on the models presented in [10]. They use linear approximations for the temperature differences during the time step. Using such simplified models will reduce the calculation time compared to simulations with more detailed models, which is an important measure, especially for medium or large microgrid simulations. The accuracy resp. errors of these simplified models are determined and evaluated in the model validation in Chapter 4. 

[bookmark: _Toc102474652]Freezer model

The freezer model is based on [10] and uses the temperature differences due to freezing, food exchange and ambient temperature for each time step i. All details about the model are shown in [151]. Since this model was developed for a chest type freezer, 
the temperature loss due to door opening was not considered in [10]. According to [170], this is an important parameter for the modelling of upright type refrigerators and freezers, which amounts to about 9 Wh for each door opening. Therefore, an additional temperature change due to door opening when exchanging food with an upright freezer is included in the freezer calculation (3.5) [151], [10]:
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where: dTfreeze: Temperature change due to freezing [°C]; dTfood: Temperature change due to food exchange [°C]; dTamb: Temperature change due to ambient losses [°C]; dTdoor: Temperature change due to door opening [°C]. 

The temperature changes can be calculated as shown in (3.6)-(3.9) [151], [10]:
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		(3.7)
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where: Δt: Time step duration [h]; Pel,f: Electrical power of freezer [W]; COPf: Coefficient of performance of freezer; yi: Freezing/Heating status {0;1}; ρx: Density of material x [kg/m³]; Tf_corrected: Corrected food temperature [°C]; VObject: Volume of object [m³]; cpi: Specific heat capacity of ice [J/kgK]; Edoor-loss: Energy loss for each door opening [Wh]; .



The coefficients α and β are shown in (3.10)-(3.11) [10]:
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where: UObject: U-value of the object [W/m²K]; AObject: Surface area of the object [m²]; VObject: Volume of the object [kg]. 



To use the specific heat coefficient of ice for the whole temperature spectrum of the food, the corrected food temperature Tf_corrected for food warmer than 0 °C must be obtained with (3.12) [151]. For food below 0 °C, Tf_corrected equals the actual food temperature Tf_actual.
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where: Tf_actual: Actual food temperature [°C]. 

[bookmark: _Toc102474653]Water heater model

The water heater model is similar to the freezer model and is based on [10] as well. 
All the details of the model were presented in [151]. It uses the temperature changes due to heating with the heating element, exchange of water and ambient losses. 
The temperature of the water inside the boiler at the end of the time step is calculated as in (3.13) [151], [10]: 
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where: dTh: Temperature change due to heating [°C]; dTcold_water: Temperature change due to water exchange [°C]; dTamb: Temperature change due to ambient losses [°C]. 





The temperature changes can be calculated in the following way (3.14)-(3.16) [151], [10]:
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		(3.15)
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where: ηwh: Efficiency of water heater [%]. 

[bookmark: _Toc102474654]Simplified space heating model

The model for space heating and space cooling is similar to the freezer and water heater models; it is shown in detail in [151]. It was developed with equations, modelling techniques and typical values described by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [171]. Since space heating is more complex to model than a water heater, there are more temperature influences for each time step i to calculate. These include the ventilation, occupancy, and sunlight irradiation through windows. The temperature for the next time step can be calculated as shown in (3.17) [151]:
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where: dTh: Temperature change due to heating or cooling [°C]; dTvent: Temperature change due to ventilation [°C]; dTamb: Temperature change due to ambient losses [°C]; dTocc: Temperature change due to room occupancy [°C]; dTrad: Temperature change due to sun irradiation through windows [°C].



The temperature changes can be described with equations (3.18)-(3.22) [151]:
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		(3.19)



		

		(3.20)



		

		(3.21)
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where: ki: Number of people in the room; PPerson: Typical heating power of one person [W].



Two different models were implemented based on this simplified space heating model. The first model is a simple room, which is modelled according to the civil engineering based simple room model shown in section 3.5.1. The second model is based on a measured apartment located in the Kristiine district in Tallinn, Estonia, as presented in section 3.2. This apartment was selected due to several reasons: 

· Measured electricity consumption data including separate devices was available for this apartment

· Measured food and hot water consumption data was available for this apartment

· The dwelling with 67.4 m² represents a typical dwelling for Germany/Estonia



The average dwelling size is 92.3 m² in Germany [158] and 66.7 m² in Estonia [172]. This includes family houses as well as apartments. Since the majority of people live alone, about 40% [173], the dwelling size per person should be considered as well. This is 
44.8 m² in Germany [158] and 30.5 m² in Estonia [174]. Thus, the 67.4 m² apartment can be considered a typical dwelling. The modelling parameters to calculate the heating gains and losses for this apartment are shown in Table 3.6.



[bookmark: _Ref89425567][bookmark: _Toc102474792]Table 3.6: Modelling variables for simplified space heating of an apartment

		Variable

		Value



		Floor area

		67.4 m²



		Roof area

		67.4 m²



		Wall area

		42.4 m²



		Window area (each direction)

		7.2 m² / 4.7 m² / 0 m² / 0 m²



		Cooling power

		2000 W



		Heating power

		2000 W



		U-value windows

		0.6 W/m²K



		Relative volume of furniture

		5%



		Room height

		2.5 m



		U-value of wall insulation

		27.0 W/m²K



		U-value of other wall materials

		5.6 W/m²K



		Surface azimuth (each direction)

		90° / 180° / -90° / 0°



		Thickness of insulation

		0.1 m



		Thickness of other wall materials

		0.25 m





[bookmark: _Toc102474655]Neural network-based space heating model

The neural network-based space heating models were created with an approach different from the previously described models. Pre-existing civil engineering models of a building created with IDA-ICE modelling software were used to create comprehensive datasets. These datasets could be used to train a neural network to behave like the 
IDA-ICE object model of the building within the defined limits. All details about the methodology were presented in [175].

With this methodology (c.f. Figure 3.12), it is possible to use building models from any civil engineering modelling software if the datasets from the simulation can be saved in a common file format. Additionally, the neural network model can be trained in any software which supports machine learning techniques like Matlab or Python. This provides more flexibility than co-simulations where certain communication standards must be met by both simulators. 





[bookmark: _Ref87423359][bookmark: _Toc102474734]Figure 3.12: Methodology overview of the neural network-based space heating model

The creation of suitable datasets and training of the neural network model are described in more detail in the following subsections.

[bookmark: _Toc102474656]Description of used civil engineering models

The existing building models used for the creation of the datasets are modelled with 
IDA-ICE modelling software from Equa. It shows compliance with CEN standards EN 15255-2007, EN 15265-2007 and EN 13791, and with ASHRAE standard 140-2004 [176]. Three civil engineering models are used in this work. All of them have been described and validated in previous publications. The 3D-models are shown in Figure 3.13:
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[bookmark: _Ref81472623][bookmark: _Toc102474735]Figure 3.13: 3D view of used IDA-ICE building models; left: simple room; centre: control centre; right: single family house



Simple room 

The first model is a simple room, which was chosen to represent a single room of a private house or an apartment building. It was previously published and validated in two conference papers [177], [178]. It used a 400 W electric radiator for heating, which was sized according to the Estonian heating design standard [179], including an added 20% power margin for safety. The thermostat was operating at 21 °C with a +/- 1 °C dead band. The implemented room was equipped with balanced heat recovery ventilation and the usage profiles for appliances, lights, and people were modelled as established for energy calculation of the apartment buildings by the Estonian law [180]. The Estonian test reference year data was used as weather data for this model [181]. This model was used for direct performance comparisons between the simplified space heating model, the civil engineering space heating model and the neural network-based space heating model. 

Control centre 

The second model is a control centre of the Energy Campus Wildpoldsried, which is located in the city of Wildpoldsried, Germany. Several measurements with the real object were done between 21st November and 3rd December 2019 in free-floating state and with an electric heater operated at 1300 W. [182]

The following data was logged:

· Temperature at several positions within and outside the control centre with four EL-USB-2 EH / Temp Data Loggers

· Outside temperature, global irradiation, air pressure, humidity, dew point, wind speed, and wind direction from a nearby weather station

· Power consumption of all active devices (including the electric heater) with portable power meters



With these measurements and the available construction data of the control centre, the IDA-ICE model could be created. With the free-floating measurements, the envelope could be calibrated and the heater measurement could be used to check the heat-up performance. The result of the calibration is shown in Figure 3.14. The average absolute error of the model compared to the measured data is 1.61 °C. This error is within the acceptable range, especially as the error during the independent test period is lower at 1.00 °C. Thus, the model is correctly calibrated and can be used for further research. 



[image: ]

[bookmark: _Ref81556701][bookmark: _Toc102474736]Figure 3.14: Air temperature behaviour of the IDA-ICE model compared to the measurements [182]

Single family house 

The third model is a small single family house with one floor and a detached roof. It was used previously in a sample project for redefining the cost-optimality level of nearly zero energy buildings (nZEBs) for new residential buildings in Estonia [183]–[188]. The model development, validation and use are published in [189] and [190]. Like the simple room model, it uses the Estonian test reference year weather data [181]. The model is divided into 11 thermal zones/rooms (c.f. Figure 3.15) and is heated by underfloor heating at 
100 W/m². Each zone is controlled by a separate thermostat. All rooms except the attic were equipped with balanced heat recovery ventilation. 





[bookmark: _Ref81477869][bookmark: _Toc102474737]Figure 3.15: Floor plan of the single family house with area sizes; doors: blue; windows: light grey

As this model was intended to be used for flexibility simulations with variable set points for the thermostats, it was necessary to change the standard usage profiles for appliances, lights, and people to more realistic stochastic profiles. Like this, the created datasets will show more complexity regarding, e.g., the temperature set points or occupancy, which is necessary for a more dynamic behaviour and complexity of the neural network-based model. 

To generate the occupancy profiles, the ProccS web tool [191] was used. It was developed, tested, and validated for a doctoral thesis at the Technical University of Denmark [192]. The profiles were generated for a family of two adults with one child. The adults go to work and the child to kindergarten/school [193]. The profiles were generated twice and the bathroom profile from the second run was used for the WC and the profile of the living room for the office. This introduces an error because up to five people can be in the house simultaneously; however, this can be even more realistic considering visiting guests. Rooms that are not often used (laundry room, technical room, corridor, hall) have no occupancy and are typically not heated specifically. Thus, they are excluded from the dataset creation. 

[bookmark: _Toc102474657]Creation of comprehensive datasets with civil engineering models

To get the training datasets for the machine learning algorithm, it is necessary to do simulations with each model and log the relevant parameters. To obtain enough training data, the simulation period was chosen to be one year with 1 min output time step. 
This time step is small enough compared to the larger time constant of space heating systems. The whole year needs to be simulated to include different environmental situations, like day/night, summer/winter, weather effects, etc. Otherwise, the neural network model will be limited to a certain season or weather conditions later. 

To exemplify the single family house, the variables shown in Table 3.7 are logged. 
The room-based variables are only logged for the 7 relevant rooms with active heating and occupancy, as mentioned in the previous subsection. 



[bookmark: _Ref81558807][bookmark: _Toc102474793]Table 3.7: Variables for the neural network training dataset of a single family house [175]

		General variables

		Room-based variables





		• Dry-bulb temperature [°C]

• Relative humidity of air [%]

• Direction of wind

• Speed of meteorological wind [m/s]

• Direct normal radiation [W/m²]

• Diffuse radiation on horizontal surface [W/m²]



		• Mean air temperature [°C]

• Heating energy [W]*

• Ventilation [W]*

• Infiltration and openings [W]*

• Occupancy (Number of People)

• Energy losses [W]*

• Internal wall energy exchange [W]*

• Equipment heat energy [W]*

• Windows and solar gains [W]*

• Cooling energy [W]*

• Lighting energy [W]*







*sensible heat gains/losses

[bookmark: _Toc102474658]Development and training of neural network-based models

The following methodology was used for synthesizing the NN-based space heating model from the IDA-ICE simulation datasets.

The dataset needed to be pre-processed to be in the correct format for the neural network training. The neural network training parameters had to be chosen to achieve a model with good accuracy without over- or underfitting. Then the neural network model could be trained and tested. If the accuracy was not good enough, then the neural network training parameters had to be changed and the training had to be repeated. 
The process is shown in Figure 3.16 and described in more detail in the following subsections.







[bookmark: _Ref90374061][bookmark: _Toc102474738]Figure 3.16: Overview of the neural network training process



Dataset pre-processing

First, it was required to add the temperature difference between the current and the previous time step to the dataset (3.23).
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where: : Mean air temperature of time step i [°C]; : Mean air temperature of time step i+1 [°C]; : Temperature difference between time step i and i+1 [°C].



Second, the weather data had to be changed. The source weather data that IDA-ICE was using was hourly data and therefore needed to be converted to minutely data. Typically, the values would be interpolated. But since the other variables in the IDA-ICE training data were based on the hourly weather values, it was more reasonable to duplicate the hourly values for each minute within the hour. 

In a third step, the datasets needed to be normalized as this usually yields better results in the accuracy of the model because the influence of large fluctuating numbers dominating smaller numbers can be reduced. The input and target data for the neural network model were generated using (3.24) and (3.25).
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where: : Normalized input data of time step i and variable k; : Input data of time step i and variable k; : Normalized target data of time step i and variable l; : Target data of time step i and variable l; : mean value of variable k resp. l; : standard deviation of variable k resp. l.

Neural network training

To select and optimize the training parameters for the neural network model, the following error and accuracy metrics were considered:

· Root mean square error (RMSE) of the mean air temperature (3.26)

· RMSE of the heating power per square meter (3.27)

· Mean heating power difference (3.28)

· Percent of time steps with correctly estimated heating power (3.29)
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where: : Mean value; : Civil engineering model mean air temperature [°C]; : Test model mean air temperature [°C].
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where: : Mean value; : Civil engineering model heating power [W]; : Test model heating power [W]; : Room area [m²].
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where: : time step accuracy; .



For a distinct representation of error metrics, one total error metric () is derived [194]. A weighting factor based on the importance of each error and accuracy metric for the overall use of the model was added. Since the model is included in an electric simulation, the temperature accuracy is less important. The most important values are the root mean square error and mean error for the power, resulting in the biggest weights. Additionally, the following limits and optimum values were chosen for the mapping to percentage values (c.f. Table 3.8):



[bookmark: _Ref87433992][bookmark: _Toc102474794]Table 3.8: Error metric limits, optima, mapping factors and weighting factors [194]

		Error

		Limit

		Optimum

		Mapping factor

		Weighting factor



		

		0.7 ⁰C

		0 ⁰C

		

		1/10



		

		300 W

		0 W

		

		4/10



		

		10 %

		0 %

		

		3/10



		

		90 %

		100 %

		

		2/10







The limit value should be mapped to 90% and the optimum to 100%. The resulting total error metric can be calculated as follows (3.30) [194]: 
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The most important training parameters for the selected algorithm are the number of neuron and layers, and the maximum number of epochs. The selected sizes for the hidden layers of the neural network models need to be chosen according to the complexity of the training data. As a rule of thumb, a good starting point for finding the optimum number of neurons can be chosen as 2/3 the size of the input layer. For the second hidden layer, half the size of the first hidden layer is commonly chosen. The optimum number of neurons can then be found by decreasing or increasing their number slowly and checking the corresponding accuracy of the model. In this stage, it is essential to make sure that the model is neither underfitting with too few neurons nor overfitting with too many. From the training set, a ratio of 60% was used for training, 20% for cross-validation and 20% for testing. Fitting, cross-validation, and prediction tests were done internally within the Matlab training function. To be able to use the GPU computing capabilities, a scaled conjugate gradient algorithm [195], [196] had to be chosen as the other available algorithms are not compatible with GPU computing. 

Table 3.9 shows the results obtained using the previously described metrics for a model with 17 input variables and different numbers of neurons for each layer.



[bookmark: _Ref87438900][bookmark: _Toc102474795]Table 3.9: Results for different numbers of neurons per layer [194] 

		Neurons

		[12 6]

		[14 7]

		[26 13]



		Test

		1.1

		1.2

		1.3

		2.1

		2.2

		2.3

		3.1

		3.2

		3.3



		RMSET [⁰C]

		3*103

		0.71

		0.67

		2.81

		4*103

		0.66

		3.99

		0.50

		3.42



		RMSEP [W]

		407

		288

		288

		406

		533

		267

		247

		308

		278



		 [%]

		53.73

		-1.16

		1.35

		48.02

		100.00

		-4.87

		13.00

		-9.59

		8.01



		TSA [%]

		96.27

		98.13

		98.13

		96.27

		93.59

		98.39

		98.62

		97.85

		98.26



		Epochs

		4243

		803

		909

		2981

		4146

		1449

		4407

		1483

		4190



		ErrorTotal

		-5*103

		94.83

		94.83

		76.04

		-5*103

		94.08

		87.27

		92.29

		89.12







These results demonstrate that the rule of thumb number for neurons with 12 in the first hidden layer and 6 in the second hidden layer gives the best total error metrics, 
as marked in bold in the table. It is evident as well that the best results are achieved with a lower number of training epochs. The typical behaviour where the validation error increases as the overfitting starts does not apply to the model, which can be the case for some datasets [197], [198]. Thus, the training cannot be stopped automatically. To select a suitable number to limit the epochs, it is necessary to look at the validation performance of the training. A too high number of epochs can be chosen for training to see the point where overfitting due to overtraining starts, as shown in Figure 3.17.
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[bookmark: _Ref87439199][bookmark: _Toc102474739]Figure 3.17: Evaluation of performance: Overfitted model [194] 

The figure shows that the performance of the model reaches a good stable level at around 500 epochs. This will be referred to as the underfit marker. At around 1500 epochs, the overfitting transition due to overtraining starts, as marked by the purple circle. 
At this point, the model does not learn a general applicable solution anymore but learns the responses by heart. The maximum number of epochs should be limited between those two markers. To be sure not to overfit the model, a value of around 1/3 the difference between the over- and underfit marker is chosen: 850 epochs for this model. 

Therefore, the chosen parameters for the model are:

· Neurons: Depending on input variables; according to the rule of thumb

· Maximum number of epochs: 1/3 the difference between the over- and underfit marker

The neural network model sizes are shown in Table 3.10 and visualized for the single family house in Figure 3.18.



[bookmark: _Ref87449878][bookmark: _Toc102474796]Table 3.10: Neural network model sizes for different space heating models

		Model

		Input Variables

		Hidden Layer 1

		Hidden Layer 2

		Output Variables

		Epochs



		Simple room

		17

		10

		5

		1

		850



		Control center

		11

		6

		3

		1

		800



		Single family house each room

		17

		12

		6

		1

		850
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[bookmark: _Ref87449879][bookmark: _Toc102474740]Figure 3.18: Visualization of neural network model used for each room of the single family house

The other training parameters of the training algorithm [195] do not necessarily need to be optimized as the variations between training with the same parameters have higher influence on the accuracy than the change of the parameters. An overview is presented in [194]. 

The training is much more stable when applying the optimized parameters, reducing the need for repeated trainings, as shown in Table 3.11. This can be seen by the comparison with the total error values for Test 1.1 presented in Table 3.9, where the training shows extremely bad results. Choosing a too large number of neurons and epochs does not improve the model, as it will regularly overfit (c.f. Table 3.9, Table 3.11).



[bookmark: _Ref87435421][bookmark: _Toc102474797]Table 3.11: Comparison of optimized parameters to wrongly chosen parameters: mean total error values for multiple trainings

		Evaluation criterion [%]

		Mean ErrorTotal value



		Optimized parameters: 

		92,03



		Doubled neuron number; 5000 epochs

		89,16







After the optimized training, the neural network model is converted and saved to a Matlab function instead of a neural network object. This has the advantage of higher compatibility, for example, if Matlab is used in combination with other software and higher calculation speed. The disadvantage is that the neural network cannot be additionally trained later with more input data but needs to be retrained completely. Applying this methodology to an existing civil engineering model to create a space heating model for a microgrid simulation can be achieved within 8 hours of active work for pre-processing and parameter adjustments. Additional computational time for 
pre-simulation and NN training in the background depends on the model size and detail and can take multiple hours. However, this does not account for active modelling time as it can be done in the background without supervision. This is a huge reduction by around 90% of active modelling time compared to more than 100 hours, as estimated by civil engineers.

[bookmark: _Toc102474659]Conclusions

To simulate the proposed system based on the conclusions of Chapter 2, models for the PV-system and loads, FESS and BESS, and TESs are necessary. For each of those models, either a measured profile or an object model has been presented. In summary, the following can be concluded for the used PV-system and load profiles used as input data for the simulations:

· For the PV-system model, measured profiles with resolutions of 1 minute and 1 second for Estonia and southern Germany were used. These PV-profiles were scaled to the specific application.

· Different load profiles for electrical and thermal loads were measured and artificially generated according to the foreseen simulated scenarios. 
To improve the results of the simulations, different dwelling occupancy profiles based on demographic statistics were selected to investigate the general applicability of the developed control algorithms in Chapter 5. 



The energy storage systems were modelled with different methodologies. The following conclusions can be drawn from the modelling methodologies: 

· The FESS model is modelled based on the available FESS at Tallinn University of Technology to enable validations of the model and control strategies with the physical object in Chapters 4 and 5. 

· The BESS model is simplified to the basic function of a changing SOC. 
The behaviour is based on datasheet values. To improve this simple model, self-discharge and temperature dependent charge retention were implemented additionally. 

· The freezer and water heater TES model are linear approximation models for the temperature changes inside the devices. Such models have been used in literature with similar microgrid level simulations with satisfying accuracy. 
To improve the freezer model, the additional losses during the door opening process of an upright-type freezer were added. 

· The same approach was taken for the thermal model of a building. However, the literature analysis in Chapter 2 and the multitude of influences that need to be represented by a space heating model suggest that this model will not be accurate enough. 

· To reduce the development and active modelling time and effort for detailed space heating objects, a novel methodology for the creation of NN-based space heating models was developed. With the correct pre-processing of data and training parameter selection, a NN-based space heating model that can be used as an object model in the microgrid simulations could be created. The active modelling time can be reduced with this methodology by around 90% from more than 100 hours to around 8 hours.



These models need to be validated next to ensure a good accuracy for the development of control strategies in Chapter 5, which will be the basis for the social 
and financial investigations in Chapter 6 and the microgrid development related recommendations in Chapter 7.

[bookmark: _Toc102474660]Validation of mathematical object models for storage systems

To get more insight into the quality of the presented modelled objects, it is necessary to validate the models and quantify the errors and accuracy. This is needed for the control strategy development in Chapter 5. Therefore, different validation methods are used for the different storage system models, as shown in more detail in the following subsections.

In the context of microgrid simulations, errors for the different storage systems should be kept within certain limits to ensure a valid simulation result. For the BESS, FESS and TESs, the mean error should be below 10%. For more complex models like space heating, a slightly higher error of up to 12% can be acceptable as well. 

[bookmark: _Toc102474661]Validation of BESS and FESS models

The BESS and FESS models will introduce certain errors into the simulations. To decide whether the models are accurate enough and modelled properly, the following validation tests were conducted: 

· Validation against measurement data

· Repeatability test of measurement data

[bookmark: _Toc102474662]Validation of FESS model

To be able to validate the flywheel model and later the corresponding control scenarios, it was necessary to modernize the available setup in the laboratory of Tallinn University of Technology. 

Therefore, the existing PLC was replaced with a new Software-PLC, the Siemens AG ET 200SP Open Controller 2. This PLC enables real time simulations with Matlab in a PHIL setup. In this first step, the flywheel was connected to the PLC, but it is possible to connect more devices in future. The PHIL arrangement is depicted in Figure 2.15, a more detailed overview schematic for the validation is shown in Figure 4.1 and details about the implementation of the setup are presented in [64]. 
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[bookmark: _Ref90369464][bookmark: _Toc102474741]Figure 4.1: Schematic of the modernized flywheel validation setup [64]

With this setup it was possible to validate the FESS model and the implemented software power controller. The first test is a repeatability analysis, as shown in the next subsection, followed by a round trip efficiency validation.

Repeatability analysis

To know the accuracy of the flywheel power controller, a ramp shown in Figure 4.2 is applied. This charging and discharging test was performed for five times to analyse the deviation from the set ramp. 





[bookmark: _Ref90371447][bookmark: _Toc102474742]Figure 4.2: Flywheel storage repeatability profile [64]

The results for the power differences between set power and measured power are shown in Table 4.1. The RMSE is below 100 W across the whole spectrum and the other error metrics are small too. Thus, the power controller is working accurately.



[bookmark: _Ref90371584][bookmark: _Toc102474798]Table 4.1: Results of flywheel storage repeatability [64]

		Test

		1st 

		2nd 

		3rd 

		4th 

		5th 

		Overall



		Average

		-1.63W

		0.25W

		0.58W

		0.00W

		0.26W

		-0.09W



		Median

		-4.68W

		-0.83W

		-3.40W

		-7.14W

		-5.46W

		-3.97W



		RMSE

		94.06W

		96.66W

		98.25W

		95.57W

		100.91W

		





Validation of round trip efficiency

The round trip efficiency typically shows how efficiently the storage system works. It is a good indicator for the model and setup quality as this value has been measured by the manufacturer and is available in the device documentation. Additionally, the simulation can be compared with the actual setup.

To get comparable results, the test is to be done as follows: first, the flywheel is at standstill. It is then charged with the maximum power of 15 kW until it is fully charged. Immediately after that, the flywheel is completely discharged with the maximum power of 15 kW. The consumed energy for charging and retrieved energy from discharging can then be compared to get the overall efficiency. The process is shown in Figure 4.3.
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[bookmark: _Ref90372550][bookmark: _Toc102474743]Figure 4.3: Flywheel storage round trip efficiency test 

In total, 375 kWs are charged in the test run while 269 kWs are discharged. This results in a round-trip efficiency of 71.8% for the flywheel storage system, which is slightly lower than the provided value of 77.6% in the datasheet [69], which can indicate that a maintenance resp. balancing of this old device could be necessary. The modelled flywheel shows a slightly higher round trip efficiency value of 80.2%. The results are shown in Table 4.2.



[bookmark: _Ref87370806][bookmark: _Toc102474799]Table 4.2: Efficiency errors of flywheel storage round trip 

		Round Trip Efficiency / Error

		Datasheet

		Simulation

		Test



		Datasheet

		77.6%

		-2.6%

		+5.8%



		Simulation 

		+2.6%

		80.2%

		+8.4%



		Test

		-5.8%

		-8.4%

		71.8%







These error values concerning the FESS model are within the acceptable range of less than 10%. The developed model for the FESS at Tallinn University of Technology can be used in the intended microgrid simulations.

[bookmark: _Toc102474663]Validation of BESS model

The battery models could be validated against measured data. The corresponding lithium-ion battery measurements were obtained from [199] and the batteries were modelled as shown in section 3.3 with their datasheet values.

The measurement data contained four lithium-ion battery data sets. The batteries were tested with different operational profiles for charging, discharging and impedance with detailed explanations of the methodology. The measured values for charging and discharging are:

· Voltage_measured: Battery terminal voltage [V]

· Current_measured: Battery output current [A]

· Temperature_measured: Battery temperature [°C]

· Current_charge: Current measured at load [A]

· Voltage_charge: Voltage measured at load [V]

· Time:	 Time vector for the cycle [s]

· Capacity: Battery capacity [Ah] for discharge until 2.7 V

Based on the methodology description and available measurements, the battery storage model was tested with suitable simulations. Comparison of the simulation results to the measured values shows that the charging current error is 11.6% and the discharging current error is 6.4%. Since these are errors for charging and discharging at maximum current, they will be smaller at partial load. Therefore, the BESS model has an acceptable accuracy, even though the charging current error is higher than the aimed 10% limit. 

[bookmark: _Toc102474664]Validation of TES models

It is necessary to know the errors that are introduced into the simulation by each of the TES models. Thus, it is possible to decide if the models are accurate enough for the intended purpose and whether they are modelled correctly. The following validation methods are used for the simplified TES models:

· Design of experiment (DoE)

· Simulation with standardized conditions

· Validation against civil engineering models

· Validation against measurement data

· Uncertainly analysis



The validation details of the implemented storage system models are shown in the following subsections.

[bookmark: _Toc102474665]Validation of freezer model

The approach to verify the freezer object model is the following. First, the influence of the most significant parameters is confirmed with the design of the experiment (DoE) analysis. Second, simulations according to the requirements of the European Union commission delegated regulation (EU) No 1060/2010 with varied initial conditions are conducted. This can be used to analyse the error including the uncertainty. 

[bookmark: _Ref72138276]Design of experiment for freezer model validation

Significant parameters based on typical implementations of a freezer model are the ambient temperature and the exchange of content in the freezer compartment [10]. 
To test if both of these values are significant in the simulation of the object model as well, a 2² factorial design was considered, as shown in Table 4.3. The high value for the ambient temperature is 23 °C, the low value 17 °C. The high and low values for the food exchange are 0.02 kg/5min and 0 kg/5min.



[bookmark: _Ref71886168][bookmark: _Toc72138424][bookmark: _Toc102474800]Table 4.3: Design of experiment: 2² factorial design for freezer verification

		Experiment

		Tamb = xa

		mi = xb



		E1

		23 °C

		0.02 kg/5min



		E2

		17 °C

		0.02 kg/5min



		E3

		23 °C

		0 kg/5min



		E4

		17 °C

		0 kg/5min













The results for experiments E1-E4 are shown in Table 4.4.

[bookmark: _Ref71888147][bookmark: _Toc72138425][bookmark: _Toc102474801]Table 4.4: Results for experiments E1-E4

		Tamb/mi

		0.02kg/5min

		0kg/5min



		23 °C

		E1 = 526.50 Wh

		E3 = 470.25 Wh



		17 °C

		E2 = 456.75 Wh

		E4 = 400.50 Wh







With those values it is possible to apply a simple regression model (4.5) using equations (4.1) - (4.4): 

		

		[bookmark: _Ref71903917](4.1)



		

		(4.2)



		

		(4.3)



		

		[bookmark: _Ref71903925](4.4)



		

		[bookmark: _Ref71903906](4.5)





Using the sum of squares it is possible to determine the contribution of the two parameters (c.f. Table 4.5).

[bookmark: _Ref71905055][bookmark: _Toc72138426][bookmark: _Toc102474802]Table 4.5: Sum of squares for freezer parameters

		Sum of squares

		Equation

		Contribution

		% Contribution



		SST

		

		8029.1250

		100



		SSA

		

		4865.0625

		61



		SSB

		

		3164.0625

		39



		SSAB

		

		0.0000

		0







This shows that both parameters have significant influence on the simulation. In this case, the influence of the ambient temperature is higher than the food exchange rate. Both parameters are independent of each other due to the modelling. 

[bookmark: _Ref72135709]Simulations with standardized conditions

The European Union commission delegated regulation (EU) No 1060/2010 [200] describes the standardized test parameters that need to be met to determine the official energy consumption values for a freezer for the EU energy label. Applying the same conditions to a simulation, which are typically applied in an experiment to the real object, will create comparable results for error analysis. 

The simulation uses the following conditions: 

· The set point is fixed to -18 °C

· The time step is 5 min

· The duration of the simulation is 24 h

· The food exchange is 3 times 0.3 kg in 24 h

· The temperature of the replacement food is 25 °C

· The ambient temperature is 25 °C

· The food exchange pattern is shifted 5 min for each simulation

With these simulations, a mean energy consumption of 442.9531 Wh/day with a standard deviation of 2.0144 Wh/day can be obtained. The uncertainty of the repeated simulations is of type A [201] and can be calculated like this (4.6): 



		

		[bookmark: _Ref71883965](4.6)







Matlab is calculating with 16 digits. The power consumption is in a range of 3 digits before the decimal point, leaving 13 digits after the decimal point. This yields the following uncertainty of type B [201] (4.7):



		

		[bookmark: _Ref71884027](4.7)







The combined uncertainty can be obtained with equation (4.8) [201]:



		

		[bookmark: _Ref71884402](4.8)







Using a coverage factor k=2 for a confidence level of 95% yields that the freezer 
object model operates according to this simulation with a power consumption of 442.9531 +/-0.2374 Wh/day. This corresponds to 161.677 +/- 0.0866 kWh/a compared to 174 kWh/a, as shown in the technical data for the selected freezer model [202]. 
This is an error of about 7%, which is acceptable for the microgrid simulations in this work, as it is below the chosen 10% error limit.

[bookmark: _Toc102474666]Validation of water heater model

The model for the water heater has been verified with a DoE analysis and measurements. For this purpose, the hot water consumption for a water heater in an apartment with the corresponding electrical energy consumption has been measured. The installed water heater in the apartment has a volume of 200 l and a power of 2100 W. All relevant parameters for the installed water heater are set according to the datasheet [203].

Design of experiment for water heater model validation

Typical models of water heaters show that the significant parameters are the ambient temperature and the water exchange [10]. A 2² factorial design for the DoE of the water heater model can be used to confirm the relevance of these, using the parameters shown in Table 4.6. 



[bookmark: _Ref81571843][bookmark: _Toc102474803]Table 4.6: Design of experiment: 2² factorial design for water heater verification

		Experiment

		Tamb = xa

		Vi = xb



		E1

		26 °C

		0.5l/5 min



		E2

		10 °C

		0.5l/5 min



		E3

		26 °C

		0l/5 min



		E4

		10 °C

		0l/5 min





The ambient temperature changes for this DoE analysis are chosen more extremely than for the freezer, which is mostly placed in the basement with milder temperature changes. Despite that, the DoE analysis for the water heater shows that the ambient losses have a much lower influence on the model than the water exchange (c.f. Table 4.7). This is the result of better thermal design of a water heater without larger openings compared to a freezer, where the door is a strong thermal bridge, causing more ambient losses.



[bookmark: _Ref81382779][bookmark: _Toc102474804]Table 4.7: Sum of squares for freezer parameters

		Sum of squares

		Contribution

		% Contribution



		SST

		

		100



		SSA

		

		3



		SSB

		

		97



		SSAB

		

		0





Validation against measurement data

The measurements for the hot water and electrical energy consumption were done for 1 week with a 5 min time step. The resulting hot water pattern could then be applied 
to a simulation with the same ambient temperature that was present during the measurements. The average electrical power error of the simulated water heater is less than 6% compared to the measurements. This is well below the 10% error limit that was selected for the intended microgrid simulations. 

[bookmark: _Toc102474667]Validation of the simplified space heating model

Since the simplifications for the simplified space heating model are extensive, it is necessary to determine whether the degree of abstraction is too high for the intended use in microgrid simulations.

Therefore, two validation methods were chosen to obtain quantitative error and accuracy values: First, the model was validated against the previously described civil engineering model of the simple room. Secondly, the model was compared to the measured data from the described 3-room apartment located in the Kristiine district in Tallinn.

Validation against civil engineering model

The simplified space heating model was validated against the simple room IDA-ICE model described in section 3.5. As mentioned, the civil engineering model had been validated previously. Thus, the additional error of the simplified space heating model, which is the test model in this case, could be verified against that model. A one-week simulation with one-minute time step was implemented for both models with the same environmental parameters as shown in Table 4.8. For the simulation results, the error and accuracy metrics from section 3.5 could be used for evaluation of the simplified space heating model:

· Root mean square error (RMSE) of the mean air temperature (3.26)

· RMSE of the heating power per square meter (3.27)

· Mean heating power difference (3.28)

· Percent of time steps with correctly estimated heating power (3.29)

[bookmark: _Ref82420354][bookmark: _Toc102474805]Table 4.8: Environmental and model parameters for simplified space heating model validation against civil engineering simulation

		Parameter

		Value



		Ambient air temperature

		0.5 °C



		Temperature set point

		21 °C



		Solar irradiation

		Yes



		Heating power

		400 W



		Structural dimensions and windows

		According to civil engineering model



		Occupancy

		According to civil engineering model







The results for the error and accuracy metrics are the following:

· RMSET: 0.92 °C

· RMSEP: 27.63 W/m²

· : 8.3%

· TSA: 63.54%



The error metrics are quite high and the accuracy is quite low, as the simulation errors for the civil engineering model need to be added as well. Those are around 5% according to [176], lifting the mean power error to 13.3%. Additionally, this model is quite simple compared to a regular apartment model, resulting in even higher expected errors for more complex rooms. The temperature RMSE is within a reasonable margin, the mean heating power error and heating power RMSE are too high, and the TSA is too low. 
The model is not within the 10% error margin, nor is it within the extended 12% error limit for complex models. Thus, the model can be useful for first general tests with different control algorithms, but the results should be verified with a more detailed model to ensure the correct behaviour of the control strategies in a specific case.

Validation against measurement data

Additionally, the simplified model was validated against the measurement data of the apartment in Kristiine district in Tallinn, as described in section 3.2. The validation time covers the complete week of the measurement data.

The model uses the parameters according to the conditions of the measurements presented in Table 4.9.



[bookmark: _Ref82422810][bookmark: _Toc102474806]Table 4.9: Environmental and model parameters for simplified space heating model validation against measurements

		Parameter

		Value



		Ambient air temperature

		Fluctuating between -8 °C and +2 °C



		Temperature set point

		22 °C



		Solar irradiation

		Yes



		Heating power

		230 W



		Structural dimensions and windows

		According to apartment dimensions



		Occupancy

		According to apartment measurements







Unfortunately, the temperature in the apartment was not measured; thus, it is only possible to calculate the electrical power error between the model and the measurements. Due to the higher complexity of this model compared to the simple room model in the previous validation, the mean power error increased in this test to 24%. This confirms, on the one hand, that the error increases with a more complex model, and on the other hand, that this simple modelling technique can only be used to get first indications about the behaviour of space heating for a general building. Thus, as mentioned before, the model can be only used for first control algorithm tests, but there is a need to verify the control strategy with a more detailed model for a specific case. 

[bookmark: _Toc102474668]Validation of neural network space heating model 

The neural network-based space heating model has been validated against the corresponding civil engineering models and against measurement data from the control center of the Energy Campus Wildpoldsried located in the city of Wildpoldsried, Germany. Like this, the different used models were all validated, and the errors of the different models can be compared. Additionally, an uncertainty analysis with the single family house model was conducted to see the stability of the neural network based models as a modelling quality indicator.

Validation against civil engineering model

For the validation of the neural network-based models, the error and accuracy metrics from section 3.5 could be used. The evaluation is presented in more detail in [175].

•	Root mean square error (RMSE) of the mean air temperature (3.26)

•	RMSE of the heating power per square meter (3.27)

•	Mean heating power difference (3.28)

•	Percent of time steps with correctly estimated heating power (3.29)



As described in more detail in [175], a simple simulation with the neural network-based model is created. Input data for a whole year with the different values are used as shown in Table 3.7. The simulation has a 1-min time step. The temperature calculated by the model for the end of a time step is used as input for the next time step. The resulting error metrics for this validation are shown in Table 4.10. 



[bookmark: _Ref90537595][bookmark: _Toc102474807]Table 4.10: Comparison of error and accuracy metrics between the neural network-based models and the civil engineering models [175]

		Model

		

		

		

		



		Simple room (Simple Model)

		63.54

		8.3

		27.63

		0.92



		Simple room (NN Model)

		98.92

		2.6

		3.13

		0.30



		Single family house (NN Model): Average of 7 rooms

		94.56

		6.1

		16.93

		0.85







It can be observed that the accuracy and error metrics for the NN-based simple room model are much better than those for the simple space heating model of the simple room. The errors are lower, and the TSA is higher. For example, the mean power error is 5.7% lower. This clearly shows the superior modelling quality of the NN-based model over the simplified space heating model. The error metrics for the much more complex single family house model are better than the simple space heating model of a simple room. However, the more complex model shows slightly worse error metrics than the less complex simple room model. This indicates that a simplified model of the single family house would perform worse than the simplified simple room model. 

Thus, improved space heating models are necessary to get more accurate simulation results. The mean air temperature validation result is shown visually for the single family house in Figure 4.4 and the related power consumption graph in Figure 4.5.
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[bookmark: _Ref90538820][bookmark: _Toc102474744]Figure 4.4: Mean air temperature comparison between civil engineering simulation and test simulation for single family house bedroom model in the test simulation with zoom-in [175] 
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[bookmark: _Ref90538826][bookmark: _Toc102474745]Figure 4.5: Power data comparison between civil engineering simulation and test simulation for single family house bedroom model (Calculated power data is shown in the negative y-direction) with zoom-in [175]

The high model quality for the NN-based models can be seen in both graphs, as the temperature and power consumption are close to the results for the civil engineering model. This is especially visible in the zoomed-in graphs on the right. Additionally, 
the model accuracy stays on the same level throughout the whole simulation of 1 year, as seen on the overview graphs on the left.

In summary, the NN-based space heating model for the more complex single family house does not quite reach the 10% error limit, but is well within the extended 12% error margin for complex models.

Validation against measurement data

Validation of the NN-based models against civil engineering models gives a good indication about the model quality. To have a comprehensive validation of the models, they need to be directly compared to measurements. Therefore, the control centre model of the Energy Campus Wildpoldsried was developed. With this model, it is possible to compare the NN-based model, the civil engineering model and the real object with each other and analyse the errors. Figure 4.6 shows the visual result for the comparison of the three models. The same input parameters that were measured for the real object have been used for the simulations. The NN-based model has been synthesized from the civil engineering model as described before. 
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[bookmark: _Ref90539889][bookmark: _Toc102474746]Figure 4.6: Model validation of neural network and IDA ICE control centre models with measured data

It can be observed that the temperature calculations for the two simulated models are closer to each other than to the measured data. This shows that the errors between the models are lower than to the real object. This is confirmed by the error calculations shown in Table 4.11.



[bookmark: _Ref90540248][bookmark: _Toc102474808]Table 4.11: Error comparison between measurement and control centre models

		Errors

		NN vs. IDA ICE

		NN vs. Measurement

		IDA ICE vs. Measurement



		RMSE [°C]

		0.32

		2.95

		2.94



		Mean Temperature error [°C]

		1.93

		4.98

		7.05







The presented error metrics show error differences between the NN-based model and the civil engineering model. The errors between the civil engineering model and the measurements are much higher. The NN-based model presents higher error metrics as well. Interestingly, the RMSE is very similar to the civil engineering model, while the mean temperature error is even lower. This does not mean that the NN-based model is more accurate than the civil engineering model. Rather the errors between the measurements and the civil engineering model, and the error between the civil engineering model and the NN-based model cancel each other out to a certain degree for the tested input data. With different input data, the results can differ. The NN-based model is within the set error margins and can therefore be used in the intended microgrid simulations.

To classify the results in relation to the other NN-based models, the temperature RMSE for the control centre, simple room and single family house model can be compared as shown in Table 4.12. The complexity of the control centre is slightly higher than the simple room model, which can be seen in the RMSE as well. The single family house model is more complex, as indicated by the higher RMSE, and the expected errors towards a real object should be considered higher than with the control centre consequently. 



[bookmark: _Ref90543770][bookmark: _Toc102474809]Table 4.12: Error comparison between NN-based models and civil engineering models

		NN Based Models

		Control Centre Model

		Simple Room Model

		Single Family House Model



		RMSE [°C]

		0.32 

		0.30

		0.85





Validation with uncertainly analysis

Additionally, an uncertainty analysis was conducted as a model quality indicator. Therefore, multiple short simulations were run with the NN-based space heating model of the single family house, using a simulation time of 10 days with 1 min time steps. 
For each of the simulations, the initial parameters were varied slightly for each of the 
7 rooms included in the model. This results in a total number of simulations of 1921, which can be used for the uncertainty analysis of the electrical power consumption of the space heating model, as this is the most relevant parameter for the intended purpose of the model. Based on the standard deviation between those simulations, the uncertainty could be calculated using (4.9):



		

		[bookmark: _Ref90028196](4.9)





The Matlab calculation uncertainty can be neglected in this case as Matlab calculates with 16 digits, as mentioned in section 4.2.1. This would result in an additional uncertainty, which is multiple magnitudes smaller than the space heating model uncertainty.

The standard deviation for the single family house model was 1.25% and as a result, the uncertainty of the model is 0.03% in these test simulations. This assures, on the one hand, the stability of the proposed modelling method and guarantees, on the other hand, the ability to handle small differences within the operational limits of the model.

[bookmark: _Toc102474669]Conclusions

The object models developed in Chapter 3 needed validation to obtain quantitative results for error metrics. This ensures good accuracy levels and a correct behaviour of the models for the control strategies that are developed next. For this purpose, validations with a PHIL setup against measurement data with standardized test conditions and against other detailed models were implemented. To ensure a good quality and accuracy of the simulations, a maximum mean error margin of 10% for most object models was chosen. As space heating models are much more complex due to all the external influences than the other object models, an extended maximum error limit of 12% was chosen for the complex space heating models.

For the FESS model, validation with a PHIL setup was chosen, as the device is physically available at Tallinn University of Technology. 

· A repeatability analysis to ensure the validity and stability of the other validation results showed that the system is working properly. 

· The error margin for the round trip efficiency test was 8.4% between the measured object and the simulated model, which is well below the set 10% error margin. The error between the simulation and datasheet value is much smaller. This indicates that the physical object needs maintenance to reach the original measured efficiency level.

The BESS model was validated against measurement data. The mean discharging current error at maximum discharging rate was 6.4%, which is below the 10% error goal. The result for the mean charging current error at maximum charging rate was 11.6%. This is above the set 10% error limit. However, it can be considering that the battery will not be charged and discharged with the maximum allowed rate: 

1. … because the battery is charging and discharging according to the load needs, which are typically lower than the maximum allowed current level

2. … because the BESS should be slightly over-dimensioned to increase the lifetime, as discussed in Chapter 2

3. … because the control strategies should be designed to achieve a long lifetime by avoiding high currents 



This means that the current error will be lower and within the set error margins most of the time.



The TESs were validated with the following results:

· The freezer model was validated according to standardized test conditions. The simulation was implemented exactly as the experimental setup used for obtaining the datasheet values. The mean power error obtained was 7%, which is below the set goal of a maximum of 10%. 

· The water heater was validated against measurement data from the apartment in Kristiine district in Tallinn. The mean error was 6%, well below the set limit of 10%.

· The simplified space heating model was validated against the more accurate civil engineering model and against the measurement data from the measured apartment in Kristiine district in Tallinn. As expected, after adding the additional simulation error from the civil engineering model of 5%, 
the overall error for the simplified space heating model was 13.3% for the simple room. The error compared to the measured model was 24%, which is too high as well. Thus, the model can be used for first tests with control strategies, but the results should be verified with a more detailed model to ensure the correct behaviour of the control algorithms. 

· The NN-based space heating model was validated against the civil engineering models and measurement data. The civil engineering model for this validation was the complex single family house model. Between the civil engineering model and the NN-based model, the mean power error was 6.1%, resulting in a total error of 11.1% if the civil engineering software error is added. This value is slightly above the target of 10% maximum error, but since this is a complex model, the 12% error margin can be applied; thus, the model is accurate enough. The second validation against measured data of the control centre model confirmed that, showing an even lower mean power error of 5%, which is well below the set limit. The improvement of the mean power error compared to the simplified space heating model is 5.7%.



The error rates for all the storage system models are summarized in Table 4.13. FESS, BESS, freezer, water heater, and the NN-based space heating model can clearly be used for the development of control strategies, whereas the simplified model should be used for first general investigations. 



[bookmark: _Ref91351102][bookmark: _Toc102474810]Table 4.13: Overview of all object model errors

		Object model

		Mean error

		Acceptable (10% / 12% limit)



		FESS

		8.4%

		Yes / Yes



		BESS

		6.4% - 11.6% 

		Barely / Yes



		Freezer

		7%

		Yes / Yes



		Water heater

		6%

		Yes / Yes



		Simplified space heating

		>13.3%

		No / No



		NN-based space heating

		5% - 11.1%

		No / Yes







Additionally, during these validation tests, the simplified space heating model could be compared to the NN-based model further, as shown in Table 4.14. The tests showed not just different accuracy results, but also different calculation times and, as analysed in Chapter 2, different compatibilities. The reduction of calculation time during the microgrid simulation between a co-simulation and the NN-based model is 85%. Considering that in microgrid simulations, the simulations are repeated multiple times with different control strategies, the NN-based space heating model is most useful for the investigation of control strategies. Pre-training and data set creation is only necessary once and the reduction of calculation time and the compatibility issue compared to a 
co-simulation are therefore significant. As mentioned, the simplified model is only suitable for first general investigations on the control strategies, which is confirmed as the model is quickly calculated and highly compatible but has low accuracy. 























[bookmark: _Ref91351377][bookmark: _Ref91513320][bookmark: _Toc102474811]Table 4.14: Overview of advantages and disadvantages for different space heating models in microgrid simulations [175]

		Model

		Advantages

		Disadvantages



		Simple model

		· Fast to calculate during simulation (~3-min calculation time for complete single family house*)

· No pre-training

· Highly compatible (part of the microgrid simulation)

		· Low Accuracy



		Civil engineering model (e.g., with co-simulation)

		· Very good accuracy 

· No pre-training

		· High computational effort and slow during simulation (~20-min calculation time for complete single family house*)

· Compatibility problems between simulators



		NN- based model

		· Fast to calculate during simulation (~3-min calculation time for complete single family house*)

· Good accuracy within set limitations

· Highly compatible (part of the microgrid simulation)

		· Pre-training (~6 min per room*) and creation of datasets (~20 min for complete single family house*)





*Intel Core i7 4770K CPU; Nvidia GeForce GTX 980Ti GPU



[bookmark: _Toc102474670]Research and development of control strategies for residential microgrids

In Chapter 2, the BESS, FESS and TES selected for investigations have been modelled and validated in Chapters 3 and 4. As a next step, control strategies for these storage systems need to be researched and developed to give recommendations and investigate the related user requirements and financial feasibility. In this regard, the BESS and FESS need to work with different control strategies than the TESs to cooperate efficiently and achieve the security of supply and financial feasibility improvement goals. The main goals in this regard are:

1. Increase of islanded operation duration (Security of supply parameter)

2. Increase of the cyclic lifetime of the BESS (Financial parameter)

3. Minimization of energy costs (Financial parameter)

4. Minimization of BESS capacity (Financial and security of supply parameter)



The first two goals, the cyclic lifetime and security of supply improvement, can be achieved with the FESS and BESS. The cyclic lifetime is a financial parameter, which influences the re-investment costs of the system when the BESS needs to be exchanged. The security of supply can be improved due to a prolonged islanded operation time with the additional FESS storage capacity. This is investigated in section 5.1. 

The minimization of energy costs can be achieved with the TESs. In this case, the thermal energy is saved and released according to the electricity price in a real time price market scenario, as shown in section 5.2. 

Minimizing the BESS capacity will reduce the investment costs for the system. This can be achieved by scheduling the TESs and therefore adjusting the consumption profile to the production, which can also increase the islanded operation duration. The development of these islanded control algorithms is described in section 5.3. 

The latter two control strategies are dependent on the occupancy of the investigated dwelling as the thermal and electrical consumption patterns change. With this investigation, conclusions about the general applicability of the different algorithms can be drawn as shown in section 5.4.

[bookmark: _Toc102474671]Cyclic lifetime and security of supply improvement with FESS and BESS

As mentioned before, the primary goal of the FESS control system is to improve the power quality by reducing peaks and dips, which can help to increase the BESS lifetime as the number of charging and discharging cycles can be reduced with such a control. The control for the BESS itself is load following as it is the responsible device in the islanded operation to maintain voltage and frequency. As the FESS adds a small additional storage capacity to the system, the security of supply can be improved as well due to a longer islanded operation duration. The simulation topology is shown in Figure 5.1.
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[bookmark: _Ref91423014][bookmark: _Toc102474747]Figure 5.1: Simulation topology for islanded BESS and FESS investigation

[bookmark: _Toc102474672]FESS control

As mentioned in section 3.3, there is a power smoothing control implemented for the FESS. To smooth the load, a variety of different low pass filters can be used. As a first implementation, a moving average filter was selected, as shown in Figure 5.2. This control was implemented to change the active power reference for the current controller since the power smoothing operation is related to the active power.
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[bookmark: _Ref90462230][bookmark: _Toc102474748]Figure 5.2: Schematic of FESS moving average control [154]

The length for this moving average filter was chosen to be 30 and 60 seconds. This length effects strongly how much the load profile is smoothed and therefore, how much stress will be put on the FESS. If the length chosen is too low, the profile will not be smoothed much, and the peaks and dips will remain. If the length chosen is too long, then the flywheel might not be able to work for extended time as it will be fully charged or discharged. The results for the power smoothing scenario for a small islanded microgrid are shown in Figure 5.3. The start-up phase for the flywheel in the first 30 s has been cut in the graph.

As the figure shows, the load in the microgrid is smoothed well with the moving average filter. The flywheel is balancing the peaks and dips in this simulation. However, it can be observed that the the rotational speed of the FESS is decreasing over time. This is an indication that the moving average filter length might be already too long for permanent operation of the selected flywheel. But it should also be mentioned that the selected flywheel, which is modelled based in the device in the laboratory, is an old device with lower efficiency and low capacity. A more modern FESS could perform better with this filter length.
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[bookmark: _Ref90463427][bookmark: _Toc102474749]Figure 5.3: Main grid to microgrid power supply with and without power smoothing, FESS power and FESS rotational speed [154]

To verify these results, the same load profile is tested with the PHIL setup of the FESS. The result is shown in Figure 5.4.
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[bookmark: _Ref90471610][bookmark: _Toc102474750]Figure 5.4: Load smoothing with FESS PHIL-setup moving average control with the test profile [64]

Like the results of the simulation in Figure 5.3, the real time simulation with the PHIL setup shows a smoothed load profile. The time resolution for the real time simulation is higher, which can be seen in the discretized graph for the original load profile. However, in this profile, a delay for the FESS power adjustment can be seen, as the controller and physical system have a certain reaction time constant. The FESS power controller has to adapt the set signal to the output signal. A more detailed graph for this delay is shown in Figure 5.5.
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[bookmark: _Ref90472082][bookmark: _Toc102474751]Figure 5.5: Detailed load smoothing with FESS PHIL-setup moving average control with the FESS power graph [64]

These peaks from the reaction time of the FESS controller can be positive and negative, but they are typically smaller in amplitude than the original step from the load signal that was sampled at 1 Hz. To see if the response of the flywheel can be optimized, a Butterworth filter was implemented additionally. The two different filter impulse responses are shown in Figure 5.6.
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[bookmark: _Ref90472623][bookmark: _Toc102474752]Figure 5.6: Impulse response for moving average and Butterworth filters [64]

The Butterworth filter is designed as a second order filter with a sampling frequency of 1 Hz and a cut-off frequency of 1/60 Hz. As shown in the figure, the moving average filter reacts first to the impulse and stays constant till the impulse passes the full filter. The Butterworth filter reacts less aggressively to the impulse but after some seconds, its response overshoots the moving average response. It is the first filter that starts to decrease and align to zero. However, the slope of the moving average filter reaches zero first. These properties of the Butterworth filter lead to a much better smoothing result. This can be seen even more detailed in the slope gradient of the smoothed load profile in Figure 5.7. The slope gradient is much smaller and smoother, which ensures a better power quality and more potential to reduce the charging and discharging cycles for the BESS.
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[bookmark: _Ref90473022][bookmark: _Toc102474753]Figure 5.7: Power slope gradient for moving average and Butterworth filters with the test load profile [64]

A second implemented control algorithm is to charge the FESS in case the produced power from the PV-system exceeds the maximum charging power for the BESS. 
The charged energy can then be used to charge the BESS when the produced PV-power is reduced again. This can be implemented as shown on the flowchart in Figure 5.8.







[bookmark: _Ref90488889][bookmark: _Toc102474754]Figure 5.8: High PV-system production control strategy for FESS

[bookmark: _Toc102474673]BESS control

As the BESS is the grid forming device in the islanded operation mode, it needs to work in a load following way. This means that it needs to control the frequency and voltage for the microgrid according to the current load by charging and discharging the battery cells. Therefore, the following control principles have been implemented for the simulations [28], [38].

The integrated battery controller is assumed to limit the batteries SOC to a maximum value of 0.9 and a minimum value of 0.2 to reduce the degradation of the battery [68]. The inverter control model for the BESS reduces its basic working principle in the simulations [28], [38]: 

· The inverter is modelled as an efficiency value.

· The typical inverter behaviour in the islanded mode is defined with the limits stated in grid standard EN 50160 in the following way:

· The frequency in the islanded microgrid is kept constant in any case. 

· The voltage in the islanded microgrid is limited to the nominal root-mean-square (RMS) voltage of 230 V (VN) and cannot be exceeded. Thus, the energy production needs to be reduced.

· Consequently, if the energy production cannot supply the demand, the voltage will drop and the microgrid will shut down in the islanded mode operation.

[bookmark: _Toc102474674]Results of cyclic lifetime and security of supply improvement control

As shown in [24], different scenarios with an islanded microgrid including a FESS and BESS were simulated. The islanded microgrid consists of the generated single family house load profile, the scaled Laastu Talu OÜ PV-system profile, the FESS model, and the BESS model. The first scenario was simulated without the FESS power smoothing control. 
The second scenario includes the moving average power smoothing control for the FESS. The simulation runs for 24 h even if the battery cannot maintain stable islanded operation anymore. The BESS SOC during the simulations is shown in Figure 5.9. 



[image: ]

[bookmark: _Ref90477059][bookmark: _Toc102474755]Figure 5.9: BESS SOC of an islanded microgrid system with and without supporting FESS for power smoothing; (A) Increase of islanded operation time with special case; (B) Increase of islanded operation time with typical cases [33], [24]

As indicated in the figure, the islanded operation time can be increased by more than 10 h 30 min or 50% because in the selected special case (Figure 5.9, (A)), a large dip was compensated by the flywheel. At around 10 hours of operation, the load of the single family house was draining the BESS below its minimum SOC because the sun was not shining strong enough for the PV-system to produce enough energy. With other load and PV-system profiles, there might appear similar cases where the islanded operation time is increased massively. 

The increase of the islanded operation time without such a special case can be estimated from the figure as well (Figure 5.9, (B)). At the end of the simulation, the points in time when the final minimum SOC value is reached can be compared, assuming that the dip below the minimum SOC right after hour 10 did not take place. In this case, the increase would be around 45 min or 3%. 

Based on the number of charging and discharging cycles within this 24-h simulation, 
it can be estimated by how much the cyclic lifetime can be increased with this control strategy. This estimation can be done using the maximum number of cycles given by the manufacturer’s datasheet for the BESS (5.1). This estimation can be compared to the SOLI test described in section 2.2.2.



		

		[bookmark: _Ref90481777](5.1)





where: tBat,cyclic: Cyclic lifetime for BESS [a]; Ncycles,24h: Number of cycles in 24 h; Ncycles,max: Maximum number of cycles according to the datasheet.



This estimation incudes the simplification of counting the partial cycles and adding them up to full cycles, even though they are less damaging for the BESS than full cycles [68]. The calculated cyclic lifetime values with the corresponding cycles per year and maximum islanded operation times are shown in Table 5.1.



[bookmark: _Ref90481778][bookmark: _Toc102474812]Table 5.1: BESS cyclic lifetime estimation and maximum islanded operation time for microgrid system with and without FESS power smoothing [33], [24]

		Scenario

		Cycles/Year

		Cyclic Lifetime

		Maximum islanded operation time



		Without FESS

		542

		8.3 a

		10 h 22 min



		With FESS moving average control

		455

		9.9 a

		20 h 55 min







This reduced number of cycles per year by around 16% leads to an increase of the cyclic lifetime by 19% for the BESS, which is related to an increased service life of the battery with longer periods before re-investments for replacement devices. Of course, the microgrid is not operating in the islanded mode permanently, but these results apply to a very similar maximum self-consumption BESS control strategy in the grid-connected mode as well.

For the second control approach regarding improved energy use and self-consumption, which is especially useful during the islanded operation, a real time simulation with the PHIL setup was used. A combined load and PV-system profile and a BESS model were implemented in Matlab and the response of the real FESS was measured and included in the microgrid simulation in real time. In this scenario, the produced power during the daytime of the PV-system is exceeding the maximum charging power for the BESS. In this case, the FESS is charged with the excess-energy. The load profile power, BESS charging power and FESS power are shown in Figure 5.10, including the stored FESS energy. In the last few minutes, the energy stored in the FESS is used to charge the BESS even more for later use of the energy when the PV-production is lower. In this case, more than 200 kWs could be additionally stored. However, due to the low efficiency of the old FESS system, about 90% of the excess energy is lost due to high self-discharge of the device. A more modern device could show more significant results with an improved performance and efficiency. 
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[bookmark: _Ref90487819][bookmark: _Toc102474756]Figure 5.10: Flywheel and battery storage control with PHIL setup for exceeding the PV-power scenario [25]

[bookmark: _Toc102474675]Energy cost minimization with TESs

In the grid-connected operation, the TES has to work with an energy cost minimization control strategy to reduce the cost for energy exchange to and from the grid. 
The price-based control algorithms depend on the real time electricity price or 
day-ahead electricity prices. Example price patterns have been obtained from the
Nord Pool website [77] for the corresponding times and dates of the other used profiles. The simulation topology is shown in Figure 5.11.
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[bookmark: _Ref91423243][bookmark: _Toc102474757]Figure 5.11: Simulation topology for grid-connected TES investigation



[bookmark: _Toc102474676]Price-based control algorithm description

The general working principle of the price-based control algorithms is the following: 
if the electricity price is high, then it is required to choose a low consumption set point:

· For heating devices, a low temperature set point

· For cooling devices, a high temperature set point

If the electricity price is low, a higher consumption set point can be chosen:

· For heating devices, a high temperature set point

· For cooling devices, a low temperature set point

In total, 7 different price-based algorithms have been implemented based on [85], [84] and [10]. The algorithms are shown in Table 5.2.



[bookmark: _Ref89845999][bookmark: _Hlk89847259][bookmark: _Toc102474813]Table 5.2: Price-based control algorithm description; Cooling = Freezer; Heating = Water heater and space heating [10], [85], [84]

		#

		Description of set point calculation algorithm



		A

		Cooling: 		

Heating: 	



		B

		Cooling: 		

Heating: 	



		C

		Cooling: 		

Heating: 	



		D

		Cooling: 		

Heating: 	



		E

		Cooling: 		

Heating: 	



		F

		Cooling: 		

Heating: 	



		G

		Cooling:
	

Heating: 
	







where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; Cuser: User comfort related scaling factor; Pr: Current electricity price [€/kWh]; Prmin: Minimum electricity price [€/kWh]; Prmax: Maximum electricity price [€/kWh]; Pravg: Average electricity price [€/kWh]; Prdev: Electricity price deviation [€/kWh].



All these algorithms have slightly different methods for choosing the set point between the minimum and maximum consumption. The selection is based on different quantities related to the electricity price. As an additional scaling factor, Cuser is introduced. For most simulations, the factor is set to 1. If the factor is selected higher, the set point variation is more aggressive and should reduce the user comfort. If it is chosen lower than 1, the set point variation is less aggressive and the user comfort should increase. The results for the scaling of this factor are presented in more detail in [38]. The general relation between the chosen set point and the electricity price is shown for all the algorithms in the example of the water heater model in Figure 5.12. It can be seen that the algorithms have different linear and non-linear behaviour, which causes different results regarding the cummulative price and the user comfort based on the temperature selection.
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[bookmark: _Ref89846023][bookmark: _Toc102474758]Figure 5.12: Price-based control algorithm visualization: Example with the water heater [30]

[bookmark: _Toc102474677]Results of price-based control algorithms

Typical cost reductions with such price-based algorithms are in a range of 5-30% [10], [85]. For 1-week simulations with each of the algorithms the cost reductions presented in Table 5.3 could be achieved. The simulation focuses on the TESs. The BESS, FESS and PV-system are not considered in this case to have results comparable to the previously presented scientific literature. More detailed influences from changing different parameters have been published in [38]. As it can be seen, these values are within the same range as other published scientific work. However, these studies did not consider space heating as the thermostatically controllable load that has the biggest potential for cost saving as the results clearly show. The combined case with all 3 TESs shows lower relative cost savings than the case with only space heating because the freezer and water heater show lower cost reductions. This results in lower total relative cost savings compared to a fixed set point control. In general, algorithms D and F show the best performance for most cases.




[bookmark: _Ref90562477][bookmark: _Toc102474814]Table 5.3: Cost reductions for price-based control algorithms compared to FSP control [38]

		#

		Freezer

		Water heater

		Simplified Space heating

		Combined



		A

		-5%

		-7%

		-13%

		-8%



		B

		-14%

		-9%

		-13%

		-10%



		C

		-10%

		-9%

		-15%

		-10%



		D

		-11%

		-19%

		-22%

		-20%



		E

		-14%

		-10%

		-15%

		-11%



		F

		-11%

		-19%

		-22%

		-19%



		G

		-15%

		-6%

		-2%

		-5%







So far, these control algorithms have only been applied to one specific household configuration. It is required to determine the influence of different household occupancies well, to find out which control algorithm is the most efficient in different occupancy cases. This is shown in section 5.4. Additionally, the magnitude of the influence of different space heating model complexities on the results needs to be determined. Then it is possible to confirm the conclusions about the accuracy of the space heating model from Chapter 4 and improve the reliability of the results, as shown in the next section.

[bookmark: _Toc102474678]Comparison of space heating model complexities

As mentioned in Chapter 4, the space heating model complexity has an influence on the model accuracy. Therefore, it was concluded in that chapter that it is reasonable to use the simplified space heating model only for first general investigations and a more complex model for a specific case. To confirm and strengthen those conclusions, the influence of the different models on the control strategies needs to be determined. Therefore, the simplified space heating model is compared to the civil engineering model regarding the performance with the price-based algorithms presented in the previous sections. The simulation topologies are depicted in Figure 5.13.
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[bookmark: _Ref91423652][bookmark: _Toc102474759]Figure 5.13: Simulation topologies for investigation of space heating model complexity with the simplified (A) and civil engineering (B) models

The selected model is the control centre of the Energy Campus Wildpoldsried. 
As published in more detail in [57], the selected timeframe for the simulation with 
price-based control algorithms was from November 22nd until December 2nd, 2019, 
with the corresponding prices from the Nord Pool Website [77]. The same price-based algorithms A-G and FSP control were used with each model. For an easier comparison, 
in Table 5.4, the qualitative cost reductions of each model and algorithm are compared to the FSP control.

[bookmark: _Ref90572915][bookmark: _Toc102474815]Table 5.4: Comparison of cost savings of the civil engineering and the simplified space heating model for the price-based algorithms A-G [57]

		Algorithm

		Cost Reduction with Civil Engineering Model

		Cost Reduction with Simplified Model



		A

		--

		+



		B

		-

		+



		C

		-

		+



		D

		++

		++



		E

		+

		+



		F

		++

		++



		G

		0

		0





++ highest; + high; 0 none; - lower; -- lowest;



The results of the simulations show that the models behave similarly for algorithms 
D-G. The cost reductions are comparable between the models. However, it can clearly be seen that with different models, algorithms A-C behave differently. With the more detailed civil engineering model, they show worse performance than the FSP control while with the simplified model, they show cost reductions. This shows that the model complexity has an influence on the performance of the control algorithms, which leads to the same conclusion as in chapter 4. The simplified space heating model should only be used for a first general investigation. For accurate analysis in a specific case, a complex space heating model is necessary. However, as the system in this work is not a specific planned microgrid, the general results from the simplified space heating model will be sufficient as a basis for the financial feasibility analysis in chapter 6. 

Additionally, the NN-based space heating model of the single family house is investigated in more detail regarding the behaviour with small control variations. 
This will show whether it is necessary to run multiple slightly different simulations to achieve a more accurate forecast of the system behaviour to improve the choice of the price-control algorithm financially. Therefore, flexibility analysis is implemented with a large number of simulations, which is possible even with the more complex NN-based model, as shown in section 4.3. Each simulation has a length of 240 h, and the total number of simulations is 481. The available set points are the following:

· Low set point of 21 °C

· Regular set point of 22 °C

· High set point of 23 °C



The simulations are then conducted with the topology shown in Figure 5.14 according to the following process [80]:

· In the 1st simulation, each hour has the regular set point of 22 °C. 

· In the 2nd simulation, the first hour has a lower set point of 21 °C while the other hours are set to the regular set point of 22 °C

· In the 3rd simulation, the second hour has a lower set point of 21 °C while the other hours are set to the regular set point of 22 °C

· …

· In the 481st simulation, the last hour has a higher set point of 23 °C while the other hours are set to the regular set point of 22 °C



[image: ]

[bookmark: _Ref91423867][bookmark: _Toc102474760]Figure 5.14: Simulation topology for investigations of space heating model behaviour 

With these simulations it is possible to analyse the intra-interval and long-term flexibility with the space heating model. Consequently, the behaviour of the complex space heating model can be investigated with such a simple control strategy. 
The intra-interval flexibility using the NN based single family house model is shown in Figure 5.15. The graph shows the energy consumption within each hour for each selected set point. 
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[bookmark: _Ref90577113][bookmark: _Toc102474761]Figure 5.15: Intra-interval flexibility for 240 h on an hourly basis [80]

As expected, the energy consumption within each interval is higher if a high set point is chosen, lower if a lower set point is chosen, and inbetween for the regular set point. 
If the cumulated energy consumption over the whole 240-h-simulation is investigated, the results look different, as shown in Figure 5.16. This long-term flexibility is shown for each of the changed intervals in the graph. It can be observed that when selecting a high set point in one interval, it does not necessary lead to an overall higher energy consumption, like for interval 91. Vice versa, if a low set point is chosen for one interval, it does not necessary lead to a lower overall energy consumption, like for interval 57. This indicates that space heating is a very complex system that does not always behave as expected. Therefore, to make accurate predictions in a specific case, a numerous slightly varied simulations are necessary. This is only possible with an accurate model that can be calculated with low computational effort, like the proposed NN based model. Thus, it is recommended in the case of a specific planned microgrid to run multiple variations of the control strategy simulations with an NN-based space heating model for more accurate estimations of the space heating behaviour and control strategy performance that can be expected. More details about the setup of the simulations and a more detailed result analysis have been published in [80]. 
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[bookmark: _Ref90577472][bookmark: _Toc102474762]Figure 5.16: Long-term flexibility for 240 h on an hourly basis [80]

[bookmark: _Toc102474679]BESS capacity minimization with TESs

In the islanded operation mode, the TESs need to be controlled with a different control strategy as the electricity price is not relevant without power exchange to and from the grid. Therefore, other available values of the microgrid components need to be used as a reference to adjust the temperature set point of the TESs in an optimal and efficient way to minimize the necessary BESS capacity and therefore the investment costs for the system. The simulation topology is depicted in Figure 5.17.
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[bookmark: _Ref91423244][bookmark: _Toc102474763]Figure 5.17: Simulation topology for islanded TES investigation

[bookmark: _Toc102474680]Islanded control algorithm description

There are two different devices available within the proposed microgrid structure that can be used as reference points for the set point selection:

1. PV-system

2. BESS



The FESS is not a good reference as it works quite arbitrarily in power smoothing operation and has lower relevance for the long-term islanded operation due to its high self-discharge rate. Similarly, the load is not a suitable reference point on its own as it does not give any information about the stored or available energy in the microgrid. 





The general working principle of the PV-power-based control algorithms is the following. If the available PV-power is high, then it is required to choose a high consumption set point:

· For heating devices, a high temperature set point

· For cooling devices, a low temperature set point



If the available PV-power is low or 0, a low consumption set point must be chosen:

· For heating devices, a low temperature set point

· 	For cooling devices, a high temperature set point



Firstly, 7 different PV-power-based algorithms have been implemented, like the 
price-based algorithms presented in section 5.2. More details have been published in [28], [38]. An overview of these algorithms is shown in Table 5.5.



[bookmark: _Ref90557896][bookmark: _Toc102474816]Table 5.5: PV-power-based control algorithm description; Cooling = Freezer; Heating = Water heater and space heating [28]

		#

		Description of set point calculation algorithm



		A

		Cooling: 		

Heating: 	



		B

		Cooling: 		

Heating: 	



		C

		Cooling:		

Heating: 	



		D

		Cooling: 		

Heating: 	



		E

		Cooling: 		

Heating: 	



		F

		Cooling: 		

Heating: 	



		G

		Cooling: 


Heating: 








where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; Cuser: User comfort related scaling factor; Pwr: Current power [W]; Pwrmin: Minimum power [W]; Pwrmax: Maximum power [W]; Pwravg: Average power [W]; Pwrdev: Power deviation [W].

As with the price-based algorithms, all these algorithms have slightly different methods, choosing the set point between the minimum and maximum consumption as well. The selection is based on different quantities related to the available PV-power instead of the electricity price. The user comfort, respectively the aggressivity of the set point variation, Cuser is included in these algorithms as well but it is set to 1 for most of the simulations. The results for the scaling of this factor are presented in more detail in [38]. The visual representation for all the algorithms with the example of the water heater model is shown in Figure 5.18. The algorithms show linear and non-linear behaviour according to their general working principles, which leads to different results in the energy consumption adjustment during islanded operation.
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[bookmark: _Ref90559626][bookmark: _Toc102474764]Figure 5.18: PV-power-based control algorithm visualization: Example with the water heater [29]

Secondly, four additional algorithms were implemented, as shown in Table 5.6. Algorithm H is indirectly related to the battery SOC. As mentioned in section 5.1, 
the stability of the microgrid can be determined by the voltage as the frequency is assumed to be kept constant in any case. Algorithm H uses this property, as the set point is chosen as the goal set point if the microgrid voltage is not dropping to the minimum desired voltage. This only happens if the SOC of the BESS is reaching the minimum while a powerful load is active. The other three algorithms are directly related to different BESS SOC properties. Algorithm J includes the user comfort scaling factor as the price- and 
PV-power-based algorithms.

The algorithms show linear and non-linear behaviour with the set point selection, as shown with the example of the water heater model in Figure 5.19. This leads to different energy consumption adjustments than with the PV-power-based algorithms and therefore, to other overall performance results. 






[bookmark: _Ref90560046][bookmark: _Toc102474817]Table 5.6: SOC-based control algorithm description; Cooling = Freezer; Heating = Water heater and space heating [28]

		#

		Description of set point calculation algorithm



		H

		Cooling: 		;	If  then 

Heating: 	;	If  then 



		I

		Cooling: 		


Heating: 	




		J

		Cooling: 	
	

Heating: 
	



		K

		Cooling: 		

Heating: 	







where: Tset: Chosen set point for TES [°C]; Tset,min: Minimum set point temperature [°C]; Tset,max: Maximum set point temperature [°C]; Tgoal: Goal temperature [°C]; VMG: Microgrid voltage [V]; VMG,min: Minimum desired microgrid voltage [V]; Cuser: User comfort related scaling factor; SOCBat: SOC of BESS; SOCBat,min: Minimum acceptable SOC of BESS; DODBat,max: Maximum DOD of BESS. 
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[bookmark: _Ref90560784][bookmark: _Toc102474765]Figure 5.19: SOC-based control algorithm visualization: Example with the water heater [29]



[bookmark: _Toc102474681]Results of islanded control algorithms

The simulations in the islanded mode were designed to find the minimum BESS capacity for the microgrid to be able to operate for 1 week in the islanded mode. The simulations include the BESS and PV-system, while the FESS is not included to reduce the simulation complexity and use a larger time step of 5 min. This time step is sufficient for the TESs as they have a large time constant for reactions and minimum switching cycle times of several minutes. Compressors in heat pumps and freezers have minimum run (typically 3 min) and pause times (30 s to 15 min), as shown in datasheets [206], [207], [208]. This was confirmed in correspondence with heat pump manufacturers and measurements of a Sharp heat pump. The results for each of the PV-power-based algorithms in comparison to a FSP control are presented in Table 5.7. More detailed influences from changing different parameters have been published in [38]. 



[bookmark: _Ref90564551][bookmark: _Toc102474818]Table 5.7: Minimum BESS capacity for PV-power-based control algorithms compared to  FSP control [38]

		#

		Freezer

		Water heater

		Simplified Space heating

		Combined



		A

		0%

		-1%

		0%

		-12%



		B

		0%

		-21%

		0%

		-30%



		C

		0%

		-25%

		-24%

		-35%



		D

		0%

		-21%

		+3%

		-36%



		E

		0%

		-1%

		0%

		-12%



		F

		0%

		-21%

		0%

		-30%



		G

		0%

		-25%

		-24%

		-35%







The freezer alone does not provide a reduction in the BESS capacity, as seen in the table. The energy consumption of the freezer itself is relatively low, while it cannot store the energy for extended amounts of time. This results in low amounts of energy that can be stored and shifted, which has a small influence on the minimum required BESS capacity. Another significant result can be seen with algorithm D and the space heating model. This leads to a higher required minimum BESS capacity than with the FSP control. One reason for this is the complexity of the space heating model, where small influences can make large differences, as described in more detail in section 5.4. Another reason is the possibility of having a small influence at the wrong time, as presented in section 5.1, where a small change at a BESS SOC dip can result in huge differences. The BESS capacity reductions with the combined use of all 3 TESs show impressive margins of more than 1/3 of BESS capacity reduction. This presents generally a huge potential to operate microgrids in the islanded mode more efficiently. The simulation results for the 
SOC-based control algorithms are shown in Table 5.8.

For the freezer model as well as the water heater, the SOC-based control seems to work better than the PV-power-based one. Space heating results are like in the 
PV-power-based control but there is no case of a necessary BESS capacity increase. 
The results for the combined case are in the same range as with the PV-power-based algorithms. Thus, in general the same BESS capacity reductions seem to be achievable with a slight advantage for the SOC-based algorithms considering single devices. 





[bookmark: _Ref90567775][bookmark: _Toc102474819]Table 5.8: Minimum BESS capacity for SOC-based control algorithms compared to FSP control [38]

		#

		Freezer

		Water heater

		Simplified Space heating

		Combined



		H

		0%

		-15%

		0%

		-18%



		I

		-3%

		-30%

		0%

		-27%



		J

		-3%

		-31%

		-30%

		-35%



		K

		0%

		-36%

		-4%

		-30%







So far, the control strategies for the TESs have only been applied to one specific household configuration and the influence of different household occupancies needs to be determined to find out which control algorithm is the most efficient in general or under a specific occupancy case. This is shown in the following section.

[bookmark: _Toc102474682]Cost and capacity minimization with different dwelling occupancies

The dwelling occupancy is an important parameter for the simulation of the household, which can influence the results for the TES control strategies. This applies to the previously described energy cost minimization control strategy as well as to the BESS capacity minimization control strategy. This additional investigation improves the understanding of the already obtained results and enables conclusions about the general applicability or case specific use of the different presented and developed algorithms from sections 5.2 and 5.3. 

The described models of the measured 3-room apartment in Kristiine district in Tallinn or the single family house described in section 3.5.1 can be occupied by different demographic groups, such as young families, elderly people or students. These people have different daily schedules as they go working, studying, or for example, to a bingo game.

These different activities at different times have direct influence on the energy consumption. TV sets are turned on at different times, computers are used during home office times, and time preferences regarding cooking are different. This changes the electricity profile for the same physical object, as devices are actively turned on or off. Additionally, these different habits influence the thermal load of the freezer, water heater and space heating. Every person inside the apartment is emitting heat, which changes the space heating energy consumption. People are eating and cooking at different times, influencing the amount of food they put in and take out of the freezer. Different people have different personal hygiene patterns, influencing the amount of water that needs to be heated for hot showers or baths. The overall electricity consumption depends strongly on the number of people living in the household, as shown in Figure 3.6. To investigate the influence of these differences, the previously described households i-vii are used in simulations where the different presented algorithms are applied:

1. For price-based algorithms A-G

2. For PV-power-based algorithms A-G

3. For SOC-based algorithms H-K




Figure 5.20 shows the simulation topologies for these investigations.
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[bookmark: _Ref91423401][bookmark: _Toc102474766]Figure 5.20: Simulation topologies for investigations of dwelling occupancy influence on price-based (A) and islanded (B) control algorithm performance

First, the price-based simulations are implemented with the following conditions:

· Used models: Freezer, water heater, simplified space heating, and thermal- and electrical patterns for household i-vii

· Simulation time is 1 week with a time step of 5 min

· Prices are taken from the Nord Pool Webpage [77] 

· Price-based algorithms A-G and the FSP control are implemented



The results for these simulations are shown in Figure 5.21. More details about the simulations have been published in [30].
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[bookmark: _Ref90631528][bookmark: _Toc102474767]Figure 5.21: Electricity cost differences for algorithms A-G in households i-viii in percent compared to FSP control

The results show that there are not always cost reductions with algorithm G. With some households, the costs are increased compared to FSP control, which is not desirable. The reason for this is the binary behaviour of the algorithm. As it can be seen in Figure 5.12 and Table 5.9, the algorithm does not have a goal set point and can only change between maximum and minimum consumption set point.

The best cost savings are achieved for households i, ii, iii, and v. These are the households with a low number of occupants. The algorithms are working better for a lower number of occupants as they put a lower total thermal load on the devices.

The most significant observation is the extremely good cost reduction for algorithms D and F for all households. These algorithms are scaling between minimum consumption and goal set point instead of minimum and maximum consumption set point like the other algorithms, as shown in Figure 5.12 previously. The consequences of this behaviour will be analysed in more detail in section 6.1.1. To simplify and summarize the results for all households, a qualitative cost reduction classification shown in Table 5.9 is used.



[bookmark: _Ref90634090][bookmark: _Toc102474820]Table 5.9: Qualitative cost savings classification with description for goal set point operation for price-based algorithms A-G [30]

		Algorithm

		Goal Set Point Operation

		Cost Savings



		A

		(Max. Price + Min. Price)/2

		+



		B

		Average Price

		+



		C

		Average Price

		+



		D

		Minimum Price

		++



		E

		Average Price

		+



		F

		Minimum Price

		++



		G

		Never

		0





++ highest; + high; 0 none; - lower; -- lowest;



Second, the PV-power-based simulations are implemented with the following conditions:

· Used models: Freezer, water heater, simplified space heating, basic BESS, 
PV-system pattern, and thermal and electrical patterns for household i-vii

· Simulation time is 1 week with a time step of 5 min

· PV-power-based algorithms A-G and the FSP control are implemented

· As in section 5.3, the simulation searches for the minimum BESS capacity for stable 1 week operation of the microgrid



Additional information about the simulations has been published in [29]. As a reference, the minimum BESS capacities for the households with a FSP control are shown in Table 5.10. The households with more occupants, and consequently a higher electricity consumption, need a larger BESS capacity, even though they are living in the same physical object. In comparison, the relative minimum BESS changes for each household and algorithm are presented in Figure 5.22.



[bookmark: _Ref90635332][bookmark: _Toc102474821]Table 5.10: Minimum battery storage capacities for households i-viii with a fixed set point control [29]

		Household

		i

		ii

		iii

		iv

		v

		vi

		vii

		viii



		Battery Capacity [kWh]

		5.7

		1.3

		0.6

		9.6

		0.8

		16.8

		13.8

		11.4
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[bookmark: _Ref90635581][bookmark: _Toc102474768]Figure 5.22: Battery capacity differences for islanded algorithms A-G in households i-viii in percent compared to FSP control [29]

It is significant that the minimum BESS capacity cannot be reduced for all households with the PV-power-based algorithms. For households iv, vi, vii, and viii, the BESS 
capacity must be increased. The same holds for household i with algorithm D or F. Closer investigations on the households show that those are the households with higher energy consumptions. Since the simulations are based on the same physical objects, it can be concluded that the behaviour origins from the PV-system. The PV-system size has been scaled to the largest household consumption. The PV-power-based algorithms cannot scale well in this situation as they only work well if the PV-system is over-dimensioned for the household. 

It can be seen as well that algorithms D and F show the worst performance regarding BESS capacity reduction. This is the opposite behaviour compared to the price-based algorithms. Since the PV-power-based algorithms are based on the inverted logic of the price-based algorithms, algorithms D and F can only scale between maximum consumption and goal set point, as can be seen in Figure 5.18. For household iii, with the lowest energy consumption, all algorithms work extremely well and achieve BESS capacity reductions around 50%. 

Third, the SOC-based simulations are implemented with the following conditions:

· Used models: Freezer, water heater, simplified space heating, basic BESS, 
PV-system pattern, and thermal- and electrical patterns for households i-vii

· Simulation time is 1 week with a time step of 5 min

· SOC-based algorithms H-K and FSP control are implemented

· As in section 5.3, the simulation searches for the minimum BESS capacity for stable 1 week operation of the microgrid



More details about the implementation and results have been published in [29]. 
The relative minimum BESS changes for each household and algorithm compared to FSP control shown in Table 5.10 are presented in Figure 5.23.



[image: ]

[bookmark: _Ref90635658][bookmark: _Toc102474769]Figure 5.23: Battery capacity differences for islanded algorithms H-K in households i-viii in percent compared to FSP control [29]

It can be observed that no algorithm creates BESS capacity increases for any households. This is a very positive result regarding the stability and reliability of those algorithms. It can be seen as well that for households with lower energy consumption the best results can be achieved. This is related to the PV-system over-sizing, as mentioned before. A larger PV-system compared to the energy consumption enables more control freedom for the algorithms. Further, the extremely simple algorithm H shows good performance for households ii, iii and v. Algorithm K presents good results for all households and is the most constant overall even though it does not always show the best result for the household. The BESS capacity reductions that can be achieved are around 4-70%. 

[bookmark: _Toc102474683]Conclusions

The modelled and validated storage systems need to be controlled with different control strategies to achieve certain defined goals. Therefore, different simulations with control strategies for the storage systems have been developed and tested. The following four goals for the control strategies were investigated:

1. Increase of islanded operation duration (Security of supply parameter)

2. Increase of the cyclic lifetime of the BESS (Financial parameter)

3. Minimization of energy costs (Financial parameter)

4. Minimization of BESS capacity (Financial and security of supply parameter)



From the cyclic lifetime and security of supply improvement control strategy with the BESS and FESS, the following main conclusions can be drawn:

· The BESS cyclic lifetime can be improved by around 19% with a cycle reduction of 16%.

· The islanded operation time for the microgrid could be improved by up to 50%. This result, however, is not generally applicable, as the FESS managed to bridge a short power shortage.

· An increase of around 3% in the islanded operation time is a general applicable value.

The energy cost minimization control strategy for the TESs achieved the following:

· The cost reductions are in a range around 5%-30%.

· The highest cost reductions could be achieved with algorithms D and F for all different tested dwelling occupancies.

· Comparing the cost reductions between the simplified and a more complex space heating model showed different results for some algorithms. Thus, 
the conclusion from Chapter 4 is confirmed that the simplified model should only be used for a general investigation and a complex model is needed for better accuracy and recommendations in a specific case.



With the TESs it was also possible to achieve the minimization of the BESS capacity:

· The minimum required BESS capacity for the islanded operation could be reduced by 10-36%.

· The results for the PV-power-based algorithms showed that they seem to work only with dwelling occupancies where the PV-production is over dimensioned compared to the household’s energy consumption. This is not a desirable behaviour.

· The SOC-based algorithms showed more stable results with BESS capacity reductions in all cases around 4-70%.

· In this regard, for low-budget upgrades of existing systems, algorithm H can be recommended as it needs no additional communication, while algorithm K should be used in all other cases due to the most stable performance.



The results and conclusions from these investigations are used in the next chapter as a basis for studying user requirements and as input for the financial feasibility analysis.

[bookmark: _Toc102474684]Analysis of social and financial feasibility

Since the proposed setup is technically feasible, as shown in the previous chapters, additional investigations are required to cover financially and socially relevant aspects as well. If a system is not financially feasible, then the interest in the technology will be low despite its technical feasibility. Additionally, it should be considered whether the system has the potential to be accepted by the designated users. Therefore, the following sections will investigate the social acceptability and financial feasibility in more detail. 

[bookmark: _Toc102474685]Social acceptance analysis

A technology that is not acceptable for the potential customers has a small chance of widespread use and will stay a niche product [209]. Therefore, an analysis regarding the social acceptability of the proposed setup has been done. Two main factors were selected for this investigation: the potential concerns regarding the user comfort interference and the users’ privacy concerns. If these concerns can be reduced, the technology has a higher potential for general acceptance. 

[bookmark: _Toc102474686]Concerns regarding user comfort interference

The user comfort is an important acceptance parameter. If the user comfort is reduced, the technology is unlikely to be adopted. As the state-of-the-art analysis in chapter 2 showed, it is first necessary to define the user comfort for the different devices and operation modes. Then the limits need to be determined and selected based on certain standards. Afterwards, additional boundaries for evaluation can be chosen. 

For the grid-connected operation, the temperatures of the TESs are the measurements for user comfort. The control algorithms for the TESs are influencing the temperature set points of the freezer, water heater and space heating. As mentioned in chapter 5, maximum and minimum set points for the algorithms can be set. Users can change the settings in case the standard values are not fitting and out of their comfort range. Additionally, a preferred goal set point inbetween can be selected. This is especially important for the space heating control, as people feel comfortable at slightly different temperatures [210]. The comfort interference for changing the temperature set point of the freezer and water heater is very low if it is done within reasonable limits. The user typically cannot determine the difference between 60 or 70 °C hot water temperature, as it is mixed with cold water during a shower anyway. Similarly, the temperature difference between -21 and -20°C in the freezer compartment does not cause the frozen food to go bad immediately. 

Revisiting the simulations from section 5.4, the indoor air temperature development for the different price-based control algorithms during the simulation can be visualized as shown in Figure 6.1.
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[bookmark: _Ref90643885][bookmark: _Toc102474770]Figure 6.1: Indoor air temperature results for price-based set point calculation algorithms A-G and a fixed set point for the civil engineering space heating model [57]

As space heating can influence the comfort feeling of humans much easier, a difference of 1-2 °C can already cause discomfort [210]. The indoor air temperature graphs show a temperature range of 4 °C. The goal set point selected by the user would be 22 °C, 
the same as the FSP control. If 22 °C is the prefect temperature, larger variations from this value can be considered as a reduced user comfort. In this regard, mean temperature deviations from this goal set point are considered a large discomfort as well. 

The user comfort for the grid-connected system is therefore defined as:

· “More and larger temperature fluctuations and mean temperature deviations of the room temperature equal less user comfort.”



It can be observed in the figure that algorithms D and F are always below the goal set point. This creates a large discomfort. Algorithm G is switching between the extreme values, which is not desirable in terms of user comfort either. Algorithms A, B and C are fluctuating between the maximum and minimum, creating only a small comfort reduction compared to an FSP. Algorithm E behaves similarly, but it tends to vary less than algorithms A, B and C, reducing the user comfort less consequently. 

These findings in relation to the cost reductions for each algorithm, as presented in Chapter 5, are summarized in Table 6.1.



[bookmark: _Ref90645378][bookmark: _Toc102474822]Table 6.1: Cost savings and user comfort classification for price-based algorithms A-G

		Algorithm

		User Comfort

		Cost Reductions with Detailed Model



		A

		+

		--



		B

		+

		-



		C

		+

		-



		D

		--

		++



		E

		+(+)

		+



		F

		--

		++



		G

		-

		0



		FSP

		++

		0





++ highest; + higher; 0 none; - lower; -- lowest;





The table reveals that algorithms D and F, which provide the highest electricity cost reductions, create the highest user discomfort. Algorithm G does not show any benefits over an FSP control. Algorithms A, B and C do not reduce the user comfort significantly, but do not provide cost savings with space heating either. Algorithm E shows good performance in cost reductions and additionally has a small impact on the user comfort. Thus, algorithm E would be the preferred algorithm if the user comfort is prioritized over cost reductions.

For islanded operation, the thermal user comfort plays a much smaller role, as stable operation of the microgrid is more important. If the microgrid management cannot maintain stable operation, it must turn off the energy supply during islanded operation, which causes a larger discomfort for the user than a temperature deviation. Therefore, the temperature related user comfort of the islanded set point control algorithms does not need to be investigated as detailed as for the grid-connected operation. Thus, a longer islanded operation time and therefore better security of supply is the main measurement for user comfort in the islanded operation mode. 

The user comfort for the islanded operation mode is defined as:

· “A longer islanded operation duration improves the user comfort more than fluctuations of the room temperature reduce it as a blackout is a much larger inconvenience for the user.”



Considering this, it is evident that the FESS and BESS control strategy in section 5.1, which shows that such a control can prolong the islanded mode operation by 3%-50%, improves the user comfort significantly by increasing the security of supply. Following the results presented in section 5.3.2, the performance of the islanded TES control needs to be evaluated as well. Considering the SOC-based algorithms H and K, it is evident that the user comfort from the temperature comfort point of view is reduced. However, 
the results show that the necessary BESS capacity could be reduced, respectively, 
the islanded operation time could be increased with the same BESS capacity. Since this is more important than the temperature comfort, the overall user comfort for this control strategy is improved. Thus, the FESS and BESS, and the islanded TES control strategy should be implemented for improved user comfort in islanded operation mode. These aspects are summarized in Table 6.2.



[bookmark: _Ref96507264][bookmark: _Toc102474823]Table 6.2: User comfort classification for islanded control strategies

		Control Strategy

		Results

		Overall User Comfort



		Without FESS

		Regular Islanded Operation Time

		0



		FESS Power Smoothing

		Increased Islanded Operation Time (3%-50%)

		++



		TESs: FSP

		Optimal Temperature with Regular Islanded Operation Time

		0



		TESs: SOC-based Algorithm H/K

		Reduced Temperature Comfort with Increased Islanded Operation Time

		+





++ large increase; + small increase; 0 regular level;



In Chapter 5, a user comfort scaling factor was introduced for some of the price-based and islanded algorithms. If the factor is selected higher, the set point variation is more aggressive, reducing the user comfort. If it is chosen lower than 1, the set point variation is less aggressive, and the user comfort increases. The results for the investigation of this user comfort-based scaling show inconclusive results for values larger than 1. The user comfort gains with values lower than 1 are quite low, while the performance regarding BESS capacity reduction and cost saving drops sharply. Therefore, the user comfort scaling factor was set to 1 for all other simulations. The basic control selection considering the user comfort should be made based on the algorithm. The user comfort scaling is more suitable for small optimization adjustments in a specific case. The results for the other user comfort scaling factors compared to a scaling factor of 1 can be summarized as shown in Table 6.3.



[bookmark: _Ref90649353][bookmark: _Toc102474824]Table 6.3: Relative cost savings with different user comfort scaling factors; Cuser = 2: more aggressive scaling; Cuser = 0.5: less aggressive scaling

		Algorithm type

		Scalable algorithms

		Cuser = 2

		Cuser = 0.5



		Price-based

		A, D, F

		+

		-



		

		C, E

		-

		-



		PV-power-based

		A, B, C, D, E, F

		+

		-



		SOC-based

		J

		-

		-





+ better performance; - worse performance;



As a side aspect of user comfort, it can be noted that the islanded BESS and FESS control strategy, in combination with the TES control in islanded mode, reduces the size of the necessary BESS and prolongs its lifetime, as shown in Chapter 5. This increases the sustainability of such a system because less rare materials need to be used to produce BESSs in case they are not already in use in the microgrid as a second life. Many users welcome this higher environmental friendliness and feel more comfortable additionally.

[bookmark: _Toc102474687]Concerns regarding privacy 

Data privacy concerns regarding the proposed system in this work may seem to be neglectable on first sight if the system is designed for just one household. The whole control can be implemented in a local home energy management system. Additionally, traditional, robust algorithms are used for control, which do not collect data.

However, if the system is designed for a multi household building or even multiple buildings, there will be a dataflow between the households. This can already create concerns with some users. Multiple buildings can be considered a microgrid if they have a common point of coupling or are connected on the same feeder. In this case, the local DSO is already involved in the microgrid design. The next step would be the interconnection of multiple microgrids to form a so-called smart city. In this case, data will be transferred across multiple layers, like the already existing AMI. A common AMI configuration as described in chapter 2 with the AMI surfaces that can lead to privacy concerns is shown in Figure 6.2. Thus, the scalability of the proposed system can raise user concerns regarding their privacy.







[bookmark: _Ref90653008][bookmark: _Toc102474771]Figure 6.2: Common AMI configuration, based on [53] 

Another aspect that can create data privacy related concerns is the further development of such systems. The proposed system is using mostly traditional, robust control algorithms with a low amount of processed data. As shown in Chapter 2, machine learning is becoming more common in the microgrid context. Additional data input from machine learning methods, like PV-power production predictions and load predictions, can be beneficial for optimizing the control strategies further. For example, model predictive control or reinforcement learning control can be implemented instead of traditional algorithms. Most user concerns will be raised in this regard with the analysis of their load patterns. Non-intrusive load monitoring (NILM) is a technique that is based on machine learning. It can disaggregate the load profile of a smart meter to learn switching patterns for single devices. This can be used to determine the users’ behaviours on the one hand; on the other hand, it is extremely useful to optimize the control of schedulable devices. 

To determine the privacy concerns that could be raised with the proposed system, 
the AMI related user concerns were identified in literature. The results can be transferred to a large-scale version of the proposed system. The identified concerns are shown in Table 6.4. 

Consecutively, as it is a likely that the proposed system will be optimized in future with predictions, the most concerning technique, NILM, is analysed step by step regarding the identified concerns. As mentioned in Chapter 2, the used data sets in different NILM publications are quite large. This means that a lot of training data is used for the machine learning methods to get good results at accuracy. An overview of the data set sizes is presented in Table 6.5.





[bookmark: _Ref90899385][bookmark: _Toc102474825]Table 6.4: Residential user concerns regarding the AMI and ML algorithms [53], [47], [51], [49], [81], [82] , [83], [84], [45], [85] 

		Concern

		Description



		Privacy



		Price discrimination

		Variance in consumer pricing based on consumer profile



		Denial of consumer services

		Denied access to consumer services due to unsuitable consumer profile



		Target to excessive advertisements

		Increased advertisements, since consumer identified as target group by consumer profile



		Identification of home appliances

		Unwanted identification of individual home appliances through NILM



		Exhibition of user habits and lifestyle

		Exposure of sensitive data regarding consumer habits through NILM



		Exhibition of illnesses and disabilities

		Exposure of sensitive health data through NILM



		Personification of anonymous data

		The personification of data deemed to be collected anonymously through ML algorithms



		Cyber Security



		Disconnection of home appliances

		The manipulation of demand response (DR) programs through the tampering of ML training and input data



		Burglary, arson, vandalism etc.

		Increased threat through occupancy information gained by NILM



		Attractive target to burglary 

		Increased likelihood of burglary due to identification of attractive appliances through NILM



		Target to kidnapping

		Possibility to use NILM for identifying persons in vulnerable situations



		Denial of personal mobility

		The manipulation of DR programs through the tampering of ML training and input data to deny charging of electric vehicles







[bookmark: _Ref90923377][bookmark: _Toc102474826]Table 6.5: Overview of training data sets with literature examples [CSW]

		Dataset 

		Duration/Resolution

		Publication



		Pecan Street

		4 years / 1 minute

		[133], [87], [88] 



		REDD

		2-4 weeks / <=4 seconds

		[88], [115], [90] 



		UK-DALE

		655 days / <=6 seconds

		[115], [137], [237] 



		ECO

		8 months / 1 second

		[238], [239] 



		BLUED

		1 week / <=1 seconds

		[140] 



		Challekere Campus 

		7 days / 2 minutes

		[139] 



		Private Dataset 

		1 months / 10 seconds

		[138] 



		Private Dataset 

		1 month / 30 minutes

		[136] 







Analysing the sizes of the used data sets and the presented accuracy of the disaggregation shows that there is a correlation between the data set size and the accuracy, as with nearly all ML methods. The more data, including additional measurements, like mentioned in Chapter 2, the better the accuracy of the NILM process. This leads to a tendency of using as much data as possible, raising concerns regarding the users’ privacy.

To complement the analysis, the corresponding legal documents that are relevant in this regard have been mapped to the identified concerns regarding whether:

· … the current EU legislation protects the prosumer’s data and privacy rights, using [240], [241] 

· … the EU regulatory framework addresses the prosumer’s concerns in the area of cyber-security, using [240], [241], [242], [243] 



The results are presented in Table 6.6. It is intended to be used as a tool to guide the future development of the proposed system and to avoid complications regarding privacy concerns from a legal and users’ point of view. The tool can be used during the development of an application that makes use of NILM or operates at any surface of the AMI to determine cyber-security and data privacy requirements that need to be prioritized. This is transferrable to the microgrid development as well. A flowchart is presented in Figure 6.3 to provide an example for the use of the developed tool. More details were published in [53].







[bookmark: _Ref91060930][bookmark: _Toc102474772]Figure 6.3: Flowchart for the use of the provided tool

Evaluating the proposed and investigated system in this work with the tool showed no privacy concerns because there is no data stored or analysed with the implemented control algorithms. However, the cyber-security concerns apply here as in nearly all cyber-physical systems. As mentioned before, this can change if the system is extended to multiple households or uses data analysis-based control or prediction methods.

[bookmark: _Ref90654778][bookmark: _Toc102474827]Table 6.6: Mapping of ML angles via prosumer concerns based on relevance: Technical and legal views [53]

		

		Prosumer Concerns



		

		Price discrimination

		Denial of prosumer services

		Target to excessive advertisements

		Identification of home appliances

		Exhibition of user habits and lifestyle

		Exhibition of illnesses and disabilities

		Personification of anonymous data

		Disconnection of home appliances

		Burglary, arson, vandalism etc.

		Attractive target to burglary

		Target to kidnapping

		Denial of personal mobility



		Technical

		Surfaces of AMI

		Home Area Network



		0

		0

		++

		++

		++

		++

		++

		++

		++

		++

		++

		++



		

		

		Smart Meter



		+

		0

		+

		++

		++

		++

		++

		+

		++

		++

		++

		++



		

		

		Smart Meter Data Collector

		0

		0

		++

		+

		+

		+

		+

		+

		+

		+

		+

		+



		

		

		AMI Networks



		0

		0

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+



		

		

		AMI Protocols



		0

		0

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+



		

		

		Head-End Management System

		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		Applications of NILM

		Home Energy Management System

		a

		a, e

		a, e

		c

		e

		0

		a, e

		a, b, c, d, e

		d, e

		c, d

		d, e

		a, b, c, d, e



		

		

		Ambient Assisted Living

		0

		

		

		0

		

		e

		

		

		

		

		

		



		

		

		Recommender System

		a

		

		

		c

		

		0

		

		

		

		

		

		



		

		

		Fault Diagnostics



		0

		

		

		0

		

		0

		

		

		

		

		

		



		Legal

		Data Protection and Privacy (I)

		GDPR Art. 5(1)(a)



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 5(1)(b)



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 5(1)(c)



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 5(1)(d)



		+

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+



		

		

		GDPR Art. 5(1)(e)



		+

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+

		+



		

		

		GDPR Art. 5(1)(f)



		+

		+

		+

		++

		++

		++

		+

		++

		++

		++

		++

		++



		

		

		GDPR Art. 5(1)(g)



		++

		++

		++

		++

		++

		++

		++

		++

		++

		++

		++

		++



		

		Data Protection and Privacy (II)

		GDPR Art. 12



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 13, 14, 15



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 16, 17, 18, 19, 20

		++

		++

		++

		+

		+

		+

		+

		0

		0

		0

		0

		0



		

		

		GDPR Art. 21, 22



		++

		++

		++

		++

		++

		++

		++

		0

		0

		0

		0

		0



		

		Data Protection and Privacy (III)

		GDPR Art. 24



		++

		++

		++

		++

		++

		++

		++

		++

		++

		++

		++

		++



		

		

		GDPR Art. 28



		++

		++

		++

		++

		++

		++

		++

		+

		+

		+

		+

		+



		

		

		GDPR Art. 32



		+

		+

		+

		++

		++

		++

		+

		++

		++

		++

		++

		++



		

		Cyber-security: 

CIA Triad

		Confidentiality 



		0

		0

		0

		0

		0

		0

		0

		0

		++

		++

		++

		0



		

		

		Integrity/Authenticity

		0

		0

		0

		0

		0

		0

		0

		++

		0

		0

		0

		0



		

		

		Availability



		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		++





++ = highly relevant; + = relevant; 0 = not relevant/applicable; a = Metering NILM stage; b = Event detection NILM stage; c = Feature extraction NILM stage; d = Classification NILM stage; e = Analysis of classificationα NILM stage


[bookmark: _Toc102474688]Financial feasibility analysis

To complement the social and technical analysis, a financial investigation is needed. Even if a system works technically well and has a general social acceptance, it still needs financial feasibility to be successful on the market. This investigation is divided into two parts: 

· A general financial analysis of the complete proposed system with BESS, FESS and TESs

· Additional investigations regarding FESS and the separate influence of each of the TESs 



Based on these two investigations, it is possible to give recommendations about the microgrid design from the financial point of view.

[bookmark: _Toc102474689]Financial investigation for the complete proposed system 

An important metric from the investment point of view is the time until the invested money is completely recovered, and the implemented system shows profits compared to regular operation without the added devices. This return of investment time is the comparison basis for different control strategies in the grid-connected mode and 
should be below 10 years considering the component lifetimes. As mentioned earlier, the islanded control methods can be applied in the grid-connected operation for maximum self-consumption as well. The price-based control strategies are relevant for times when electricity is needed from the main grid. In the first step, the current average supply interruption times per year should be evaluated to estimate the share of the islanded operation per year.

The System Average Interruption Duration Index (SAIDI) is the average outage duration for each customer, measured in minutes per year. The average SAIDI values for Estonia and Germany for the year 2020 are shown in Table 6.7. As the table shows, 
the current supply interruption levels make a very low share of the whole year. Thus, these interruptions have a neglectable average impact on the financial calculations for such a system. But supply interruptions can have a very high case specific value, e.g., 
for microgrids with hospitals or other service providers that must not be interrupted at all. 



[bookmark: _Ref96940526][bookmark: _Toc102474828]Table 6.7: Disturbance metrics for DE and EE for 2020 [226], [227] 

		Country

		SAIDI 2020 [minutes/year]

		Share of the year [%]



		DE

		2.11

		0.0004



		EE

		157.9

		0.03







Thus, for the financial analysis, different self-consumption levels will be investigated, which make use of the described islanded control methods. The system that is investigated financially consists of all the described components with their related financial aspects. This includes FESS, BESS, PV-system, and TESs. The different aspects that are relevant for the financial investigation are listed in Table 6.8. 

These aspects include consumption and production values, component dimensioning values, component costs, installation costs, electricity prices, subsidy rates, and other values from the technical calculations. 




[bookmark: _Ref97114607][bookmark: _Toc102474829]Table 6.8: Considered aspects for financial analysis of a hybrid storage system for a typical single family house

		Aspect

		Unit

		Single Family House

		Description / Details



		Power consumption

		kWh/year

		3987.97

		



		Typical regional solar generation EE

		kWh/kWp

		864

		Based on PVGIS [150]



		Total generated PV-power per day

		W

		819446

		24th Sep. of the Laastu Talu OÜ PV-profile



		Min. basic required PV-system output

		kWp

		4.62

		



		Surcharge for losses (25%)

		kWh/year

		997

		BESS self-discharge and other losses [149]



		Power consumption with surcharge

		kWh/year

		4985

		



		Min. required PV-system output with surcharge

		kWp

		5.77

		



		Required energy generation per day

		kWh

		13.66

		



		kW per day

		kW

		819

		



		Power of one PV-module

		Wp

		330

		Typical value between 300 Wp – 400 Wp 



		Area of one PV-module

		m^2

		2

		Typical area of PV-module



		Required amount of PV-modules

		pcs

		17

		



		Required total roof area

		m^2

		29.37

		



		Electricity price DE (2021)

		EUR/ kWh

		0.33

		End of 2021 prices [228]



		Electricity price EE (2021)

		EUR/ kWh

		0.14

		End of 2021 prices [229]



		BESS capacity

		kWh

		3.88

		Example: Kokam SLPB120255255 [168]



		BESS costs per kWh

		EUR/ kWh

		1000

		Beginning of 2022 average end-user price [230]



		BESS costs total

		EUR

		3880

		



		FESS capacity

		kWh

		10

		Minimum offered by e.g., Energiestro [231]



		FESS costs per kWh

		EUR/ kWh

		250

		2021 Estimation [232], [233]



		FESS costs total

		EUR

		2500

		



		Price of one PV-module

		EUR

		150

		Beginning of 2022 average prices [234]



		Price for all PV-modules

		EUR

		2623

		



		PV-inverter costs

		EUR

		1574

		50%-60% of module costs (Beginning 2022) [235]



		Small parts

		EUR

		1000

		Cables etc.



		Installation and commissioning (BESS+FESS+PV-system)

		EUR

		900

		Medium installation effort [230]



		Control system for TESs

		EUR

		100

		Small devices, e.g., Raspberry Pi, Cables, ...



		Installation and commissioning (TESs)

		EUR

		100

		Low installation effort



		BESS capacity reductions (Max. reduced BESS capacity for new systems)

		%

		15%

		SOC-based Algorithm K; Average for different dwelling occupancies



		BESS capacity reductions (Reduced BESS capacity for existing systems)

		%

		4%

		SOC-based Algorithm H; Average for different dwelling occupancies



		Consumption reductions (Comfort oriented)

		%

		4%

		Price-based Algorithm E; Average for different dwelling occupancies



		Consumption reductions (Price oriented)

		%

		17%

		Price-based Algorithm D/F; Average for different dwelling occupancies



		Subsidy rate DE

		EUR/ kWh

		0.0653

		Value for 22 April 2022 [236]



		Subsidy rate EE

		EUR/ kWh

		0.0537

		[237]

		Additional renewable support programmes

		EUR

		0

		Programmes are regional and temporary  Not included







The financial analysis will be carried out for the following cases to compare the main control strategies during grid-connected operation with differently dimensioned systems: 

· Case 1: Typical grid-connected operation with regular dimensioning of components leads to approx. 38% self-consumption [149]. 

· Case 2: It is assumed that at least 80% self-consumption can be achieved with BESS in maximum self-consumption operation mode for reduced PV-system size (like islanded operation).

· Case 3: It is assumed that at least 80% self-consumption can be achieved with TESs and reduced BESS capacity in maximum self-consumption operation mode for reduced PV-system size (like islanded operation).

· Case 4: It is assumed that the PV-system and BESS are 50% too small to cover the self-consumption. Additional energy is consumed from the grid.

· Case 5: It is assumed that the PV-system and BESS are 50% too small to cover the self-consumption. The TESs work with price-based control algorithms D/F for the consumed energy from the grid.






The benefits for extended islanded operation, which depend on the microgrid consumers, are not considered, and can be added for each case additionally. These are reduced loss of revenue due to devices and computers not working and other cases. Details for the component dimensioning for the cases are shown in Table 6.9.



[bookmark: _Ref97049998][bookmark: _Toc102474830]Table 6.9: Changed aspects for self-consumption cases for financial analysis

		Aspect

		Unit

		Case 1

		Case 2

		Case 3

		Case 4

		Case 5



		Self-consumption rate

		%

		38

		80

		80

		100

		100



		PV-system output

		kWp

		5.77

		2.74

		2.74

		1.8

		1.8



		PV-system costs

		EUR

		2623

		1200

		1200

		600

		600



		BESS capacity

		kWh

		3.88

		3.88

		3.30

		1.6

		1.6



		BESS costs

		EUR

		3880

		3880

		3300

		1600

		1600



		Feed-in (Power) per day

		W

		508057

		77847

		77847

		0

		0



		Feed-in (Energy) per day

		Wh

		8468

		1297

		1297

		0

		0



		TES Algorithm

		-

		-

		-

		K

		-

		D/F



		Self-consumption (Power) per day

		W

		311389



		Self-consumption (Energy) per day

		Wh

		5190







To calculate the investment return time, it is necessary to consider the initial investment cost and the yearly returns, as shown in Table 6.10. The initial investment costs differ for the 5 presented cases due to the sizing of the BESS and PV-system. 
The yearly returns contain the cost savings on electricity that would have to be bought if there was no self-consumption. This value is smaller if electricity consumption from the grid was necessary. Additionally, the yearly subsidy for feeding energy into the main grid is added. These yearly returns depend on the country as the subsidy rates and electricity prices differ.

The table shows that the investment return for Germany is the best for case 3 at 6 years. This means that the components are sized for a very high self-consumption rate with as little main grid interaction as possible and optimized self-consumption control methods for BESS, FESS and TESs. It includes medium investment costs and medium investment return rates, which is the best compromise based on the German pricing system. This is a good investment return time as it is smaller than the lifetime of the installed components. The BESS capacity minimization strategy improves the return of invest compared to case 2.

For Estonia, case 1 shows the fastest return of investment at 11.8 years. This is due to the high subsidy rates compared to the electricity prices, where an over-dimensioned system benefits from selling a lot of energy to the main grid. However, the investment return time is quite high as it can be longer than the lifetime of the BESS system, which means additional investments. This will be investigated in more detail in the following subchapter. Independently, it can be observed from the results for case 2 and 3 that using the BESS capacity minimization strategy can improve the return of investment additionally and should therefore be applied to case 1 as well.

Cases 4 and 5 show the worst investment return times for both countries. Thus, the system components should rather be over-dimensioned than too small.



[bookmark: _Ref97120279][bookmark: _Toc102474831]Table 6.10: Financial analysis of a hybrid storage system for a single family house

		

		Unit

		Case 1

		Case 2

		Case 3

		Case 4

		Case 5



		Investment costs

		

		

		

		

		

		



		Components (BESS, FESS, PV-system, etc.)

		EUR

		11677

		9400

		8818

		6160

		6160



		Installation and commissioning 

		EUR

		1000

		1000

		1000

		1000

		1000



		Sum of investment costs:

		EUR

		12677

		10400

		9818

		7160

		7160



		Yearly returns:

		

		

		

		

		

		



		Consumption cost reduction DE

		EUR

		1563

		1563

		1563

		977

		1076



		Subsidy DE

		EUR

		505

		77

		77

		0

		0



		Yearly sum of returns DE:

		EUR

		2067

		1640

		1640

		997

		1076



		Consumption cost reduction EE

		EUR

		663

		663

		663

		414

		457



		Subsidy EE

		EUR

		415

		64

		64

		0

		0



		Yearly sum of returns EE:

		EUR

		1078

		727

		727

		414

		457



		Investment return DE

		Years

		6.1

		6.3

		6.0

		7.3

		6.7



		Investment return EE

		Years

		11.8

		14.3

		13.5

		17.3

		15.7







As shown in [33], the investment return time can be reduced by up to 50% depending on the selected components, necessary investment cost and cost reductions for cases with microgrids or complete settlements. This should be investigated in more detail in the future work. 

[bookmark: _Toc102474690]Financial investigation regarding flywheel and TESs 

This general financial analysis does not provide enough details about the financially related behaviour of the FESS and each of the TESs separately. To give better recommendations from the financial point of view, the following aspects are investigated and presented additionally:

· Investment return time behaviour with and without FESS

· Financial analysis of the previously mentioned long-term prediction challenges of space heating 

· Consumption cost and BESS investment cost behaviour for each TES separately 



For the first additional financial analysis, it is assumed that the FESS does not contribute as additional storage or self-consumption device but only supports the lifetime of the BESS. The investment return-calculations with and without additional FESS show the results presented in Figure 6.4 for the Estonian case and for the German case. Based on [33], the BESS has a cyclic lifetime of 4500 cycles according to the datasheet [168] or 8.3 years with the proposed microgrid operation. After this time, the BESS needs to be replaced. This can be increased using an additional FESS by 19% to 9.9 years, using the calculation method presented in section 5.1. The FESS cyclic lifetime is around 105 cycles or more with low maintenance costs, as mentioned in chapter 2. Therefore, 
the replacement and maintenance costs can be neglected for the FESS for this calculation. TESs have lifetimes of 10-20 years [164], but this is not considered as the control does not shorten the lifetime and the device would have to be replaced independent of the control system. The used investment return times are based on case 3 for DE and case 1 for EE, as these show the lowest investment return periods. Both cases are recalculated without FESS to obtain the correct investment costs and investment return times.



[image: ]

[bookmark: _Ref97055236][bookmark: _Toc102474773]Figure 6.4: Investment return calculations with re-investments for BESS for DE 

[image: ]

[bookmark: _Toc102474774]Figure 6.5: Investment return calculations with re-investments for BESS for EE 

The figures show that from a purely financial point of view, it does not make sense to include a FESS in the system as the return of investment costs is reached earlier without FESS in both cases for DE and EE. However, in the case of Estonia, the investment curve without the FESS nearly crosses the zero-line again after 17 years. The development of storage system prices could lead to an actual crossing of the zero-line, making a system with a FESS storage more attractive. The additional benefits for increased islanded operation time and short-term storage are not taken into account in this financial investigation. 

As mentioned in section 5.4, the behaviour of space heating can be challenging to predict regarding the long-term behaviour. The long-term flexibility results presented in Figure 5.16 show the following:

· The long-term energy consumption for 10 days is at 149 kWh, resulting in costs of approximately 49€ in DE and 21€ in EE.

· With a higher set point as described, these costs can increase for the same timeframe by 12%, respectively decrease by 9%, depending on the chosen time of the changed set point.

· For the same timeframe, changing the set point to a lower one can increase the costs by 9%, respectively decrease them by 3%. 



This behaviour strengthens the previously mentioned need for detailed models and predictions of space heating for microgrid simulations for their financially and technically efficient operation planning, which is recommended for accurate investigations in a specific case.

To find out the influence of each of the three investigated common household TESs on the financial investigations, a more detailed analysis of the reduction of consumption costs and BESS investment costs is shown in Table 6.11. Different algorithms and household occupancies are considered for averaging the numbers. It can be seen that the water heater has the biggest share in both cases, followed by space heating with a significantly smaller share. These modelled shares correspond to the shares presented in Figure 2.10 well. The share of the freezer is low. Regarding the consumption cost reductions, the freezer has the highest relative improvement but the impact of space heating and especially the water heater is much higher in the end due to their significantly higher price shares. For the case of the BESS capacity, regarding investment cost reductions, the freezer influence is neglectable while the water heater and space heating show a similarly high average impact. Thus, it can be concluded that the water heater and space heating should be prioritized from a financial point of view as they have a much higher influence on both types of costs. 



[bookmark: _Ref97029272][bookmark: _Toc102474832]Table 6.11: Influence on consumption costs and BESS investment for each TES [152], [153], [164] 

		TES

		Share of total price

		Average reduction potential for price share

		Share of BESS capacity use

		Average reduction potential for BESS capacity resp. costs



		Freezer

		2%

		10%

		1%

		0%



		Water heater

		54%

		7%

		63%

		20%



		Space heating and cooling

		15%

		7%

		9%

		20%







As an example, the consumption costs for space heating are investigated in more detail to see the influence of the different price-based algorithms on the example previously shown in section 5.4 and section 6.1. The costs are shown in Table 6.12. In this case, the price shares are slightly below the average shown in Table 6.11. With these exact numbers, the recommendation from the financial point of view is to use algorithm D or F, as indicated in previous chapters. Algorithm E presents less cost reductions but achieves around 1/3 of cost reductions compared to algorithm D or F. The other algorithms are not desirable from a financial point of view.

[bookmark: _Ref97030627][bookmark: _Toc102474833]Table 6.12: Cumulative costs and cost savings for price-based algorithms A-G for an electric heater [182] 

		Algorithm

		Cumulative Costs [€]

		Difference compared to FSP Control



		A

		8.65

		+1.3%



		B

		8.56

		+0.2%



		C

		8.59

		+0.6%



		D

		7.76

		-9.1%



		E

		8.27

		-3.2%



		F

		7.80

		-8.7%



		G

		8.53

		-0.1%



		FSP

		8.54

		---





[bookmark: _Toc102474691]Conclusions

Based on the selected, modelled, and validated storage systems, control strategies were developed and simulated in the previous chapters. Based on the results from the control strategies, it could be concluded that the proposed system is technically feasible. Accordingly, it was necessary to evaluate the social acceptance and financial feasibility of the system. The user comfort and privacy as social factors were investigated and different financial analyses were made in this chapter to give recommendations for choice of a control strategy in different scenarios. 

[bookmark: _Hlk97196188]Regarding the user comfort, the following conclusions can be made: 

· A novel method to evaluate the user comfort for the islanded and the 
grid-connected operation was developed. The user comfort definitions are based on temperature limits, temperature fluctuations, and security of supply. 

· Temperatures of TESs can be directly noticed by the users. In this context, 
it is most important to investigate space heating as users typically do not notice smaller temperature deviations in frozen food or hot water supply. 

· The space heating simulations showed that the algorithms with the highest cost reductions using price-based control, algorithm D and F, show the lowest user comfort levels. These algorithms are recommended from a financial point of view.

· Algorithm E showed moderate cost reductions while maintaining a similar user comfort level as a FSP control and is therefore the recommendation from the user comfort point of view. 

· In temporary islanded mode operation, the user comfort is more determined by having electricity at all than by discomfort due to temperature deviations. Therefore, the algorithm with the best performance from the technical point of view should be recommended, which is algorithm H for low budget upgrade projects and algorithm K for all other cases, as mentioned in chapter 5. 

· The FESS control strategy providing 3-50% prolonged islanded operation time provides increased user comfort in this regard as well. 

Since data collection is becoming more common today, investigations on possible user concerns regarding their private data are more relevant. Therefore, the AMI infrastructure was used as an example to analyse the user concerns. 

· The concept of NILM has been investigated regarding the privacy concerns, as this poses the most profound data collection technique. These investigations showed 13 privacy and cyber-security related concerns of users for different surfaces of the AMI and applications of NILM. 

· The results were mapped to each other in a table, adding the corresponding GDPR and CIA Triad articles for reference on mitigating the problems from a legal point of view. This developed table should be used as a novel tool to evaluate the users’ privacy concerns. 

· Based on this tool, the proposed system poses low risk for privacy concerns, as it is implemented on a household level as shown in the simulations, and the used algorithms do not collect and store data about the user. 

· If the system is expanded to the building, microgrid or even multi-microgrid level, the data needs to flow through the different levels, as shown in Chapter 2, or if the control algorithms of the proposed system will be optimized with additional data collection for predictions, the tool needs to be used to design the system according to the relevant legal norms. 



From a financial point of view, to estimate the average necessary yearly islanded operation time, the SAIDI values for Germany and Estonia are used. Since the interruption times are multiple magnitudes below 1%, there is no need to separately investigate the islanded operation mode financially. Instead, the islanded control strategies are used for maximum self-consumption in the grid-connected mode. Therefore, five different cases were defined to represent different self-consumption and component dimensioning situations:

· Case 1: Over-dimensioning of components with 38% self-consumption 

· Case 2: Reduced PV-system size with 80% self-consumption

· Case 3: Reduced PV-system and BESS size with 80% self-consumption

· Case 4: PV-system and BESS are 50% under-dimensioned leading to electricity consumption costs

· Case 5: PV-system and BESS are 50% under-dimensioned with price-based control algorithms for reduced electricity consumption costs



Considering the investment costs and investment returns for a system with all components, the different cases showed the following results: 

· For Germany, case 3 shows the fastest investment return of 6 years which is a good overall result as it is well below 10 years. Using the BESS capacity minimizing control strategy for the TESs reduces the investment return time compared to case 2 and should therefore be applied in any case.

· Relatively high subsidy rates lead to the best result with case 1 for Estonia with 11.8 years. Independently, this could be additionally reduced with the BESS capacity minimizing control strategy.

· The result of 11.8 years is too high as this exceeds the lifetime of some components, which leads to re-investments and therefore even longer investment return times. It should be below 10 years.

· Cases 4 and 5 have the slowest return rates. Thus, the components should be rather over-dimensioned than under-dimensioned.

From a purely financial point of view, it is not recommended to use a FESS in the system as the investment return rate is longer for the DE and EE case. Without a FESS, the EE case manages to stay with re-investments below the maximum acceptable investment return time of 15 years. Depending on the development of storage prices, a system with a FESS might lead to a faster investment return in Estonia. 

Investigating each TES financially showed the following:

· The space heating model must be very detailed as the previously mentioned prediction challenges can lead to strong undesirable financial differences. 

· The freezer has a low influence as a TES from a financial point of view. This is valid for the energy consumption price reduction as well as the BESS investment cost reduction.

· Water heater and space heating have a much higher financial influence as TESs and should therefore be preferred. This is valid for the energy consumption price reduction as well as the BESS investment cost reduction.

· Algorithm D and F show the highest energy consumption price reductions as mentioned previously. The comfort-oriented control algorithm E shows about 1/3 of these cost reductions while the other algorithms are not desirable at all.



As an overview, a decision tree based on these financial investigation conclusions, is shown in Figure 6.6.



[image: ]

[bookmark: _Ref97131540][bookmark: _Toc102474775]Figure 6.6: Investment-based decision tree 

In the following chapter, these conclusions can be used in combination with the findings from the previous chapters, to give comprehensive recommendations to microgrid designers, microgrid and building managers, and homeowners regarding the development of new and existing microgrid systems.

[bookmark: _Toc102474692]Conclusions, recommendations and future work

Based on a state-of-the-art review, a microgrid system topology was proposed to improve the security of supply and financial feasibility for the users. This system consists of a BESS, FESS, and nZEBs with PV-systems and common household TESs. The proposed system with the simulation framework is depicted in Figure 7.1.



[image: ]

[bookmark: _Ref91411781][bookmark: _Toc102474776]Figure 7.1: Proposed microgrid topology with simulation framework

The thermal and electrical load patterns and the PV-system could be modelled as measured and artificially generated profiles. The BESS, FESS and TESs were modelled as object models. These models were simplified to a reasonable level for microgrid simulations, as e.g., detailed chemical or cell controller research for BESS is out of the scope of this work. For most models, the set mean power error limit of 10%, respectively 12% for complex models, could be achieved during the object model validation. 
The simplified space heating model could not reach the target and a second modelling methodology was developed for a more accurate NN-based space heating model. 
The improvements of the different modelling are presented in the next subchapter in more detail. 

[bookmark: _Hlk97196303]For these validated models, different control strategies with different aims were developed and simulated. An overview is shown in Table 7.1. For these different control strategies, various control algorithms were researched, developed, and tested with different scenarios. This investigation includes the technical performance as well as a consideration of the user comfort and financial aspects. Relevant conclusions are shown in section 7.2. 

The complete technical investigation with social acceptance and financial feasibility analyses was developed to give comprehensive recommendations to microgrid planners, building and dwelling owners. Optimal solutions from each of those three viewpoints and the overall recommendations are presented in section 7.3. 

Lastly, recommendations for future work are described in section 7.4. 




[bookmark: _Ref91414418][bookmark: _Toc102474834]Table 7.1: Devices used in software simulations with time steps and control aim

		Object Models

		Δt

		Control aim



		· FESS

		1s

		· Power smoothing



		· FESS

· BESS

		1min

		· BESS lifetime improvement

· Islanded operation duration increase



		· Freezer 

· Water heater

· Simplified space heating

		5min

		· Cost reduction

· Minimum BESS capacity reduction



		· Freezer

· Water heater

· Simplified space heating

· Different occupancy profiles

		5min

		· Influence of occupancy



		· Simplified space heating

· Civil engineering space heating

		1min

		· Influence of complex space heating models



		· NN-based space heating

		1min

		· Influence of complex space heating models





[bookmark: _Toc102474693]Modelling techniques for space heating

Space heating models for buildings are quite complex and time consuming to create. Civil engineers are dedicated to developing detailed thermal models of buildings with a high level of detail and complexity, using their own special software tools. These tools have limit capabilities regarding electrical engineering control strategies. Integrating space heating into electrical microgrid simulations turns into an interdisciplinary challenge, where the most useful modelling technique needs to be determined for the intended application. Three categories of modelling techniques could be identified in literature:

· Complex thermal models with limited electrical and control engineering capabilities from the civil engineering domain

· Complex control strategies with strongly simplified thermal models for the electrical power engineering domain

· Co-simulations with detailed thermal and control models but compatibility problems and computational overhead



As this work is placed in the field of electrical power engineering, the first investigated model was a simplified thermal model that uses linearized approximations for temperature changes. Validating the accuracy of this model showed that the errors introduced by such a simplified model were 3.3% higher than the set error limits for the intended use in a microgrid simulation. However, such a model proved to be quick to calculate, which is useful for repeated control optimization simulations typically used in microgrid simulations. Second, co-simulations with a civil engineering model were investigated. The advantage is good accuracy, however, there are compatibility problems with time step width and communication combined with a high computational burden. Thus, on the other hand, there is a need for a different modelling method that is accurate enough for microgrid simulations, on the other hand, higher compatibility and lower computational power than the existing methods can provide are required.

For the proposed novel ML-based model in this work, the following methodology was developed:

1. A pre-validated civil engineering model is used to create comprehensive data sets that include all necessary information.

2. The data sets are pre-processed to fit the needs for the ML training algorithm.

3. Training parameters are chosen and optimized to avoid over- and underfitting of the model.

4. The NN is trained with the pre-processed data. 

5. The obtained NN object can be transformed into a function in Matlab, which can be used as a space heating object model in microgrid simulations.



This methodology could reduce the active modelling and development time and effort for a detailed space heating object in electrical engineering software by around 90% from more than 100 hours to 8 hours. An overview of all three different space heating modelling methods discussed in this work is shown in Figure 7.2.
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[bookmark: _Ref91511066][bookmark: _Toc102474777]Figure 7.2: Comparison of space heating modelling and simulation

A disadvantage of the NN-based model is that the pre-simulation with the civil engineering model and pre-training of the algorithm are necessary. This is a 
time-consuming process (c.f. Table 4.14). However, the pre-simulation and pre-training are only necessary once. Since there are typically multiple runs for microgrid simulations for control optimization purposes, these one-time pre-calculations have a much lower weight than the repeated high computation effort for every run of a co-simulation. Further, the NN-based model cannot be more accurate than the civil engineering model it is based on. 

As an advantage, the NN-based model can be calculated as fast as the simplified model during microgrid simulation and 85% faster compared to a very slow co-simulation 
(c.f. Table 4.14). Simultaneously, the model shows a more than 5% higher accuracy than the simplified model (c.f. Table 4.10).

Thus, comparisons show that the proposed NN-based model is the best compromise of accuracy, calculation speed and compatibility. It achieves an error of less than 12%, which was the set goal accuracy for such a complex model. Simulations with the simplified and more detailed space heating model showed that the model accuracy 
can have an influence on the control algorithm results. This is due to the high complexity of building thermal dynamics where small changes can show their influences later. 
This strengthens the necessity for the more accurate and quickly calculated NN-based space heating model further.

[bookmark: _Toc102474694]Control algorithm selection in different scenarios

The developed and validated models for the proposed system were simulated with different control strategies for different scenarios. These scenarios have been investigated from a technical, social, and financial point of view. The conclusions from the respective chapters are connected and summarized in the following. 

The occupancy of a dwelling can change due to, for example, a landlord renting out an apartment to a different demographic group. The investigation showed that even with different occupancies, there are specific algorithms for the TESs that seem to be generally working better in all cases. For a price-based control situation, algorithms D and F are providing the best cost reductions. However, if the user comfort is the main priority, then algorithm E is the preferred solution for space heating, as it keeps the room temperature within more comfortable limits. In the islanded control scenario, which is also valid as a maximum self-consumption scenario in the grid-connected mode, 
the PV-power based algorithms could not be recommended in general as they did not show good results with households where the PV-system was not over-sized. However, from the SOC-based control algorithms, algorithm K can be recommended for all households, especially if it is implemented in a new microgrid, where some communication infrastructure can be added in the design stage. For existing microgrids, algorithm H without communication needs is better suitable from an investment point of view. This is valid for all TESs. Connecting these findings leads to the following decision tree 
(c.f. Figure 7.3), which can be used for recommendations.



[image: ]

[bookmark: _Ref97198451][bookmark: _Toc102474778]Figure 7.3: User comfort-based decision tree for TES control algorithms

[bookmark: _Toc102474695]Recommendations for microgrid designers, building and dwelling owners

To give suitable recommendations to microgrid designers, building and dwelling owners, it is necessary to analyse all the conclusions from the technical, social, and financial investigations. Based on this, it is possible to draw overall conclusions and formulate recommendations. For a better overview and understanding, the recommended decisions are visualized using a decision tree. This complete decision tree for the selection of the components and control strategies is shown in Figure 7.4. As mentioned, this decision tree is based on the conclusions and recommendations developed on the proposed system in this work. The recommendations can be transferred to design or upgrade a microgrid, a smart building or a dwelling. Some additional remarks regarding the three main branches of the decision tree are the following:

· The BESS and PV-system sizing is based on the financial conclusions presented in Figure 6.6. As shown in section 5.4, the occupancy of an apartment influences the sizing of components as well because the islanded control algorithms for TESs work more effectively with an over-sized PV-system. 
This means an additional benefit for case 1.

· With the TESs, it is required to determine whether a new microgrid is designed or an existing one is upgraded to select an islanded control strategy. Algorithm K shows better performance but needs some communication with the BESS, while algorithm H does not need additional communication, thus no additional investment.

· Adding a FESS to the system as proposed will improve the user comfort in the islanded mode additionally, as the islanded operation time is improved by 
3-50%. This can be of additional financial interest in microgrids where the power supply must never be interrupted. 







[bookmark: _Ref97199052][bookmark: _Toc102474779]Figure 7.4: Complete decision tree based on technical, financial and comfort decisions 

[bookmark: _GoBack]For further development of this decision tree and applying the findings to extended systems, it is recommended to assess first the legal dimension with the provided tool 
(c.f. Table 6.6). Figure 7.5 shows the recommended approach in a simplified way:

· If data driven control strategies are implemented in the system, the legal norms should be assessed based on the provided tool.

· If the proposed system is extended to the building, microgrid or smart city level, the legal norms should be assessed based on the provided tool as well.
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[bookmark: _Toc102474696]Future work

To improve the developed models, control strategies and system topology, the following aspects can be researched and developed further:

· In addition to the FESS or as an alternative for the FESS, supercapacitors could be investigated to optimize the proposed system technically or financially further. 

· The developed PHIL-setup should be extended with additional components, as intended in the initial design. This work has already been started by a student under the author’s supervision. 

· The NN-based space heating model should be developed further with different machine learning techniques to improve the accuracy. In addition, models for different kinds of buildings, including larger residential buildings, commercial buildings, etc., should be tested. 

· As the control strategies for the TESs and FESS are traditional and simple approaches, they could be improved with reinforcement learning based control, especially for the design in new microgrids with more communication and data analysis possibilities.

· The financial analysis can be calculated for more countries to provide better country specific recommendations.

· The financial benefits for different specific critical system examples that must not be interrupted could be calculated to give more specific recommendations on the financial benefit of the extended islanded operation time.

· The proposed system is investigated and modelled for the size of a single family house. It should be extended to multi-household buildings, microgrids or even smart cities to include aggregation challenges and influences. This includes technical, social, and financial investigations.
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Research and development of energy storage control strategies for residential area microgrids

Due to the rising concerns regarding climate change, there are multiple national and international agreements to reduce greenhouse gas emissions, e.g., the European Green Deal. To achieve the goal of these agreements, the share of renewable energy sources needs to be increased while reducing the dependence on fossil energy sources. This transition can be accomplished with microgrids as they can balance demand and supply of renewable generation already locally with demand side management strategies and storage systems. For such microgrids, the control possibilities for hybrid energy storage systems, including household appliances as supporting thermal storages, as well as the related user acceptance and financial feasibility, need additional research, especially for the islanded operation mode. 

Thus, this work aims to research and develop object models with improved accuracy and control strategies for hybrid energy storage systems to improve supply reliability and financial feasibility in residential microgrids to provide recommendations for the development of microgrids.

First, the current state of the art regarding smart grid topologies and components, including building requirements, storage systems, energy sources, and modelling and experimental setup design, like machine learning and hardware-in-the-loop-setups, was investigated. 

On these bases, it was possible to improve and develop object models for flywheel energy storage, battery energy storage, and common household thermal storages, namely freezer, water heater and space heating. For the space heating model, a novel neural network-based methodology was developed to compensate either high computational time or low accuracy of existing modelling techniques. 

These models were then validated to ensure good accuracy levels for the microgrid simulations with error rates for all object models below 12% mean error. 

With the validated models, it was possible to develop control strategies for supply reliability and financial feasibility improvements: The energy costs could be reduced by more than 10% and the battery storage capacity, representing investment costs, by 4%. Simultaneously, the battery storage cyclic lifetime could be increased by 19% and the islanded operation duration as a supply reliability parameter by more than 3%. 

Lastly, a social acceptance evaluation methodology and privacy mapping tool were developed to address the user satisfaction and privacy concerns more effectively and thereby improve the microgrid development and planning quality. A consecutive financial analysis showed that the investment return time of the system is 6 years in Germany and 13 years in Estonia for different component dimensioning strategies.

In conclusion, the set goals were achieved. Based on the technical, social, and financial feasibility analyses discussed in this thesis it was possible to develop a decision tree as an applicable guidance tool for recommendations on the design of microgrids to simplify the work for microgrid planners and designers. The developed solutions will increase the supply reliability and profitability of microgrids with renewable energy sources and hybrid energy storage systems and ensure social acceptance in the development of future microgrids.
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Energiasalvestite juhtimisstrateegiate uurimine ja arendamine elamupiirkondade mikrovõrkudele

Seoses kliimamuutustega on kasvuhoonegaaside heitkoguste vähendamine järjest olulisem, milleks on sõlmitud mitmeid riiklikke ja rahvusvahelisi lepinguid, sh Euroopa roheline kokkulepe. Lepingutes sätestatud eesmärkide saavutamiseks tuleb suurendada taastuvate energiaallikate osakaalu, vähendades samaaegselt sõltuvust fossiilsetest energiaallikatest. Seda üleminekut toetavad nutikad mikrovõrgud, kus on võimalik juhuslikku taastuvenergia tootmist ja tarbimist tasakaalustada nutikate juhtimise strateegiate ja salvestussüsteemidega. Selliste mikrovõrkude puhul vajavad täiendavat uurimist hübriid-energiasalvestussüsteemide juhtimine sh kodumasinate kui toetavate soojussalvestite juhtimisvõimalused. Samuti mikrovõrkude vaates olulisel koha kasutajamugavuse hindamine, eriti saartalitluse puhul.

Käesoleva töö eesmärk on uurida ja arendada täiustatud objektide mudeleid ja hübriid-energiasalvestite juhtimisstrateegiaid, et parandada elamupiirkondade mikrovõrkude varustuskindlust ja kulutõhusust. Lisaks analüüsitakse investeeringu- tasuvust ning lõppkasutaja privaatsus- ja mugavusnõudeid, et tõsta sotsiaalse heakskiidu taset ja anda soovitusi tulevaste mikrovõrkude arendamiseks.

Esmalt viidi läbi tehnika- ja teadustaseme hetkeolukorra kaardistus tarkvõrgu topoloogiate, komponentide, sh salvestussüsteemide, energiaallikate, objektide mudelite, masinõppemudelite ja katseseadmete (PHIL) osas, et väljatöötada raamistik edasiste uuringute ja arendustöö jaoks. Analüüsi põhjal töötati välja ja täiustati hooratta, akude ja kodumajapidamistes kasutatavate soojust salvestavate seadmete (sügavkülmik, veeboiler, ruumiküte) mudelid. Näiteks, ruumi küttemudeli jaoks töötati välja uudne närvivõrgupõhine metoodika, et kompenseerida olemasolevate modelleerimistehnikate suurt ajamahukust või madalat täpsust.

Töö järgmises etapis mudelid valideeriti, et tagada mikrovõrgu simulatsioonide puhul soovitud täpsus ehk keskmine objektimudelite summaarne viga oleks alla 12%. Valideeritud mudelite abil töötati välja hübriidsalvestuslahendusele juhtimisstrateegiad varustuskindluse ja kulutõhususe parandamiseks, mille tulemusel oli võimalik vähendada energiakulusid enam kui 10% ja aku salvestusmahtu 4%. Samaaegselt võimaldasid juhtimisstrateegiad pikendada aku salvestamise tsüklilist eluiga 19% ja tööaega enam kui 3%.

Töö viimases etapis töötati välja sotsiaalse heakskiidu hindamimetoodika, mille abil saab tõhusamalt arvestada kasutaja rahulolu ja privaatsusprobleemidega ning seeläbi parandada tulevaste mikrovõrkude arendamise ja planeerimise kvaliteeti. Samuti koostati investeeringu tasuvusanalüüs, mis näitas, et süsteemi investeeringu tasuvusaeg on sõltuvalt erinevate komponentide dimensioneerimisest Saksamaal 6 aastat ja Eestis 13 aastat. 

Kokkuvõtteks võib öelda, et püstitatud eesmärgid said täidetud. Doktoritöös käsitletud tehniliste lahenduste, sotsiaalsete mõjude ja tasuvuse analüüsi baasil on loodud mikrovõrkude kavandamiseks ja soovituste andmiseks tööriist ehk otsustuspuu, mis lihtsustab mikrovõrkude planeerijate ja projekteerijate tööd. Väljatöötatud lahendused võimaldavad parandada taastuvenergiaallikate ja hübriid-energiasalvestuslahendustega mikrovõrkude varustuskindlust, tasuvust ning tagada sotsiaalne heakskiit tulevaste mikrovõrkude arendamisel.
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