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1. Introduction

The intelligent management of Distributed Energy Resources (DER) is a ma-
jor challenge of our time. Many approaches have been proposed for achieving 
quantified benefits in energy efficiency or cost savings. However, the viability of 
approaches for exploiting DERs will also significantly depend on how easily the 
owners of DERs such as household batteries or electric vehicles (EV) are able to 
participate in systems that coordinate large numbers of DERs to balance the 
uncertainty arising from the unpredictability of DER user behavior. The current 
and foreseeable financial compensations for DER use are such that it is difficult 
to require DER owners to make hard binding commitments or major lifestyle 
changes. Thus, Collaborative Energy Management Systems (CEMS) are needed 
to coordinate DERs in order to achieve objectives related to energy efficiency 
and financial profit. In addition, CEMS design should consider objectives re-
lated to flexibility and robustness, so that the CEMS will minimize the DER own-
ers’, operators’ or users’ burden related to setting up, participating in, operating, 
and leaving the CEMS. Due to the diverse nature of CEMS, there is often a de-
pendency on the smart city infrastructure. The rapid pace of change in smart 
city infrastructure, energy markets, and energy technologies results in further 
motivation to design robust and flexible CEMS that can cope with these changes 
using minimal rework. In order to simultaneously pursue objectives related to 
energy efficiency, a multi-disciplinary approach to CEMS is needed to address 
constraints and uncertainties related to energy technology, energy markets, and 
DER owner behavior. 
There is currently no field of research aiming at holistic solutions to CEMS prob-
lems; aspects of CEMS are considered in a vast body of research on smart energy 
systems, industrial informatics, and smart cities. This Ph.D. thesis addresses the 
design of CEMS according to the following objectives: 

Energy efficiency: depending on the type of CEMS, this may involve
decreasing consumption from the grid, decreasing overall energy con-
sumption of the load, decreasing consumption peaks or maximally ex-
ploiting peak generation;

Flexibility: how easily DERs can join or leave the CEMS;

Robustness: how well the system can cope with illegal user behavior
or changes to the environment of the CEMS.
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Due to the very diverse nature of CEMS, the objectives have to be interpreted 
in the context of each CEMS. For example, some CEMS involve a large number 
of regular citizens and consumers as owners of DERs such as batteries. Other 
CEMS such as smart street lighting involve users only indirectly as actors that 
generate sensor events, so in this case the CEMS senses and reacts to the users 
without needing to communicate or negotiate with them. As another example, 
some DERs such as household batteries are stationary while others such as DER 
batteries are mobile, resulting in additional challenges for the CEMS related to 
the availability of the DER in the future. Further, the CEMS may be impacted 
by infrastructure developments that are relevant to that particular type of 
CEMS. Examples of smart street lighting include new communications infra-
structures such as the emerging 5G infrastructure on lamp posts and any kind 
of roadworks, which necessitate reconfiguration of the system. This Ph.D. thesis 
considers 3 cases of CEMS that differ in numerous aspects, according to Table 
1.  

Table 1. Characteristics of the CEMS case studies. 

CEMS case study Traffic adaptive street 

lighting 

Several households 

battery storage 

Prosumer building 

with PV generation 

and EVs 

Nature of DER A smart luminaire capa-

ble of individual dim-

ming 

EV battery for vehicles 

at home 

Rooftop solar & EV bat-

tery and charging sta-

tion capable of 2-way 

charging 

CEMS user The road user House/vehicle owner Building user and EV 

driver 

CEMS user’s control 

over DER 

CEMS senses the user 

and reacts 

User owns the DER EV use for driving 

should not be restricted 

Communication be-

tween CEMS and user 

None User adds or removes 

the battery to the sys-

tem. After that CEMS is 

fully automatic 

EV drivers make daily 

contracts with CEMS 

that specify parameters 

Sources of unpredict-

ability 

Changing traffic pat-

terns; changes to infra-

structure 

Electricity prices Solar radiation, building 

consumption, driver be-

havior 

Illegal user behavior 

that the CEMS must 

cope with 

None None EV may violate the con-

tract, leaving before the 

announced time 

Uniqueness of DER 

and CEMS user 

Uniqueness consists of 

logical connections to 

other luminaires 

None Each driver has unique 

behavior and contract 

on daily basis 

The design of the CEMS is not only a question of control or optimization. The 
paradigm of how entities within the CEMS communicate and make decisions 
can have a significant impact on the objectives of energy efficiency, flexibility, 
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and robustness. This thesis considers the following two major aspects of the par-
adigm. Firstly, are the entities under the control of a central entity? Secondly, 
do the agents of entities have independent decision-making power? This thesis 
uses the term agent in a broad sense without implying the use of specific proto-
cols or agent frameworks such as FIPA Contract Net or JADE (Java Agent De-
velopment Framework). The choice of paradigm impacts the design of the soft-
ware and the system architecture, which will ultimately determine the flexibility 
and robustness of the CEMS. Since it cannot be assumed that users will be 
forced to participate in a CEMS, a flexible and robust CEMS will have more us-
ers as it requires fewer lifestyle changes from the user. Thus, flexibility and ro-
bustness can significantly impact energy efficiency in ways not considered in 
research that has ignored flexibility and robustness. In this thesis, the interde-
pendency of energy efficiency, flexibility, robustness, and the key design deci-
sions of software and system architecture are investigated through the 3 CEMS 
case studies in Table 1. Due to the great diversity of CEMS systems, generaliza-
tions applying to all kinds of CEMS systems are not attempted. However, the 
study of the said interdependencies is identified as a topic of significant societal 
and practical importance, and through the case studies, it is demonstrated that 
these interdependencies are found in diverse CEMS. 

Publications [I] and [II] describe adaptive street lighting that aims at energy 
savings by dimming the lights in real time whenever road users are not present. 
Maximal energy savings are pursued so that traffic safety related regulation is 
not violated and so that the behavior of the system is acceptable to local inhab-
itants. It is assumed that traffic-sensing capabilities are present on each lamp-
post and that there are communication links between the lampposts. It was 
identified that each smart luminaire can be individually controlled based on 
sensing signals from other lampposts before and after the luminaire. Thus, no 
central control was needed, and it was identified that the only dependencies be-
tween smart luminaires are traffic sensing signals. Thus, a smart luminaire was 
designed using the IEC 61499 architecture with event and data connections for 
the traffic signals. This approach proved flexible for adding or removing smart 
luminaires to the system, as only the said connections need to be established. 
The system is robust against changes in infrastructure, such as sensors and com-
munications technology, which are managed by appropriate service interfaces 
without any need to touch the rest of the IEC 61499 application. Thus, a fully 
decentralized CEMS was developed. 

Publications [III] and [IV] describe a decentralized control of autonomous 
batteries for a group of households. The batteries are EV batteries and will be 
available only if the vehicle is at home and plugged-in. The objective of the 
CEMS is to use the EV batteries to supply the households to minimize the cost 
of electricity that is bought from the grid. The smart batteries collaborate in a 
fully decentralized peer-to-peer architecture, exchanging all relevant infor-
mation and reacting to electricity price. Thus, the smart batteries are not agents 
in the sense that they would try to pursue local goals related to the individual 
household; instead, they share all relevant information and execute the same 
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algorithms to achieve electricity cost savings at the level of the group of house-
holds taking into account the unpredictable availability of each battery at the 
parking lot. 

Publications [V] and [VI] investigate additional possibilities for using EVs in 
the context of V2B (Vehicle-to-Building) at a large prosumer building with local 
PV generation. In the state of the art, the prosumer represents an entity who 
produces the energy, e.g. from own renewable energy sources (RES) and at the 
same time has the appliances consuming the energy. Thus, the word “prosumer” 
is derived from the terms “producer” and “consumer” (Ritzer et al. 2012). In the 
considered case, an excess solar generation is stored to the vehicle batteries and 
later used to cover the load of the building at times when the load exceeds the 
PV generation. The profitability of the approach is assessed, taking into consid-
eration battery degradation costs. The key assumption is that increased collab-
oration with EV owners is possible if they are not required to change their nor-
mal behavior patterns. Some incentives can be offered to EV owners to slightly 
adapt their usual behavior in favor of the prosumer. It is expected that the 
prosumer must have each EV at an intended SOC at the announced departure 
time. In the morning, the EV notifies the prosumer of its willingness to partici-
pate in the CEMS on that day, the departure time, and the intended SOC. The 
CEMS will award contracts to as many EVs as needed to cover the forecasted 
surplus EV generation for that day. There is no draconian penalty for drivers 
that do not honor their contracts, so the CEMS must be robust to vehicles that 
leave early; it is reasonable to assume that drivers will be more willing to partic-
ipate if they only incur a minor penalty in case they need to leave before the 
announced departure time. In this case, a centralized agent-based design of the 
CEMS was investigated to ensure that the prosumer is able to achieve the in-
tended SOC for all EVs at the announced departure time while coping with early 
departures of some EVs. 

Publications [III], [IV], [V], and [VI] use standard Simulink battery blocks 
and constant charge and discharge currents. This raises questions about how 
the reported quantitative benefits would change with more accurate battery 
models and more optimal control of current. In Publication [VII], a high-fidel-
ity battery model is developed, and variable current control schemes are inves-
tigated. It is identified that at a certain SOC the battery stops working, and this 
SOC depends on the charging current that was used. An optimal discharging 
strategy is presented to pursue the contradictory objectives of achieving a low 
SOC while using a high discharge current. Based on these findings, it is dis-
cussed how much the performance reported in Publications [III], [IV], [V], 
and [VI] could be improved by replacing the constant current control with op-
timal variable current control. 
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2. Literature review

2.1 Smart Energy Systems 

The development of smart energy system pursues various objectives, such as 
reaching efficient, safe, reliable, environmentally friendly, economically feasible 
and commercially viable energy distribution (Dincer et al. 2017). The necessity 
of electrical grid modernization revealed to the world the next-generation con-
cept named Smart Grid (El-Hawary 2014). Smart grids are modernized power 
grids that use information and communication technologies and networks to 
collect information on energy production and energy consumption. This allows 
increasing the efficiency, reliability, economic benefits, and the sustainability of 
production and distribution of electricity (Liserre et al. 2010, Sauter et al. 2011). 
In the early 80s, the first attempts emerged to use remote electronic metering 
control and monitoring of the electrical network. (Arrington 1981). They later 
evolved into an advanced smart meter in the 90s, the device that is able to pre-
serve information about how electricity was used at different times of the day 
(De Almeida et al. 1994). Today, the Smart Grid concept is very broad and actu-
ally combines various research directions and topics (Lund et al. 2012). One of 
the examples is penetration of renewable energy sources (RES) and the matters 
related to RES integration (Carrasco et al. 2006). Another motivation of Smart 
Grid is moving from the traditional electricity “producer-customer” form of re-
lationship towards flexible demand (Logenthiran et al. 2012), where the con-
sumer’s behavior can be adapted for power balancing. A further step is the ena-
bling of a bi-directional energy flow for the consumers (Yan et al. 2013). This 
made possible to upgrade them in the energy-trade chain and allowed them not 
only to buy energy but also, for example, to sell their own energy excess back to 
the grid, in the form of demand response (DR) (Siano 2014). In sum, the Smart 
Grid concept offers the transition from the traditionally centralized and passive 
electric grid to new principles of active and decentralized interaction between 
consumers and various distributed energy resources (DER) (Chakraborty et al. 
2009). 

The exploitation of DER depends on the cyber-physical system architecture, 
which enables or prevents the use of specific technologies and market mecha-
nisms (Liu et al. 2012). The Internet of Energy (IoE) was proposed as a technol-
ogy that combines an electricity infrastructure into a single network (Bui et al. 
2012). Bringing such intelligence to energy systems opens new doors for devel-
oping the efficiency of energy distribution (Palensky et al. 2011); this applies 
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both to the system as a whole and to individual components, such as energy 
storages. At the same time, the IoE answers the questions related to how various 
actors may profit from renewable energy resources in the presence or absence 
of various regulatory measures, such as feed-in tariffs. The profit may be either 
direct, such as the demand response participation, or indirect, such as personal 
electricity bill optimization by adapting own consumption behavior with hourly 
tariffs. In both cases, this requires a certain degree of flexibility. One of the key 
factors enabling flexibility is the ability to store the energy, and the next section 
will introduce the reader to the matters related to energy storages. 

2.2 Energy Storages 

Local electricity storage capacity presents owners of local electricity genera-
tion resources with the possibility of accumulating an energy reserve and then 
disposing of it when it is convenient (Aneke et al. 2016). Today, the renewable 
energy sources seize an increasing share of the electricity market, aiming to cap-
ture a dominant position in the near future. Besides their obvious advantages 
and importance (Panwar et al. 2011), they include a disadvantage compared to 
traditional sources that will hardly disappear soon. The most popular renewable 
energy sources are wind farms and PV panels (Bhandari et al. 2015), which are 
tied to weather conditions and therefore produce an inconstant amount of en-
ergy; this amount will not necessarily always correspond to the actual demand. 
Therefore, the matters related t0 storing the energy become crucially important. 
The exploiter of the energy storage normally has the following expectations from 
the subject: 

The storage capacity: The amount of energy that can be put into the stor-
age.

The power flow: How fast the storage will be filled or released.

The storage reliability and stability: For how long the energy can be
stored; all kind of losses on energy transfer.

The economic feasibility: Buying and maintaining the energy storage must
be justified.

Obviously, the criteria mentioned above are treated depending on a particular 
case and application. There are many energy storage types whose conformity to 
these criteria differs very significantly for various applications. Most of the en-
ergy storage types have a long history of creation and development. The excel-
lent and the most comprehensive review on characteristics and comparison of 
various energy storage systems was performed in 2008 by Ibrahim et al. (2008). 
A constant technology update is in progress on further developments of energy 
storages, and one of the recent summaries on that was carried out by Mahlia et 
al. (2014). Current possible energy storage technologies are listed below: 
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Mechanical:
- Pumped hydro storage (PHS)
- Compressed air energy storage (CAES)
- Flywheel energy storage (FES)
Thermal energy storage (TES)
Natural gas storage (NGS)
Electromagnetic:
- Superconducting magnetic energy storage (SMES)
- Supercapacitors
Chemical:

- Fuel cells—Hydrogen energy storage (FC– HES)
Electrochemical:
- Chemical storage (secondary batteries)
- Flow batteries energy storage (FBES)

Each type has its own application niche. An example of a mechanical storage 
is the rotation energy of a flywheel that is used in large machines (Lukic et al. 
2008). It is able to provide high power; however, it is also characterized by low 
energy density. The electromagnetic energy storage such as supercapacitors can 
provide high reliability but has the same low energy density disadvantage. The 
hydrogen fuel cells represent the most actively developing approach, but these 
at the moment require an expensive catalyst and frequent processing (Mahlia et 
al. 2014). The thermal energy storages have sound characteristics and are one 
of the best choices for solar power plants (Gil e. al 2010); they are also an effec-
tive solution for costs optimization in the cooling of buildings (Zhou et al. 2012). 
Their best performance is demonstrated in medium-scale energy management, 
for capacities in the range of 10–100 MW (Chen et al. 2009). The natural gas 
storage (NGS) can theoretically exploit the gas pressure difference for storing 
the electricity: its compression requires an energy consumption that corre-
spondingly can be revealed as an energy output during decompression (Ibrahim 
et al. 2008). However, the NGS is not designed as energy storage. The natural 
gas is a separate expensive resource, so it can come only as an addition to other 
energy storages and cannot be considered as an independent solution. 

The battery energy storages are the devices that store or provide energy by 
launching the internal electrochemical reactions, caused by external electrical 
current. The variety of battery technologies, their chemical structure and reac-
tions, performance characteristics, manufacture perspectives, and costs are ob-
served in a comprehensive review by Dunn et al. (2011). From the application 
perspective point of view, the vast list of battery types can be organized into 
three main categories: lead-acid, nickel-based, and lithium-based batteries 
(Hadjipaschalis et al. 2009). All these types have their own advantages and dis-
advantages, which are studied in numerous reviews, including the above-men-
tioned works of Dunn et al. (2011), Hadjipaschalis et al. (2009), Mahlia et al. 
(2014) and many others. Although differences between these types exist, the 
battery energy storage technology as a whole is characterized by higher current 
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density and efficiency compared to most other storage types (Mahlia et al. 
2014). They can be formed into arrays and packs, which makes them scalable, 
thus expanding their application range (Manohar et al. 2012). That makes this 
kind of a storage system the first choice for applications such as automotive, grid 
support and transport, e.g. electric vehicles (Vazquez et al. 2010). Therefore, 
this thesis will further focus specifically on battery energy storages, as the use 
cases studied consist primarily of these kinds of applications.  

2.3 EVs as Energy Storages 

The powerful and capable battery is an important part of distributed energy 
systems, but quite expensive to purchase separately. Therefore, along with the 
appearance of electric vehicles (EV) on the market, ideas started to be generated 
for exploiting them as temporary energy storages. The earliest proposals date 
back to the 90s; thus, in 1997 Kempton and Letendre (1997) have revealed the 
theoretical study of the possibility of EVs’ participation in power utility load sta-
bilization. Today, 20 years later, this initial concept has evolved into a vast va-
riety of possible approaches for other EV uses than driving; they are observed 
in Sections 2.4 and 2.5 of this thesis. 

Using EVs instead of conventional battery storage is attractive since the stor-
age resource (battery) comes complete and is already on hand; however, there 
are various difficulties. The first and obvious challenge is that the EV is designed 
as an environmentally friendly form of transportation, and therefore is assumed 
to be primarily for driving; the storage function is an additional auxiliary ser-
vice. Therefore, if we assume that EV is used by the main purpose by design, its 
presence as battery storage in a site will be inconstant. This is a significant issue 
for small household applications but fortunately has a decreasing impact on the 
performance of a greater system, if the large EV fleet is available (James et al. 
2016). The large amount of EVs can indeed lead to an effect when their distri-
bution on time (uniform or not) allows holding some storage capacity all the 
required period. However, this still requires learning, analyzing and adapting to 
driver behavior patterns. For example, one of the recent studies (Alipour et al. 
2017) has compared the ideal and fully predictive EV driving pattern with sto-
chastically modeled uncertainty. It was found that neglecting this inconstancy 
will result in a significant overvalue of the system performance. More precisely, 
the difference value was 23.8% for the particular use case studied by Alipour et 
al. 

The second important aspect is the question of adequate compensation to the 
EV owner. The battery lifetime is limited since this electrochemical device is 
able to perform a finite amount of charge-discharge cycles. Thus, if the EV bat-
tery is provided to someone else for auxiliary needs, the battery lifetime will be 
closer to its end, thus generating expenses for replacement. This battery degra-
dation happens due to its composites wearing from irreversible chemical pro-
cesses (Matsumura et al. 1995); it is affected by numerous factors such as oper-
ating conditions, temperature, depth, and intensity of discharge. This evidently 
varies for different battery technologies (Vetter et al. 2005, Ruetschi 2004). In 
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this way, the degradation costs evaluation becomes a multidisciplinary study, 
but this is required since this is a very important aspect for using EVs (and bat-
teries standalone) as energy storages.  

The degradation costs calculation is observed in numerous studies and re-
views. Although the deriving principles and final mathematical equations vary 
in the literature, they all are repelled from the two main parameters: the price 
of the battery (this may include additional expenses such as maintenance or la-
bor replacement costs), and the number of cycles available to the battery during 
its lifetime. There is no uniform approach for transforming these variable pa-
rameters to a concrete degradation costs value per unit of energy spent, but ad-
vanced approaches consider different degradation speed on different depths of 
discharge and currents applied (Kempton et al. 2005). A good battery wear 
model with emphasis on EV application is presented by Han et al. (2014); its 
advantage is the ease of practical implementation due to the absence of complex 
parameters to derive. In addition, it is scalable and can be easily adjusted to 
rapidly changing economic parameters such as battery price. The model by Han 
et al. (2014) has served for degradation costs calculations in Publication [VI]. 

The following section will familiarize the reader with recent concrete develop-
ments in using EV as energy storages. 

2.4 Approaches for using EVs in smart energy systems: V2G, 
V2B, V2H 

The ability of EVs to act as energy storages gave rise to several alternatives. 
One of them is Vehicle-to-Grid (V2G) concept, which implies that with a proper 
connection, the EV cannot only receive but also feed power to the grid. As was 
said earlier, the theoretical study in 1997 (Kempton et al. 1997) examined the 
use case of both-way power flow between the EV and the utility grid. Today, 
there are several experimental setups in the process carried out by different 
companies. A good summary is provided by Electric Power Research Institute 
(EPRI 2016).  

The grid may need assistance for various reasons. The widespread program is 
called Demand Response (DR), which was formulated in the review of Albadi et 
al. (2008) as follows: “Demand response can be defined as the changes in elec-
tricity usage by end-use customers from their normal consumption patterns in 
response to changes in the price of electricity over time”. These changes may be 
expressed in consumption reduction, in shifting some heavy appliances to low-
peak periods or use its own DER. Using EVs for DR implies that vehicles play 
the role of the DER, and nowadays numerous studies exploit algorithms and 
scenarios for that usage. One of them is grouping a large fleet of EVs for partic-
ipation in the day-ahead spot market. The large number of EVs here is needed 
due to a minimal bid limitation (in MWh) that typically exists for participants 
in this kind of market (Raths et al. 2013). Some examples of the current ap-
proach can be found in the works of Sarker et al. (2016) and Akhavan-Rezai et 
al. (2017). The several use-case scenarios for V2G at the commercial building 



Literature review 

26

site for electricity trading market were compared in the recent study of Gough 
et al. (2017). 

 The EVs can contribute to the grid by forming the optimal charging strategies 
for EVs in the parking lot, taking their driving behavior into account. The opti-
mal scheduling can reduce the consumption on a peak load period and use the 
energy assumed for EV charging to market needs. Obviously, the EVs still need 
to be charged later but prior to their departure. Therefore, the objective of these 
studies is to develop such an optimization algorithm that will distribute all the 
tasks within the required period. In fact, this kind of DR is possible to make 
without installed V2G capability, just by curtailing or rescheduling the charging. 
The attempts to perform this energy management exist in the state of the art 
and is demonstrated, for example, in the work of Chaouachi et al. (2016). How-
ever, the V2G installation naturally brings additional advantages from EV us-
age, as was observed in the previous section of this chapter. Even the unidirec-
tional V2G connection allows for a better DR performance because the EVs can 
maintain the charging power around a desired set point and thus provide a spin-
ning reserve for the grid (Sortomme et al. 2011). However, V2G typically comes 
along with the possibility of discharging (e.g. Yao et al. (2017)), which automat-
ically means the bidirectional power flow to and from the EV. With bidirectional 
V2G, the energy held by an aggregator by optimized EV charging can potentially 
be used for various purposes. For example, with the increased share of EVs at 
the parking lots, it will be possible to perform energy trading between different 
aggregators with their own temporary fleet of EVs (James et al. 2016).  

Along with V2G comes another approach called vehicle-to-building or V2B. As 
the title indicates, the difference is that EVs are connected to a site with the abil-
ity to feed the building, not the utility grid. The energy from EVs is contributed 
to cover the energy consumption of the building rather than to transfer it back 
to the grid. Therefore, it aims at a different goal. From the aggregator’s point of 
view, the V2G capability installation assumes earning the profit on providing 
the energy reserve to the grid, while the V2B assumes first to reduce its own 
expenses by forwarding the power flow from EVs directly to cover its own elec-
tricity consumption (Pang et al. 2012). Some researchers also distinguish the 
vehicle-to-home (V2H) concept as a separate approach, where the vehicles con-
tribute to the consumption or load of a household. It is characterized by a much 
smaller scale of the system, meaning the consumption profile, infrastructure 
costs, and number of EVs involved; typically there is only one EV in a single 
house (Liu et al. 2013). Although there are some differences between EV pene-
trations for commercial or residential buildings, the main principle of discharg-
ing EV straight to the building is common. The V2B is an emerging approach 
nowadays with an increasing number of studies from year to year and even from 
month to month. One of them is collaborative energy exchange between the 
building and the EV charging station to minimize their operational cost simul-
taneously (Kuang et al. 2017). Another example is an agreement-based charging 
mechanism presented by Tanguy et al. (2016). The EV owner makes an agree-
ment and provides his EV for energy reserve; then the aggregator uses it to de-
crease its peak power consumption and therefore to decrease the penalties for 



Literature review 

27

exceeding the subscribed power. There are just a couple of V2B implementation 
examples; however, the best V2B performance is achieved when vehicles work 
together with renewable energy sources. The following section will give an over-
view of the related approaches. 

2.5 Approaches for using EVs in conjunction with smart loads 
or renewable generation 

The EVs can contribute to a deeper integration of RES into electric power sys-
tems. The RES, such as photovoltaic panels and wind farms are characterized 
by an intermittent profile depending on weather conditions. The fluctuations of 
RES generation are entirely independent from the demand profile, and there-
fore the situations when the generation exceeds the energy demand happen very 
often. The presence of a storage where the energy excess can be put allows re-
ducing the energy losses. The possible approaches for exploiting EV battery 
storage and local generation can be structured in the following way: 

Local battery storage: The energy from RES is primarily uploaded to a
standalone energy storage. The EV batteries are not necessarily involved
but may be present as a secondary auxiliary resource. The example of
such an approach is presented by Thomas et al. (2017).

Microgrid: A group of local loads and sources that is normally con-
nected to a centralized electrical grid but has the ability to function au-
tonomously if the conditions will require so. The EVs can contribute to
minimizing the daily energy costs for the entire microgrid, e.g. by coor-
dinated charging for a better gain from DR. The examples are in the
works of Wang et al. (2016) and Carpinelli et al. (2014). The survey of
recent trends in microgrids is available in the study of Coelho et al.
(2017).

Vehicle-to-Grid (V2G): The EVs are able to transfer their energy to the
utility grid. Discussed in Section 2.4.

Vehicle-to-Building (V2B): The EVs are able to provide their energy for
supplying the building. This includes vehicle-to-home (V2H) for house-
hold application. Discussed in Section 2.4.

In all the aforementioned applications, the EVs can potentially bring benefits 
to their owners and aggregators that exploit them. However, this requires first 
to bypass the obstacles caused by EV nature that were discussed earlier in this 
literature review – their heterogeneous driving patterns, battery degradation 
costs, and individual intentions of EV drivers. Despite the large number of 
studies on using EVs in smart energy systems, substantial work is still needed 
to develop the universal design principles, architecture, and implementation 



Literature review 

28

requirements for win-win cooperation between EV owners and their exploiting 
utilities. 

2.6 Architectures and design paradigms for collaborative sys-
tems in the energy domain 

In this thesis, collaborative systems in the energy domain are defined as fol-
lows: the distributed energy resources, devices, and other elements are united 
by a common infrastructure in which they can interact. This infrastructure in-
cludes hardware equipment, implementing physical connection of the elements 
to a single network, and the software automation architecture, providing the in-
teraction algorithms. The entire infrastructure should satisfy the general re-
quirements for Smart Grid systems, but it must be understood that these re-
quirements refer to a very wide field of principles, architectures, and standards. 
An attempt to gather together the existing intelligent energy implementation 
concepts to one comprehensive material is performed by Strasser et al. (2015). 
In the Chapter II B. of the review of Strasser et al. (2015), the Smart Grid func-
tions and services are shortly structured with a brief description on each of 
them; some of them were already revisited in this thesis, such as demand re-
sponse program and DER with auxiliary services. Next, the same work has pro-
vided the view on what kind of architectures and control approaches exist for 
automation in Smart Grid. Further in this section, we observe some solutions 
that exist in the state of the art for collaborative systems. 

Traditionally the grid management was organized in a centralized way, as the 
central power dispatch from the utility to consumers (Ipakchi et al. 2009). The 
Smart Grid is characterized by the spatial distribution of various intelligent 
loads and sources. Nevertheless, their energy management is still possible to 
perform with traditional centralized control. The work of Olivares et al. (2011) 
has claimed that the centralized control approach is the best choice for stand-
alone isolated microgrids. Basically, the centralized energy management system 
implies a central controller that collects the information on the state of the sys-
tem’s (e.g. microgrid for the considered case) components and based on the ob-
tained information, selects and sends the operation mode for each component. 
The same authors developed the idea in 2014 by presenting the detailed math-
ematical formulation and configuration of such a centralized energy manage-
ment system (Olivares et al. 2014). The main advantages of the centralized con-
trol are its relative simplicity of implementation and the observability of its op-
eration (Mao et al. 2014). However, the disadvantages are the lower flexibility 
(Mao et al. 2014) and scalability for large distributed energy systems (Di Fazio 
et al. 2013). These disadvantages have pushed the scientific activity towards the 
development of distributed or decentralized control principles. 

The decentralized control brings the flexibility advantages for the energy dis-
tribution network. Alagoz et al. (2012) summarized that advantages exist for 
various applications such as data processing, power distribution and distributed 
control. One of the concrete decentralized approaches is called Multi-Agent Sys-
tems (MAS) (Van der Hoek et al. 2008). The MAS principle means that each 
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component of a system is controlled by an autonomous agent (Strasser et al. 
2015). This means that these components (devices, users, etc.) also behave as 
autonomous agents via interaction and communication to each other. Such be-
havior is observed in the same review of Strasser et al. (2015) on numerous ex-
amples, including smart homes, fault-prevention mechanisms, and power dis-
tribution grids. One particular market-based control MAS tool for the latter is 
the PowerMatcher (Kok et al. 2005); this open-source software was designed in 
the Netherlands and it implemented the supply and demand matching between 
the consumers and electricity producers. The PowerMatcher uses an auctioneer 
agent to derive the equilibrium price after receiving the bid values from the con-
sumers and power generation agents. Nowadays, various PowerMatcher appli-
cations and extensions are available, for example, for developing the smart 
strategy of EV charging (Kempker et al. 2017). 

To ensure interoperability, the standardization of logics becomes very im-
portant with such a wide range of applications. The comprehensive review of 
industrial Smart Grid standards is available in the work of Gungor et al. (2011). 
This research explained in detail the standards that were widely used at that 
time for the following applications: revenue metering information model, build-
ing automation, powerline networking, home area network, energy manage-
ment systems, cyber security, electric vehicles, and substation automation. For 
example, the latter application field uses the IEC 61850 standard for communi-
cation between various devices in automation substation systems. The IEC 
61850 brings benefits to reducing the various costs; for example, the standard’s 
architecture enables devices to quickly exchange data and status over the station 
LAN, thus eliminating the necessity to wire separate links for each relay in the 
system (Mackiewicz 2006). However, the review of Gungor et al. (2011) does not 
mention another popular standard – IEC 61499 (Vyatkin 2011). The IEC 61499 
function blocks architecture is designed as the decentralized intelligence that 
can be easily validated and deployed to networked embedded control devices 
(Zhabelova et al. 2012). Both standards IEC 61850 and IEC 61499 are being suc-
cessfully integrated, and many works on the literature exist on this matter. Cur-
rently, the smart energy systems research has mainly focused on these two 
standards, especially the works targeted to develop the architecture for such sys-
tems. For that reason, this literature review most extensively talks about these 
two standards although other standards again are listed in the review of Gungor 
et al. (2011). Coming back to IEC 61850 and IEC 61499 combination, Zhabelova 
et al. (2012) have designed the simulation environment for multi-agent control 
for grid fault location and power restoration. This work, as well as its subsequent 
developments (Zhabelova et al. 2015) show that the power grid is able to per-
form self-restoration by the component interaction enabled by a joint use of 
both IEC standards. Another combination case is the work of Strasser et al. 
(2013), where the authors successfully implemented the online reconfiguration 
of electronic devices (for example, photovoltaic units) to solve an over-voltage 
problem. In sum, today various tools are available for designing, introducing, 
and operating collaborative systems in energy management, which enhance the 
further developments and implementation of CEMS. 
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2.7 Previous work in the area of CEMS 

This section will introduce the reader to the existing applications with the col-
laborative elements in the energy management. Some examples were already 
given in Section 2.6; thus, the fault location and power restoration in the work 
of Zhabelova et al. (2015) was achieved by the independent interaction of the 
components in the system, such as feeders and switches. The interaction ability 
is an important feature of cyber-physical systems (CPS) (Zanero 2017) and their 
advancement, the so-called industrial cyber-physical systems (ICPS) (Colombo 
et al. 2017), as these concepts are targeted to tie the computational and physical 
components of complex engineering systems. The collaborative-based architec-
ture for Smart Grid allows an efficient detection and prevention of intrusion, 
e.g. any form of cyber-attacks (Patel et al. 2017).

Many Smart Grid systems, such as microgrids are characterized by a large
number of components; their decentralized operation implies the autonomy for 
making decisions on choosing their own energy mode. For example, the DER 
agents may regulate dispatching their energy; the load elements in the system 
may vary their consumption. Recent examples of such collaborative microgrids 
include the work of Bilil et al. (2017), where the scheduling of household appli-
ances is implemented. Another microgrid application is the following: if some 
element lacks the energy at that moment, it may request one from the other mi-
crogrid elements that currently have an energy excess (Saad et al. 2012). The 
collaboration between elements results in finding the concrete conditions (they 
may concretize the power amount, the payoff, the duration, and many other de-
tails), in which the energy sharing brings mutual benefits. One famous decen-
tralized control approach for establishing this touchpoint is known as game the-
ory; this is a mathematical theory based on a principle that different actors in 
the system make decisions that affect each other (Aumann 1989). The potential 
contribution of game-theoretical findings to Smart Grid systems are observed 
in the overview of Saad et al. (2012). For example, they emphasized that the 
mathematical framework of a game theory includes the two kinds of decision-
making principles: non-cooperative and cooperative. The mathematically for-
mulated problems and game-theoretically based solutions for smart energy sys-
tems are studied in numerous studies, some of which have been observed in the 
survey of Fadlullah et al. (2011).  

 Another known application for collaborative systems that exists in the state 
of the art is virtual power plants (VPP) (Hernández et al. 2013). The VPP differs 
from microgrids in some aspects that are listed in the overview of Asmus (2010). 
For example, microgrids have specific hardware and can be islanded from the 
grid, but this does not have to apply to a VPP. On the other hand, VPP has an 
advantage of larger possible geographic area coverage, has less dependence on 
political and regulatory restrictions, and in contrary to microgrids can serve as 
a bridge to a wholesale energy market (Asmus 2010). Some authors use other 
terms such as aggregator or retailer to describe concepts very similar to a VPP 
(Kilkki et al. 2015, Degefa et al. 2015). Briefly, the VPP term depicts a system 
where the energy generation appears as a result of cooperation of smaller 
sources, in contrast to a traditional power plant where all the energy comes from 
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one big producer. For example, when the power shortage is identified on the 
consumer side, the client requests the energy from other power sources, nego-
tiating the amount and the price. The negotiations are going with different 
power source agents until the consumer gets its desired amount of energy. The 
initiator of the deliberation process can also be a producer: if the shortage is 
identified on its side, their representing agent communicates with clients by 
asking them to be flexible and reduce their power consumption; again, until 
their cumulative reduction will satisfy the producer. The work of Vasirani et al. 
(2013) is a yet another example where a multi-agent system collaboration is im-
plemented for VPP. 

According to the review of Camarinha-Matos (2016), the collaboration imple-
mentation is fruitful for energy exchanges in microgrids, demand response op-
timization, energy exchange in a cluster of buildings, distributed control of mul-
tiple energy sources. It has to be noted that these topics may overlap with each 
other since the general Smart Grid concept implies the maximal diverse intelli-
gent energy distribution network and encourages the interoperability. The en-
ergy exchanges in microgrids was already discussed above, as well as the collab-
oration examples in VPP. The demand response (DR) is discussed in Section 
2.4, and the collaborative system’s contribution to the DR is expressed mainly 
in dynamically matching demand and supply by peer-to-peer collaboration 
(Rahbari-Asr et al. 2014). In a cluster of buildings, the interaction between sys-
tem elements helps in the problem of energy cost minimization; the implemen-
tation example is the work of Guo et al. (2013) where the agents are divided into 
classes according to their zones of control. The distributed control of renewable 
energy sources is studied in the research of Spudi  et al. (2015), where every 
wind turbine used the developed control law that defines its own optimal energy 
output by communicating to surrounding turbines. The collaboration strategies 
for the solar power plants are discussed in the study of Camarinha-Matos et al. 
(2017). 

Finally, the review by Camarinha-Matos (2016) refers to the possibility of col-
laboration between distributed energy resources and electric vehicles. The EVs 
most often belong to different people, which means the growing number of in-
dividual actors in the system; in the current conditions the CEMS becomes a 
tool to motivate them all to share their assets. Sections 2.3 – 2.5 of this thesis 
earlier provided an overview of existing approaches to using EVs as energy stor-
ages. Many of them are directly related to CEMS (e.g. Kuang et al. 2017, Akha-
van-Rezai et al. 2017, Tanguy et al. 2016). The rapidly increasing number of re-
lated research studies points out that people believe in potential flexibility, ro-
bustness and energy efficiency achieved by these approaches.  

2.8 Research questions, hypothesis and objectives 

The reviewed approaches with collaborative mechanisms are considered as a 
part of spacious areas of smart energy systems, smart cities and industrial in-
formatics. The sovereign research field for CEMS problems is currently absent. 
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This Ph.D. thesis focuses specifically on the design of CEMS, considering differ-
ent case studies. The use cases for CEMS may differ in numerous aspects; how-
ever, the collaborative-based solutions for all of them pursue the same objec-
tives. At first, the DER can join or be forced to leave the collaboration for various 
reasons, so that the CEMS design addresses the flexibility aspect. Secondly, the 
system must be robust. For example, it should be able to prevent or minimize 
the consequences of illegal user behavior or changes to the environment of the 
CEMS. Thirdly, the CEMS installation is expected to improve the energy effi-
ciency. The possible ways of the energy efficiency improvement were earlier ob-
served in this literature review on various examples such as decreasing con-
sumption from the grid or overall energy consumption of the load, decreasing 
consumption peaks or exploiting peak generation. Objectives such as flexibility, 
robustness and energy efficiency result in potentially conflicting requirements 
for architectures and collaboration mechanisms, so they need to be investigated 
holistically. This thesis investigates the matter in the context of three case stud-
ies as a step towards more extensive work resulting in generally applicable de-
sign methods and principles. The summary of the research problem is the fol-
lowing: 

Research questions (applicable to all cases): 

1. To what extent are the requirements for energy efficiency, flexibility and
robustness in conflict for this particular CEMS system?

2. What are the architectures, design principles or protocols that can be
used to mitigate problems resulting from the conflicts identified under
question 1?

Hypothesis: a partially or completely decentralized automation solution may 
be helpful to answer research question 2. 

Objective: to propose and validate partially or fully decentralized automation 
solutions for each CEMS to address research question 2. 
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3. CEMS design principles

This thesis elaborates the interdependency of various objectives for CEMS. 
Although this work does not intend to generalize and forcibly unite all kinds of 
diverse collaboration systems, it aims to contribute to establishing the key de-
sign principles of software and system architecture in the context of three CEMS 
case studies. This chapter introduces the CEMS design principles. Section 3.1 
discusses the smart city infrastructure, specifically focusing on adaptive street 
lighting and real-time traffic monitoring. Section 3.2 investigates the potential 
benefit of CEMS for home energy management. Section 3.3 addresses the over-
all exploitation the overall exploitation of EV storage and local photovoltaic gen-
eration is studied. The use cases in Sections 3.2 and 3.3 are to a high degree built 
around the battery energy storages and their potential role in the collaborative 
energy systems. The battery performance is inextricably related to its physical 
and chemical properties. Thus, the final Section 3.4 of this chapter aims to ob-
serve the requirements and principles needed for a detailed battery modeling. 
Understanding the internal processes in the battery, we move closer to operat-
ing the energy storage in the most efficient way, improving the effectiveness of 
a whole CEMS. 

3.1 Case 1: Adaptive street lighting 

The emergence of LED lighting makes it possible to frequently adjust lighting 
level without adverse effects to luminaire lifetime, and this opens up possibili-
ties for CEMS systems to reduce the energy consumption of street lighting (Tetri 
et al. 2017). Due to safety requirements (SFS-EN 13201 2004), it is not possible 
to dim when road users are present, so a real-time traffic monitoring system 
should be integrated to a street lighting CEMS in order to achieve the energy 
savings. The investment to these systems and sensors should be justified by a 
calculation of energy cost savings since the savings depend on the traffic pat-
terns on a particular road. Rural roads with low traffic volumes have a very high 
energy cost relative to the number of vehicles, yet such roads are often illumi-
nated since the lighting significantly reduces the probability of fatal night-time 
traffic accidents (Elvik 1995). 

The scenario above puts a question of compromising the two objectives: the 
traffic safety and the energy efficiency. This section aims to design the solution 
principles for that problem in the scope of collaborative smart energy systems. 
The solution principles aim to ensure that a sufficient length of road is lit in 
front of and behind the road user, considering the road user type, road class and 
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speed limit, assuming the worst-case weather conditions and conforming to reg-
ulation, namely. In [I], the design solution principles are introduced in detail 
for a one-way rural road section. Publication [II] extends the findings from [I] 
to a more complete case including vehicles moving in both directions and pe-
destrians on a sideway. 

Figure 3.1. The layout of the rural road segmentation and the positioning of sensors and lumi-
naires.  

Traffic patterns may have a significant impact on the real-time dimming and 
the resulting energy savings. Since simulation has been used, the problem re-
quires a micro-simulator, which models the movements of individual road users 
rather than traffic flows. The publications consider the following design of a ve-
hicle detection setup. A schematic view of the road segment is depicted in Fig. 
3.1. The road is assumed to be divided by zones, in which each of them is lighted 
by one luminaire. The distance between luminaires and therefore the length of 
the zone is chosen to be 60 meters. For every zone, the set of sensors is mounted 
in such a way that they detect the vehicles and pedestrians. In practice, the sen-
sors are easier to mount directly on the luminaire pillars, but for easier mecha-
nism explanation, it is assumed that they are separately located at the borders 
of zones. Besides indicating the presence of road users in the adjacent zone, the 
sensor determines the direction of the road user and its type – vehicle or pedes-
trian. There might be several vehicles and pedestrians in the zone at the same 
time. The work [I] deals only with a single one-directional traffic lane, so that 
the sensor output can come in a form of simple Boolean: value 1 if the vehicle is 
detected, and value 0 if the zone is empty. In Publication [II] there are vehicles 
in both directions plus a pedestrian lane, which results in eight possible combi-
nations of road user behaviors detected by a sensor. Each of these behaviors 
separately may or may not be detected, which is reflected in a corresponding 
Boolean value. After all of them are defined, their summary is decoded to integer 
values as expressed in Table 2.  

Intelligent control agent of the luminaire can receive the information from 
sensors to optimize its lighting power output. For the safety and comfort rea-
sons, however, the illumination of the only particular 60-meter zone where the 
road user is currently located is not enough. According to the report on driver 
reaction and vehicle stopping distance (Jernigan et al. (2001), it takes an 82-
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meter distance for a heavy vehicle to fully stop from the speed 80 km/h in nor-
mal road conditions. However, since we do not use any weather detection sys-
tem, we choose the safer value of 240 m as the segment in front of the vehicle 
that should be lit, assuming the worst-case weather conditions. The 240 m lit 
distance means that if the vehicle is detected, the information from the sensor 
should go not only to the adjacent luminaire but also to the four luminaires 
ahead in real-time. In addition, one luminaire behind the vehicle should also be 
illuminated to ensure some visibility in the mirrors and to avoid a sharp drop in 
light. The other luminaires can be dimmed to a 30% level that is considered ac-
ceptable for local inhabitants (Chung et al. 2005). In the work [I], we have cre-
ated the collaborative architecture with the help of IEC 61499 standard for a 
real-time information exchange between the sensors and the luminaires on the 
road. Each smart luminaire can perform individual lighting control according 
to sensing signals from the lampposts before and after the luminaire. This im-
plies the decentralized lighting control, which operates without any centralized 
management system and human involvement.  

Table 2. Sensor Decoding Table 

Pedestrians 0 0 0 0 1 1 1 1 

Vehicles 
towards the left 0 0 1 1 0 0 1 1 

Vehicles 
towards the right 0 1 0 1 0 1 0 1 

Integer 0 1 2 3 4 5 6 7 

Figure 3.2. The street lighting controller in a form of IEC 61499 Function Block and its intercon-
nections to its four leading and four trailing street light controllers [II] © (2015) IEEE. 
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In Publication [I], we analyzed and picked up the main setup parameters for 
this collaborative system. The street lighting design parameters, such as maxi-
mum and minimum lighting power, the average luminance and other were se-
lected according to recommendations from the EN 13201-3 standard (SFS-EN 
13201 2004). Publication [II] then analyzed the traffic-related parameters to a 
pedestrian case. The pedestrian’s speed is much slower, so it is enough to light 
the current zone where he is located, the zone behind and the zone ahead. The 
direction of his movement is not significant due to the low speed, which is why 
it is not reflected in the sensor output values in Table 2. Based on all the follow-
ing considerations, the design of distributed lighting control system can be de-
fined. The IEC 61499 standard for distributed intelligent automation can serve 
as a platform for modeling and implementation of an intelligent street lighting 
system thanks to its strength in the implementation of changes in the road and 
lighting network, where the street lights are deployed with modular function 
blocks that capture the local intelligence of a luminaire. Fig. 3.2 presents the 
part of this design in a form of IEC 61499 function blocks (FB), for one single 
street light controller. The FB on the far left represents the controller of the lu-
minaire, and the other FBs are the four controllers of the luminaires ahead of it 
and the four controllers behind. These lighting controllers communicate in real 
time; if the subject controller receives a sensor value for its zone, it transfers this 
value to the other eight controllers via the event signal. At the end stage, the 
controller determines the lighting mode – whether it needs to set the maximum 
power for its part of the road, or it can dim the light. 

Regarding the goals of flexibility, robustness, and energy efficiency introduced 
in Chapter 1, this case addresses flexibility and energy efficiency: 

Flexibility: reconfiguration of the application for changes in the road
network is limited to reconnecting the event and data connections
since the IEC 61499 technology supports the deployment to distrib-
uted hardware and the automatic generation of communication links
to implement the connections in Fig. 3.2. The particular details of this
distributed control implementation and validation as well as the ob-
tained results will be provided in the following chapters of this thesis.

Energy efficiency: the purpose is to obtain accurate estimates of en-
ergy savings from simulations in order to justify investments to the
novel adaptive street lighting system. The details of the traffic simula-
tion are crucial for this purpose. For example, consider a road with a
certain count of vehicles for a particular hour. One extreme case is that
at the beginning of the hour all the vehicles come together in one
queue, so the lights can be dimmed for the remainder of the hour once
the queue has passed. This case will result in much higher energy sav-
ings than the case in which there is a constant interval between vehi-
cles.
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The author’s main contribution to Publications [I,II] was the development of 
the traffic simulation and its integration to the street light control system. The 
traffic simulation was developed to account for random vehicle arrivals and re-
alistic driving behavior, especially taking into account ‘platooning’ behavior of 
vehicles following the preceding vehicle closely; this is directly related to energy 
efficiency as discussed above. The integration of the street light control system 
to the traffic simulator is one additional aspect required to support the overall 
flexibility of the approach. The robustness of the presented CEMS can be af-
fected by some changes to the environment, for example changes to the road 
network and/or lighting network. The easy reconfiguration of the CEMS is sup-
ported by the IEC 61499 platform, resulting in a partial robustness. This is not 
a self-learning and self-reconfiguring system, so some manual engineering ef-
fort is required. However, the IEC 61499 separates the logical design from de-
ployment to hardware and automates much of the deployment process There-
fore, the manual effort is considerably less than with the IEC 61131-3 standard 
that is currently in broad industrial use (Ramanathan 2014). 

3.2 Case 2: home batteries 

The design principles of CEMS for home energy management requires consid-
eration of different parameters from those for city infrastructure. Although the 
end goal of reducing the electricity cost is the same, reducing the electricity con-
sumption is not always appropriate for a household that has various appliances. 
The introduction of hourly changing electricity tariffs, instead of traditional 
fixed ones, motivates the residents to optimize their energy usage by shifting 
some of their energy consumption to periods when electricity price is lower. 
Hourly prices for consumers can be relevant, for example, in the context of a 
microgrid, which also provides the physical infrastructure for sharing energy 
storages among a group of households; such a capacity is assumed in this case. 
However, shifting the consumption requires lifestyle changes that are not al-
ways convenient and sometimes not even possible. The problem is solved if the 
energy storage is present in the house. Accumulating the energy when the utility 
price is low, it can then discharge at a high-price period to supply the appliances. 
As was observed in the literature review of this thesis, the rechargeable battery 
is an optimal energy storage system by a combination of factors. For a consid-
ered household application, the battery energy storage can be present in a form 
of stationary home battery. Alternatively, a composite battery of an EV can serve 
these purposes. This case study aims to demonstrate that it is possible to in-
crease the impact of the batteries in the residential areas if one lets them interact 
with each other within the properly designed CEMS. One single battery may be 
out of capacity or be temporarily extracted from the system. But if it can broad-
cast its state and request timely energy assistance from neighbors’ energy stor-
ages, the overall performance of a particular household or a whole residential 
area can be improved. This section will summarize the design principles for the 
collaboration of batteries from Publications [III] and [IV] in order to make that 
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improvement from the perspective of energy efficiency, flexibility, and robust-
ness. All of these criteria are crucial in domestic energy management since the 
behavior of energy resource users and owners is unpredictable. 

Figure 3.3. The layout of the residential area with peer-to-peer communication between the in-
stalled batteries [IV] © (2016) IEEE. 

The CEMS including multiple intelligent batteries can be depicted as in Fig. 
3.3. We assume that each battery is monitored and controlled by an installed 
smart autonomous agent, thus forming a Multi-Agent System for interaction 
between multiple devices (Strasser et al. 2015). The data that battery agents 
send to each other are primarily the own state parameter, namely the State of 
Charge (SOC) – the ratio of remaining energy in the battery to its initial capacity 
(i.e. fully-charged). The data exchange may take place with various time steps; 
of course, the more frequent it is, the more effectively will the whole system re-
act on changes. The SOC is a critical parameter for battery operation. Besides 
the fact that the battery is not able to continue discharge when the SOC reaches 
zero, the complete depletion is also harmful for this electrochemical device. On 
the other edge, the overcharge, when battery is being charged and the SOC is 
getting closer to the highest boundary is also coupled with negative effects. An 
extensive discussion on the impacts of overcharging and undercharging on a 
battery’s health is presented in the overview of Li et al. (2013). The main issue 
from these facts for our application is that the SOC needs to be managed within 
a certain range if we want to get the maximally effective performance from the 
battery. Consequently, the CEMS for communicating batteries needs to be de-
signed with the control principles that allow the SOC to stay within a reasonable 
range. 

The SOC range used in the works [III] and [IV] is assumed from the lower 
threshold of 0.2 to the higher threshold of 0.9, or correspondingly 20% and 90% 
of initial battery capacity. If the battery has reached the lower threshold level, it 
should stop the discharge process, and vice versa, the charging stops after the 
higher threshold even if these operation modes are otherwise favorable. The 
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idea, developed in [III] and extended in [IV] is that every battery agent obtains 
in real time the information about SOC of each other battery in the system. Nor-
mally, all the households participating in the system have the same hourly elec-
tricity price profile; therefore, the charging or discharging of the batteries often 
occur simultaneously. If one of the batteries falls below the lower threshold SOC 
value, the other batteries automatically adjust their operation by supplying the 
neighbor’s appliances. Another possible situation is that some battery may be 
temporarily removed from the system for various reasons – maintenance, some 
technical issue, or if the battery is represented by an EV and it is used for driving. 
In this case, the battery agent may transfer an additional data flow representing 
the presence or absence of the battery on a site. Alternatively, it may contain an 
algorithm that just assigns the SOC to zero and thus makes the battery “virtu-
ally” depleted, but it must be ensured that the hardware will not make attempts 
to charge the absent battery. In general, the whole system must be supported by 
information and communication technologies (ICT) that allow for proper con-
nection and power flows within the considered area – one such architecture is a 
microgrid. 

Publications [III] and [IV] have consistently introduced the algorithms of 
energy distribution that should be implemented within collaborative battery 
management systems. The general requirements can be summarized as follows: 

Uninterrupted supply. The batteries are not aiming to replace the grid
fully. The appliances should always be supplied with a source of power.
The CEMS design should ensure the safe and fast interconnection of the
load to the grid if all the energy storages are unavailable for discharge.

Access to the utility data. Although the main data for collaborative bat-
teries are the battery parameters, their charge or discharge mode is se-
lected based on the defined electricity price threshold. The battery man-
agement system should know the price constraint for the operation
mode. The threshold may or may not be the same for all the batteries in
the system, but this information should be in open access for every par-
ticipant.

Mutual replacement algorithm. If there are several batteries in the
CEMS, and one of them is depleted or extracted, with what proportion
will the other share their energy? For example, the work [IV] uses the
uniform distribution principle (1), but other control schemes are possi-
ble as well.

(1) 

where  is the energy to be discharged from the battery i, Edem is the 
total energy demand of the whole system (e.g. of several households), nb 
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is a total number of batteries in CEMS, nout is a number of batteries that 
are currently unavailable for discharge. The expression (1) is applicable 
to the battery i only if the latter is available for discharge, otherwise its 

 value is zero. 

Monetary compensation. How will the users be compensated if their as-
set (namely battery) will contribute to the other users? This is out of con-
cern if the batteries belong to the same person or entity, but important
if the owners are different actors. Although this is not a technical type of
data, obtaining this information will help with motivating the users to
include their assets to CEMS.

These requirements lay the foundation for safe and efficient usage of batteries 
in the CEMS. Decentralized data exchange in real time must improve the flexi-
bility of a household or residential area consumption: if the batteries are able to 
timely react on the upcoming depletion and maintain the SOC within the de-
sired level, they maximize the period when energy storages can be used in non-
favorable electricity price conditions. The developed mutual replacement algo-
rithm, in turn, improves the overall robustness of the system: the consumer 
saves the access to the energy storage even with his own battery is temporarily 
inactive by any reason. However, questions related to joint management of bat-
tery storage and renewable generation as well as the management of unpredict-
able EV battery presence in the system are out of the scope of this case, but they 
will be addressed in case 3. The potential contribution of these CEMS design 
principles will be analyzed later in this thesis. 

3.3 Case 3: commercial prosumer 

The third case considered by this thesis is commercial exploitation of DER. 
The DER may help to achieve substantial economic benefit to holders and users 
of these assets. Potential advantages include reduced n rgy costs, improved 
energy efficiency, and load balancing. The difficulties and disadvantages are 
high initial investment costs and dependence on external factors, such as 
weather for the rooftop PV (photovoltaic) panels. Local electricity storage ca-
pacity presents the owners of local electricity generation resources with the pos-
sibility of accumulating an energy reserve and then disposing of it when it is 
convenient. This can be especially advantageous in cases where the electricity 
retailer does not offer lucrative contracts for selling surplus local generation to 
the grid. For such commercial entities with DER, the special term “prosumer” 
was established (Ritzer et al. 2012), formed from a combination of words “pro-
ducer” and “consumer”. As was observed in the literature review of this thesis 
on the state of the art examples, the intelligent collaboration within the DER 
system exists in various forms. This section will focus on a specific kind of 
prosumers that intend to optimize its energy costs by using the following set of 
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assets: the PV panels and parking lot with EVs. Multiple EVs can form a tempo-
rary energy storage; the overview of the existing approaches on this matter is 
provided in Section 2.3. The idea explored in the publications [V] and [VI] is 
that the prosumer’s PV generation units are configured for covering the build-
ing’s own energy consumption. However, peak PV generation and peak con-
sumption often occur at different times. When the prosumer has a large number 
of PV units, it frequently faces a problem of disposing the energy surplus. The 
high PV installation costs push the owner forward to recoup these costs; the ex-
tra generated energy is not allowed to be wasted. Therefore, the typical 
prosumer’s way is to participate in various energy trading markets or programs, 
such as DR. The contracts made with the power utilities oblige the prosumer to 
provide the energy regardless of how sunny the current day is (Ghofrani et al. 
2014); this requires the prosumer to always reserve a portion from its genera-
tion. Correspondingly, less energy on average can be used for covering the own 
consumption, which contradicts the declared goal of profitably exploiting sur-
plus generation. While EV batteries can be used to store surplus generation to 
cover peak consumption later in the day, there is a problem of a heterogeneous 
behavior of EVs. Although the parking lot facility may be a part of the large 
prosumer’s structure, the transformation of EVs to temporary energy storages 
requires the approval of their owners; with a large parking lot, this means coor-
dination of hundreds of actors. Due to all of these reasons, the approaches in 
which PV is coupled with EVs do not effectively exploit the EV battery storage 
capacity, as has been elaborated in Publication [VI]. This section aims to design 
the CEMS requirements that will address these problems and allow the efficient 
collaboration between the multiple actors in such a large commercial system. It 
is implied that the building and EVs are equipped with all the necessary vehicle-
to-building infrastructure. The general layout of the considered system is shown 
in Fig. 3.4. 

The CEMS resolves the question of coping with various EV driving patterns. 
The EV owner has two general expectations for the vehicle: the ability to drive 
to the next destination with a charging point and the preservation of the battery 
in a healthy condition. Publications [V] and [VI] give the main EV owner in-
terests from the suggested kind of cooperation with the prosumer, which can be 
listed as follows: 

Enough SOC on departure. The EV must be able to successfully reach
the next destination with a charging point. Correspondingly, it should be
charged with enough energy prior to departure from the parking lot.

Ensure the safe usage. The composite battery is sensitive to operating
conditions; therefore, the prosumer should avoid all kinds of extreme
usage. This applies to the SOC limitations that were described in Section
3.2. Moreover, the charging current is also recommended to be limited
(Takei et al. 2001).
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Figure 3.4. The prosumer contains own renewable (PV) generation and a parking lot with EVs. 
During the day, it has the energy balance profile, which is expressed in the difference between 
the energy generated and the current electricity demand. The CEMS is designed for EVs and the 
prosumer to enable the formation of prosumer’s temporary energy storage to handle the excess 
PV generation.  

Degradation costs compensation. Even in a smooth operation mode, the
battery irreversibly degrades with each discharge. The EV owner must
be adequately compensated for all the losses of value to which his EV
was subjected. The work [VI] considers the advanced battery degrada-
tion costs model that calculates the wear costs accounting on battery
price input and the state of the art experience. The CEMS must calculate
and broadcast the concrete values.

Additional compensation or motivation. The EV owner should get
something on top of just wear costs compensation. Otherwise, he will see
no sense in helping the prosumer resolve its problems. The works [V]
and [VI] propose that the participating EVs get free recharging plus ad-
ditional monetary compensation. The question of monetary compensa-
tion or penalties for EVs and the prosumer also belong to this category.

The issues above form the requirements for efficient CEMS that are necessary 
for representing the interest of multiple EV owners in the collaboration. How-
ever, the list must be supplemented by specific conditions for the prosumer’s 
side. The prosumer should know the time when each EV arrives and departs in 
order to form its own daily energy strategy. The latter is inextricably linked to 
PV generation that the prosumer receives in a particular day. Correspondingly, 
the required storage capacity also varies from day to day, and it is expressed in 
the different number of EVs that it needs. The prosumer is interested in offering 
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the collaboration only to as many EVs as it needs to handle its surplus genera-
tion during the day. Thus, the CEMS development question is designing not only 
the proper collaboration between the prosumer and multiple EV units, but also 
the interactions between the agents representing the PV generation unit and the 
whole building energy management system. 

Figure 3.5. The interaction protocol between the prosumer and EVs. 

A contract definition between the prosumer and EVs is a central part of the 
CEMS design. If the EV owner accepts the offered contract, the prosumer ex-
pects that the EV will strictly follow its announced schedule because this is 
needed to ensure that the prosumer can exploit the surplus electricity that was 
temporarily stored in the EV battery. At the same time, it is impossible to fully 
avoid the deviation between the planned and actual behaviors. Various possi-
ble reasons include technical failures, sudden change of plans or other human 
factors. Hence, the EV owners should always be able to exit the collaboration 
at any time, and this should involve a penalty that is not so high as to discour-
age EV owners from participating. The penalties are necessary to ensure the 
robustness of the system against the illegal user behavior. Such behavior is the 
unexpected earlier departure; the contracts must specify the penalty value (or 
a principle that forms the value), and evidently the prosumer must be released 
from the liability for the undercharge in that case. To mitigate the effect of pre-
liminary departures on the prosumer’s energy strategy, the CEMS should allow 
to immediately invite new EV owners to fill the gap appeared. The advantage 
of the commercial-case CEMS presented in [V] and [VI] is that the EVs are 
not forced to step into the cooperation, as they may reject the offer or even exit 
the cooperation at any time, without dropping the operability of the entire sys-
tem. This soft and non-binding contract mechanism supports the flexibility of 
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the presented system. The prosumer, in turn, benefits from improving the en-
ergy efficiency of his DER exploitation: the presented method should allow to 
always put in use all his PV generation regardless of its constantly changing 
quantity.  

The penalties are only one part of the robustness solution. The other part is 
the algorithm in Fig. 3.5, which automatically makes new contracts as needed. 
To ensure robustness, a sufficiently large fleet is needed. In this thesis, the 
fleet size has been set large enough to cope with the worst-case scenarios. In 
further work, machine learning with real parking data can be used to deter-
mine the minimum fleet size required to achieve satisfactory robustness for 
the needs of commercial applications. 

Fig. 3.5 presents the designed collaborative energy management between the 
prosumer and EVs. The depicted prosumer agent requests and gets the day-
ahead energy balance estimation from the building energy management system 
(BEMS). In the next step, it gets the inputs in form of planned arrival and de-
parture times with SOC intentions from all the EV agents. The possible practical 
realization of this information exchange is a smartphone interface for the EV 
owner allowing for preset default answers. According to the amount of surplus 
PV generation (achieved by the BEMS agent), the prosumer agent sorts the EVs 
into participating and non-participating vehicles. The participating vehicles are 
selected in the order of remote announcing of their input data. The non-partic-
ipating EVs are being placed on the “waiting list” with a possibility to be 
awarded the contract later if some of the vehicles from the participating category 
abruptly depart earlier. 

If the contract is awarded, the EV goes into the disposal of the prosumer for 
the declared staying duration. The prosumer operates the EV within this period. 
It is allowed to charge or discharge the vehicle depending on the current energy 
balance situation, but only maintaining the requirements defined in Section 3.3. 
The EV operation logic for the prosumer is shown in Fig. 3.6. Our advantage on 
many other related studies (e.g. Alipour et al. 2017, Raths et al. 2013, Sarker et 
al. 2016) is that the discharge is also allowed below the intended SOC at the 
announced departure time. However, the minimum bar of 20% SOC still should 
be held. This on average provides the prosumer more capacity. Nevertheless, 
since it needs to release the EV with the intended SOC, there exists a risk that 
the prosumer will have to take the energy from the grid by a utility price to re-
charge the vehicle, in case there is not sufficient surplus PV generation at this 
time. Otherwise, it is eligible for a penalty. In the diagram in Fig. 3.6, this prin-
ciple is realized in a transition to the “Charge” state, if the SOC is less than the 
intention and the time left to departure is less than 2 hour. The latter time con-
straint was defined in the works [V,VI] to ensure enough time for recharging 
in cope with recommendations on maximal charge current of 0.5C (the current 
value related to battery capacity) (Takei et al. 2001). In the corresponding re-
sults section of this thesis, we will evaluate the management algorithms that 
were discussed in this section. 
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Si intention on SOC
t time left to departure

Figure 3.6. The state transition logic of EV operations for the prosumer agent. 

3.4 Battery discharging modeling principles 

The performance of systems with distributed energy sources is directly related 
with their internal properties. This is especially actual for batteries, which are a 
chemical source of power and therefore have a structure that obeys certain elec-
trochemical properties. Typically, when the matters related to energy transfers 
are touched up in Smart Grid publications, the energy sources and consumers 
are presented as abstract devices that provide or transfer exactly the stated 
amount of energy. For example, if the battery capacity is rated 25 kWh, it is as-
sumed that it will give these 25 kWh with the exception of various conversion or 
power transfer losses (that are usually considered in the form of coefficients). 
However, there are additional constraints since producing or receiving the en-
ergy requires launching certain electrochemical reactions inside the battery. 
These are the reactions caused by the passage of electrical current through the 
medium that contains mobile ions. This phenomenon is known as electrolysis.  

Several prevalent battery types have proven their feasibility and are preferable 
as chemical energy storages. In recent years, the Lithium-Ion battery type took 
the lead due to the best high-energy density. In particular, the Li-Ion battery 
technology is commonly used in EVs, which are one of the general case studies 
of this thesis [IV,V,VI]. On the other hand, one of the oldest types, the lead-
acid battery is still very common for power applications: for instance, the bat-
teries of this type still stand under the hood of almost every car. The lead-acid 
battery technology has been extensively studied due to the earlier appearance 
as well as due to their simpler chemical structure. The latter feature simplifies 



CEMS design principles 

46

the deep modeling of a lead-acid battery and therefore makes it easier to per-
form the initial test of new control algorithms and approaches for battery man-
agement. The goal of the work [VII] was to propose one such algorithm, vali-
date it with a detailed model of a battery and discuss the application of the 
method in real use cases. For the reasons mentioned above, the lead-acid bat-
tery type was chosen as a platform for implementing the proposed solution. This 
section will introduce the reader to the main details of modeling the lead-acid 
cell and to the implications of the chosen level of detail in the battery model to 
the accuracy of the simulations in Publications [III, IV, V, VI]. 

The modeling of electrochemical processes in lead-acid battery cell has a long 
history. More than half of century ago, Stein (1958, in German) presented a 
mathematical model for a positive PbO2 electrode. Then, throughout three dec-
ades, the model was gradually improved by J. Euler (Euler 1961, in German), 
Simonsson (1973), Micka and Rousar (Micka et al. 1973) and others. Quite an 
accurate model for the discharge of a complete electrochemical cell was repre-
sented by Gidaspow and Baker (Gidaspow et al. 1973). This idea was evolved by 
Neumann and Tiedemann (Neumann et al. 1975) with the flooded porous elec-
trode theory. Afterwards in 1987, Gu, Nguyen, and White (Gu et al. 1987) pro-
vided a mathematical model for discharge, rest, and charge. Later, in 1990, the 
same authors presented the model for valve regulated lead acid (VRLA) batter-
ies (Nguyen et al. 1990).  

Figure 3.7. The electrochemical cell represents a lead-acid battery in a single dimension [VII]. 

To investigate the processes in the battery, a one-dimensional (1D) model was 
built in [VII], which used the well-established basis of a lead-acid cell model 
that was designed by Gu, Nguyen, and White (Gu et al. 1987). The battery can 
be presented as an electrochemical cell that is shown in Fig. 3.7. It is divided 
into four parts: 

1. Region 1: the positive electrode
2. Region 2: the reservoir with electrolyte
3. Region 3: the separator
4. Region 4: the negative electrode
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The full list of differential equations used in the model is available in [VII]. 
They are coupled with each other and with the other processes in the battery. 
The electrochemical reactions are absent in Regions 2 and 3; therefore, the most 
important processes take place in the electrodes. The equations for positive and 
negative electrodes differ only by few parameters and therefore are not repeated 
here, but these differences are explained in [VII]. In this section, we will shortly 
introduce the primary processes and electrode kinetics for the Region 1: the pos-
itive electrode of a lead-acid cell. Since the equations are coupled with each 
other in most cases, the explanations of the symbols are not always given imme-
diately after equation, but they are listed in Nomenclature. 

Porosity is the volume parameter. The segment of the electrode is filled with 
acid, and porosity represents the filling efficiency. It can be evaluated as follows: 

(2) 

Potential in Solid Matrix. The current and the potential in the solid porous 
material are expressed through the Ohm’s law. Here, distribution of a current 
depends on electrode material conductivity and porosity: 

 

      (3) 

Potential in Electrolyte. Ohm’s law relates the current and the potential in 
electrolyte. The current flows depend on electrolyte potential and chemical po-
tential gradients: 

 

   (4) 

Acid Concentration. The material balance in electrolyte is related with the 
diffusion process and electric current density. The electrolyte concentration in 
any point changes in time due to the migration of acid ions: 

 

      (5) 

where  – migration velocity of acid ion in the electric field. This can be 
expressed through the following equation: 

 

(6)
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Kinetics. The transfer of charge in the battery cell is computed using the ki-
netic equations. The distribution of charge ions varies depending on the charge 
or discharge mode. For a discharge process, the electric field drives the ion cur-
rent in the liquid as follows: 

      (7) 

The electrochemical Butler-Volmer equation relates the electric current to the 
potential in solid matrix, potential in electrolyte, and to the equilibrium poten-
tial Eeq (V) of the electrochemical reaction in lead-acid cell. At first, these poten-
tials are possible to unite under the following expression: 

 
(8)

For (8), the equilibrium potential value Eeq is equal to 1.739 V in the beginning 
of discharge. Finally, using the above-described, the Butler-Volmer equation for 
positive electrode can be written as follows: 

 

(9) 

The exchange current density i0 is the ongoing current between solid electrode 
and solution phase in both directions. The current flows in positive and negative 
electrodes. In fact, this parameter shows the actual electron transport rate be-
tween the electrode and electrolyte. The exchange current density depends on 
temperature, so it is necessary to take temperature into account. The exchange 
current density can be expressed as the function of temperature: 

(10) 

As the last equation to be listed here, the SOC is the fraction of theoretical 
capacity that can be extracted from the battery. It can be computed by integra-
tion of reaction Aj in time. It should be noted that SOC is always slightly lower 
than the theoretical value calculated because of a set of side processes, such as 
current losses through isolation, heat dissipation and generation, as well as gas-
sing. Nevertheless, the state of charge can be calculated through the porosity of 
the electrode (Gu et al. 1987): 

 

(11)
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The set of equations (2) – (11) along with the expressions for other Regions in 
Fig. 3.7, initial and boundary conditions are given in [VII] and allowed to build 
an efficient model to predict behavior for a lead-acid cell under various dis-
charge current applied. The model was built in a Comsol Multiphysics software, 
and its evaluation and the developed discharge control will be observed in the 
next chapters of this thesis. 

The findings from the battery modeling will be used to assess the accuracy of 
the discharge behavior with the chosen discharge currents in Publications [III, 
IV, V, VI], which use the Simulink battery block, in order to answer whether 
the simulation models in these publications give accurate behavior from the dis-
charging perspective. 
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4. CEMS implementation

This chapter describes how the CEMS design developed in Chapter 3 was im-
plemented in the related publications. We follow the general concept of the dis-
sertation, considering the three case studies. Section 4.1 presents the develop-
ment of the environment for validation of the adaptive street lighting model, 
mostly focusing on a traffic simulator. Section 4.2 shows the environment for 
implementing the collaborative batteries for home energy management. In Sec-
tion 4.3, the setup for the commercial prosumer with exploitation of local PV 
generation and EV storage is created. Section 4.4 proceeds with the further de-
velopment of a detailed PDE-based battery model, analyzing the factors affect-
ing the discharge behavior, and proposes an optimization solution for extending 
the battery’s uninterrupted worktime. 

4.1 Case 1: street lighting 

Section 3.1 earlier provided the design principle of CEMS for a smart lighting 
infrastructure. To briefly recall, the lighting is regulated by real-time coordina-
tion of road sensors and luminaires, giving full lighting only to those road seg-
ments, in which the vehicles and pedestrians are currently located. With the ap-
plied distributed automation architecture, the real-time sensing information of 
road users is being transmitted to all the other relevant infrastructure elements. 
Publications [I] and [II] have developed the lighting control strategy and have 
validated it with the help of cellular automata (CA) traffic modeling. The dis-
crete CA model is one of the simplest ways to simulate the traffic on one lane 
while creating realistic traffic patterns such as platooning. First, we observe the 
vehicle movement; we take as a basis the very popular first CA model that was 
developed by Nagel et al. (1992). The principle is that the one lane road segment 
is divided by cells. Thus, the segment is modeled as a one-dimensional lattice of 
cells (Fig. 4.1). Each cell can either be occupied by a vehicle or be empty. The 
cell size, or length, for vehicles in CA model is 7.5 meters. This value corresponds 
to a space that accounts to one vehicle in a complete traffic jam, according to 
various traffic measurements (Nagel et al. 1992). At each simulated time step, 
each vehicle is advanced a certain number of cells. This number of cells that the 
vehicle has passed in a time step represents the vehicle’s velocity. For example, 
if the vehicle has passed 3 cells in a time step 1 s, its velocity is defined as 7.5 ×3 
= 22.5 m/s (81 km/h). At each time step, the position and the velocity of each 
vehicle is updated. At this moment, it is important to note that these cells of the 
traffic simulator are not the lighting zones, to which we had divided the road in 
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Section 3.1. The difference between zones and cells and how they are related to 
each other will be described later in this section.  

The work [I] described the algorithms and the set of rules for one-lane vehicle 
movement simulation. The traffic simulation modeling starts by defining the 
road class which in our case is a particular type of rural road of a class ME4A 
(British Standards Institution 2003). The vehicle i initially appears on the edge 
of the road segment with the initial speed vi equal to 3 cells per time step (ts) 1 
s, or 22.5 m/s. Each time step a new vehicle is generated with probability pg. 
The pg value is adjusted to simulate the real traffic density of a road that is cho-
sen to be modeled. The work [I] has picked up the probability pg values accord-
ing to the vehicle counts on different Finnish roads of chosen ME4a class.  

Figure 4.1. Cellular Automata modeling principle for one lane road section. The vehicles appear 
on a left side and move towards right according to the set of rules [I] © (2014) IEEE. 

One of the CA modeling principles is that one cell can be occupied only by one 
vehicle. The position and velocity at the next time update are determined based 
on the following set of rules that are called upon to fulfill this requirement. Each 
of the rules are executed in the given order, and each subsequent rule overrides 
the vi value from the previous rule. 

Rule 1. IF vi < vmax THEN vi := vi + 1
This rule presets that the vehicle is accelerating towards the maximal al-

lowed speed vmax. The vmax value is 5 cells per ts, or 37.5 m/s. This rule rep-
resents the typical behavior of driving with maximal allowed speed on an 
empty road. 

Rule 2. IF vi > gi THEN vi := gi,

where gi is the gap to a preceding vehicle. We assume that the vehicles are
not permitted to overtake each other on a one-lane road. This constraint
requires the vehicle to slow down if another vehicle is ahead. The new
speed should not exceed the gap value in order to keep the safe distance.
Therefore, the vehicle must immediately decelerate to the required speed.

Rule 3. IF vi > 0 AND rand(1) < R THEN vi := vi – 1,
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where R is the deceleration probability random value. This rule imple-
ments a random deceleration in a traffic flow. The vehicle on the road may 
always slow down by any reason. Introducing this random fluctuation, we 
also affect the vehicles behind as they must decelerate (Rule 2), and thus 
make the whole traffic behavior scenario more realistic. 

Publication [I] initially introduced the whole concept and simulated only one 
lane section in one direction. However, Publication [II] has presented a more 
complete case, which included the road section with traffic in both directions. 
The CA modeling principles for a counter lane are absolutely identical, with a 
single refinement that the vehicles appear on a right side of this lane (in contrary 
to a case depicted in Fig. 4.1) and correspondingly their movement is going in 
the opposite direction. The vehicles are still not permitted to overtake; we keep 
this assumption.  

Another significant contribution of the work [II] is that it added the pedes-
trian section to the model. The pedestrian movement is also a subject of CA im-
plementation; however, the pedestrian parameters and behavior are totally dif-
ferent to vehicles (Blue et al. 2000). In short, the walkers have much lower 
speed; their movement is not linear along the target line as the pedestrians 
change their track positions to avoid collisions with other walkers. The CA 
model for pedestrians represents a lattice of square cells with a fixed size, and 
the walkers move within this lattice not only forward or back, but also left or 
right. The complete set of rules and parameters for pedestrian CA model can be 
found in literature, e.g. the work of Blue et al. (2000). In the work [II], we pro-
vided a simplification of the model of Blue et al. for our concrete street lighting 
application. Apparently, the detailed multi-lane model is needed mostly to sim-
ulate the crowded pavements with many people. This contradicts to our case 
because the presented smart lighting control scheme cannot be used at a time 
and place with continuous traffic. However, for several hours of the night, many 
otherwise active pedestrian sidewalks have low traffic, so that the real-time dim-
ming becomes viable. In such a case, the pedestrians may be easily assumed to 
notice other walkers, adjust the track position and avoid the collision in ad-
vance. Moreover, the pavements are normally wide enough for several people. 
Practically this means that we may transform the CA cell lattice to a one-dimen-
sional vector of cells and allow several walkers to occupy the same cell (for over-
taking or oncoming traffic). Summarizing the above, we derive the rule for pe-
destrian motion: 

 
 (12) 

The Xpi is the current position of a pedestrian i, and vpi is his velocity. The unit 
for all the variables in (12) is the pedestrian cell of 0.5 m size. Each time step, 
the new pedestrians are introduced in both edges of the road segment with a 
probability pped, just like the vehicles in their CA model. The velocity vpi is con-
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stant and therefore always equal to initial speed that was assigned to a pedes-
trian when it was generated. In the work [II], we used the following distribution 
of pedestrians by their speed: 90% of pedestrians are standard walkers with 
moderate speed of 3 cells per ts (1.5 m/s or 5.4 km/h), 5% of slow walkers (2 
cells per ts), and 5% of fast walkers (4 cells per ts, or 2 m/s). It must be noticed 
that the optimal size of the pedestrian cell for CA model is defined in the state 
of the art as 0.457 m (Blue et al. 2000). However, since we next need to tie the 
pedestrian road segment to vehicle traffic lanes with their CA model-based cells 
of 7.5 m, we round the pedestrian cell to 0.5 m for more easily and understand-
able results representation. 

The CA models for vehicles and pedestrians were then combined to a united 
model. As it was explained in Section 3.1 (and depicted in Fig. 3.1), the road 
segment was presented in a longitudinal direction of 1.8 km. According to CA 
cells size parameters, it simultaneously consists of 240 pairs of vehicle cells (for 
both directions) and of 3600 pedestrian cells. Correspondingly, one lighting 
zone of 60 m length consists of 8 vehicle cells and 120 pedestrian cells. The time 
step ts is equal to 1 s.  

The CA traffic modeling proved to be an effective tool for validating the smart 
lighting control strategy, developed in [I] and [II] and described in Section 3.1. 
The CA model was written in MATLAB, and it interfaces the developed IEC 
61499 street light control model by UDP communication. The IEC 61499 func-
tion blocks are implemented in NxtControl software environment. Each time 
step the CA model updates the positions of vehicles and pedestrians on the road, 
and NxtControl receives these locations as if they were sensor readings. In this 
way, the designed CEMS for the considered use case was implemented. The co-
simulations were carried out for multiple vehicle and pedestrians traffic densi-
ties, and the results will be shown in the corresponding section. 

4.2 Case 2: home batteries 

The design principles for a smart household CEMS from Section 3.2 were im-
plemented in [III] and [IV] with Simulink models. The internal Simulink bat-
tery block was used to get the SOC of the battery. According to the MATLAB 
documentation, the experimental validation of this battery block had demon-
strated a maximum error of 5% in SOC derivation (Tremblay et al. 2009). The 
more accurate SOC data is possible to obtain by designing a more detailed model 
of a battery electrochemical cell. This will, however, increase the simulation 
time as the detailed model requires considering and simultaneously running a 
set of partial-differential equations (PDEs). In this thesis, we already have ad-
dressed this issue in Section 3.4, and we will develop the discussion in later 
chapters to assess inaccuracies of the reported results figures that may be due 
to using the MATLAB battery block. For the current case study, we consider the 
5% maximum error as being acceptable, taking into account the fast simulation 
time enabled by using this block, which enables the scaling of the experiments 



CEMS implementation 

54

to large numbers of batteries and longer time periods without high-performance 
computing resources.  

The models used in [III] and [IV] do not go into the details of a hardware 
connection of the batteries to the households, but they implemented the algo-
rithms for the CEMS. The general energy balancing expression for a household 
or a group of households can be defined as follows: 

 

(13) 

In (13), Edem is the total energy demand of the whole system, Egtl is the energy 
that should be taken from the grid (or grid-to-load).  is the energy to be 
discharged from the battery i, nb is the total amount of batteries in the collabo-
rative system. The expression (13) addresses the uninterrupted supply require-
ment that was defined in Section 3.2.  

In Publications [III] and [IV], we have configured the battery agents in 
such a way that they aim to maximize the duration of uninterrupted discharge 
when the hourly utility price value is above the defined threshold. If at least 
one of the batteries in the CEMS is available (i.e. is present and its SOC is 
higher than the established 0.2 value), the Egtl value is set to zero during this 
unfavorable price period. The electricity is being bought from the grid by a 
high price only when all the batteries are depleted or not present (e.g. if an EV 
battery is not plugged in). The situation reverses when the flexible price is get-
ting lower than the threshold – the residential area inhabitants supply their 
appliances in a traditional way from the grid and use the opportunity to re-
charge their batteries. Table 3 briefly summarizes particular cases of the equa-
tion (13) at different price and battery state conditions. 

Table 3. Determining a source of power to the load 

high price low price 

At least one battery is active  
 

AND 

charge the batteries 
All the batteries are inactive  

It should be noticed that the battery charge in any case cannot be continued 
when the SOC value reaches 0.9; this 90% value was established in the CEMS 
design requirements in Section 3.2. Our publications related to this use case 
have operated with moderate battery capacities: unspecified Ni-Mh batteries 
of 28 kWh in [III], and 12 kWh Li-Ion battery of a hybrid electric vehicle in 
[IV]. No significant effect was observed from changing the battery type, and 
the battery behaviors were totally comparable in the scope of Simulink model-
ing. Both models used the same flexible utility price profile from Ameren Illi-
nois Co (2015 May), with slightly different threshold value dividing high and 
low prices periods: 3¢/kWh in [III] and 4¢/kWh in [IV]. The models have 
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computed two scenarios: with and without the intelligent collaboration be-
tween the batteries and provided a financial comparison of them. The overview 
of the obtained results is given later in Section 5.2 of this thesis. The men-
tioned hourly utility price does not include any additional energy distribution 
costs. However, the latter has commonly a fixed value, and since the overall 
energy consumption of households does not change by the collaboration, this 
additional value plays no role in the comparison of the results and therefore is 
omitted. In the corresponding results section, we will simulate different sce-
narios in order to demonstrate the additional robustness, enabled by access of 
household inhabitants to neighborhood energy storages.  

4.3 Case 3: commercial prosumer 

Section 3.3 described the CEMS design requirements for a large commercial 
prosumer with distributed energy resources. In Publications [V] and [VI], we 
developed the joint MATLAB and Simulink model to simulate the scenario 
where multiple individual EVs are involved to temporarily store the excess PV 
generation. Just like in the previous section, the Simulink part of the model is 
mostly used to obtain the Li-Ion battery’s SOC. The MATLAB code part has im-
plemented the coordination algorithms based on the developed requirements. 

a) b)

Figure 4.2. The data used in the simulation in [V] to form an energy balance profile: (a) hourly 
PV radiation per square meter in a sunny productive day, (b) hourly electricity consumption 
of a large office building in the same day at the same location (Anchorage, Alaska (USA)) [V] 
© (2017) IEEE.   

As was already said, the collaborative strategy performance in the current use 
case directly depends on weather conditions. If the day is sunny productive, the 
prosumer has more energy surplus and can make contracts with more EVs. In 
the work [V] we built the daily energy balance profile for a warm summer day; 
we used the real hourly PV radiation data and the real hourly consumption data 
of a large office building (OpenEI) from the same geographical location in An-
chorage, USA (Fig. 4.2). We use the following relationship to define the energy 
balance Ebal: 

 
(14)
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In (14), the Egen is the energy generated by PV sources, and Edem is the energy 
consumption or power demand of a building. The line in Fig. 4.2 a) depicts the 
amount of energy received by a square meter of an installed PV panel, according 
to data from Alaska Energy Authority. Then we scale and parameterize these 
data to a size of the proposed system. The data source of the electricity con-
sumption (OpenEI) does not specify the size of the building, but the floor area 
of large office buildings may reach several tens of thousands of square meters 
(e.g. the work of Mago et al. (2010)), depending on the number of floors. For 
our study, we assume that the building has at least 3000 m2 of a flat rooftop area 
that is covered by PV panels, correspondingly the Egen value is obtained by mul-
tiplication the PV radiation data from Fig. 4.2 a) to the 3000 m2 area value. 

The work [V] has simulated a single day with essential PV production to vali-
date the developed CEMS and its impact on energy savings. However, the PV 
energy output will significantly decrease in cloudy days, which is especially true 
for the considered northern Alaska region of the USA. The work [VI] aimed to 
provide the generalized picture, running the simulations for the entire calendar 
year in three different geographical and climatic regions: Alaska, New Jersey 
and California. The PV generation datasets for different regions were enabled 
by National Centers for Environmental Information (NOAA); the energy con-
sumptions data were again taken from the Open Energy Information datasets 
(OpenEI). We have simulated sequentially all the days one by one, excluding the 
weekends and public holidays, which resulted in 252 simulated working days. 
These extensive simulations allowed seeing the quantitative long-term cost sav-
ing of the designed CEMS, which will be presented in the corresponding results 
section. The reason to leave only working days in our analysis was that typically 
office buildings are occupied by employees and visitors only on these days, and 
correspondingly the parking lot on weekends is expected to be almost free of 
EVs.  

Publications [V] and [VI] have implemented stochastic modeling of EV be-
havior. The study of Neyestani et al. (2017) contains the examples of hourly dis-
tribution of vehicles in the parking lot. More precisely, the number of arriving 
and the number of departed vehicles in each hour of a day if the day is discre-
tized by 24 hour intervals. We used those figures to build the two probability 
functions: for arriving and for departure during each of these 24 hours. Then we 
build an array with the pairs of arrival and departure hours, accounting on the 
above-mentioned probability functions, leaving only the pairs where the depar-
ture hour is later than the EV arrival. Then all the EVs are assigned one by one 
with the pair of arrival and departure hours from this array. The exact departure 
or arrival time point with accuracy to a minute is finally randomly assigned 
within the allocated hour. One more randomness that we have introduced is a 
sudden change of EV behavior. With 10% probability, the EV will leave the park-
ing lot earlier than at its assigned departure time. 

The case study simulated in [VI] considers three different capacities of arriv-
ing EVs: 70 kWh and 85 kWh (referring to corresponding specifications of Tesla 
Model S), and low-capable hybrid vehicle of 12 kWh (referring to Mitsubishi 
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Outlander PHEV model). The study operates with the average retail electricity 
prices of the year 2015 for the three considered states (State Electricity Profiles 
2015). The model computes the amount of energy transferred to the prosumer 
and to all the EV throughout the entire day, calculates the EV battery degrada-
tion costs, and prints the daily costs for each participant of the designed CEMS. 
The obtained values were compared with the traditional energy usage scenario 
without EV involvement. This comparison will be needed to emphasize the im-
proved energy efficiency of the prosumer’s energy management, allowing to re-
duce its daily electricity bill. The presented method provides a high degree of 
flexibility to EV owners: we will evaluate the benefits they will be able to receive 
in these liberal conditions. The analysis will be presented later in the corre-
sponding results section of this thesis. 

 4.4 Variable current discharging algorithms with the detailed 
battery model 

The Simulink battery model used in cases 2 and 3 was operated with a con-
stant discharge current, which may be a non-optimal control approach. In this 
section, the motivations and performances of variable-current discharging are 
investigated with a higher fidelity battery model and using simulations that in-
volve only one battery. 

The analysis of internal battery processes with the help of the model developed 
in [VII] showed that some part of the energy stored in the battery stays unused. 
This happens because the acid depletion of electrolyte along the electrochemical 
cell is going unevenly. This is demonstrated in Fig. 4.3, which shows the acid 
concentration level in electrolyte after 60 seconds under different discharge cur-
rents applied. It is clearly seen that the depletion process is much faster on the 
positive electrode than in the rest of the cell; and the higher the discharge cur-
rent, the bigger the gap between the regions. The current collectors are located 
at the external boundaries of the cell (Fig. 3.7). When the charge particles are 
unable to pass from one collector to another due to the depleted electrolyte sec-
tion on the way, the electrochemical reaction interrupts and the battery stops. 
Wherein, it physically continues to contain some energy because other parts of 
the cell still consist of acid ions. During some rest period, the diffusion process 
will level the acid concentration in electrolyte, and the battery can be turned on 
again, but of course for a smaller time until the new depletion occurs again.  



CEMS implementation 

58

Figure 4.3. The acid concentration in electrolyte after 60 seconds at discharge currents 1C, 2C, 
4C, 10C and 20C. xC stands for a discharge current of x time the rated capacity.  

The motivation of the work [VII] was to balance the two contradictory objec-
tives: maximizing the discharge current and the energy withdrawn from the bat-
tery in a single uninterrupted phase. The graphics from Fig. 4.3 show that the 
depletion misbalance within the cell decreases with lower discharge current. If 
we can continuously adjust the optimal current value according to the cell con-
dition at the moment, an uninterrupted discharge process can be theoretically 
prolonged. For this purpose, we designed the proportional feedback control that 
stabilizes the concentration of acid ions at the collector of the positive electrode, 
i.e. at the place where depletion is faster at high discharge currents:

 
    (15) 

where u(t) is the control variable that in practice means the discharge current 
that should be applied (A/m2). Kp is the control gain. This control work and its 
principle will be later analyzed in the corresponding results section. 

The presented galvanostatic control (15) was designed for a lead-acid battery, 
but its general principles can be implemented for other battery types. However, 
the chemical properties should be carefully studied and considered since vari-
ous battery types may differ significantly by their structure. For example, mod-
eling the popular Li-Ion battery cell is more difficult than lead-acid one because 
Li-Ion battery electrodes consist of a large number of spherical particles in 
which the processes of the intercalation of lithium ions occur. Some common 
mathematical models are referred as pseudo two-dimensional (P2D) models 
since these spherical particles are de facto a separate medium where the pro-
cesses should be modeled in spherical coordinates. This results in many nonlin-
ear equations, which significantly increase the simulation time. Therefore, an 
efficient and simple 1D modeling such as that for a lead-acid cell is not anymore 
possible. Yet, simplified models are available, in which both electrodes are rep-
resented as individual particles with own radii (Guo et al. 2011), and the sepa-
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rator is ignored. Their computing is easier and described by less number of com-
plex parameters (Santhanagopalan et al. 2006). These models have shown good 
reliability of the results compared to the standard model, but only for low-me-
dium discharge currents up to 1C (Guo et al. 2011). Based on our findings for a 
lead-acid battery, the maximum energy withdrawal from Li-Ion battery can be 
also attempted if we can control the discharge current proportionally to the 
mass flux of lithium ions. However, the mentioned discharge current limitation 
makes the simplified 1D model very difficult to use and requires a more com-
plete and detailed model. In the corresponding results section, we assume that 
the relative results of the presented control for a lead-acid battery will have the 
same values for Li-Ion types. Based on this assumption, we analyze the possible 
benefits for our prosumer use case described in Sections 3.3 and 4.3 of this the-
sis. 
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5. Results

This chapter summarizes the results, obtained by validating the developed 
CEMS in different scenarios, described earlier in this thesis. Section 5.1 presents 
the energy savings achieved by implementation of the adaptive street lighting 
system. Section 5.2 demonstrates how the CEMS for home energy management 
improves the robustness of energy storages in a microgrid and contributes to 
reducing the electricity costs. Section 5.3 demonstrates the significant effect of 
the CEMS for commercial prosumers and EV owners over the long-term period. 
Finally, the findings from detailed battery cell modeling in Section 5.4 demon-
strate how the results in the previous cases may be further improved if the bat-
tery’s internal parameters are taken into account more thoroughly. 

5.1 Case 1: adaptive street lighting 

The section summarizes the results from the articles [I] and [II], devoted to 
the adaptive street lighting problem. We have developed the traffic simulator 
and its interconnection to the designed CEMS responsible for distributed light-
ing control. In terms of energy savings, we are interested in comparing the 
amount of energy consumed by luminaires under realistic traffic patterns. The 
main setup parameters were similar for both works, and most of them are listed 
in Section 4.1. For the energy consumption calculation, the following consider-
ations were used: 

The power coefficient for dimming the lights p is 100% for the light at full
power, and 30% for the dimming as the acceptable value for local inhabit-
ants (Chung et al. 2005).

The consumption of one luminaire at full power ( p = 100%) is 258 W (GE
Lighting E-catalogue); correspondingly 77.4W at p = 30%.

The road length of 1.8 km consists of 30 luminaires.

The simulation time is 1 hour.

Fig. 5.1 presents the energy consumption profiles for two lighting strategies – 
the conservative one with full power all the time and the smart dimming strat-
egy based on vehicle sensing. The smart energy consumption line is shown as a 
function of vehicle arrival probability, which in turn represents the traffic den-
sity. The points on the graph represent specific Finnish roads of road class 



Results 

61

ME4A from which traffic count data had been obtained [I]. The savings for 
our range of traffic volumes vary between 14% and 70%. The latter value repre-
sents the complete absence of traffic during one hour when the luminaires are 
only dimmed to 30% power all the time. Wherein, the energy consumption 
gradually increases with higher traffic, and the benefit from smart dimming is 
expected to be eliminated with a constant vehicle flow. 

Figure 5.1. Energy consumption for a 1.8 km one vehicle lane for one hour. The vehicle arrival 
probability values are chosen according to traffic measurements on Finnish roads of class ME4A 
[I] © (2014) IEEE.

The results demonstrated in [I] and in Fig. 5.1 assume that the traffic is con-
centrated on a single lane in one direction, with the absence of other road users 
such as pedestrians. The work [II] aimed to evaluate changes in the results with 
the more practical setup: the two lanes for both-directional vehicle traffic, and 
the pedestrian pavement on the side of this road. Fig. 5.2 shows an adaptation 
of the previous figure’s line to the new setup. 

Figure 5.2. Energy consumption for a 1.8 km road with two vehicle lanes and one pedestrian lane 
(Fig. 3.1). The color lines represent different pedestrian traffic densities.  

The lowest line in Fig. 5.2 represents the case in publication [I] without any 
pedestrians on the road during the simulated hour, but now with bi-directional 
vehicle flow. The latter change explains the fact why the consumption values are 
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now higher than in Fig. 5.1. Keeping the same traffic density, the developed bi-
directional lighting control requires launching the larger number of luminaires 
to full power: the four luminaires ahead of vehicles should be lit for both direc-
tions.  

The other color lines in Fig. 5.2 show the impact on energy savings when the 
pedestrians become present on the road. The electricity consumption noticeably 
increases with even the smallest pedestrian traffic. This is explained by the pe-
destrian’s low speed: once appeared, the walker will be detected on the road for 
quite a long time, while the motor transport will pass these 1800 m relatively 
fast. With more pedestrians, the difference between full-power and smart dim-
ming strategies is decreased, and this gap approaches the zero with further traf-
fic consolidation. However, the developed CEMS system has demonstrated the 
positive difference of energy consumption for all the simulated scenarios for our 
rural road application; further increasing the traffic density will make the road 
belong to another road class. One more time, we summarize the findings from 
the simulated CEMS with the help of 3D-visualization in Fig. 5.3. 

Figure 5.3. Energy consumption for a 1.8 km road for one hour as a function of vehicles per hour 
and pedestrians per hour. The reference consumption value is 7.74 kWh (when all the luminaires 
are lit to 100% power all the time) [II] © (2015) IEEE. 

There are minor factors that can affect the savings and lead to some decreasing 
of them. Thus, we assumed that the dimming of the luminaires is performed 
with pulse-width modulation and the energy losses are neglected; in practice, 
these losses exist, but they are rather moderate and do not exceed 4 percent 
(Galkin et al. 2010). On the other hand, a potential exists for increasing the ef-
fect of the presented CEMS. The dimming standards such as the 30% ratio to 
full power are recommended for human comfort but are not binding. In prac-
tice, in rural roads even a more effective dimming can be used (e.g. 15%) because 
the sharp fluctuations of lighting intensity will not disturb the close living in-
habitants (Chung et al. 2005). The changes may also be made in the CEMS con-
trol strategy itself, in the parameter regulating the number of luminaires that 
should be lit ahead of the moving vehicle. In the works [I,II] we considered the 
worst possible weather conditions, which resulted in configuration of a constant 
long 240 meter lit distance. For dry conditions, the vehicle requires much less 
distance for emergency braking. Complementing the traffic monitoring infra-
structure by a weather information system, we can reduce the lit distance and 
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correspondingly the number of fully lit luminaires most of the time. It was iden-
tified in Section 3.1 that our system provides a high flexibility for such reconfig-
uration, as it only requires minor reconnecting the event and data connections 
in IEC 61499. This also means a high level of robustness against any unexpected 
changes or incidents on a road or lighting network – the system can be easily 
restored or reconfigured due to the special characteristics of IEC 61499. First, 
only a few function block connections in the logical application are changed. 
Then the application is deployed and the IEC 61499 technology automatically 
establishes the remote connections. As was already mentioned, the simultane-
ous work of larger number of luminaires directly affects the energy consump-
tion, and further development of our CEMS will provide an additional efficiency 
to road maintaining companies.  

5.2 Case 2: home batteries 

The results obtained by the CEMS for home energy management are pre-
sented in this section. The principle of Simulink models used in Publications 
[III] and [IV] were described in Section 4.2. In [III], the case study was the
single household with two batteries belonging to the same owner. In [IV] the
system was presented as a microgrid of ten households with an EV in each of
them. To avoid confusion, during this section the term batteries will be used to
refer to EV batteries and batteries for local storage. The modeled scenarios as-
sumed that some of the batteries become periodically inactive, and the remain-
ing batteries will react on these shutdowns by providing more energy; the results 
are evaluated by the comparison of this replacement with the traditional case
when each battery works independently. This section will mostly focus on the
results of the case study in [IV] because of larger number of batteries and
greater elaboration of uncertainties in EV availability.

Figure 5.4. Hourly electricity price (Ameren Illinois Co 2015 May) and cumulative electricity power demand 
of ten households, based on electricity consumption of a single household (Ardakanian et al. 2014) [IV] 
© (2017) IEEE.  
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The study has modeled the energy consumption of a household area for one 
day or 24 hours; the hourly utility price and electricity demand profiles are de-
picted in Fig. 5.4. The work [IV] intended to evaluate the collaborative work of 
several batteries under various EV presence patterns at their parking places. For 
that purpose, the described use case was simulated 5 times, each time with a 
random presence of all the 10 EVs within the residential microgrid. The result-
ing occupancies of the EV charging sites are presented in Fig. 5.5. The five color 
lines there correspond to five different simulations; the interruption of a line 
means the absence of the corresponding EV at that time. The minimum period 
of presence or absence is constrained to 1 hour. All the EVs are connected be-
tween 11 pm to 6 am. The several simulations allow seeing multiple combina-
tions of battery behaviors, and correspondingly provide a clearer average pic-
ture of costs. The parameters of the composite batteries are given in Section 4.2. 

The main financial values after the five 24 h simulations are shown in Fig. 5.6, 
in a form of overall costs for the entire considered residential area. The average 
combined daily costs are $6.14 without energy storages at all, $4.62 when each 
household operates its battery without sharing for the neighbor houses, and 
$4.13 when the developed CEMS design is implemented. Owning the EV as bat-
tery storage for home management is important; even with individual non-in-
teractive batteries, the five rounds of modeling have demonstrated that the av-
erage combined daily cost value is $1.52 less than if all the demand was supplied 
from the grid. The developed CEMS design where the batteries collaborate and 
replace each other is able to bring additional $0.49 daily, or about 11%. Moreo-
ver, it is seen that the interaction line in Fig. 5.6 is smoother: the collaboration 
results in more predictable costs values despite the uncertainties of individual 
EV behaviors. This contributes to improving both the flexibility and robustness 
issues that are studied in this thesis.  

a) b)

Figure 5.5. EV plug-ins from 6 am to 11 pm. The five color lines represent five different simulation runs. The 
figure presents the overview: (a) for all the vehicles, (b) a closer look for three vehicles. The line interruptions 
mean the absence of the corresponding EVs [IV] © (2016) IEEE. 
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Figure 5.6. The total cumulative costs values of ten households in five simulations with different EV pres-
ence profiles [IV] © (2016) IEEE. 

The results above are achievable mainly by minimizing the electricity con-
sumption from the grid when the utility price is high. Fig. 5.7 provides an exam-
ple (from one simulation) of how the total grid consumption of all the house-
holds together may change if the CEMS is implied. The collaboration allows to 
postpone grid consumption during the period of high prices, and the grid starts 
to supply the appliances only closer to the evening when most of the batteries 
become depleted. The additional development of the presented CEMS may pro-
vide a further efficiency improvement of home energy management: predicting 
the demand peaks at evening time, a fraction of energy storage capacity may be 
reserved for covering them. This will decrease the saving obtained at earlier time 
periods but is going to pay off on the mentioned peak load periods because the 
electricity price also reaches the highest values there. However, that optimiza-
tion was out of scope in [III] and [IV], but even the presented CEMS provide a 
positive value of savings as was confirmed above. 

Figure 5.7. The profile of energy consumption of a total residential area from the grid with the help of per-
sonal energy storages: (a) without the CEMS, (b) with the CEMS.  

The results in Fig. 5.6 show the combined savings, but with no detailing on 
monetary compensation that was defined by CEMS design requirements (Sec-
tion 3.2). In addition to these total cumulative costs, the work [IV] has counted 
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the costs values for each EV owner separately. They are depicted in Fig. 5.8, for 
both scenarios: without collaboration (a), and with collaboration (b). In the first 
scenario, the results are easily interpreted as actual energy costs for the day. The 
second scenario demonstrates once again that the cost values for most of EVs 
are lower than they were without the CEMS. Fig. 5.9 presents histograms of the 
individual cost values that are collected from multiple simulations. Without the 
CEMS, the cost values distribution has strict dependence on plug-in time of each 
battery (Fig. 5.9 (a)), while with the CEMS, the batteries exploit the period of 
high electricity price more fully. The present vehicles cover the absent ones; 
therefore, the dependence on plug-in is much less and 68% of the data points 
are concentrated around the close-to-average values between $0.40 and $0.45 
(Fig. 5.9 (b)). However, the costs values in Fig. 5.8 (b) and Fig. 5.9 (b) are not 
fair in relation to individual EV owners, since the lowest costs points there (for 
example EV #9 in the Simulation 2) mean that the owner has used the other 
batteries to supply his appliances, and did not yet pay for that. Vice versa, the 
owners with longer presence of their batteries in the system got higher bills only 
because of supplying other users. The electricity bill values from Fig. 5.8 must 
be therefore re-arranged according to the actual battery usage of each house-
hold; the smart meters are able to count that. Also, the work [IV] recommended 
to set the additional reward for the “donors” (i.e. owners who provided more 
energy than consumed from other batteries) to justify the sharing of his prop-
erty. However, the main goal of Publications [III] and [IV] was to demonstrate 
that the developed CEMS brings the flexibility and robustness to the system in 
addition to system level cost savings, and the elaboration of a profit-sharing 
mechanism between participants has been left for further work. 

a)   b)

Figure 5.8. Illustration of each user’s expenses after 24 hours in different simulations. (a) without the CEMS, 
(b) with the CEMS. “Average” line in (b) represents average costs for all the households [IV] © (2016) IEEE.
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a) b)

Figure 5.9. The statistical distribution of costs of individual EV owners after several simulations. (a) The cost 
values highly depend on plug-in times during the high-price period in the case without the CEMS; (b) In the 
case with the CEMS, the batteries more fully exploit the high-price period and 68% of the cost values lie within 
$0.40 – $0.45. For comparison, 54% of the data points in a) lie above this range.  

The presented results in this section do not consider some aspects that may 
lead to reducing the savings. The Simulink model neglected the losses caused by 
the imperfection of energy transmission systems such as current converters; for 
example, the bi-directional DC-DC converter from FREEDM Systems Center 
(Xue et al. 2015) is able to demonstrate more than 92% (with peak value of 
97.3%) efficiency with most charge and discharge current values. Thus, the sav-
ings compared to the scenario without batteries will be less as the batteries will 
deliver less energy. However, this power transmission issue is not related to the 
CEMS work since the losses will affect the batteries regardless of who is their 
end-user. The more significant factor that the results in [III] and [IV] ignored 
are the battery degradation costs. The current use case has focused on the inter-
action aspect of the CEMS and did not consider the wear costs to which the bat-
tery is exposed. This factor was however analyzed in another use case of this 
thesis and will be further presented in Section 5.3. The model in Publication 
[VI] contains the degradation costs estimation. According to the values that this
wear costs model provided, the electricity price arbitrage for home energy man-
agement is not yet profitable at the current market conditions. The difference
between the minimum and maximum peaks in the considered hourly prices is
lower than the loss of the battery’s value by providing the same amount of en-
ergy. Again, this concerns using the home battery energy storages as a whole but
does not mean the disadvantage of the presented CEMS; conversely, the devel-
oped collaboration only reduces this negative gap. The situation is expected to
improve with further decrease of battery prices, as well as with further progress
on battery technologies. However, even with the current prices, the EV batteries
can bring the economic benefit for their owners in the context of a CEMS that is
able to also intelligently manage local renewable generation, but this belongs to
another use case that will be evaluated in the next section.

5.3 Case 3: commercial prosumer 

The prototype of a presented CEMS for DER of commercial prosumers is eval-
uated in this section by the results of long-term simulations. The collaboration 
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logics were presented in Section 3.3; the simulation setup is given in Section 4.3. 
Similarly to a previous use case, we first emphasize the combined benefit for the 
prosumer and all the EVs that is possible to achieve by introducing the devel-
oped CEMS, and then we discuss its impact to individual actors in the system. 
The work [VI] has simulated the real PV generation and energy consumption 
of the proposed prosumer during the entire year in three different geographical 
and climatic regions of the USA: Alaska, New Jersey and California. The main 
results findings from these simulations are shown in Fig. 5.10. Fig. 5.10 (a) pre-
sents the dynamics of absolute savings values, cumulatively for the prosumer 
and all the EVs; (b) depicts the same dynamics for the savings as a percentage 
of reference electricity costs. The latter term means the cumulative bills for re-
charging all the participated EVs to their intended SOC by the utility price, plus 
the electricity costs for the prosumer if the EVs were not involved.  

The results demonstrate a significant dependence on the weather conditions. 
The financial benefit for California is much higher than for the two other states 
by two reasons: larger amount of solar energy received by PV panels during the 
year and more sunny days than in the other regions, i.e. the days when the en-
ergy balance becomes positive at least during some period of a day. The latter 
factor allows running the developed CEMS more often because at cloudy days 
the collaboration is disabled by the design (Section 3.3). The overview of nu-
merical results, including these numbers of sunny days and amounts of PV gen-
eration is given in Table 4. The table shows the distribution of the combined 
results for the prosumer and for the EV owners, which is discussed next. 

The cumulative savings from Fig. 5.10 consist of two parts: the reduction of 
annual electricity expenses for the prosumer achieved by engaging the EVs and 
the benefits that individual EV owners got from the collaboration. The latter 
takes into account degradation costs of the batteries. With each discharge oper-
ation, the battery loses some part of its value. The degradation costs calculation 
problem was introduced in the literature review of this thesis; briefly, it depends 
not only directly on the amount of energy provided by a battery but also on 
which SOC values the discharge is going on. The wear costs model designed by 

a) b)

Figure 5.10. (a) the overall cumulative savings for prosumers and EV owners during the year in three 
different states; (b) the same savings as a percentage of electricity costs without the developed CEMS. 
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Table 4. The summary of results for the case 3: the collaboration of the prosumer and EVs. 

Parameter 
Value for the state 

AK CA NJ
Combined savings, $ 23861 72027 35858 

prosumer’s part, $ 16465 48698 34155 

EV owners part, $ 7396 23329 1703 

Combined annual electricity costs without prosumer-EV 
collaboration, $ 484661 461287 396862 

Combined savings relative to combined annual costs, % 4.9 15.6 9 

Number of EVs for the year 13151 58621 33092 

Number of sunny days 120 227 210 

Total year solar generation, MWh 1810 3875 3066 

Electricity price, ¢/kWh 17.59 15.42 13.74 

Han et al. (2014) considers the above-mentioned issue; we have used this 
model, adapting it to the 145 $/kWh price value for a new Li-Ion battery pack 
(Hybrid Cars 2016).  

These degradation costs form the foundation of the expenses that EV owners 
have from the collaboration. The focus of this research has been to determine 
primarily the overall cost savings (Fig. 5.10). However, finding the optimal 
profit distribution will maximize the incentive of all actors to participate in the 
system. The simulations showed that the battery wear costs per kWh energy are 
lower than the charging utility price; however, the prosumer also partially or 
fully compensates the battery degradation for the owner. Fig. 5.11 demonstrates 
the design dilemma: the savings for each side from Table 4 are very sensitive to 
this battery compensation value. It is seen that increasing the compensation 
makes the share of EV owners bigger, but this directly leads to reducing the 
prosumer’s part, and vice versa. Moreover, the values outside the green box in 
Fig. 5.11 are unacceptable since they bring negative profit for one party. The 
works [V] and [VI] introduced the partial compensation of 1.5¢/kWh as the 
minimal acceptable figure for all the three simulated states. Finding the most 
optimal value requires careful market analysis that was out of scope of this 
study, and this is a topic for planned further research. However, Fig. 5.11 pro-
vides a quantitative basis for such further research.  

If the EV has fulfilled the contract and stayed in the parking lot to the an-
nounced departure time, its costs were derived in the following way: the degra-
dation costs minus partial compensation from the prosumer. The benefit from 
the CEMS is expressed in the comparison of these expenses to the cost of charg-
ing to the SOC intention by a utility price. Fig. 5.12 depicts the mentioned com-
parison for multiple EV owners during a single sunny day (June 16) in Alaska. 
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Figure 5.11. The savings for the prosumer and EV owners in one year simulation under various compen-
sation values (color squares). The green box depicts the zone where the collaboration is profitable for both 
sides. The compensation value of 1.5¢/kWh is the minimum that suits all the three states, and therefore was 
chosen for representation of the results in this section. 

Figure 5.12. The cost comparison for participating EVs by the end of a sunny day. The normal bill represents 
the traditional charging cost to the SOC intention by a utility price. The picture does not show the EVs that got 
penalties due to early departure.  

It is seen that with rare exceptions, the EV owners are enabled to get much 
lower expenses if they accept the invitation from the prosumer to participate in 
the collaboration. The mentioned exception can be as in the case with EV #39 
in Fig. 5.12, which became possible by a coincidence of factors: the low initial 
SOC intention from 0.71 to 0.83 implies small initial recharging costs, but the 
collaboration resulted for this EV in 107% of total SOC spent in multiple charge-
discharge cycles, and therefore the degradation costs have exceeded the benefit 
of free charging. However, the average costs reduction for all the presented EVs 
is $1.44, which demonstrates the efficiency of the approach.  

Another possible source of losses for the EV owners is the early departure – in 
that case, they are penalized. Fig. 5.12 does not show those vehicles, but they are 
included in the cumulative numerical results in Table 4. Similar to the partial 
degradation costs compensation, the penalty values in [V,VI] were selected for 
demonstrating purposes, and the further work on market analysis may come up 
with different values. The same applies for the penalty values to the prosumer if 
it does not recharge the EV fully enough to its departure. The concrete values 
are of secondary importance by the following reason: they are internal CEMS 
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parameters and do not concern any third parties such as utility grid; changing 
some of them will move the balance either to the prosumer’s or to EV owner’s 
side. The penalty payment by the EV owner will mean that the EV owner will get 
less, and the prosumer will get more, but the combined savings will remain un-
changed.  

 Publication [VI] has compared the main obtained results to other related ap-
proaches of using EVs as energy storages in conjunction with renewable gener-
ation in the state of the art. The literature review of this thesis observed several 
such approaches, but in most of them the direct comparison to our work is dif-
ficult for various reasons: the setup differences, different size of PV system, dif-
ferent consideration of battery degradation, other initial objectives for the col-
laboration, e.g. the DR, and many others. Some case studies permit more direct 
comparisons, for instance, the recent study of Wu et al. (2017). This work has a 
similar setup to ours, as the authors used EV batteries for V2B, but only as a 
countermeasure to balance the deviations between the forecasted and actual en-
ergy balances; managing the peaks in PV generation is performed with a 
standalone battery storage. Wu et al. (2017) have also made a full-year simula-
tion for an office building in California, and their result of 7.2% savings is less 
than our 15.6% savings achieved in the same region. However, even with such a 
close setup, there are still some differences that may affect the savings value, 
which are listed in [VI]. Due to the presence of these differences, we do not 
intend to claim that our study is uniquely better than the other existing ap-
proaches, but we consider our developed CEMS as a full-right competitor to 
them. It improves the energy efficiency of the prosumer’s DER exploitation, it 
provides the flexibility to multiple individual EV owners to participate in the 
collaboration to the extent that they want it, and it is able to provide a significant 
amount of savings for all participants. Finally, the presented penalty mechanism 
that regulates the illegal user behavior contributes to the robustness of the sys-
tem: the CEMS is secure against various unexpected changes, such as early leave 
for EVs or undercharge cases for the prosumer. In the scenarios simulated in 
this thesis, complete robustness has been achieved by ensuring that the EV fleet 
size is large enough. In further work aiming at commercial applications, there 
will be a tradeoff between robustness and required fleet size. In order to obtain 
quantitative results that directly support making this tradeoff, big data for EV 
owner behavior would be needed, which is not publicly available at the time of 
writing this thesis. 

5.4 Variable current performance and battery control 

In Sections 3.4 and 4.4, we have introduced the principles of detailed model-
ing of a battery cell, on the example of a lead-acid battery. It was defined that 
with the constant discharge current, the depletion of acid in electrolyte is going 
on faster in the positive electrode than in the rest of the cell. Section 4.4 has 
designed the control to manage the discharge current according to the acid con-
centration level at the collector of the positive electrode, and its work and prin-
ciple are shown in this section in Fig. 5.13. The battery starts discharging with 
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high enough current, and the current is gradually decreased as we approach the 
desired concentration level cd of 200 mol/m3. The depletion of electrolyte is go-
ing more or less unevenly on low currents, and this helps to stabilize and then 
level the acid concentration before it is turned off. Herewith, the battery had 
time to work for a while at a high current, which is appreciated for backup ap-
plication, for example in a case of energy blackout where the high current in the 
beginning will allow safe quitting the high-demanding appliances, after which 
the remaining supply tasks can be satisfied with much lower current. 

a) b)

Figure 5.13. The discharge current (a) and state of charge (b) in the cases of depletion control and constant 
current control at the loading rates 20C, 4C, 2C, 1.5C and 1C. The stopping time (endpoint of the line) is 
infinite in the case of depletion control and essentially limited in the case of constant current control; only a 
fraction of charge can be withdrawn from the battery with the constant discharge current [VII]. 

In the work [VII], we also explored the questions related to the implementa-
tion of the presented control scheme in practice. The galvanostatic control (15) 
is the ideal recipe to achieve the maximal efficiency, but online measurement of 
the acid concentration at the current collector is onerous. To come closer to real-
life applications, we derived and implemented several control alternatives that 
give close enough results. The galvanostatic boundary control (15) can be ap-
proximated with simple empirical control, which however requires evaluating 
some coefficients. Alternatively, a good compatibility with galvanostatic control 
can be achieved using the past control method (Tenno et al. 2012). 

Finally, we have studied the potentiostatic way to control the current, which 
is the easiest to implement in practice since the voltage can be measured online 
very easily, unlike acid concentration in electrolyte. The equation for potenti-
ostatic control looks as the following: 

 
(16)

The meaning of the potentiostatic control is that instead of concentration, we 
control the voltage on the collector of the positive electrode. Fig. 5.14 (a) shows 
the comparison of discharge current profiles with (15) and (16) controls. The 
potentiostatic control can look like a simple alternative for (15). However, it in-
cludes the essential risk of premature electrode depletion. The simulations 
showed that this may happen if the desired voltage is chosen too close to the cut-
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off voltage; the acid concentration in the positive electrode drops to zero and 
forces the battery to stop the discharge soon enough. In Fig. 5.14 (a) the effect 
of a dangerous proximity to zero concentration value is expressed in the oscilla-
tions of the potentiostatic curve approximately on time 200-300s; some minor 
additional fluctuation of the cell voltage will interrupt the discharge immedi-
ately. The effect disappears if we will set the desired voltage a bit higher, but this 
will lead to a less efficient disposal of the energy stored in the battery. This is 
demonstrated in Fig. 5.14 (b) in a form of acid concentration profiles at the col-
lector of the positive electrode. The galvanostatic control (15) allows keeping the 
acid concentration in electrolyte much closer to a minimum operating level; as 
was proven in [VII],and this directly leads to a larger amount of energy that can 
be extracted from a battery in a single operation.  

a) b)

Figure 5.14. (a) The galvanostatic boundary control (15) and potentiostatic control (16) that is 
set to maintain 1.75 V; (b) The ion concentration of electrolyte at the collector of positive electrode 
controlled with the boundary control (15) and potentiostatic control (16) set to maintain 1.75 (low-
est curve), 1.8 and 1.85 V. The boundary control is set at cd = 200 mol/m3 [VII]. 

The presented control was developed for a lead-acid battery type; however, in 
Section 4.4 we specified the assumption of transferability of its results to Li-Ion 
battery applications. With this assumption, we will try to get an answer of how 
the developed current control may help in achieving further benefits in the pre-
vious case studies of this thesis. The use case of exploiting electric vehicles in 
the works [III,IV,V,VI] assumed the presence of the lowest possible SOC limit 
of 0.2, or 20% of fully charged battery. This provides a certain autonomous re-
serve for a vehicle. Herewith, some owners may prefer to exploit their electric 
vehicle more aggressively up to a complete discharge in order to obtain a maxi-
mal profit from providing a larger amount of energy. The presented propor-
tional control may help these users with achieving their goal. In [VII], the con-
trolled discharge was compared with relatively high constant discharge currents 
at a minimum of 1C. The higher the current, the more noticeable is the effect of 
the control, but in this section, we will show that our method will provide a pos-
itive result also for EV application, where the maximal constant discharge cur-
rent is limited to 0.5C. For this, in the simulations, we will compare the constant 
0.5C current and the proportional galvanostatic control with small parameters 
differences to [VII].  
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a) b)

Figure 5.15. The discharge current (a) and state of charge (b) in the cases of depletion control 
and constant discharge current at the loading rate 0.5C. The endpoints of the lines represent the 
battery’s stopping time. 

Fig. 5.15 shows the simulation results for both scenarios in a 2.5 hour of sim-
ulation time, or 9000 s: the discharge currents (a), and the SOC profiles (b). The 
endpoints of the lines represent the stopping time, or the point when the battery 
is not able to provide the energy anymore due to depletion of the positive elec-
trode. With constant discharge current 0.5C that was used in works [V,VI], the 
uninterrupted discharge of a battery stops after 7452 s, and only at the mark of 
13% of SOC. Hence, the battery is still stored with 13% of its initial energy ca-
pacity, but it will be able to give it only after a restoration time, while the acid 
concentration in the electrolyte will be leveled. Even after that, the discharge 
will continue only for a very short period until depletion occurs again. In fact, 
this 13% of SOC in most cases will stay unused. In contrast, the galvanostatic 
control makes the extracting of energy a bit slower, but the achievable SOC in 
the end of the process is 6%. Hence, the difference between the two simulated 
scenarios is 7% of SOC. If we apply this figure to the case studies in [V] and 
[VI], it will be amounted in the following values in kWh: 0.84, 4.9 and 5.95 for 
battery capacities of 12, 70 and 85 kWh respectively. This is the direct amount 
of extra energy that can be provided by an EV with current simulation condi-
tions, thus resulting in the potential contribution of the presented work to exi-
gent users of electric vehicles or batteries. The detailed battery modeling for the 
considered aggressive (i.e. to a full battery depletion) scenario is especially ad-
vantageous since the error in SOC determination from the Simulink battery 
block increases from 5% to 10% when the SOC goes under 0.2 (Tremblay et al. 
2009). The detailed battery cell modeling may help to eliminate this error, and 
along with the proper discharge current management, it will provide additional 
robustness and energy efficiency to the battery owner. The implementation of 
the presented control for Li-Ion batteries will be hopefully studied in our future 
work. The discharge below the 0.2, however, is still a special case and not rec-
ommended for EVs due to a harmful effect for the battery (Millner 2010). The 
conclusion from this work is that the Simulink-based modeling is reasonably 
accurate for the SOC ranges that are relevant for the cases 2 and 3 of this thesis. 
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6. Conclusion

The research of this doctoral thesis is related to the emerging field of collabo-
rative energy management systems (CEMS), aiming at designing collaboration 
mechanisms and architectures through the simultaneous consideration of pos-
sibly conflicting requirements for energy efficiency, flexibility and robustness. 
A multi-disciplinary approach for CEMS has not yet been established; various 
aspects of the collaboration between users of smart energy systems were studied 
in several smart grid research fields. The appropriate coordination of multiple 
intelligent elements is a very important factor that deserves a separate study; 
however, the nature of collaborative systems is very diverse for different appli-
cations. The goal of the work was to investigate design principles for CEMS 
against criteria for energy efficiency, flexibility, and robustness. The related re-
search was performed in the context of three different CEMS case studies, aim-
ing at identifying the key aspects to be considered in further work on a more 
rigorous theory for CEMS that could generally be applicable across several ap-
plication areas. 

The research questions, hypothesis and objectives from Section 2.8 will now 
be discussed for each case. 

In case 1, a fully decentralized approach was used to achieve energy efficiency 
while maintaining a high level of flexibility in the sense that the system is easily 
maintainable if there are changes to the road network or the lighting network; 
robustness was not investigated for this specific type of CEMS. The street light-
ing automation is a straightforward implementation of the specification which 
is derived from requirements related to traffic safety and the comfort of local 
inhabitants, so it can be considered to provide maximal energy savings accord-
ing to these requirements. Thus, for this particular type of CEMS, our conclu-
sion is that the hypothesis is valid and that a fully decentralized approach avoids 
conflicts between energy efficiency and robustness. 

In case 2, there are conflicting requirements between the households’ freedom 
to flexibly use their own storage resources and in maximizing the energy effi-
ciency for a group of houses. The decentralized peer-to-peer architecture and 
negotiation protocol was demonstrated to achieve higher energy efficiency, 
while improving flexibility and robustness in the sense that households can de-
pend on each others’ battery resources if their own resource becomes unavaila-
ble for whatever reason. This results in overall cost savings. However, the profit 
sharing mechanisms between individual households were not investigated in 
detail, so this is an area of further research – for example, how should a house-
hold be compensated if its EV is plugged in and available most of the time? How 



Conclusion 

76

is the flexibility of using the EV for driving taken into account? These questions 
were to some extent investigated in case 3. 

In case 3, there is an obvious conflict between energy efficiency and flexibility 
since the problem of optimizing the energy efficiency becomes much more dif-
ficult if the availability of EV battery storage resources is not known for certain 
beforehand. Partially decentralized decision-making was used to achieve flexi-
bility, which in this case was defined as the freedom for participants to break 
their contracts at any time without incurring severe penalties. Robustness was 
defined so that the system is able to adapt dynamically to broken contracts and 
continue to pursue energy efficiency. While it was not possible to demonstrate 
that this approach is optimal, and while it was not possible to perform direct 
quantitative comparison to the state-of-the-art due to differences in the re-
search setup, in Publication [VI, it was possible to argue that the proposed ap-
proach has advantages over the state-of-the-art approaches, using a combina-
tion of quantitative and qualitative factors. These approaches involved several 
proposals for multi-objective optimization performed by a central actor, but the 
assumptions of the optimization problem were restrictive from the perspective 
of flexibility and robustness. 

Finally, it was taken into account that the performance of CEMS depends on 
the physical and chemical characteristics of the energy storage technology. The 
last research problem in this thesis was the investigation of the possible perfor-
mance and accuracy improvement that could be obtained by replacing the con-
stant discharge current scheme and the Simulink battery block with more opti-
mal control and a more accurate battery model. A new control method was de-
veloped that allows extracting more energy from the battery in a single dis-
charge phase. The evaluation of the technique was performed on the example of 
lead-acid battery type; the detailed battery model was designed with partial dif-
ferential equations (PDEs). The battery structure and electrochemical processes 
were described that occur inside the battery; the PDE-based battery model was 
therefore more detailed than the ones used in the CEMS use cases in this thesis. 
In particular, investigating the internal battery processes have revealed the fact 
that the battery depletion is going faster on the positive electrode, than on the 
rest of the electrochemical cell. Once the battery stops working, it actually has 
energy left, but extracting it requires some time while diffusion levels the acid 
concentration throughout the electrolyte volume. The thesis has presented the 
developed control method that allows uninterrupted operation, maximizing 
both the amount of energy extracted and discharge current. The proposed tech-
nique was a galvanostatic discharge control that stabilizes the acid concentra-
tion in the positive electrode on the desired level. The method was validated by 
a numerical simulation. The findings were used to assess the accuracy and op-
timality of the results for cases 2 and 3, and to judge the need for more sophis-
ticated battery modeling and control in further work.
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