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ABSTRACT: 
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bonisation of microgrids through optimisation with different aspects in mind, such as, reducing 
emissions, decreasing fuel consumption, increasing grid reliability and asset availability, and low-
ering operation costs. The aim of the thesis is to investigate the fundamental areas of concern, 
when making an early assessment of the potential for decarbonisation through optimisation in 
industrial microgrids. This is done through a qualitative study based on semi-structured inter-
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1 Introduction 

The results of what impact climate change has on the earth is further realised year after 

year with record temperature beaten for every year (WMO, 2023). The importance of 

reducing CO2 emissions is at top level and the timespan for doing it decreases year after 

year. The industrial sector is slowly realising this, and more industries are trying to lower 

their CO2 emissions, thus the opportunity for selling hardware and software for decar-

bonising industries is at its highest.  

 

This thesis is made for a technology company in Vaasa, Finland with focus on decarbon-

isation through optimisation of microgrids with different aspects in mind, such as reduc-

ing emissions, decreasing fuel consumption, increasing grid reliability and asset availa-

bility and thus lower operation costs. For doing an optimisation of a microgrid, rigorous 

techno-economic analyses and dynamic power system modelling is required to make a 

good model that a business case can be based upon. The importance of these analyses 

is to have reliable data and good knowledge of the grid and the customer in order to 

catch the “low hanging fruit”. This can take time and especially the data collection can 

be extended before getting right data in the right format. “Knowing the customer” 

means that the basic functions and what factors characterises the microgrid are under-

stood. This process can take time when data of the grid must be analysed and many 

experts from different areas of expertise must be consulted.  

 

For speeding up this process and to make an early assessment of a project, the idea 

arises of a classification framework that would take into consideration the fundamental 

areas of concerns in microgrid optimisation when trying to develop a business case. This 

thesis tries to retrieve these fundamental parameters and compose a classification 

framework that can be used for pinpointing the main challenge areas (see Figure 1). This 

way, focus could be set on the relevant areas of concern by asking relevant questions in 

an early stage.  
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Another aspect of this method is also to present the quite complex knowledge in a 

briefer way and try to see how different topics ties into together and what impact a cer-

tain topic can have on other topics, thus also get the persons that are in close contact 

with the customer, necessarily not experts in power systems, to understand the broad-

ness and multifaceted topics that a microgrid will introduce.  

 

 

Figure 1. How the thesis fits into the existing process. 
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2 Background 

To understand what a microgrid is and to know what is meant by the decarbonisation of 

it, I will in the following section go through the definition of a microgrid, what character-

ises a microgrid, what differentiates an industrial microgrid from other types of mi-

crogrids, and what is meant by the decarbonisation of a microgrid.  

 

 

2.1 Defining a microgrid 

The concept of microgrids has gained a lot of interests in the recent years due to the 

evolution of smart grids. To combat the climate change that emissions of CO2 has led to, 

replacing generation based on fossil fuels with renewable energy sources is a must. How-

ever, the traditional power system is limited to incorporate large amounts of renewable 

energy sources (RES) due to these systems are not built to cope with the intermittent 

nature of these sources. The evolution from a traditional grid to a smart grid is therefore 

seen as the following step in the development of our power system, to be able incorpo-

rate as much RES as possible. A smart grid would be a grid that follows the available 

power in the system by optimising the use of existing generation assets, keeping losses 

at minimum, controlling the demand with the possibility of load control, and with incen-

tives for users to conserve load when needed (Farhangi 2017, p. 2). To achieve this kind 

of reactive system, the implementation of intelligence is needed in steps and one step 

towards this would be the implementation of small entities called microgrids (Farhangi 

2017, p. 20).  

 

There are different definitions of what a microgrid is. A well cited definition is the one 

that the US Department of Energy has at an early stage proposed:  

A microgrid is a group of interconnected loads and distributed energy resources 
within clearly defined electrical boundaries that acts as a single controllable entity 
with respect to the grid. It can connect and disconnect from the grid to enable it 
to operate in grid-connected or island-mode. (Ton & Smith, 2012, p. 1) 
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As Hirsch et al. (2018, p. 2) summarises it, this definition sets three demands on the 

system that could be called a microgrid: the system should have clear boundaries so it 

can be told apart from the rest of the system it is connected to (if connected to a larger 

grid); the assets connected in the system is controlled in symbiosis with each other; and 

the grid should be able to operate with or without a connection to a larger grid.  An 

almost similar definition is also used by the IEC: 

A group of interconnected loads and distributed energy resources with defined 
electrical boundaries forming a local electric power system at distribution voltage 
levels, that acts as a single controllable entity and is able to operate in either grid-
connected or island mode (IEC 60050: ‘Microgrid’, 2017). 

 

The IEC definition adds to the definition mentioned above that a microgrid is imple-

mented on distribution level. This means that a grid entity implemented on sub distribu-

tion levels would not be defined as a microgrid. These could be defined instead as a 

nano-, or picogrid (Mbungu et al., 2019, p. 11). According to Hirsch et al. (2018, p. 5), the 

capacity size of microgrids can vary from below a MW and to tenths of MWs. However, 

the grid sizes that the company I do my thesis for, faces often microgrids in the customer 

segment of islands and industries ranging from tenths of MW to a couple of hundred 

MWs. For grids in this size range, the word minigrid could be a more suitable name. Ac-

cording to (IEC, n.d.), the term minigrid can be used for individual grids that would be in 

a larger configuration for example, in factories or islands. However, when searching for 

articles in databases like IEEE, ScienceDirect, and MDPI, the term minigrid is giving few 

results even when combined with the search word industrial or island. The term mi-

crogrid combined with the terms industrial and island gives more results across all the 

databases mentioned earlier. Because of this I will refer to the term microgrid and indus-

trial microgrids even if the grid size considered in this work would be more suitable to 

be called a minigrid. 

 

To these definitions above, different attributes are often also added depending on what 

stakeholder group defines the microgrid is coming from. As Farhangi (2017, p. 20) de-

scribes it, if the focus is on environmental priorities, then the microgrid should contain 
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RES. If the reliability of the system is of highest importance, then the microgrid should 

have focus on the existence of firm power and if combined with RES then there should 

be included ESS in some configuration. If the cyber security part of the microgrid is of 

highest priority, then different layers of security that will be able to cope with various 

cyber threats should be in place. If the cost of the whole system is of highest importance, 

then optimisation and efficiency should be prioritised. Safe to say is that a microgrid 

would contain a combination of these traits. 

 

As gone through above, the microgrid concept is a grid with the ability to be in an is-

landed state with its own loads and generation assets, and can help to achieve the goal 

of decarbonising electrical power systems by grouping parts of the traditional grid into 

several microgrids. This way, the management of a higher RES penetration could be eas-

ier. However, the concept of isolated or islanded grid is not a new thing, before the term 

microgrid has gained interest there have been, for example, small islands operating as a 

microgrid matching the definitions discussed above (Yuksel, 2021). However, as Farhangi 

(2017, p. 21) states, these microgrids has not been intelligent in that sense, rather min-

iature versions of traditional power systems. Now when these islanded grids define goals 

to become less CO2 intensive or become completely decarbonised, there is need for 

them to add a layer of intelligence to become smart microgrids, in order to install addi-

tional RES and optimise the system in terms of load management, efficiency, cost, and 

reliability. 

 

 

2.2 Microgrid characteristics 

As earlier mentioned, a microgrid is a small grid with its own generation and loads, thus 

having different characteristics than a traditional electrical power system. According to 

Farrokhabadi et al. (2020, p. 3), these differences are often related to the microgrid size. 

In a microgrid, small change in the generation or load can have relatively large implica-

tions to the global voltage and frequency, for example starting or stopping a generation 

asset, or the disconnection or connection of a large load. Also, regarding this small 
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relative size, the implementation of RES would have larger effect on microgrids, due to 

the lower inertia level in the system, leading to higher frequency fluctuations in the grid.  

Due to the smaller size, a microgrid will also have shorter power lines and lower voltage 

compared to traditional systems, leading to more difficult control of reactive and active 

power. 

 

When controlling a microgrid, the reliability and economic operation is often of top pri-

orities. According to Hirsch et al. (2018, p. 2–3), to fulfil these requirements, the follow-

ing functionalities should the microgrid be able to do: operate as one entity towards the 

main grid (if grid connected), keeping line power flows on an acceptable level, regulate 

the voltage and frequency when islanded, be able to dispatch assets for keeping the 

power balance, keep a smooth transition between grid and off-grid connection. For 

achieving all these requirements, a control system based on a hierarchical control is of-

ten suggested, these control functions consist of three control levels: primary, secondary, 

and tertiary control; each level acting in different time spans. 

 

According to Zahraoui et al. (2021, p. 9), primary control, also called field control, is the 

fastest control level, and it is located in each generation asset. The objective of the pri-

mary control is to react to any changes in the frequency and voltage and with all means 

try to stabilise any deviations in these. In microgrids, this is done autonomously mainly 

by different predefined droop functions, thus not requiring any communication because 

its actions are based on local measurements. These functions could have different strat-

egies, but the most common ones change the active power produced based on meas-

ured frequency and alternatively changes the reactive power produced based on the 

measured voltage. 

 

Zahraoui et al. (2021, p. 11–12) continues, the main function for the secondary control 

is to restore the frequency and voltage to the nominal values after the primary control 

has, by its droop functions, stabilised them. It is also responsible for the resynchronisa-

tion to the main grid (if the microgrid is grid connected), coordinates the operation of 
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DERs in the system for minimising operations cost, and manages the stability in the mi-

crogrid by taking into consideration available capacity, ESS constraints, etc. The tertiary 

control is the highest level of the hierarchical control, this level ensures that most opti-

mal operation is done on a long-term basis (Zahraoui et al., 2021, p. 21). It is doing this 

by taking into consideration the cost of own operation and main grid (if grid connected), 

it also produces forecasts based on weather and economic data. Based on these fore-

casts it can set the active and reactive controls for the primary control. In Figure 2 it can 

be seen how the hierarchical controls work together and in what timespan. 

 

 

Figure 2. Typical power system frequency response to a sudden loss of generation 
(Ntomalis et al., 2020, p. 4). 

 
Related to the control hierarchy is the different grid codes standards used in microgrids. 

According to Tamrakar et al. (2017, p. 4), there are different standards if the microgrid is 

grid connected or not. When grid connected the standard are tighter than during is-

landed operation. For grid connected operation there are several standards that can be 

followed, for example, the IEEE recommends frequency limits at ±0,036 Hz. There are 

standards in the same way for islanded operation, however, ISO 8528-5 standard sug-

gests that the normal frequency range should be between ±1,5 Hz and for the critical 

frequency range ±9 Hz. Furthermore, recovery time should be 10 s and maximum rate 

of change of frequency (ROCOF) is 0,6 Hz/s. 
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2.3 Industrial microgrids 

The microgrid concept can be used in many different segments, for this work I am going 

to focus on the industrial segment. According to Polleux et al. (2022), the continuity of 

supply is of highest priority in an industrial microgrid, and the operational costs are 

strongly linked to the produced product and the cost of it. A stop in electricity supply 

would have direct financial impact due to broken down equipment or product batches 

that would become ruined, also a stop without notice could have safety implications 

(Shoreh et al., 2016). In manufacturing, the production requires often detailed schedule 

of processes which means that precise control of the plant is prioritised (Shafie-khah et 

al., 2019). In addition, Polleux et al. (2022) points out that the generation and transmis-

sion assets can be owned, financed, or operated by different entities, but the load, all 

production assets, of the grid would be regarded as one entity with one goal. This is 

different compared to a residential microgrid where the load would be split into several 

different entities. 

 

There would also be some technical differences between industrial microgrids and reg-

ular microgrids. An industrial microgrid could have more inductive characteristics due to 

large number of electric motors used for pumping, torque production, and compression 

(Polleux et al., 2022). Furthermore, loads would not typically be as flexible as loads in 

residential or commercial microgrids, related to the factors mentioned of above, this is 

also why mostly in industries there has been more focus on management of generation 

than on loads (Gomez et al., 2020). 

 

 

2.4 Decarbonisation through optimisation 

Decarbonisation refers to reduction of carbon emitted from, for example, production of 

goods, electricity, or transport. For this work, the reduction of carbon related to the gen-

erated electricity in an industrial setting is considered, this off course will also have an 

impact on the carbon footprint for the produced good that the electricity was used for. 



14 

 

In a power system, decarbonisation could be done by running the existing assets in the 

most efficient way by operating them where they have the best heat rate, replacing fossil 

fuels used for electricity production with carbon free or carbon-neutral alternatives, for 

example, or replacing thermal assets with RES like wind and solar (Kyriacou & Burke, 

2020). In other words, the way of decarbonisation is to optimise a microgrid in regards 

of reliability, emissions, and cost. When adding RES and furthermore operating assets in 

the most efficient manner, the control of all these things becomes quite complex and 

the need of an energy management system (EMS) becomes relevant and will be the key 

to a decarbonised and optimised power system (Zia et al., 2018, p. 3).  

 

An EMS could also be called microgrid supervisory controller or microgrid central con-

troller and would hierarchically be in the secondary control and tertiary control level 

(Meng et al., 2016, p. 3). The objective of the EMS is thus the same as the functions of 

the secondary and tertiary control level mentioned in the previous section. What kind of 

system that would ultimately do the optimisation is a bit overlapping in the literature. 

The main systems mentioned in the literature are power management system (PMS) and 

EMS. According to Jamal et al. (2021), the PMS would be related to technical parameters 

like power, current, and voltage, whereas the EMS would be focused more on energy 

economic objectives like operational costs, emission intensity, etc. However, according 

to Meng et al. (2016, p. 2–3), both the technical and energy economic objective would 

be done by the EMS. Whereas in the work by Ravikumar et al. (2016), the PMS would be 

the only system that manages the microgrid. For the management system to get the real-

time data, it bases its decisions usually upon a supervisor control and data acquisition 

(SCADA) system (Litvinov et al., 2019). 

 

Regardless of what the management system is called, the function would be the same; 

to control and manage generation and load for the microgrid to operate at the most 

optimal way as possible (Zia et al., 2018, p. 3). To do this, data is gathered and analysed 

in real time in order to calculate the most optimal operation parameters, this is done by 

implementing optimisation algorithms with more or less intelligence. This is described 
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by Zia et al. (2018, p. 5–6) and Khan et al. (2016, p. 3–4), the optimisation algorithms 

range from classical methods, like rule-based methods, to artificial intelligent systems 

implementing machine learning. Furthermore, to optimise a system, a clear goal of what 

should be optimised is needed. For the EMS to do its job, there must be objective func-

tions and constraints implemented in the system. An objective function is a goal that the 

EMS is trying to achieve, this could be minimising operational costs, minimising mainte-

nance costs, maximising revenue from electricity sales, minimising CO2 emissions, etc. 

Additionally, every asset connected to the system has their own limitations that must 

not be exceeded. These limitations are put into the EMS as constraints, for instance, out-

put limits on generation assets, charging/discharging limitations on ESS, reliability in 

form of frequency and voltage boundaries, limitations on certain network connections, 

etc. 

 

In other words, the EMS would optimise the microgrid according to implemented objec-

tive functions (as emissions, and costs) with additional constraints for keeping a suffi-

cient reliability in the system. However, in this work I will not look at the financial impact 

different categories can have on the system. Because financial impact is a very customer 

specific parameter that is hard to generalise. Furthermore, by considering cost, the ap-

proach starts to look at the optimal solution for a project, whereas in this thesis I am 

only looking at possible concerns and challenges that experts and salespeople must take 

into consideration for finding the optimal solution. 
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3 Literature review 

 

In this topic’s state of art there are not many articles with detailed ways of classifying or 

distinguishing different microgrids from each other, the classification methods are often 

general and few. However, there are a set of recurrent classifying methods used through-

out the literature. According to Mittal et al. (2022, p. 3), the two most common ways to 

classify microgrids are by distinguishing between the type of current in the system (AC, 

DC, or AC/DC hybrid) and dividing microgrids into what type of market segments (or util-

ity areas) they are used in. Other authors are then evolving from these methods with 

different variations and additions.  

 

In the work done by Cagnano et al. (2020, p. 3), the authors are adding to the idea of 

distinguishing between the electrical type by also dividing into what kind of structure 

the network itself is built in, for example radial, ring, meshed, or mixed architecture. 

Despite these alternatives, according to the authors, radial structure with an AC network 

is used the most throughout the world. Another method is also to separate between 

microgrids with on or off-grid connection. According to Cabana-Jiménez et al. (2022, p. 

3), this is a fundamental way to classify microgrids, because according to different IEEE 

standards (Cabana-Jiménez et al., 2022, p. 1) the pure definition of a microgrid is that it 

must consist of local energy resources and loads that can operate as one unit and be 

able to operate in island or grid connected mode. 

 

In a white paper made by Borghese et al. (2017), they are combining the connection type 

with the market segment by introducing if the microgrid is used for a facility or commu-

nity, where facility is a private entity. Thus, the combinations are off-grid facility and off-

grid community or on-grid facility and on-grid community microgrid. For example, an off-

grid facility could be a remote industrial site and an off-grid community could be a for 

example a campus, whereas an on-grid community could be an island and an on-grid 

facility a smart community. This way of categorising is touching the second method that 

Mittal et al. (2022) stated; to classify microgrids according to their market segments. 
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Categorising microgrids into different market segments helps in mapping the purposes 

and core functions required to be fulfilled for the operation of the microgrid. According 

to Mittal et al. (2022, p. 3), the applicable market segments are: utility, institutional, 

commercial, transportation, and remote area microgrids. This is also supported to some 

extent by a comprehensive article made by Chartier et al. (2022, p. 5–7), they are refer-

ring to an earlier work where it was identified that the microgrid market segments are: 

remote locations, commercial/industrial, community, utility distribution, institu-

tional/campus, and military. These different segments would have in their turn different 

needs and ways to optimally operate the microgrid in question.  

 

One good example of a classification methodology that is combining all the above clas-

sification methods is introduced in Choudhury (2022, p. 4). The author is also adding a 

subsection to the classification, which takes into consideration where the microgrid con-

trol system is located, in this case, the microgrid control system can either be centralised, 

distributed, or decentralised. See Figure 3. 

 

 

Figure 3. Classification of microgrid (Choudhury, 2022, p. 4). 
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Chartier et al. (2022, p. 5–7) are further introducing that microgrids should also be clas-

sified according to their size in terms of the number of customers or maximum capacity. 

This way it will be easier to pinpoint the purpose of the microgrid and to understand how 

it fits in a wider system (see Figure 4). Supporting this sizing method is also Mbungu et 

al. (2019, p. 11). In their article, they are classifying microgrids based on the size of the 

power system, in terms of the voltage level and maximum power. Based on these pa-

rameters, they classify if the power system is a pico-, nano-, or microgrid and in what 

application it would be used in, for example, individual customer or commercial. 

 

 

Figure 4. Breakdown of functions of smaller grids (Chartier et al., 2022, p. 5). 

 
The classifications discussed so far considered the microgrid as one unit with different 

characteristics; however, it is also possible to take into consideration individual compo-

nents in the grid that the grid itself is built upon. In an conference article made by Gag-

naire et al. (2016), the authors are modelling a household system where the loads and 

sources are classified into three categories, whether they are time flexible - can the asset 

be switched on or off at any time, power flexibility – do the asset have a possibility to 

change its power demand/production at any time, and service time compactness – if the 

load or source cannot be stopped for a certain time period after it has started.  
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In an article made by Naeem and Hassan (2020), the authors go through different ways 

of classifying microgrids, and the mitigation techniques used for RES intermittency. In 

this work they combine the earlier proposed classifications but adding the communica-

tion method and a management level as well. The communication part it is considering 

whether the microgrid has wired or wireless communication in place. The management 

levels are split into planning, operational, and hybrid level. Planning level considers only 

if there is long term planning in the microgrid mostly related to investment decisions, 

whereas the operational level covers the scheduling and operational aspects of the mi-

crogrid. The hybrid level would be a mix of these two and is considered the most optimal 

but with increased complexity. 

 

In an article made by Moran (2016), the author does a classification of the loads in the 

microgrid. This load would be grouped into tier-1, must run loads; tier-2, discretionary 

loads; tier-3, emergency load shed. Must run loads are loads that cannot at any time be 

shed and discretionary loads are loads that can be shed for short time for peak shaving 

or load shifting. Emergency-load-shed loads are loads that can, as the name suggests, 

only be shed in emergency. These would only be shed, for example, for preventing a 

blackout.  

 

In the articles made by Chartier et al. (2022), Sirviö et al. (2020), and Martin-Martínez et 

al. (2016) they also introduce the principle to split the microgrid into different functional 

layers where different aspects of the microgrid are concerned. The functional layering 

principle, that is introduced in the articles mentioned above, is essentially based on the 

Smart Grid architecture model made by the European Commission but each of them 

with their different variations. The model that is proposed in Martin-Martínez et al. 

(2016, p. 2) ties in good with the sizing methodology mentioned in Chartier et al. (2022, 

p. 5).  
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There are the functional layers combined with the size of the grids: pico-, nano-, or mi-

crogrid. In this article, the picogrid represents different loads in households and the 

nanogrid represents buildings with their own energy resources and loads, whereas the 

microgrid represents a whole neighbourhood up to a distribution level. 

 

According to Chartier et al. (2022, p. 9), the functional layer principle is varying between 

references, but the core layers are a physical layer, a communication layer, an intelligence 

layer, and an overarching SCADA layer. In the physical layer all the physical components 

that are part of the microgrid are considered for example, generating units, ESS, and 

power electronic systems. The communication layer consists of the types of communi-

cation protocols used in the system and must provide the intelligence layer with status 

of the physical layer. In the intelligence layer exists the control and decision making that 

operates individual devices in the physical layer and in the final SCADA layer exists EMS 

systems and HMIs that controls the general operation in the microgrid. However, this 

way of thinking is not considered in this work. By going into the functional layer concept, 

we start to touch the implementation of microgrids instead of high-level categories, 

therefore I will not consider this in my work. 

 

When combining these different classifications, we get the preliminary classification 

method. I have decided to split all the categories into three different segments: genera-

tion, network, and load (see Figure 5). This is done to get a better grasp of the different 

categories and makes it clearer to what part of the power system it is linked to. This is 

also a logical way of splitting the power system. The load part is always the final user of 

electricity, and it is why we have a power system in place in the first place; to supply the 

user with the needed amount of energy. For creating the electricity, some kind of gener-

ation is needed. The generation is seldom at the same place as the user; thus, we need 

a network for transmitting the generated electricity to the user. 
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Figure 5. Preliminary classifiaction framework based on the literature review. 
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4 Methodology 

I will base this thesis on a qualitative study in form of interviews with different experts 

with different areas of expertise, these experts are working for the same company I am 

doing my thesis for. I will conduct the interviews in a semi-structured way with open 

ended focus questions and with the freedom to go around the question if seen relevant. 

Due to the possibility of confidential information discussed in the interviews, the tran-

scription of each interview is not provided, however, each interviewees viewpoint is de-

scribed as detailed as possible. In the following sections, the research process is gone 

through in detail, then the proceedings of each interview and the findings with the larg-

est impact on the classification framework is described.  

 

 

4.1 Process description 

For mapping the ways of distinguishing microgrids between each other and be able to 

retrieve the key challenges in a specific type of microgrid, a literature review and inter-

views with experts throughout the company are made. Both the literature review and 

the interviews are done in a two-fold process. The first part of the process is the litera-

ture review that was described in the chapter above. From the literature review I gath-

ered different ways of classifying microgrids and put them into a framework where topics 

related to generation, network, and load was grouped together. I call this framework the 

preliminary method. The second step is to conduct the interviews with the preliminary 

method as a basis. The interviews are split into two parts with different focus points, and 

they are done on two different occasions for each individual. Thus, steps two and three 

are done two times. See Figure 6.  

 

When the interviews are done, step four takes part, where the analysis is done. Here, 

each category is analysed and compared with different answers and compared with rel-

evant literature if there are any similarities or differences. After the analysis the final 

proposed method will be presented. 
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Figure 6. Description of the work process. 

 

 

4.2 First set of interviews 

In the following section the process of the first interview is gone through. Firstly, the plan 

is described, then the interviewees and the questions are presented. Secondly, the main 

findings from the interviews are discussed. 

 

 

4.2.1 Plan for the first interviews 

In the first interview the preliminary method is gone through with the experts. The aim 

with this interview is to look at the general topics that they think is relevant when doing 

a classification of different microgrids. First the question is for them to think of classifi-

cation in general and from their area of expertise come up with important categories 

that will have an impact on how a project would be approached. Then they will be 
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questioned to look at the preliminary method and think of how their suggestions would 

fit into that method and to see if the preliminary categories are good, if something must 

be removed or if something must be added. By doing it this way, the idea is to retrieve 

as many different views and ideas as possible for getting as an extensive viewpoint as 

possible. In other words, the purpose is to create a method based on new ideas and 

different ways of thinking. 

 

The expert selection is based on the different topics that was retrieved in the literature 

review and presented in the preliminary method. The different experts consulted can be 

seen in Table 1 and the focus questions are gathered below. 

 

Table 1. Classification of experts participating in interview one. 

Expert A Techno-economic analysis 

Expert B Power system architecture & control 

Expert C Power system stability 

Expert D Business models & financial modelling 

Expert E Communication & connectivity 

Expert F Generation optimisation 

Expert G Device integration & control 

 
The interview questions used in the first interview are listed below. The first two ques-

tions focus on a more general discussion on what, according to the experts’ area of ex-

pertise, is important. The following two questions tries to place these viewpoints into 

the preliminary method. 

1. When looking at decarbonisation from your area of expertise, what are the key 

categories that would bring challenges to the system when starting decarbonisa-

tion activities? 

2. What would the different classes be of these categories? 
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3. Looking at the preliminary method, do you find excessive categories or lack of 

essential ones for assessing the decarbonisation challenges for a microgrid? 

4. If modifications are required what would these be? 

 

 

4.2.2 Main outcomes of the first interviews 

The idea of splitting the categories into different segments depending on if they are re-

lated to generation, network, or load was agreed upon. Furthermore, there were several 

suggestions on changes that included additions and removal of categories. These will be 

briefly gone through next, starting with the generation segment. A more detailed analy-

sis of each category is done in the analysis part of this work. 

 

There were many suggestions related to the generation part of the framework. In the 

interview with expert D, the topic of dependability was suggested. With this way of think-

ing the idea is to map what is the reliable source of energy in the power system in ques-

tion. For example, solar PV in Sahara, where cloud coverage would be concentrated to 

few days during a year, could be dependable source of energy, though it is a non-dis-

patchable source with little flexibility. Compared to a thermal asset located on a remote 

location with an unreliable fuel supply, the solar PV plant could be an asset with higher 

dependability. This would be good to get insight of in an early stage to better understand 

the customer.  

 

The following additions is generation capacity and adequacy. In the preliminary frame-

work, generation capacity was only regarded as the total installed capacity in the system. 

According to expert A, B and C, this is though too narrow for getting a good insight into 

the system. It should also be added what the capacity of each generating asset is and 

what the total load demand is during low, base, and peak load.  
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All these variables are strongly linked to each other and will not reveal the characteristics 

of the system if only looked at as individual values. Suggested by expert A was also to 

consider what the tightness of the system is in terms of capacity meeting the demand. 

This could be covered by the term capacity adequacy. 

 

A suggestion by expert C was to add a category that considers the amount of synchro-

nous or inverter-based interface. With this addition, the idea is to understand what the 

level of inverter-based generation is in the system and if there would be any challenges 

to add more inverter-based generation to it. This becomes relevant, with regards to the 

level of inertia in the system, if a decarbonisation option would be to install more RES. 

Touching this is the operation philosophy in the system. According to expert A, a crucial 

addition to the framework is what kind of operation philosophy the customer has for the 

system. This is closely related to what reliability is required, are there any rules in place 

during contingencies, and how do the customer look at spinning reserve requirements. 

The level of reliability required will set the level of the other mentioned topics, if relia-

bility requirement is high then the customer would probably not be so prone to take 

risks with not having enough spinning reserve in the system. These kinds of precautions 

will off course have a financial impact on the production costs.  

 

The management level with the classes planning level, operation level, and hybrid level 

was suggested by expert F to be split into two different categories: long-term plans and 

level of operation. The long-term plans will take into account if there are some long-term 

plans in place and what they are in that case. This could be anything from generation 

capacity additions needed or what the decarbonisation goals would be. With the level 

of operation, the aim is to understand how they are operating their plant at the moment 

and what the degree of automation is. Another subject touched upon was co-optimised 

dependencies. According to expert F, this could be regarded as a separate category and 

refers to essential commodities produced other than electricity, for example heat and 

cooling. This could easily be overlooked and would have large impact on the business 

case if not considered. 
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Regarding decarbonisation, several categories was discussed. These would be RES pen-

etration, land availability, and contractual constraints. Both expert B and F suggested 

that the level of renewables in the system should be added. RES penetration would be 

considering the energy penetration and the power penetration separately when discuss-

ing the installed capacity in the system. When talking about possibilities of RES additions, 

both land availability and contractual constraints. Land availability covers the available 

spatial area for installing RES, whereas contractual constraints would cover any agree-

ments that could prohibit this expansion, for example, fuel savings or additional usage 

of a grid connection.  

 

Moving on to the network section and the type of power. According to expert F the type 

of power would at this stage not be considered, there has not yet been any customer 

with a dedicated DC bus in an existing or potential future project. According to expert C, 

the implementation of a DC bus could become relevant in the future as the customer 

base expands but at this point of time there are no customers that would have a sepa-

rated DC bus. Because of this, the type of power is removed from this framework, this 

will also limit the scope a bit due to separate characteristics that a DC bus would provide. 

 

Regarding the microgrid size in the network section, both the distinction between micro-, 

nano-, and picogrid; and the voltage level is removed. According to experts B, C, and F; 

any relevant case would not be smaller than a microgrid, so therefore different catego-

ries for that would be unnecessary. Expert C points out that the voltage level would not 

be such of an interest in an early assessment of different cases. Instead, the distinction 

if there is a HV line, in addition to the LV and MV network, is more of interest because 

that would bring additional concerns that must be considered. Expert C is further adding 

that this could instead be included into a hardware category, that would also cover if 

there is a lot of cables or long runs of overhead lines in the system. These things would 

have an effect on the reactive power in the system. What also could be considered in 

this category, is if there are any reactive power compensating units like FACT devices or 
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capacitor banks that must be controlled. Another network related suggestion from ex-

pert B, was also to expand the grid connection category to import or export only, or both 

import and export. Expert C would also add to this category if there is a zero exchange 

agreement in the grid connection. 

 

In the preliminary framework, the distinction of communication was by if it was wired 

or wireless communication. This is quite narrow. In the interview with expert E, it was 

proposed that in addition to the type of connection, wired or wireless, there could also 

be a type of communication category that would include the types of protocols used. 

Different protocols would have different advantages and disadvantages and these pro-

tocols could also have problems to communicate with each other, requiring converters 

to be able to have data transfer between them. However, connecting to an existing sys-

tem is not risk free either, for example, there is a risk that you could poll a system to 

much and that could lead to a tripping of the communication system. If separate systems 

have different earthing points, a galvanic isolation would be needed for not getting po-

tential differences between earth points, which in turn could lead to break down of hard-

ware.  

 

Expert E continues, that the fundamental thing needed when going into an existing con-

trol system, old or new, is knowledge of which all places is data needed from and how is 

that accessed. When accessing the data, the next question is if both read and write rights 

are needed or is only read rights needed. When having only read rights to a system, one 

problem could be that how is it ensured that you are not able to write as well. This is 

closely related to the level of cyber security in the system. How is it ensured that the 

system is protected from unauthorised access and if there would be a breach how is it 

ensured that they will not be able to control the system, this becomes relevant when 

talking about operation of power plants. The problem with having control of operation 

is that, when connecting different devices with each other you want, on a network level, 

the systems as far from each other as possible for keeping out from unauthorized access. 
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However, at the same time you must have a very close access to these systems for being 

able to control different assets and devices in real time with minimal delay. 

 

Expert G states that, it all boils down to what the visibility is between generation and 

load in the system and how much work is required to get a sufficient visibility to control 

and optimise the different assets and loads. Obstacles prohibiting this visibility in the 

system could be communications protocols that is not supported, no digital signals in 

place and would require hardwiring of devices, fibre cables needed for having a galvanic 

isolation or keeping a certain speed, the customer could be using some proprietary com-

munication system that is not accessible. All of this could bring challenges when starting 

to implement a new system into an existing one. What becomes clear when discussing 

this topic, is that it is very multifaceted and case specific and is not really under the same 

subject that my thesis work is covering. Because of this I will not analyse this in more 

detail in this work, it can though be added to my framework as a heads up for what to 

keep in mind when discussing the type of communication existing in the grid in question. 

 

Related to visibility and level of operation is what kind of system control type does the 

existing system have. In the preliminary framework the classification was called mi-

crogrid control location and with the classification centralised, distributed, or decentral-

ised. Expert B, suggested to call it system control type and split it into centralised or 

distributed classification, because decentralised and distributed could be an overlapping 

definition, this was also suggested by expert G. 

 

Last part discussed is the load section. The largest addition is the type of industry cate-

gory proposed by expert B. It was stated that the type of industry could have impact on 

several categories, and as an example was to consider cement, chemical, and mining 

industries. These industries are mainly part of the company customer base as of now in 

the industrial microgrid segment. Expert C suggested to take into consideration what 

kind of load types are in the grid, for example, large DOL (Direct Online) motors could 

cause implication on the power system especially in reactive power requirements and 
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voltage control. Expert A, C, and F mentioned the importance of knowing the predicta-

bility of the load profile, can certain loads be predicted or do they come and go whenever. 

Expert D emphasizes that a possible load growth should be considered and included in 

a category to be able to assess the project correctly. Expert A and D both suggests as-

sessing the seasonal flexibility in the load profile, for example, if there would be more 

available RES in one part of the season can this additional energy be utilised. Another 

larger addition, suggested by expert A, is the load demand of the system, and more pre-

cisely the demand during low, base, and peak load. How often does the peak occur, once 

a year or once a day. From this framework the number of customers is removed and is 

replaced with the earlier mentioned categories. 

 

 

4.3 Second set of interviews 

In this section the details of the second interviews are gone through. As similarly done 

for the first interview in chapter 4.2, the process plan is described first and then the main 

outcomes are presented. 

  

 

4.3.1 Plan for the second interviews 

The second interview focus on the links between the different categories and how they 

affect each other. Prioritisation of different categories is also looked at, if some catego-

ries have a greater impact on the overall framework compared to others. The focus ques-

tions for the second interview are listed below. The first question takes into account if 

the interviewee has something to add that was not mentioned during the first interview. 

In this second interview the interviewee will for the first time see the other participants 

suggestions as well and have the possibility in this first question to comment on that. 

The rest of the questions touches the aim for the second interview that was described 

above. 
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1. When looking at the new method, are there anything you would like to add or 

comment on that wasn’t brought up in the first interview? 

2. Which categories would be prioritised before another? (Categories with a larger 

impact on the system as a whole) 

3. What would the change in impact be depending on which alternative is chosen 

for the different categories? 

 

The experts participating in the second interview are listed in table 2. Due to the second 

interview is focusing on how different aspects of the grid are linked together, the inter-

viewees in table 2 was chosen for their good insight of the grid as a whole. Whereas the 

interviewees not participating had more focused insight in their specific field. 

 

Table 2. Experts participating in the second interview. 

Expert A Techno-economic analysis 

Expert B Power system architecture & control 

Expert C Power system stability 

Expert F Generation optimisation 

 

 

4.3.2 Main outcomes of the second interviews 

Starting with the dependability aspect, expert B agreed that the dependability of the 

source is important to get insight of. It was proposed that it could be drawn back to what 

the primary energy source is and what is the reliability of it. To catch this, it was sug-

gested to add a source type category and implement an energy security index that would 

cover the reliability aspect of that source. Expert A suggested that included in the de-

pendability could also be a maintenance aspect, if there are available spare parts and 

are there people who are able to maintain the specific assets. Expert F stated that, the 

capacity adequacy is strongly linked to the operation philosophy, because the tightness 

of the system will have an impact on the way the plant is operated. Are there spare gen-

erating assets that could be used for spinning reserve and so on. This in turn, would have 
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a great impact on the long-term plans of the power system and especially for the capac-

ity planning.  

 

The topic of addition of RES was discussed with experts C and F.  According to expert F, 

some customers fear the impacts RES will have on their system. According to expert A 

and C, the impact of RES implementation is strongly linked to the kind of existing assets 

in the system, are these assets, for example, capable of balancing or only operate during 

peaking and base load conditions. When adding RES, the role of flexible assets, capable 

of balancing, becomes more important. Furthermore, automatic operation becomes 

more important so the system can react fast enough to the balancing needs additional 

RES requires. Related to this, expert B suggested to change the name of service time 

compactness to cycling limitations, to cover the aspect of generation assets’ capability 

to do balancing. 

 

Regarding decarbonisation potential, expert A thought that a category for assessing the 

emission intensity should be added. This index would be expressed as g/kWh and with 

this, it could be easier to compare the system to other reference systems with similar 

setups, for example, the RES penetration does not tell how decarbonised the system is. 

There could be a momentary high penetration of RES, but large parts are curtailed rest 

of the time. Thus, not resulting in a lower emission intensity. Related to this category 

addition, expert B suggested that also the aspect of what the tapped/untapped amount 

of energy from RES should be included. With this aspect the amount of curtailed energy 

from RES could be covered. The curtailment would be linked mostly to technical con-

straints in the system, for example, if there are any transmission bottlenecks or if there 

is a lack of consumption at the point when RES are producing the most.  

 

Furthermore, other aspects of untapped energy could also be included, for example, if 

there are available land available for RES additions, or if there is a grid connection with 

a possibility to transmit unused capacity to the main grid, if not already done. 
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According to experts B and F, for enabling a full optimisation there is a need to have the 

EMS at a centralised control point of view. Expert B points out though that a distributed 

control does not directly mean that the system is not controlled in a good way, however, 

they are probably not operating the grid in an optimal way. Regarding centralised and 

distributed control point, expert B brought up that different parts of the control could 

be centralised or distributed. According to expert B, the central control system could be 

split into three parts that would control each section of the power system, the auto-

mated generation control (AGC) for the generation, network control for the network, 

and a demand side control for the load side. With this viewpoint, the customer could 

have different parts of their control system centrally or distributed. This would tell us 

that some part of the system would maybe have the required communication in place 

already and that there is a level of visibility in the system or that they are to some extent 

already utilising some optimisation. Depending on what signals are gathered and what 

the objective functions are, the existing system could provide us with what the necessary 

inputs for implementing an EMS. Expert C discusses the potential of having a centralised 

control of the network. This would help in obtaining optimisation objectives related to 

the network management. Another aspect of this is if the breakers can also provide data 

of, for example, power flows. These data inputs could help to provide a better load fore-

cast for the system. 

 

For the load section, expert C suggests that a control philosophy of loads should be 

added to the framework. This aspect would look at how additions of loads are commu-

nicated to the operator. The question is if loads are connected on demand or if the load 

addition is requested beforehand, to ensure that there is enough capacity to cope with 

the increase in demand that the additional load would imply. This would maybe mainly 

be relevant for certain demanding loads, for example, large DOL motors. This aspect 

could probably be linked to the type of industry, due to certain industries having more 

demanding loads than others. The type of industry would also be linked to the load pro-

files and the predictability of them, for example, in the chemical industry the load profile 

would be quite even and be tied to different processes, while in the mining industry the 
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load profile would be more uneven and unpredictable, depending on the type of rock 

that goes through the system. Expert F adds to this that the type of industry will also 

have an impact on the load characteristics of the system. 

 

When discussing the load flexibility, expert C points out that the flexibility aspect could 

be looked at a long-term or short-term timespan, where the long-term would maybe be 

a couple of days while the short term would be in the closest hour. Any longer timespan 

would not maybe be part of the flexibility of the asset, instead it would be more related 

to the planning aspect of loads. Related to this, expert A discusses the possibility to steer 

loads to times where there would be abundant RES in the system. First suggestion was 

that it would be related to the load flexibility, however, considering the comments of 

expert C, this would be more related to planning of loads, because these times with 

abundant RES would be mainly coupled to periods on a seasonal basis. 

 

Expert F emphasizes the impact the load growth could have on a power system, for ex-

ample, in the mining industry where the fleet electrification is increasing, the load 

growth could on a single power system double the existing load demand, thus having 

great implications on the current system. Both expert A and F points out that the load 

growth would be closely linked to the long-term planning of the power system and spe-

cifically on the capacity planning, this would especially be the case in the example above. 

Another aspect of load growth, that expert A emphasises, is what type of loads is grow-

ing in the system. In a utility case, an acceptable method would be to multiply the exist-

ing load demand with the load growth variable, however, in an industry case there could 

be the possibility that just expanding the existing load curve is too simple. If a certain 

type of load is growing, then that could also introduce different type of load character-

istics than just the need for more capacity. The expansion of the EV fleet would be a good 

example of that. 
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5 Analysis of the interview results 

In this section, the proposed categories that has been mentioned in the interviews are 

now analysed. This is done by going through each category and look at the possible chal-

lenges that may arise in that topic and answers by experts and looking at relevant liter-

ature to find similarities and differences.  

 

 

5.1 Generation 

The generation part focuses on, as the name suggests, categories coupled to the gener-

ation side of the microgrid. This part will go through what the primary energy sources 

are, the characteristics of the prime movers, what kind of planning and energy manage-

ment is used, and what the decarbonisation potential is for the system.  

 

Dependability. Expert D suggested that the dependability aspect of the different energy 

sources should be considered. Depending on the location, the dependability of re-

sources can vary quite much. One example of this would be an island at the equator 

where the number of cloudy days is few during a year. For this case, a solar PV plant, that 

would usually be seen as a non-dispatchable source with very little flexibility, could be 

the most dependable resource of energy due to a very limited fuel supply to the island. 

To catch this viewpoint, it was proposed by expert B to split this aspect into the type of 

primary energy source and what the security is of it. In the book chapter made by Chicco 

et al. (2021, p. 3), this type of thinking is to a certain extent touched upon. The primary 

energy source could be grouped into a system-based energy and environment-based en-

ergy category. The system-based energy could be in the form of electricity, fuel, or stor-

age, whereas the electricity would be supplied from an outside network. In an environ-

ment-based system the primary energy source would be the solar irradiance or the 

speed and direction of the wind. The energy security index that was mentioned by expert 

B could be covered by the availability of the energy source. The availability of system-

based energy sources could be described as a limitation in the connection to the main 
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grid or instability of the main grid and regarding the fuel supply, this could be related to 

problems in the delivery chain of the fuel. For the environment-based sources, the avail-

ability aspect would be how often the right conditions are met. Chicco et al. (2021) also 

considered storage to be part of the system-based energy source, however, I consider 

that a storage would not be a primary source of energy, rather a storage of energy that 

a generation asset has produced, thus I will consider the storage to be part of assets in 

the grid. In this category I will not consider the maintenance aspect that expert A sug-

gested because that would be related to the specific generation asset instead of the pri-

mary energy source. 

 

Asset type. After knowing the source of energy there must be a generation asset the 

transforms this energy into electricity. Then the asset type must be known. Depending 

on the generating asset characteristics it will bring different challenges or possibilities to 

the power system. As stated by expert B, every generating asset has some limitations 

both in the aspect of power and energy, these limitations are brought up in this section. 

By mapping the types of assets, you can further look at the characteristics of them. Ex-

ample of this could be a non-dispatchable source like a wind or solar PV plant or a dis-

patchable source, such as, a dammed hydro plant or a reciprocating engine plant. One 

question that was raised in the interviews was if the ESS could also be considered as an 

asset and according to Chicco et al. (2021, p. 3) and expert F, it could be more than well 

be incorporated into this kind of thinking. The constraint of the ESS must be considered 

and then it could be classed as any other generation source. 

 

Prime mover interface. When the asset is known then the type of interface between the 

prime mover and the grid must be known. As proposed by expert C, this could be split 

into synchronous and inverter-based interfaces. As Klimstra (2014, p. 30–49) explains it, 

synchronous-based generators are spinning generators that can supply a natural inertia 

to the system. When the implementation of RES is increasing, with the exclusion of hydro, 

the level of inertia in the system decreases due to RES are usually connected to the sys-

tem via power electronic converters. These cannot provide natural inertia to the system, 
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thus making the system more vulnerable to fluctuations. Fluctuations would lead to 

higher rate-of-change-of-frequency (ROCOF) and lower frequency nadir (Tamrakar et al., 

2017, p. 3). As can be seen in Figure 7, the different sections represent the different 

control levels of a microgrid. First the inertial response, after that the primary level that 

the governor responds to, the secondary acts as the automatic generation control and 

restores the frequency to nominal levels, and tertiary would be able to plan additional 

backup as it sees fit. If the inertia level decreases too much, without any countermeas-

ures, the ROCOF or frequency nadir could be so severe that the whole power system will 

likely collapse. 

 

 

Figure 7. Multiple time-frame frequency response in a power system following a fre-
quency event (Tamrakar et al., 2017, p. 3). 

 
According to Tielens and Van Hertem (2016, p. 3), the level of inertia for a synchronous 

generator can be estimated with the inertia constant HSG. This constant can be retrieved 

from equation (1), where ESG equals the stored energy in form of rotating inertia, de-

pendent to the mass and size of the spinning object and the system frequency, expressed 

in joules (J). SSG equals the apparent power of the generation asset expressed in voltam-

pere (VA) or joules/seconds (J/s). Thus, obtaining the inertia constant expressed in sec-

onds (s). 

 

𝐻𝑆𝐺 =
𝐸𝑆𝐺

𝑆𝑆𝐺
.                 (1) 

This inertia constant can also be expressed as Hsys for the total system in equation (2):  
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𝐻𝑠𝑦𝑠 =
∑𝐸𝑆𝐺

𝑆𝑠𝑦𝑠
,                 (2) 

where the total stored energy for the system (only synchronous generation) is divided 

by the total capacity connected to the system, Ssys. 

 

The inertia constants tell us for how long the assets can sustain the nominal load without 

any energy input from the prime mover, for traditional generating asset this constant lies 

between 2 and 9 s (Tielens & Van Hertem 2016, p. 3). Klimstra (2014, p. 30–49) continues, 

these extra seconds allows the system to react to any imbalances in the power system. 

As synchronous generation decreases, the inertia constant of the system will also de-

crease and thus becoming more vulnerable to fluctuations. To cope with this deficit of 

inertia, you could add additional reserve capacity by having, for example, more spinning 

reserve in the system. This, however, would lead to having more units in operation with 

lower load per unit and this in turn will lead to lower efficiency of the units with higher 

costs, higher fuel consumption, and more emissions. Another alternative would be to 

have fast reacting reserve capacity that could respond more quickly to imbalances in the 

system than traditional power plants. This introduces the possibility of virtual or syn-

thetic inertia provided by very fast acting inverters coupled to an energy source, for ex-

ample an ESS.  

 

According to Tamrakar et al. (2017), there are different methodologies for supplying vir-

tual inertia to the system, some tries to mimic a synchronous generator with exact math-

ematical models, some tries only to approximate how the synchronous generator (SG) 

would behave, while others use a droop-based function that just will respond linearly to 

the frequency deviations. What should be considered is what type of inverter is going to 

supply the virtual inertia, especially if it is an islanded microgrid in question. As Hossain 

et al. (2017, p. 3) describes it, inverters can be grouped into two different types: grid-

following inverters, also called current source inverters (CSI), and grid-forming inverters, 

also called voltage source inverters (VSI).  
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A grid-following inverter need to have a reference voltage and frequency provided by a 

robust source to be able to supply the grid with the correct power, usually a main grid or 

a strong islanded grid, whereas a grid-forming inverter can provide this correct power by 

itself. Tamrakar et al. (2017) emphasizes that because of the differences between CSIs 

and VSIs, it is important to keep in mind that some virtual inertia methods require a 

reference frequency, thus not suitable for use in islanded grids where grid forming capa-

bilities are required. Another thing to notice is that if an ESS, for example a li-ion storage, 

would additionally to regular cycling also be used for frequency regulation, then it will 

have a negative impact on the aging of the BESS compared to regular cycling. However, 

different ESSs could be combined to cope with additional fast discharging that virtual 

inertia would require, for example, could a BESS be combined with an ultra-capacitor or 

flywheel. Furthermore, when the virtual inertia is increased with different methods the 

settling time is also going to be longer, this leads to more energy required by the ESS for 

compensating the frequency deviation.  

 

If SGs and inverter-based generators are combined in the same grid, according to Hoss-

ain et al. (2015, p. 5), if there is more SGs than inverter-based generators then the in-

verters would be controlled as they would be in a grid connection i.e., grid-following 

mode. Whereas SGs would be less than inverter-based generation, then the SGs would 

act as current sources and the inverters controls the bus voltage and frequency i.e., run-

ning in grid-forming mode. Another impact that inverter-based generators imply is the 

limitation on short circuit currents. Inverters are not as capable of providing high short 

circuit currents as SGs, thus leading to challenges for protection relays to detect faults in 

the system (Thakurta & Flynn, 2019). 

 

Asset flexibility. The flexibility of an asset will decide how the asset can be used in the 

power system. If it is possible to use it for base load, peak load, or for balancing applica-

tions. This aspect was based on the work by Gagnaire et al. (2016) and changed a bit 

based on comments by the experts. Three classes are considered here: Time flexibility, 

power flexibility, and cycling limitations. The time flexible aspect can be linked to the 
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dispatchability of the asset. If the asset is dispatchable or non-dispatchable, a non-dis-

patchable asset would have limitations in its time flexibility due to it will only generate 

power when, for example, the weather conditions are right, correct wind speed and di-

rection, enough solar irradiance, etc., whereas a dispatchable asset could be dispatched 

whenever there is a need for it. Power flexibility could be linked to the minimum stable 

level of an asset or also the dispatchability of it. A non-dispatchable asset would likewise 

also have limitations in its power flexibility due to same factors mentioned above, how-

ever, with these assets you would have the possibility to decrease the generated power, 

in other words curtailing possible power. This is avoided though, often due to the objec-

tive function of maximising the amount of produced energy from RES. 

 

Cycling limitations implicate limitations of how the asset is started and stopped, ramped 

up or ramped down. This is more related to thermal assets than RES, for example, gas 

turbines. Limitations in starting and stopping means that the asset must reach the right 

operating temperature before the asset could be ramped up or stopped. Likewise, it 

must cool down to a certain temperature before the asset could be started again. Limi-

tations in the ramping of the asset could be that the ramping must be done in steps for 

ramping down or that the asset must have the right temperature before it can be ramped 

up to full load. This cycling limitation aspect could also, to a certain extent, be applied 

for ESSs. If the ESS would be a battery storage for example, then it would have limitations 

on for how long and with what amount of power it can be discharged or charged. 

 

This view on flexibility limitations is supported in the work done by Varghese et al. (2021), 

where they look at flexibility constraints in gas turbines and how the utilisation of these 

could be increased if improving these limitations. According to Varghese et al. (2021), 

gas turbines would be limited in their operation by their maximum power output and 

minimum stable level, ramping rates at starting conditions, and ramping rates in normal 

operation. With these aspects, the asset would have limitations in its power flexibility 

and cycling limitations. According to expert C, when there is more RES in the system the 

flexibility of the rest of the assets becomes important. Assets with this flexibility are 
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called balancing units and would have a fast response time to be able to follow the RES 

output fluctuations that RES have. The assets cannot only be fast acting, but the control 

system must also be fast enough, thus an automatic operation is important to be able to 

react to these changes. 

 

Generation capacity. To get an understanding of how different assets interacts with the 

system you must know what the generation capacity is. However, the installed capacity 

alone does not tell what kind of system it is. It is related to the capacity of each generat-

ing asset and what the load demand is during base, peak and low load conditions. It is 

also good to know how often the demand changes, for example, does the peak occur 

once a week or even once a year. As already hinted, this is closely linked to the load 

demand and the load profile of the system. According to Klimstra (2014, p. 46), it is not 

ideal to operate a system with just few larger plants and especially in a setting with high 

amounts of RES with large variations. By having multiple generating units covering a set 

load, the fractional loss of generation would not be significant to the system as a whole. 

Furthermore, the individual generating units do not have to operate at low load, where 

the assets would become inefficient, in order to have sufficient spinning reserve.  

 

Long term plans. Long term plans are linked to many different categories, for example 

decarbonisation potential, are there any CO2 goals or plans to expand the RES in the 

system; capacity adequacy, how is the system now meeting the demand and are there 

any plans on expanding the generation capacity; load profile, are they planning for any 

load growth in the system and how much and when. It is important to get a grasp of if 

the customer has long-term plans in place, to properly take them into account and be 

able to do a model as true as possible.  

 

Level of operation. Often seen in customer microgrids is that there can be existing con-

trol systems in the grid, ranging from manual dispatch to full-fledged automated control 

of assets. As expert F describes it, in a manual dispatched system all the assets would be 

dispatched manually by a human operator, this dispatch would be based on the 
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requested demand from the load users and to large extent on feeling. In a manual dis-

patch it is hard to run assets optimally because as a human operator you don’t have the 

speed to react to instant changes in the power demand or analytical skills to foresee the 

future and see what the need would be in short future. With these limitations the assets 

are often operated with some headroom so it would be easier to operate and that would 

lead to lower efficiency on the assets. Also, there could be instant changes where there 

would be need for more headroom but that the human operator cannot see. This view 

is also supported by Prostejovsky et al. (2019, p. 6), where the authors states that the 

increasing number of assets needing control and added complexity, due to more unpre-

dictability in the system, leads to human operators do not cope with the monitoring and 

control that is required.  

 

To cope with this more demanding task, automated operation can be utilised to different 

degrees. As expert F states, there are three different degrees of automation in a mi-

crogrid: a rule-based optimisation, an optimised scheduler, and an automated optimiser. 

The rule-based optimiser or a static decision support system (DSS), as Prostejovsky et al. 

(2019, p. 6) calls it, would react to changes in the system based on pre-defined rules and, 

according to expert F, this would mainly be used for keeping the power quality under 

control. However, due to frequent variations in the generation profile, this could lead to 

inefficient control of assets when constantly reacting to these changes. The next step in 

the automation would be to implement machine learning into the system (Prostejovsky 

et al., 2019, p. 6). With the machine learning algorithm, the system can make decision 

based on real-time measurements and forecasts. This degree of automation would be 

covered by the two last proposed levels: optimised scheduler and automated optimiser. 

The difference between these two levels is that in an optimised scheduler, the system 

has an advisory role and proposes how the system should be operated where the oper-

ator takes the final decision. In the automated optimiser, the system would take opera-

tion decisions and implement them.  
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A further comment made by expert F, is that if there are ready in place control systems, 

then it could be a challenge to get different systems to talk to each other, however, this 

means also that there would be some level of visibility in the system. 

 

This view could be combined with the different levels of automation Prostejovsky et al. 

(2019, p. 6) adopts from Endsley and Jones (2016) (see Table 3). With this viewpoint, the 

rule-based optimisation could correspond to batch processing, where the system acts as 

the human have programmed. The optimised scheduler would be on the consensual de-

cision making level where the system suggests and the operator decides what the system 

should do, whereas the automated optimiser corresponds to the automated control and 

decision support where the system choses what to do and the operator can intervene if 

needed. 

 

Table 3. Levels of automation. Prostejovsky et al. (2019, p. 6) based on Endsley and 
Jones (2016). 

Manual control Human performs all tasks 

Gathering and filtering System gathers, filters, and highlights key information 

Batch processing System aids in action as instructed by human 

Shared control System and human generate decision options, human 

decides and carries out with support 

Consensual decision making System recommends options, human decides, system 

carries out 

Automated control and deci-

sion support 

System recommends options, selects best and system 

carries out, human can intervene if desired 

Full automation System carries out all tasks 

 
Operation philosophy.  When implementing an EMS, the system also must have an op-

eration philosophy in place to work as intended. This category focuses on how the oper-

ators operate the facility and what rules are implemented in the system during e.g., con-

tingencies. Both expert A and C emphasizes the importance of knowing what the level 

of reliability is required for the system. The reliability can be expressed as a percentage 
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value and is calculated by dividing the scheduled operation time with the difference be-

tween the scheduled operation time and the unscheduled outage time (Hotakainen & 

Klimstra, 2011). According to expert A, in industrial microgrids, the reliability require-

ment is closely related to the value of lost load (VoLL). VoLL is the cost that a power 

outage would imply in regards of, for example, lost opportunity of producing a good, 

delay in production, damage to the produced good or production equipment, or employ-

ees getting hurt (Gorman, 2022, p. 2). If the VoLL is high, then a trip of the system would 

have a high financial impact and the operator could value a higher reliability more than 

an operator in a grid with a lower VoLL. 

 

When the level of reliability is known, then the focus can be set on what the existing 

rules are in the system. These rules are put in place to mitigate any possible contingen-

cies, for example, that the system should cope with one or two potential generator trips, 

called N-1 or N-2 generator trip. A mitigation alternative to this could be to have a certain 

amount of spinning reserve available in the system, questions related to that is then if 

these rules are followed and when. There is always a cost combined with the mitigation 

in place (Gorman, 2022, p. 2), therefore, it is always a trade-off between keeping costly 

spinning reserve or taking the risk of losing certain loads.  

 

Co-optimised dependencies. This part takes into the consideration if there are any pro-

duced commodities other than electricity, for example heat. Gu et al. (2014) states that 

heat and cooling is often combined with thermal assets in industrial facilities, due to the 

cost savings done by taking advantage of the spare heat. There is also a possibility for 

these assets to run according to the electrical demand or the heat demand, these op-

tions introduce complexities to the optimisation. Expert F emphasize that it is important 

to get to know this in an early stage to be able to take it into consideration when doing 

optimisation modelling of the system.  
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The possibility is that if electricity demand from the asset is only considered, then the 

model will not keep assets in operation to provide sufficient heat. This would have big 

implications on the business case, especially in terms of fuel savings.  

 

Capacity adequacy. The term generation adequacy is described by Billinton and Satish 

(1993, p. 1) and means if there is enough capacity in the system for meeting the demand 

with the possibility to do repairs or preventative maintenance. According to expert A, in 

a non-adequate system, in terms of generation capacity, there would be complications 

on how the load is met if some assets need unplanned maintenance compared to a sys-

tem with more headroom. According to Billinton and Satish (1993, p. 2), there are several 

indices used for evaluating this adequacy, but the basic ones often used in power sys-

tems are the loss of load expectation (LOLE) and the loss of energy expectation (LOEE). 

LOLE is defined by the expected time during a set period when the load demand is higher 

than the available capacity, whereas the LOEE is the expected amount of energy not sup-

plied due to the available capacity not meeting the demand. A LOLE less than 10 h per 

year is considered reliable by many countries (Kjær et al., 2021, p. 20).  

 

According to expert F, a non-adequate generation capacity is not only related to the 

amount of installed capacity, but it can also be a consequence of badly maintained assets 

leading to a vicious circle, where badly maintained assets lead to a non-adequate system 

that in its turn lead to not being able to maintain the running assets. What is seemed as 

adequate can also differ from customer to customer. Expert F points also out that differ-

ent customers have different comfortability levels. Some have a very tight system with 

demand and generation always head-to-head, leaving room for maintenance only few 

times a year. Others are never satisfied of the level of security and has many backup 

layers in place if something happens. Furthermore, these aspects can be linked to the 

operation philosophy and the long-term plans of the system. Depending on the genera-

tion adequacy, the operation philosophy must be according to the available assets and 

if the generation is not adequate, this is maybe considered in the long-term plans in 

regard of capacity additions. 
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RES penetration. The RES penetration is important to know how much they tap into it 

today and what the possibilities are today to expand to it. According to expert F, to un-

derstand the system there are two different figures that must be known: energy pene-

tration and power penetration. The energy penetration describes how much of the total 

energy, over a set period of time, is covered by RES; with this figure you can for example 

get an understanding of what impact RES have on the total CO2 emissions. The power 

penetration describes the momentarily coverage of RES in the system and the relation-

ship between these two can have different implications.  

 

For example, considering one day operation, with sunlight of 6 hours, of two different 

microgrids with similar demand. Microgrid A has an installed solar PV capacity of 10 MW 

and microgrid B has an installed solar PV capacity of 5 MW. Microgrid A will get a peak 

power of 10 MW while microgrid B gets a peak power of 4 MW. However, microgrid A 

gets only the 10 MW peak for an hour and the rest of the day only a constant production 

of 2 MW, while microgrid B gets to keep its peak for the whole day. This results in, that 

microgrid A will have a produced energy of 20 MWh while microgrid B will have a pro-

duced energy of 24 MWh. This way, the microgrid A has a higher power penetration with 

a lower energy penetration than microgrid B. In this case, microgrid B will have lower 

CO2 emissions than microgrid A. Expert B pointed out that the question is then why there 

is such low penetration in microgrid A, is it due to the nature of the primary source or 

are there any limitations in the system that makes the system curtail the rest of the 

power. 

 

There could also be limitations on what the maximum RES penetration is for the mi-

crogrid, in the article by Gwon et al. (2019), the authors go through different approaches 

for evaluating what the limit is on the RES penetration. These methods are used for the 

Korean power system, but the authors propose that they could also be used for other 

power system by adopting the limitations parameters for the grid in question. These lim-

its are determined by the minimum power generation by SGs, primary frequency control 



47 

 

capability of the RES, reserve requirements during a certain time period, dynamic limi-

tations on the lowest allowable frequency nadir. These limitations are operational rules 

decided by the operator and would fit into the suggestion by expert A and C, that this is 

closely related to the flexibility of the other assets in the system and also what the level 

of operation is. For increasing these limits, Olivares et al. (2014) suggests that the adop-

tion of ESSs is the key technology for this, however, this requires robust control systems, 

as discussed earlier. 

 

The example above leads us to the next consideration in this category, what the tapped 

or untapped energy of the RES is in the grid. The aim of this is to get an understanding 

of if the grid utilises the installed capacity to its full extent. This could be checked by 

looking at how much of the available RES is curtailed. According to expert B, the curtail-

ment can depend on different factors: there could be transmission bottlenecks in the 

network or there could be not enough consumption. Due to that power plants are not 

always near the demand, the power from the RES must be transmitted. In the transmis-

sion between the source and the load there could be a limitation on certain powerlines 

or substations. This would mean that there is enough consumption but due to these 

limitations a part of the produced electricity must be curtailed. If there are not any limi-

tations in the system there could still be that during high peak RES production there is 

not enough demand to use the produced electricity, thus it must be curtailed. If there is 

a grid connection would there a be a possibility to transmit unused capacity to the main 

grid. This is strongly linked to the network topology of the system. 

 

Resource availability. This category focus on the addition of RES in the system or switch-

ing to a less carbon intensive fuel for the thermal assets. For doing this, the availability 

of these resources must be checked. In regards of expansion of RES, land for installing 

these sources must be available, if not, then the question is if there are any possibilities 

to retrieve additional land and what would the implications of that be.  
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In terms of fuel, switching from crude oil-based fuels e.g., HFO, to a gaseous fuel, for 

example LNG, could be a way to decarbonise (Livaniou & Papadopoulos, 2022), but the 

following question is then what the availability is for this type of fuel.  

 

Contractual constraints. This part refers to any contractual constraints for optimising 

and decarbonising the power system. Expert D pointed out that, if the existing genera-

tion assets could be optimised in such way that there would be substantial fuel savings, 

it must be checked if there is a high take-or-pay fuel agreement in place. A take-or-pay 

agreement stipulates that the buyer has an obligation to pay for a certain quantity of 

fuel whether taking it or not (Rogers & White, 2013). This could prohibit any optimisation, 

impacting fuel savings, by not being able to decrease the fuel consumption without pay-

ing for the same amount of fuel agreed on in the contract before the optimisation took 

place. If such agreement is in place, then the question is if there is a possibility to rene-

gotiate the contract. Another constraint related to cost optimisation by utilising the main 

grid more, if the microgrid in question is grid connected, would be limitations in the con-

nect in such a case, is there any limitations in the connection that would prohibit an 

increased offtake from the main grid. 

 

Emission intensity. As expert A suggested, to be able to set a level of decarbonisation to 

a reference point, the emission intensity would be good to retrieve. If the RES penetra-

tion would be the only value of how decarbonised the system is, then it could give a false 

statement due to not considering the fuel used in the rest of the operation. A microgrid 

with relative high RES penetration but running its thermal assets on a carbon intensive 

fuel, for example HFO, could have a more CO2 intensive grid than a microgrid with lower 

RES penetration, but is running the thermal assets on a low carbon fuel like natural gas. 

It was proposed by Expert A, that this would be expressed as g/kWh of CO2, however, in 

the literature the CO2 intensity for industries is often expressed as kg of CO2 per amount 

of material produced.  
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For example, in gold mining, the unit used is kg of CO2-e per troy ounces of gold produced, 

ranging from 129 to 2754 kg CO2-e/oz (Ulrich et al., 2022). In Bernstein et al. (2007, p. 

460), most industries are using the kg/tonne of produced good for the emission intensity. 

 

 

5.2 Network 

The network is a crucial part of the power system that lies between the generation and 

the load. The network cannot in the same way as generation be optimised but if over-

looked it can lead to constraints that will have big impact on the final business case.  

 

Topology. The topology of the network put limitations on how assets could be optimised, 

for example, where in the network different assets are located and how they are affected 

if a segmentation of the network would occur. According to expert B, the network topol-

ogy can be set up in different ways and in a power system there is seldom one single 

topology throughout the system but often in a combination of topologies. Expert B ex-

plains that the most straight forward topology is the radial topology. This topology would 

have several branches and each branch goes from one end to another end of the net-

work. This is a predictable topology that is relatively easy to predict the power flow of 

and the voltage profile in different parts of the network. This, however, would be more 

vulnerable to single point of failure due to only one direction for the power to flow.  

 

The ring topology is a topology where the network would be starting and stopping at the 

same bus. For this topology, the predictions of power flow are harder and would require 

more measurements in the network to properly predict the state of the system. Protec-

tion coordination would also be more complex than a radial system. However, the net-

work is less vulnerable to a single point of failure, due to becoming two radial networks, 

thus it is more reliable than the radial topology. A meshed topology is the most complex 

topology with many different directions of power flow from one single point in the net-

work. Protection coordination is complex for this kind of system and with the possibility 

of multiple line switching alternatives, the control of the system is difficult. Due to the 
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complexity, simplifications are needed when analysed by splitting the system into multi-

ple radial and ring components. However, with complexity comes also more reliability. 

Due to many possibilities of power flow the reliability is high, and you also get a strong 

voltage profile. 

 

According to expert C, in the present customer base microgrids there would be a mix of 

these topologies. Usually, the networks are based on a radial structure with meshed or 

ring components connected to it. For example, in an industrial facility the power feed 

from the generation would be made radial and the network in the facility premises 

would have a meshed structure. Expert C also emphasises the importance of getting a 

grasp of the network topology if there are any possibilities for a reconfiguration happen-

ing in the network. According to Thakar et al. (2019), reconfigurations could be done to 

optimise the system power flow and thus minimising costs. Reconfiguration may also 

happen due to faults in the system. Expert C points out the problem if an optimisation is 

done in the network with not having the possibility of reconfiguration in mind. If there 

are several plants located in the network with different efficiencies and the optimisation 

is concentrating operation to the plant with most efficient assets. A reconfiguration split-

ting critical load from the operating plant would most likely then trip the critical load. 

With this in my mind, the better approach would then be to spread out the generation 

on multiple assets for covering any reconfigurations in the network. 

 

Hardware. This category covers any network hardware or physical elements that could 

influence the early assessment of a case. To this are underground cables and lines, espe-

cially HV lines, and any reactive power compensating devices considered. Expert C points 

out that, usually a microgrid would have a quite small area of operation but it has been 

seen that industrial islanded grids can have relatively long distribution feeders in form of 

overhead lines or underground cables.  
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This could have an impact on the reactive components in the system, thus also on the 

optimisation of efficient power transmission, also just the existence of several under-

ground cables will have similar effect. Expert B mentions that HV line adds another di-

mension to the system with additional lines and substations that possibly must be con-

trolled, thus adding complexity.  

 

This corresponds with the work by Psarros et al. (2022). According to the authors, un-

derground cables and HV overhead lines can have a great impact on the reactive com-

ponents in the grid. These types of feeders have a high capacitance, and especially during 

low load conditions they will, if not compensated, lead to overvoltages, limited active 

power supply, and increased losses. When implemented in islanded grids, that typically 

have relatively small size, there are limitations in the generation assets of how much 

reactive power they can compensate. In the mentioned article, the available inverters 

are not capable of absorbing reactive power, thus leaving the thermal assets as the only 

assets available to compensate. Due to the limitations of each asset to absorb reactive 

power, there has to more dispatched thermal assets than during normal load conditions. 

This leads to that available RES must be curtailed due to the limited demand, which in 

turn leads to higher operational costs. 

 

This could however be limited with the help of dedicated passive or power electronic-

based reactive compensators, for example, fixed and variable shunt reactors (VSR) or 

static var compensators (SVC) and static synchronous compensators (STATCOM) (Song & 

Kim, 2022). This leads to another point that expert C emphasised, if there are any reac-

tive power compensation devices installed in the grid that must be controlled by an EMS 

for example. 

 

Grid connection. If there is a grid connection in place will have a strong impact on how 

the optimisation would be implemented. According to expert B, the different options are 

import / export only, or both import and export. Furthermore, expert C adds to this class-

ing the possibility of zero exchange as well, used for grid stability. This corresponds to So 
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(2017), where they are implementing a microgrid with the possibility of a grid-neutral 

(connected with no power exchange), grid-supporting (grid export), grid-supported con-

nection (limited import), or unlimited grid use. What is also emphasized in the literature 

is that if there is a grid connection there must be a seamless transition between con-

necting and disconnecting the microgrid to the main grid. To achieve this, robust control 

methods, extremely fast switching, and active synchronisation are needed. This is gone 

through in detail in De Souza and Freitas (2022). 

 

Entity of power plants. With this category, it was suggested by expert A that a good thing 

to know about is if power plants are distributed in the grid or are centralised to one part. 

Furthermore, if RES, especially solar PV, are connected to the grid via one or multiple 

inverters if there is a possibility to lose the whole power plant due to inverter failure. 

Starting with inverter topologies. According to Cabana-Jiménez et al. (2022), the most 

used inverter configuration is the centralised inverter configuration, where the whole PV 

plant is behind one inverter. This system has the lowest maintenance cost but lacks reli-

ability due to inverter trips cuts out the whole PV plant. The following configuration is 

an inverter chain configuration where the PV plant is divided into several chains of panels 

connected to the grid via individual inverters. This configuration has higher reliability but 

higher overall cost and higher maintenance cost. These two configurations would be the 

most used ones in an industrial or utility scale setting, with the chain configuration gain-

ing more interest (Novergy Solar, 2020). 

 

Regarding the placement of generation assets in the grid, it was said by expert C that a 

centralised implementation would ease operation but harder to keep a good voltage 

profile throughout the grid. In a decentralised approach, keeping a good voltage profile 

throughout the grid would be easier but harder to control the assets. This was simulated 

by Bandeiras et al. (2018) and they reached the same conclusion. Furthermore, they 

stated that a decentralised approach could also help sustaining critical loads with power 

during contingencies. Placement of ESSs was also discussed by the authors, in smaller 

grids, like microgrids, the placement of an ESS does not have similar impact as in larger 
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grids, where ESSs are often placed near loads to keep losses at minimum, thus often 

placed where suitable. However, in a centralised approach the ESS would be placed near 

transformer substations and used for frequency regulation and balancing. Whereas in a 

decentralised approach, the ESS would be close to loads and generation assets helping 

in demand response. 

 

 

5.3 Load 

Proposed by expert B is that there could be classification done depending on the type of 

industry, which was agreed upon by several other experts. The most agreed aspect was 

that the industry type would have an impact on the microgrid load profile. This state-

ment is also thought of by Sandhaas et al. (2022), who is trying to retrieve synthetic load 

profiles for different industries with the assumption that similar industries would have 

similar load profiles. There are many types of industries that could have implemented a 

microgrid but based on the customer base that this company has I am concentrating on 

the chemical, cement, and mining industry. 

 

The characteristics of the mining industry’s load demand is gone through in detail in the 

work by Gomez et al. (2020). Mining consists of three main processes: ore extraction, 

handling of material, and mineral processing. The ore extraction process is non-linear 

and cyclic, and the load demand depends on the type of drill rate and shovel loads, thus 

making the demand quite volatile. The material handling consists of hauling the material 

to the processing location, this is mainly done with trucks but there would be a possibility 

to use conveyor belts, thus enabling the possibility of regenerative power from decreas-

ing speed in downhill situations. In the ore extraction process, there would also be the 

possibility to incorporate power electronics in the digging machinery, thus it also opens 

the possibility for regenerative power. Studies have shown that the amount of regener-

ative power can peak at 2 MW per cycle from shovel machines.  
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Gomez et al. (2020) continues, the mineral processing stage is the most energy demand-

ing part with a 40 % of the total power demand. The grinding process would also have 

an unpredictable power consumption due to different hardness of ores. By splitting up 

different ores into different stockpiles, this unpredictability could somewhat be miti-

gated by using some DSM to control what ore is fed into the grinding process. Due to all 

different types of rotating machinery, there is a wide use of motors in mining. Highly 

variable energy consumption in mining depends on mineral, depth, and mining plan. 

Deep sea mines use often radial-based topology whereas open pit mines often use ring-

based topology, furthermore, the distribution network itself would also change during 

mining operation. 

 

In Olsen (2011) the cement production process is described. The cement production pro-

cess consists of four main process stages: crushing of raw material, kiln feed preparations, 

clinker production, and finishing grinding. In the first step, limestone is crushed into and 

then fed to the kiln preparation. In the preparation before the kiln, the crushed material 

is milled and blended with other components into an even blend. Next step is the heating 

process that produces what is called clinker, which is later milled into cement. The ce-

ment industry reminds a bit of the mining industry, by having crushing and milling of raw 

and treated material. However, in the cement industry, the raw material is constantly the 

same material, this would imply that it does not have the same unpredictability in load 

demand as the mining industry would have, due to different hardness of the mined ores. 

A characteristic that differentiates a cement plant from a mine, is that a cement plant 

would also require a lot of heat to produce the clinker and this heating process is a critical 

continuous non-interruptible load that requires constant demand for keeping good qual-

ity. This would give a more levelized demand curve than in mining. 

 

Chemical industry as a term is much broader than cement and mining, so it is harder to 

put a generalised characteristics of it, however, Riese et al. (2014) points out that one 

common trait is that the chemical industry is very energy and heat intensive. The de-

mand for both electricity and heat are also constant in both the amount of energy and 
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for how long the energy is needed, this is because chemical facilities have often a con-

tinuous production. Shoreh et al. (2016) states that chemical industries would also have 

high VoLL and therefore are run at full constant capacity. This would also mean that the 

load profile for these types of industries would be more predictable and even than both 

cement plants and mines.  

 

The load demand covers what the difference is between low load, base load, and peak 

load. This was pointed out by expert A as a necessary distinction, for example, in the 

case of a peak load, there would be a large difference if the peak load would occur every 

day or few times a month. This would also reveal at what point of time is the generating 

capacity adequate for the system. As mentioned in an earlier chapter, if the power sys-

tem would have capacitive properties there could be problems with overvoltages if there 

is a large difference between low and peak load. 

 

Load flexibility. In (Golmohamadi, 2022), the authors go through the different load flex-

ibility possibilities in different industries. It is stated that the ability for loads to be flexible 

depends on what type of industry it is in question, for example, mining industries would 

not have the same flexibility as in a cement as mentioned earlier. The flexibility levels 

could be split into three groups: long, mid, and short advance notices. On a long term 

notice the operator would look at the next 24 hours forecast and plan accordingly to 

what would be optimal processes for those hours would be, for example, the availability 

of RES. One conclusion could be not run certain non-critical loads at all for the next 24 

hours. This viewpoint would be more of planning level than flexibility of a load, thus 

corresponding quite good with the suggestion by expert C. On a mid-term notice, the 

decision would be made on 60 to 10 min notice before planned dispatch and now certain 

non-critical loads could be decides not to be started. On short notice the decision would 

happen few seconds before dispatch and at this point could for example tune the power 

consumption for VSD controlled mills.  
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These mentioned flexibility measures would be used under normal operating conditions, 

furthermore, there could also be, according to Golmohamadi (2022), flexibility measures 

used during contingencies working on the same principle that spinning reserves, non-

spinning reserves and supplemental reserves would do. Compared to a measure similar 

to spinning reserve would be to decrease the power consumption on allowable loads 

that wouldn’t affect the end product, for example, in an aluminium smelting pot. Non-

spinning reserve would be to stop a crusher and allowing time for fast start up generators. 

Supplemental reserves would be to for example stop a batch after the ongoing process 

is ended. And continue after the contingency is over. These different measures corre-

spond to the time flexibility, power flexibility and minimum running time that was sug-

gested in the preliminary framework. 

 

The load profile would be closely linked to the type of industry. As earlier stated, differ-

ent industries would have different requirements in load demand and could either be 

predictable or unpredictable. Also, different industries would also have load profile that 

either could be volatile or even. Expert F states that a volatile load profile could be pre-

dictable, thus not causing any substantial problems. However, if the load profile would 

be unpredictable even if the demand would be mostly even it could have an effect on 

the implementation of an EMS, for instance, if load patterns are known from the get-go 

or if some time has to be reserved for the training of the EMS. Related to load profile is 

also if there is foreseen any load growth in system as proposed from expert D. In a grid 

with high RES penetration, a load growth could lead to less reliability. According to 

Kahrobaee et al. (2014), if the load increases with 10-20 % then a RES addition of 3-5 

times the existing RES capacity in order to keep the same reliability in the system, if the 

added capacity should be RES and not thermal assets. 

 

Load types. Expert C suggested the addition of what types of loads there are in the sys-

tem, for example, large DOL induction motors could imply some certain considerations 

in reactive power and voltage control. This is off course related to the total load of the 

system. Han et al. (2017, p. 19) states that complex loads, for instance, dynamic loads, 
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induction motors, pulsed loads and electric vehicles brings complications to the reactive 

power control. Large induction motors, for example, is common type of load in some 

industrial applications and due to the large amount of reactive power required at start 

up, it can cause serious local voltage drops in a weak grid (Sabbir et al., n.d.). 

 

Load group priority. It was concluded by several experts that the different priorities that 

could be used in industrial grids could be just critical and non-critical loads. Furthermore, 

expert C proposes that instead of classifying individual loads, it would be more realistic 

to classify according to load groups. In the existing customer base, there are rarely any 

possibility to control individual loads, instead the control would be done by operating 

separate feeders or breakers. This off-course depends on the size of the individual loads, 

for example, a large DOL motor could be by itself behind one feeder.  

 

 

5.4 System control 

The system control type refers to where in the system the energy management system 

is located. If looking at this via the control hierarchy perspective, then this is about if the 

secondary control is implemented in a centralised or decentralised manner (Hatziar-

gyriou et al., 2016, p. 2) (see Figure 8).  

 

 

Figure 8.  Hierarchical control – microgrid communications, local and centralized con-
trollers: (a) centralized control architecture and (b) decentralized control ar-
chitecture (Hatziargyriou et al., 2016, p. 2). 
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According to Meng et al. (2016), a centralised approach will ensure a good overall super-

vision and broad control of the whole power system. This requires though, powerful 

computing resources and a fast communication connection between devices to, in real-

time, go through all data and do optimised decisions. The drawbacks are the vulnerabil-

ity of a single point of failure and the inflexibility of expanding the system. Suitable im-

plementations would be, for example, in smaller microgrids, in microgrids where there 

is a common understanding of the desired outcome, and where the system composition 

is mostly fixed. In a decentralised approach, some of the decisions and computations is 

done at the local control level, thus requiring less computational performance in the 

central controller. The central controller would perform more coordination and share 

information. It could enhance reliability because the optimisation would not rely on one 

device, thus becoming less vulnerable to a single point of failure. However, this approach 

would require a good synchronisation between the devices and the communication be-

tween these devices becomes vital. The cyber security aspect could also become of 

higher importance because of more devices capable to operate. This approach would 

suit larger grids in terms of distance (due to less need of central data acquisition, that 

could be costly to implement), grids with multiple stakeholders with different outcome 

goals, and grids requiring plug-and-play functionality. 

 

As stated by several experts, the centralised approach would be the optimal solution. 

This is somewhat corresponding with the literature, as stated by Meng et al. (2016), the 

centralised approach would be suitable for smaller grids with a global optimisation goal. 

This is also stated by Dimeas et al. (2014, p. 34), that the centralised approach would be 

often used when the producer and user of the electricity is the same entity, for example, 

in an industrial microgrid. Furthermore, Thakar et al. (2019, p. 10) points out that for 

network reconfiguration possibilities in a microgrid there would also be a need for a cen-

tral controller. However, as the grid becomes larger and there could be several stake-

holders involved, the decentralised approach could become more relevant. 
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This topic summarises also all the control possibilities of each section in the microgrid. 

A suggestion by expert B, was to consider looking at the EMS as a central controller with 

three different components: an Automatic Generation Control (AGC), a network control-

ler, and a demand side controller. Expert C is also emphasizing the possibility to check 

whether the customer has a network control in place or if the control of breakers and 

switches is done manually. This approach has to some extent been discussed in the lit-

erature, for example, both Pawar et al. (2020) and Wei et al. (2016) are considering a 

load management system inside of the EMS. This would also take into account the con-

trol philosophy suggestion by expert C; how is additions of loads communicated to the 

operator. Are they connected whenever or is it requested from the operator if the load 

is allowed to be connected. In the work by Litvinov et al. (2019), the authors propose an 

EMS with an AGC inside of it. As earlier mentioned, for the network control Thakar et al. 

(2019, p. 10) states that for a good network reconfiguration it should be located in a 

central controller. This approach would also go hand in hand with the visibility aspect of 

the microgrid discussed in chapter 4.2.2: in a microgrid with the controllers in place, 

there should be some visibility in the system. Then question is what data signals is col-

lected and how is the system optimised. 
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6 Proposed method 

In this section, the finalised classification framework is proposed. I have split up the 

framework into three sections: generation, network & control, and load. In each section 

there is sub-sections that covers different aspect of the different topics. In the sub-sec-

tions, I have grouped together categories that touch the same area and in these the main 

challenges or areas of concern are stated. In each category I have also added linked cat-

egories that would on some level be tied together. The categories are gone through 

briefly in this part, for more detailed analysis refer to chapter 5. The framework as a 

whole is attached to appendix 1. 

 

In the generation section, the first sub-section is energy source reliability. In this part, 

the aspect of what the primary energy source is and the availability of it are covered. 

The primary energy source looks at where the main source energy is extracted from, this 

could be solar irradiation or fuel. Related topics are if there is a grid connection and if 

there are some limitations on that. The availability aspect is covered by the resource 

availability category and tries to map what sources of energy really is dependable at the 

grid in question (see Figure 9). 

 

 

Figure 9. Energy source reliability sub-section. 
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The following sub-section is generation characteristics. Here are the generation types 

converting the primary energy source into electricity covered. First category is the asset 

type, where the types of assets are covered. This could be an energy storage, reciprocat-

ing engine, etc. Next category is the prime mover interface which takes into considera-

tion what the distribution between SGs and inverters are. This will have effect on the 

grid stability and would require a detailed evaluation for the impacts on the system. As-

set flexibility looks at the prime movers and their capability for balancing RES, this would 

be related to the level of operation. The last category is the generation capacity, where 

the total capacity of the assets and the capacity of each asset is checked. This has tight 

connection to the load demand, what kind of interface, and the flexibility of these assets 

(see Figure 10). 

 

 

Figure 10. Generation characteristics sub-section. 

 
The third sub-section is called generation planning & energy management. This maps 

the areas how the operation of assets is done. The following categories are covered: are 

there long-term plans in the system and what are they in that case, what is the operation 

philosophy in the grid, are there any other commodities than electricity produced in the 

system and is there adequate capacity in the system and to what extent (see Figure 11). 
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Figure 11. Generation planning & energy management sub-section. 

 
The last sub-section is called decarbonisation potential, here the potential for further 

decarbonisation and the state of the system as of today is covered. Emission intensity 

and RES penetration looks at what the state is now. RES penetration maps the penetra-

tion in terms of energy and power and the aspect of if there is any untapped RES in the 

system. In the emission intensity the CO2 emissions coupled to the produced energy or 

material is covered. Resource availability and contractual constraints takes into account 

the possibilities for further decarbonisation by looking at, for example, available land or 

greener fuel alternatives and if there are some agreements prohibiting optimisation of 

the system (see Figure 12). 

 

 

Figure 12. Decarbonisation potential sub-section. 

 
The following section is the network & control section. This is split into two sub-sections: 

network characteristics and visibility & control. The network characteristics considers 

the four categories: hardware, topology, grid connection and entity of power plants. 

Hardware covers, for example, cables and lines, reactive power compensators or other 

hardware that would have an effect on the reactive power control in the system. 
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Topology considers if there are any other topology elements than radial topology in the 

system and if there are possibilities for any reconfiguration in the network. Grid connec-

tion considers limitations on the grid connection if there are one, and entity of power 

plants looks at if RES is behind multiple inverters and if the installed generation assets 

are centralised or decentralised in the grid (see Figure 13). 

 

 

Figure 13. Network characteristics sub-section. 

 
Visibility & control is the last sub-section in the network & control section. In this, the 

categories, system control location, control functionalities, level of operation and asset 

visibility are covered. System control location is considering if the secondary control level 

is centralised or decentralised, this would be linked to the locations of assets and what 

control functionalities are available. The control functionality looks at what part of the 

grid is controllable, and this tells also what kind of visibility there is in the system. The 

level of operation considers the degree of automation in the system, and this would for 

example be linked to the flexibility of assets due to more need of automation when as-

sets has balancing capabilities. The visibility aims to get grasp of the visibility in the sys-

tem, for example, is there communications in place for central controllers and generation 

to talk to each other and so on (see Figure 14). 
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Figure 14. Visibility & Control sub-section. 

 
The load section is grouped into the sub-sections load characteristics and load manage-

ment (see Figure 15 and Figure 16). What the analysis has shown is that the type of 

industry will have a large impact on the load characteristics in the system and these 

would be load flexibility, load profile, type of loads and load group priority. Load flexibil-

ity assess the possibility of demand response of loads and the load profile takes into 

account the day-to-day load demand and what the predictability, volatility and if there 

is any load growth. Type of loads aims to map if there are any relatively bigger loads that 

can have an effect on the stability of the grid and the last category looks at the priority 

of the load groups. 

 

 

Figure 15. Load characteristics sub-section. 

 
Load management covers the load demand and the type of industry the microgrid is part 

of. The load demand looks at the differences between, low load, base load, and peak 

load. The load profile would give more detail of what the actual load is from day-to-day, 

but by knowing these high level load stages can give some insight to if there is adequate 
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generation or problems with reactive power. The type of industry for this thesis is cover-

ing chemical, cement, and mining industry. This is gone through in more detail in chapter 

5. 

 

 

Figure 16. Load management sub-section. 
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7 Discussion 

This proposed framework tries to catch the most fundamental areas of concern where 

challenges could arise and how different aspects are linked together of decarbonising a 

microgrid through optimisation. This framework could be used as a guide or template 

for experts in an early stage to help them in the mapping process of different projects. 

Thus, helping them in taking into consideration the fundamental aspects before starting 

to implement different solutions, for example, additions of ESSs and installation of an 

EMS. Furthermore, this framework could also be used as a “canvas” in customer discus-

sions for helping to ask the right question that will have an impact on the early assess-

ment of a case, this way you could ensure you are not forgetting any important aspects.  

 

However, to properly know if these topics touched upon in this thesis work are valid, a 

proper verification is needed to test to see if the framework catches the most funda-

mental aspects. This could be done by using the classification framework on projects 

already analysed without the framework and then comparing the results with each other. 

This way, it could be checked if the framework catches the aspects that was at least found 

important in the manual analysis. The following step, when several cases have been gone 

through, could be to have a clustering algorithm to see if there would be any unnoticed 

parameters that would have an effect on the characteristics on a microgrid. A further 

thing to consider is that the experts interviewed are working in the same company and 

have therefore not come across things that maybe other companies have faced, so this 

could also be a factor to consider when looking for additional parameters. 

 

Based on the discussions and analysis done by reviewing relevant literature there are 

some topics that I see should need further research. According to the several authors 

Unamuno and Barrena, (2015); Pourbehzadi et al. (2019); Sarwar et al. (2022), the con-

cept of AC/DC hybrid microgrids are getting more traction across the industry. There is a 

constant expansion of DC loads and inverter-based generation that could benefit from 

having a dedicated DC bus, thus removing many constraints and losses that would usu-

ally be found in an AC system. This type of microgrid would though bring other 
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challenges to the system, thus it could be further researched what the requirements are 

to control loads and generation on DC and AC level together. 

 

What was seen in the load section is that many categories are tied closely to the type of 

industry the microgrid is used in, and by understanding the type of industry, it will sub-

stantially help in mapping possibilities and constraints in the project in question. In the 

thesis three different industries was gone through very briefly with the chemical industry 

gone through at a very high level. When the customer base is expanding, the importance 

of knowing the industry and what characterises that industry will unlock the potential 

where the optimisation could be done. Closely linked to this is also the possibilities of 

load optimisation and demand side management. For a complete EMS, the load control 

should also be utilised and the possibilities for load management in different types of 

microgrids, in different industries, should be further studied. Related to this would also 

be the possibility for network control, according to Thakar et al. (2019) network control 

could be used for real-time congestion management, thus enabling to use the available 

RES to full extent by removing congestions in the microgrid. 

 

Another topic that leaved me a little unsure is the system control type, whether a de-

centralised or centralised secondary control would be better. The experts were quite 

united in that a centralised secondary control would be the most optimal but, in the 

literature, the decentralised was often mentioned as a more optimal approach in many 

different conditions, for example, if the distances between generation assets and loads 

are long. This could be further looked in to for finding the boundaries for these two dif-

ferent systems. A topic that is related to this and would make the world of microgrid 

control easier to understand would be to get more consensus of all terms and function-

alities used in the industry. As touched upon in chapter 2.4, there are many different 

terms for the same thing and according to different authors, the functionality could vary 

quite much. There could be done more research on standards and mapping of function-

alities to decide what really does what, this could also help in customer discussions to 

ensure that the terminology used by different parts are corresponding to each other. 
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The communication is a monster on its own, it was revealed in the interview with expert 

E and G that there are many different challenges that can arise when trying to get differ-

ent communications system to talk with each other. There is a vast combination of dif-

ferent standardised protocols and proprietary protocols used in different microgrids 

throughout the world, so there is a high probability that communication between de-

vices can make a case complex. For getting better understanding of this topic, the func-

tional layer approach touched upon in chapter 3 could maybe help in this. 

 

The decarbonisation of power systems is getting more traction and a topic that is getting 

more interest due to that, is hydrogen production in combination with RES and, further-

more, the implementation of hydrogen in microgrids (Lee and Kim, 2022). This will add 

a whole other level to the optimisation of microgrids; to optimise the electrolyser pro-

duction, with its constraints, to the rest of the system. It would be good to get an under-

standing of what impact the introduction of hydrogen production will have on the mi-

crogrid optimisation. 
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8 Conclusions 

The aim of this thesis was to create a classification framework for assessing the possible 

areas of concern when starting to plan decarbonisation through optimisation for indus-

trial microgrids. The work was done for a technology company in Vaasa, Finland focusing 

on decarbonisation of electrical power systems. The research process was based on qual-

itative study with literature reviews and interviews with experts across the company. The 

interview process was semi-structured and split into two different occasions, the first 

one focusing on general discussions on the possible fundamental areas that need to be 

assessed. The second occasion focused more on how different areas would be linked 

together and what would have an impact on what. The interview results were then ana-

lysed by comparing the answers with relevant literature. 

 

The result was a proposed framework split into different sections: generation, network 

& control, and load. Each section had then different sub-sections focusing on different 

areas in each section and in each sub-section the relevant categories was listed. Every 

category was analysed, and the main findings were put into the framework, to these 

categories was also added links to other potential categories that would in some way be 

related to the category in question. These categories functions as pillars in the system, 

depending on what type of microgrid these pillars can have different weights, but they 

are there regardless of what type of grid it is. Some key findings were that the type of 

industry will have a great impact on the load profile of the system and different indus-

tries have different prerequisites for being able to implement load management. 

 

The final framework could be used as a basis for assessing the possible areas of concern 

in a new microgrid project. It could be used both of experts and salespeople. For sales-

people it could be used as a “canvas”, helping to ask the relevant questions for revealing 

any possible challenges in an early stage. For experts it could be used as tool for analysing 

cases when trying to create a solution for the project, furthermore, the framework could 

also be used to do further research on, for example, implementing some clustering al-

gorithms for revealing unnoticed parameters that may have an impact on business case. 



70 

 

References 

Bandeiras, F., Gomes, M. C., Coelho, P. G., Fernandes, J. A., Camacho, A., & Castilla, M. 

(2018). Microgrid Architecture Evaluation for Small and Medium Size Industries. 

International Journal of Emerging Electric Power Systems. 

https://doi.org/10.1515/ijeeps-2017-0174 

Bernstein, L., Roy, J., Delhotal, K. C., Harnisch, J., Matsuhashi, R., Price, L., Tanaka, K., 

Worrell, E., Yamba, F., & Fengqi, Z. (2007). Industry. In Climate Change 2007: 

Mitigation. Contribution of Working Group III to the Fourth Assessment Report 

of the Intergovernmental Panel on Climate Change. Cambridge University Press. 

Billinton, R., & Satish, J. (1993). Adequacy evaluation in generation, transmission and 

distribution systems of an electric power system. 

https://doi.org/10.1109/wescan.1993.270563 

Borghese, F., Cunic, K., & Barton, P. (2017). Microgrid Business Models and Value 

Chains. In Schneider Electric (No. 998-2095-03-10-17AR0_EN). Schneider Elec-

tric. https://blog.se.com/renewable-energy/2017/12/15/understanding-mi-

crogrid-categories-business-models/ 

Cabana-Jiménez, K., Candelo-Becerra, J. E., & Sousa Santos, V. (2022). Comprehensive 

Analysis of Microgrids Configurations and Topologies. Sustainability, 14(3), 

1056. https://doi.org/10.3390/su14031056 

Cagnano, A., De Tuglie, E., & Mancarella, P. (2020). Microgrids: Overview and guide-

lines for practical implementations and operation. Applied Energy, 258, 114039. 

https://doi.org/10.1016/j.apenergy.2019.114039 

https://doi.org/10.1515/ijeeps-2017-0174


71 

 

Chartier, S. L., Venkiteswaran, V. K., Rangarajan, S. S., Collins, E. R., & Senjyu, T. (2022). 

Microgrid Emergence, Integration, and Influence on the Future Energy Genera-

tion Equilibrium—A Review. Electronics, 11(5), 791. 

https://doi.org/10.3390/electronics11050791 

Chicco, G., Di Somma, M., & Graditi, G. (2019). Overview of distributed energy re-

sources in the context of local integrated energy systems [Ebook]. In Distrib-

uted Energy Resources in Local Integrated Energy Systems: Optimal Operation 

and Planning (pp. 1–29). Joe Hayton. https://doi.org/10.1016/B978-0-12-

823899-8.00015-7 

Choudhury, S. (2022). Review of energy storage system technologies integration to mi-

crogrid: Types, control strategies, issues, and future prospects. Journal of En-

ergy Storage, 48, 103966. https://doi.org/10.1016/j.est.2022.103966 

De Souza, M. V. N., & Freitas, L. C. G. (2022). Grid-Connected and Seamless Transition 

Modes for Microgrids: An Overview of Control Methods, Operation Elements, 

and General Requirements. IEEE Access, 10, 97802–97834. 

https://doi.org/10.1109/access.2022.3206362 

Dimeas, A., Tsikalakis, A., Kariniotakis, G., & Korres, G. (2014). Microgrids Control Is-

sues [Ebook]. In Microgrids : Architectures and Control (pp. 25–80). John Wiley 

& Sons, Ltd. 

Endsley, M. R., & Jones, D. G. (2016). Designing for Situation Awareness: An Approach 

to User-Centered Design (2nd ed.) [Ebook]. CRC Press. 



72 

 

https://books.google.fi/books?hl=sv&lr=&id=eRPBka-

pAsggC&oi=fnd&pg=PP1&ots=dKOBF9m0jD&sig=s6hPn3er6L78gTEugiZnKUXZY

Mw&redir_esc=y#v=onepage&q&f=false 

Farhangi, H. (2017). Microgrid as the building block of smart grid [Book]. In Smart mi-

crogrids : Lessons from Campus Microgrid Design and Implementationn (pp. 1–

30). Taylor & Francis Group, LLC. 

Farrokhabadi, M., Lagos, D., Wies, R. W., Paolone, M., Liserre, M., Meegahapola, L., Ka-

balan, M., Hajimiragha, A. H., Peralta, D., Elizondo, M. A., Schneider, K. A., Cani-

zares, C. A., Tuffner, F. K., Reilly, J. P., Simpson-Porco, J. W., Nasr-Azadani, E., 

Fan, L., Mendoza-Araya, P., Tonkoski, R., . . . Hatziargyriou, N. (2020). Microgrid 

Stability Definitions, Analysis, and Examples. IEEE Transactions on Power Sys-

tems, 35(1), 13–29. https://doi.org/10.1109/tpwrs.2019.2925703 

Gagnaire, M., Zahr, S. A., & Kacem, Y. (2016). Energy balancing in a microgrid based on 

sources and loads classification. 2016 Global Information Infrastructure and 

Networking Symposium (GIIS). https://doi.org/10.1109/giis.2016.7814946 

Golmohamadi, H. (2022). Demand-side management in industrial sector: A review of 

heavy industries. Renewable & Sustainable Energy Reviews, 156, 111963. 

https://doi.org/10.1016/j.rser.2021.111963 

Gomez, J. P., Rodriguez, J., Garcia, C., Tarisciotti, L., Flores-Bahamonde, F., Pereda, J., 

Castro, M. G., Cipriano, A., & Salas, J. M. (2020). An Overview of Microgrids 

Challenges in the Mining Industry. IEEE Access, 8, 191378–191393. 

https://doi.org/10.1109/access.2020.3032281 



73 

 

Gorman, W. (2022). The quest to quantify the value of lost load: A critical review of the 

economics of power outages. The Electricity Journal, 35(8), 107187. 

https://doi.org/10.1016/j.tej.2022.107187 

Gu, W., Lu, S., Bo, R., Liu, W., Zhou, G., Chen, W., & Wu, Z. (2014). Modeling, planning 

and optimal energy management of combined cooling, heating and power mi-

crogrid: A review. International Journal of Electrical Power & Energy Systems, 

54, 26–37. https://doi.org/10.1016/j.ijepes.2013.06.028 

Guerrero, J. M., & Kandari, R. (2021). Microgrids: Modeling, Control, and Applications 

(1st ed.). Academic Press. 

Gwon, H. N., Choi, W. Y., & Kook, K. S. (2019). Evaluation Method for Penetration Limit 

of Renewable Energy Sources in Korean Power System. Energies, 12(21), 4207. 

https://doi.org/10.3390/en12214207 

Hatziargyriou, N. D., Kleftakis, V. A., Papadimitriou, C. N., & Messinis, G. M. (2016). Mi-

crogrids in Distribution [Ebook]. In Smart Grid Handbook (pp. 1–24). John Wiley 

& Sons, Ltd. https://onlineli-

brary.wiley.com/doi/pdf/10.1002/9781118755471.sgd067 DOI: 

10.1002/9781118755471.sgd067 

Hirsch, A., Parag, Y., & Guerrero, J. (2018). Microgrids: A review of technologies, key 

drivers, and outstanding issues. Renewable and Sustainable Energy Reviews, 90, 

402–411. https://doi.org/10.1016/j.rser.2018.03.040 

Hossain, M. A., Pota, H. R., Sellami, N., & Hossain, M. J. (2017). Overview of AC Mi-

crogrid Controls with Inverter-Interfaced Generations. Energies, 10(9), 1300. 

https://doi.org/10.3390/en10091300 



74 

 

Hotakainen, M., & Klimstra, J. (2011). Smart power generation: The future of electricity 

production [Book]. Avain Publishers. 

IEC. (n.d.). Minigrids & Microgrids | IEC. Retrieved April 11, 2023, from 

https://www.iec.ch/energies/minigrids-microgrids 

IEC 60050 - International Electrotechnical Vocabulary - Details for IEV number 617-04-

22: “microgrid.” (2017). In IEC - International Electrotechnical Commission. 

https://www.electropedia.org/iev/iev.nsf/display?openform&ievref=617-04-22 

Jamal, S., Tan, N. M. L., & Pasupuleti, J. (2021). A Review of Energy Management and 

Power Management Systems for Microgrid and Nanogrid Applications. Sustain-

ability, 13(18), 10331. https://doi.org/10.3390/su131810331 

Kahrobaee, S., Asgarpoor, S., & Kahrobaee, M. (2014). Optimum renewable generation 

capacities in a microgrid using generation adequacy study. 

https://doi.org/10.1109/tdc.2014.6863402 

Khan, A. A., Naeem, M., Iqbal, M., Qaisar, S., & Anpalagan, A. (2016). A compendium of 

optimization objectives, constraints, tools and algorithms for energy manage-

ment in microgrids. Renewable & Sustainable Energy Reviews, 58, 1664–1683. 

https://doi.org/10.1016/j.rser.2015.12.259 

Kjær, M. A., Wang, H., & Blaabjerg, F. (2021). Adequacy Evaluation of an Islanded Mi-

crogrid. Electronics, 10(19), 2344. https://doi.org/10.3390/electronics10192344 

Klimstra, J. (2014). Power Supply Challenges [Book]. Wärtsilä Finland Oy. 

Kyriacou, G., & Burke, J. (2020, January 29). What is “decarbonisation” of the power 

sector? Why do we need to decarbonise the power sector in the UK? - Grantham 

Research Institute on climate change and the environment. LSE. 



75 

 

https://www.lse.ac.uk/granthaminstitute/explainers/what-is-decarbonisation-

of-the-power-sector-why-do-we-need-to-decarbonise-the-power-sector-in-the-

uk/ 

Lee, G., & Kim, Y. (2022). Frequency Regulation of an Islanded Microgrid Using Hydro-

gen Energy Storage Systems: A Data-Driven Control Approach. Energies, 15(23), 

8887. https://doi.org/10.3390/en15238887 

Litvinov, E., Zhang, S., Luo, X., & Zheng, T. (2019). Synchrophasor-Based Emergency 

Generation Control for Area Balancing. IEEE Transactions on Smart Grid, 10(5), 

5831–5840. https://doi.org/10.1109/tsg.2019.2891931 

Livaniou, S. E., & Papadopoulos, G. A. (2022). Liquefied Natural Gas (LNG) as a Transi-

tional Choice Replacing Marine Conventional Fuels (Heavy Fuel Oil/Marine Die-

sel Oil), towards the Era of Decarbonisation. Sustainability, 14(24), 16364. 

https://doi.org/10.3390/su142416364 

Martin-Martínez, F., Sánchez-Miralles, A., & Rivier, M. (2016). A literature review of 

Microgrids: A functional layer based classification. Renewable and Sustainable 

Energy Reviews, 62, 1133–1153. https://doi.org/10.1016/j.rser.2016.05.025 

Mbungu, N. T., Naidoo, R. M., Bansal, R. C., & Vahidinasab, V. (2019). Overview of the 

Optimal Smart Energy Coordination for Microgrid Applications. IEEE Access, 7, 

163063–163084. https://doi.org/10.1109/access.2019.2951459 

Meng, L., Sanseverino, E. R., Luna, A. C., Dragicevic, T., Vasquez, J. C., & Guerrero, J. M. 

(2016). Microgrid supervisory controllers and energy management systems: A 

literature review. Renewable & Sustainable Energy Reviews, 60, 1263–1273. 

https://doi.org/10.1016/j.rser.2016.03.003 



76 

 

Mittal, A., Rajput, A., Johar, K., & Kandari, R. (2021). Microgrids, their types, and appli-

cations. In Microgrids : Modeling, control, and applications (p. 3). Elsevier Sci-

ence & Technology. https://linkinghub.elsevier.com/re-

trieve/pii/B9780323854634000083 

Mohammed, A., Refaat, S. S., Bayhan, S., & Abu-Rub, H. (2019). AC Microgrid Control 

and Management Strategies: Evaluation and Review. IEEE Power Electronics 

Magazine, 6(2), 18–31. https://doi.org/10.1109/mpel.2019.2910292 

Moran, B. (2016). Microgrid load management and control strategies. 2016 IEEE/PES 

Transmission and Distribution Conference and Exposition (T&Amp;D). 

https://doi.org/10.1109/tdc.2016.7520025 

Naeem, A., & Hassan, N. U. (2020). Renewable Energy Intermittency Mitigation in Mi-

crogrids: State-of-the-Art and Future Prospects. 2020 4th International Confer-

ence on Green Energy and Applications (ICGEA). 

https://doi.org/10.1109/icgea49367.2020.239699 

Novergy Solar. (2020, August 13). Solar String inverters are better for utility-scale solar 

plants and industrial solar projects. Novergy Solar. https://www.novergyso-

lar.com/solar-string-inverters-better-utility-scale-solar-plants-industrial-solar-

projects/ 

Ntomalis, S., Iliadis, P., Atsonios, K., Nesiadis, A., Nikolopoulos, N., & Grammelis, P. 

(2020). Dynamic Modeling and Simulation of Non-Interconnected Systems un-

der High-RES Penetration: The Madeira Island Case. Energies, 13(21), 5786. 

https://doi.org/10.3390/en13215786 



77 

 

Olivares, D. E., Mehrizi-Sani, A., Etemadi, A. H., Canizares, C. A., Iravani, R., Kazerani, 

M., Hajimiragha, A. H., Gomis-Bellmunt, O., Saeedifard, M., Palma-Behnke, R., 

Jimenez-Estevez, G., & Hatziargyriou, N. (2014). Trends in Microgrid Control. 

IEEE Transactions on Smart Grid, 5(4), 1905–1919. 

https://doi.org/10.1109/tsg.2013.2295514 

Olsen, D. (2011). Opportunities for Energy  Efficiency and Demand Response in the Cal-

ifornia Cement Industry. Lawrence Berkeley National Laboratory. 

https://escholarship.org/uc/item/7856f8vn 

Polleux, L., Guerassimoff, G., Marmorat, J., Sandoval-Moreno, J., & Schuhler, T. (2022). 

An overview of the challenges of solar power integration in isolated industrial 

microgrids with reliability constraints. Renewable & Sustainable Energy Re-

views, 155, 111955. https://doi.org/10.1016/j.rser.2021.111955 

Pourbehzadi, M., Niknam, T., Aghaei, J., Mokryani, G., Catalao, J. P. S., & Catalao, J. P. 

S. (2019). Optimal operation of hybrid AC/DC microgrids under uncertainty of 

renewable energy resources: A comprehensive review. International Journal of 

Electrical Power & Energy Systems, 109, 139–159. 

https://doi.org/10.1016/j.ijepes.2019.01.025 

Prostejovsky, A., Brosinsky, C., Heussen, K., Westermann, D., Kreusel, J., & Marinelli, 

M. (2019). The future role of human operators in highly automated electric 

power systems. Electric Power Systems Research, 175, 105883. 

https://doi.org/10.1016/j.epsr.2019.105883 



78 

 

Psarros, G. N., Tsourakis, G., & Papathanassiou, S. A. (2022). Dimensioning of Reactive 

Power Compensation in an Autonomous Island System. Applied Sciences, 12(6), 

2827. https://doi.org/10.3390/app12062827 

Ravikumar, K. G., Alghamdi, T., Bugshan, J., Manson, S. R., & Raghupathula, S. K. 

(2016). Complete Power Management System for an Industrial Refinery. IEEE 

Transactions on Industry Applications, 52(4), 3565–3573. 

https://doi.org/10.1109/tia.2016.2544822 

Riese, J., Grünewald, M., & Lier, S. (2014). Utilization of renewably generated power in 

the chemical process industry. Energy, Sustainability and Society, 4(1). 

https://doi.org/10.1186/s13705-014-0018-4 

Rogers, D. R., & White, M. (2013, April 1). Key Considerations in Energy Take-or-Pay 

Contracts. King & Spalding. https://www.kslaw.com/blog-posts/key-considera-

tions-energy-take-pay-contracts 

Sabbir, K. G., Kashem, M. A., & Negnevitsky, M. (n.d.). Response Analysis of Large In-

duction Motors at Different Voltages and Frequencies. School of Engineering, 

University of Tasmania. 

Sandhaas, A., Kim, H., & Hartmann, N. (2022). Methodology for Generating Synthetic 

Load Profiles for Different Industry Types. Energies, 15(10), 3683. 

https://doi.org/10.3390/en15103683 

Sarwar, S., Kirli, D., Merlin, M. M. C., & Kiprakis, A. (2022). Major Challenges towards 

Energy Management and Power Sharing in a Hybrid AC/DC Microgrid: A Re-

view. Energies, 15(23), 8851. https://doi.org/10.3390/en15238851 



79 

 

Shafie-khah, M., Siano, P., Aghaei, J., Masoum, M. a. S., Li, F., & Catalao, J. P. S. (2019). 

Comprehensive Review of the Recent Advances in Industrial and Commercial 

DR. IEEE Transactions on Industrial Informatics, 15(7), 3757–3771. 

https://doi.org/10.1109/tii.2019.2909276 

Shoreh, M., Siano, P., Catalao, J. P. S., Loia, V., & Catalao, J. P. S. (2016). A survey of in-

dustrial applications of Demand Response. Electric Power Systems Research, 

141, 31–49. https://doi.org/10.1016/j.epsr.2016.07.008 

Sirviö, K., Kauhaniemi, K., Ali Memon, A., Laaksonen, H., & Kumpulainen, L. (2020). 

Functional Analysis of the Microgrid Concept Applied to Case Studies of the 

Sundom Smart Grid. Energies, 13(16), 4223. 

https://doi.org/10.3390/en13164223 

So, J. (2017). Energy Management System. In Smart Microgrids : lessons from campus 

microgrid design and implementation (pp. 161–205). CRC Press Taylor & Francis 

Group. 

Song, S., & Kim, S. (2022). Coordinated Reactive Power Control with a Variable Shunt 

Reactor and an Inverter-Based Wind Power Plant. Energies, 15(13), 4739. 

https://doi.org/10.3390/en15134739 

Tamrakar, U., Shrestha, D., Maharjan, M., Bhattarai, B. P., Hansen, T. M., & Tonkoski, R. 

(2017). Virtual Inertia: Current Trends and Future Directions. Applied Sciences, 

7(7), 654. https://doi.org/10.3390/app7070654 

Thakar, S., Vijay, A. S., & Doolla, S. (2019). System reconfiguration in microgrids. Sus-

tainable Energy, Grids and Networks, 17, 100191. https://doi.org/10.1016/j.se-

gan.2019.100191 



80 

 

Thakurta, P. G., & Flynn, D. (2019). Network studies for a 100% converter-based power 

system. The Journal of Engineering, 2019(18), 5250–5254. 

https://doi.org/10.1049/joe.2018.9253 

Tielens, P., & Van Hertem, D. (2016). The relevance of inertia in power systems. Re-

newable & Sustainable Energy Reviews, 55, 999–1009. 

https://doi.org/10.1016/j.rser.2015.11.016 

Ton, D. T., & Smith, M. A. (2012). The U.S. Department of Energy’s Microgrid Initiative. 

The Electricity Journal, 25(8), 84–94. https://doi.org/10.1016/j.tej.2012.09.013 

Ulrich, S., Trench, A., & Hagemann, S. (2022). Gold mining greenhouse gas emissions, 

abatement measures, and the impact of a carbon price. Journal of Cleaner Pro-

duction, 340, 130851. https://doi.org/10.1016/j.jclepro.2022.130851 

Unamuno, E., & Barrena, J. A. (2015). Hybrid ac/dc microgrids—Part I: Review and clas-

sification of topologies. Renewable & Sustainable Energy Reviews, 52, 1251–

1259. https://doi.org/10.1016/j.rser.2015.07.194 

Varghese, S., Dalvi, S., Narula, A., & Webster, M. (2021). The Impacts of Distinct Flexi-

bility Enhancements on the Value and Dynamics of Natural Gas Power Plant 

Operations. IEEE Transactions on Power Systems, 36(6), 5803–5813. 

https://doi.org/10.1109/tpwrs.2021.3084367 

WMO. (2023, May 17). Global temperatures set to reach new records in next five 

years. World Meteorological Organization. https://public.wmo.int/en/me-

dia/press-release/global-temperatures-set-reach-new-records-next-five-years 

Yuksel, A. (2021, September 23). Types of microgrids, with examples. Cummins. 

https://www.cummins.com/news/2021/09/23/types-microgrids-examples 

https://doi.org/10.1109/tpwrs.2021.3084367


81 

 

Zahraoui, Y., Alhamrouni, I., Mekhilef, S., Khan, M. I., Seyedmahmoudian, M., 

Stojcevski, A., & Horan, B. (2021). Energy Management System in Microgrids: A 

Comprehensive Review. Sustainability, 13(19), 10492. 

https://doi.org/10.3390/su131910492 

Zia, M., Elbouchikhi, E., & Benbouzid, M. (2018). Microgrids energy management sys-

tems: A critical review on methods, solutions, and prospects. Applied Energy, 

222, 1033–1055. https://doi.org/10.1016/j.apenergy.2018.04.103 



82 

 

Appendices 

Appendix 1. Classification framework 

 

 

 

 



83 

 

 

 

 


