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Abstract
A microgrid is a portion of a larger grid which can be operated independently, thus it
is seen as a single entity from the main grid which can be operated in grid connected
or island mode. The microgrid consists of distributed energy resources (DER), en-
ergy storage system (ESS) and loads which can be controllable. This thesis is a
pre-study regarding Chalmers’ grid as a microgrid. The aim of this thesis is to
evaluate the technical and economical performance of Chalmers’ microgrid. In this
thesis, a database containing grid data and load profiles for the Chalmers’ grid was
established. This database was used as input in the developed energy management
model (EMM) for the microgrid, which is a planning model used to schedule and
optimize own generation, flexible loads and energy storage within the microgrid. A
microgrid simulation platform (MSP) was developed containing the EMM in GAMS
and data handling in MATLAB enabling simulations with varying input parameters
such as ESS capacity and its location.

The MSP is used for benefit-cost analysis of different ESS sizes and locations, and
finally for case studies regarding increased amounts of renewable energy (solar PV),
island mode operation and vehicle to grid technology (V2G). Results from the anal-
ysis show that the total annual cost of electricity can be reduced by 8.43% by
including 6 MWh of Li-ion battery storage and increasing the amount of local solar
energy to 3 MWp, while also enabling the grid to be operated in island mode for
1 hour periods. With today’s battery prices and expected lifetime, investing in a
higher amount of solar PVs and a smaller ESS yields the best investment. The case
studies show that running the microgrid in island operation is possible, however to
do so for a long time requires a large size of ESS. By running part of Chalmers’ grid
as a microgrid, thus having a higher generation to load ratio, the ESS size could
be decreased. With increases in renewable energy capacity at Chalmers, the size of
batteries to accomplish island-mode operation is reduced. The V2G technology en-
ables the batteries of the vehicles to act as a distributed ESS. The results show that
the benefits gained by including electric vehicles are less than the benefits gained
by stationary battery storage. This is due to the vehicles being present within the
grid during daytime, thus the batteries cannot be charged during the night when
electricity prices are lower. There are economical benefits to be gained from oper-
ating Chalmers’ grid as a microgrid, however, the investment cost in battery energy
storage today is high compared to the benefits gained. Other benefits gained by
microgrid operation include enhanced reliability and increased local control.
Keywords: Optimal power flow (OPF), Microgrid, Campus, Energy storage system
(ESS), Cost-benefit analysis
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1
Introduction

1.1 Background and Motivations

There are several reasons small-scale Distributed Energy Resources (DER) are being
more and more utilized within the distribution grid. A more liberated energy market,
higher demand for reliable electric power and new policies regarding environmental
friendly power are major factors for this increase [1]. DERs include wind power,
solar Photovoltaics (PV), the Electric Vehicle (EV) fleet etc. The distribution grid
operator is then faced with a great challenge when trying to operate and control the
system. A microgrid aims to help the operator with these issues.
The microgrid consists of locally grouped generation, storage and load within the
distribution grid. The local energy resources can be operated to supply the local
demand in the most beneficial way. A microgrid can also be disconnected from the
distribution grid and be operated independently from the main grid, in the so called
island mode. Operating a grid as a microgrid gives more control over the DERs
to the microgrid operator and it is easier to include new DERs which might lead
to a more economically beneficial operation of the system. The reliability is also
increased since the microgrid can be operated independently of the main grid.
There are several challenges when implementing a microgrid. It is important to have
a reliable power quality by controlling the voltage and the frequency, which is difficult
when many small-scale DERs are used. There is also a need for a sufficient control
strategy when the microgrid is operated in island mode in order to keep the system
operational. Additional challenges comes in the form of protection requirements and
economical challenges [2].
The internal grid at Chalmers has a lot of similarities with a microgrid. It is a clearly
defined area with some generation in the form of a Combined Heat and Power (CHP)
unit and solar PV. The CHP plant has an electrical power output of maximum 1
MW while the solar PV is rated at 15.7 kW. There are also EVs used at Chalmers
which can represent distributed energy storage, although they are not used for this
purpose at the moment. Together, the local generation and energy storage could
possibly be used to operate part of Chalmers’ grid as an autonomous microgrid.
The ventilation at Chalmers also has down regulating possibilities, where the total
500 kW of ventilation load can be down regulated by approximately 20% if needed.
The interest to develop microgrids at Chalmers is strong and it is therefore valuable
to evaluate how operating Chalmers’ grid as a microgrid would benefit the grid
owner as well as the grid users. To evaluate and further study the benefits of
running Chalmers’ grid as a microgrid, there is a need for a model of the internal
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1. Introduction

grid at Chalmers, including the grid data and load profiles for all buses. Alterations
in the microgrid, such as increased PV capacity, is also important to evaluate to see
which benefits the grid operator could possibly receive.

1.2 Objectives
The objectives of this project include:

• Development of a database for the consumption load profile and grid data for
the Chalmers’ electrical grid

• Development of an Energy Management Model (EMM).
• Determining the best location and size of battery energy storage for Chalmers’

microgrid using a cost-benefit analysis approach based on the EMM.
• Performing a benefit assessment for operating the microgrid for various case

studies on PV capacity and EV usage using the developed EMM.

1.3 Specific tasks
In order to achieve the projects’ objectives, the thesis is divided into three specific
tasks. An overview of these tasks can be seen in Figure 1.1.

Figure 1.1: Overview of the tasks

Task 1. Load profile and data collection/measurements

Knowledge about the grid and load profiles are necessary to create a model of the
internal grid at Chalmers. This needs to be measured in order to acquire data
which can be used to obtain accurate and relevant simulations. This task will aim

2



1. Introduction

to measure and develop a database of the load profile within Chalmers’ grid, as well
as data on the internal generation and energy storage units present in the grid.

Task 2. Development of energy management model

In order to simulate the Chalmers’ grid a model of it must first be developed. This
model will be based on an Optimal Power Flow (OPF) framework which can be used
to schedule the local energy resources, which are the flexible loads, local generation
and the energy storage. A cost-benefit analysis approach to determine how much
energy storage is needed and where it should be placed will be developed. The OPF
model, contains constraints such as power flow, flexible load and Energy Storage
System (ESS) constraints. The model could be used to evaluate, for example, how
the system should be controlled to minimize the cost for the grid owner.

Task 3. Case study using the developed EMM

Several case studies for various configurations of Chalmers’ microgrid will be made
based on the developed EMM. A base case when the Chalmers’ grid is operated
as a microgrid will first be evaluated. Island mode operation, an increased amount
of solar PV present in the grid and utilizing Vehicle to Grid (V2G) will also be
evaluated. These case studies will provide a benefit assessment when running the
Chalmers’ grid as a microgrid.

1.4 Scope
The project will consider the already existing grid at Chalmers with its currently
installed power production (CHP and solar PV). Alterations to the grid will only
be considered in the case studies and only in forms of increased generation. The
protection system of the grid is assumed to be sufficient and changes in the protection
system as a result of the grid being operated as an autonomous microgrid will not
be considered. Energy storage in the microgrid will be taken into consideration,
that is, location and size of energy storage to achieve a certain amount of time of
operation for the Chalmers’ grid when disconnected from the main grid. The system
is considered in steady state, therefore transient studies will not be conducted. The
time resolution of the model will be 1-hour, thus the model will be a planning model
since a higher resolution would be necessary for controlling a microgrid.

1.5 Thesis outline
The thesis consists of six chapters including the introduction. The chapters are
summarized below:

• Chapter 2 provides a technical background to the project, including previous
work on the subject of Microgrids.

• Chapter 3 handles the database development, model formulation and the struc-
ture of the Microgrid simulation platform used in the project.

3



1. Introduction

• Chapter 4 explains the cost-benefit analysis which has been performed to find
the optimal energy storage from an economical point of view. It also presents
results of simulations to obtain the optimal energy storage size and location.

• Chapter 5 handles case studies which have been performed regarding Island
mode operation, increased renewable energy generation and implementation
of V2G with electric vehicles in the microgrid. The case studies are explained
and their results are presented.

• Chapter 6 consists of a conclusion of the thesis and some proposals of future
work.

4



2
Technical background

This chapter aims to discuss the theory behind the microgrid concept, its compo-
nents and discussions about previous microgrid studies. The chapter also discusses
different energy storage possibilities and features of a microgrid.

2.1 The microgrid concept
The microgrid concept revolves around the use of local energy resources, such as
generation and storage, to supply a local demand, thus forming a smaller grid within
the main grid. This smaller grid is viewed as a subsystem to the main grid with
its own control system and is connected at the Point of Common Coupling (PCC).
This allows for individual scheduling of local generation and load which in turn can
lead to a lower operating cost for the microgrid. An overview of a general microgrid
layout is illustrated in Figure 2.1 [3].
A microgrid can be operated both in conjunction with and independently of the
main grid provided enough local generation and storage is present to supply the
demand. The option to run independently from the main grid, so called island
mode, will increase reliability for the microgrid since it can be operational during a
fault in the main grid. Microgrids can also disable non essential loads during main
grid faults and load peaks in order to prevent local failure and thus keeping the
system operational [4].
There are economical aspects to the microgrid concept, in the way that it could po-
tentially be beneficial to transform a small section of the main grid into a microgrid.
Since a microgrid is locally controlled, the local energy resources can be scheduled
to operate in such a way so the energy cost is minimized. One such energy resource
is an ESS, which can be charged during low market price and discharged during
high market prices thus lowering the operational cost of the microgrid.
Small scale local energy resources can easily be implemented in a microgrid as long
as sufficient control schematics are in place. This can in turn be used to achieve a
high renewable penetration by including for example solar and wind power within
the microgrid. These types of energy resources can also lower the operating cost
since they provide energy from free resources when they are in place [3].
There are several challenges to the microgrid concept which needs to be dealt with
before it can be widely implemented. A local control system which makes sure
the voltage and frequency fulfill the power quality standards needs to be in place.
There are also synchronization issues when connecting to the main grid after being
operated in island mode. Another issue with microgrids is the need for ESS which

5



2. Technical background

Figure 2.1: A conceptual microgrid with DERs and energy storage

comes with a high investment cost which might exceed the benefits for creating a
microgrid, thus making it inefficient from an economical point of view [5].

2.2 Key components of a typical microgrid

This section treats the key components usually present in a microgrid. This includes
generation and storage technologies.

2.2.1 Electrical distribution grid

The most key component to a microgrid is having an electrical distribution grid
where part of it can be transformed into a microgrid. The microgrid does not
include the transmission grid but simply a portion of the distribution grid, where
DERs and energy storage can be included to form a microgrid. The distribution
grid forms the role of distributing power to the end customers, for example feeding
industries or facilities.

6



2. Technical background

2.2.2 Distributed power generation
There are several different methods to generate power within the power grid. How-
ever, only small scale energy resources is appropriate in a microgrid since the local
energy demand usually is small in a microgrid. At Chalmers there is currently a
CHP-plant and solar PV installed which are both suitable energy resources in a
microgrid.

2.2.2.1 Combined heat and power

Combined heat and power is a method of creating heat as well as electric power
within the same plant. CHP systems deliver the majority of its output energy
as heat with a smaller portion of electrical energy. This can be accomplished by
the utilization of a stream turbine where high pressured steam is forced through
a turbine which is connected to a synchronous generator. The generator produces
the electrical part of the generated power. The heat is extracted in the form of hot
water which comes from low-pressure steam utilization in heat exchangers [6]. This
process is illustrated in Figure 2.2.

Figure 2.2: Working principle of CHP

2.2.2.2 Solar Photovoltaics generation

Photovoltaics technology, or solar cells, can be used to generate electricity from
solar irradiation. Since solar cells are possible to mount on top of buildings they
could be a suitable technology for microgrids where the area available for generation
units could be limited. Another benefit of solar PV is the fact that it can be easily
scaled by simply increasing the amount of solar cells to obtain the desired power
generation. The general working principle of solar photovoltaics is shown in Figure
2.3. If there are any DC loads such as battery storage, the energy from the solar
panels can be directly transferred to the battery storage instead of going through
the conversion process shown in 2.3 to supply the AC loads.
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Figure 2.3: Working principle of solar PV

2.2.2.3 Wind power

Wind power is a renewable energy resource which can be implemented in a microgrid.
In a similar matter as solar power, the generation is dependent on weather conditions
and can therefore not be relied on to produce a constant power output. Wind power
comes with a downside of creating noise which can be disturbing depending on
the location of the microgrid. Although Wind power is currently not included in
Chalmers grid it is a possible DER to be used within microgrids.

2.2.3 Energy storage
Energy storage is an important part of the microgrid system. It serves several
different purposes such as frequency regulation, reliability improvement, peak power
shaving and energy management applications leading to a lower cost for the system.
The main purpose of energy storage is different depending on the conditions the
microgrid is operated under. In a microgrid with high amounts of Renewable Energy
Sources (RES), that are unreliable by nature, the energy storage systems are mainly
used to improve the reliability of the system by storing excess power when available
and supplying it when the power production is low.
In a microgrid without sufficient generation to operate independently, the storage
can be used to achieve operation in island mode for a certain amount of time. It can
also be used for peak power shaving in all types of microgrids making the system
more economical to operate. Energy storage may also simplify black starting of the
microgrid since the energy stored can be supplied to the grid during this event [7].
The energy storage can be constructed in either an aggregated manner or as a
distributed energy storage system. The difference between the two is that the ag-
gregated ESS has all the storage placed at the microgrid terminal so that the power
flow to the microgrid can be controlled at the point of common coupling (PCC)
while in a distributed ESS the storage is spread out between different generation
units within the microgrid. The distributed ESS enables optimization of storage
depending on generation type.
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2.2.3.1 Batteries

Batteries are a well known way of storing electrical energy and has been used for
a long time. There are different types of batteries, such as Lead-acid, Sodium-
Sulfur (NaS), Nickel-Cadmium (NiCd), Nickel-MetalHydride (NiMh) and Lithium-
ion (Li-ion) batteries. The efficiency of battery storage can be estimated to 60-80%
depending on type and depth of discharge. There are several aspects to factor in
when choosing a battery type, such as price, energy density, power density and how
environmental friendly the batteries are [7]. The advantages of li-ion batteries comes
in the form of high power and energy density but with the drawback of having a
relatively high cost [8]. When looking at battery storage for microgrids, it is shown
that the discount rate used for economical analysis influences which battery type
is the most suitable. For discount rates above 4% li-ion is shown to be the most
cost effective battery storage alternative [9]. The investment cost for batteries has
declined by 8% annually and was around 300$/kWh in 2015 [10]. Since the EV
industry is growing, the need for better and cheaper batteries is growing with it.
For EVs to be cost competitive with the classical combustion vehicles the battery
cost need to be lower than 150 $/kWh [10]. Out of all commercially availible battery
storage technologies, the Li-ion battery is the best choice for high power and high
energy applications [3].

2.2.3.2 Vehicle to grid (V2G)

The concept of V2G is based on the energy stored in the EVs. Electric vehicles
can be of different types, such as plug in hybrid EV, fuel cell EVs and battery EVs.
For hybrid EVs and battery EVs, the energy is stored in batteries, and for battery
EVs a connection to the grid is required for charging. Electric vehicles that are
grid connected enables the energy stored in the batteries to be supplied to the grid.
Vehicle to grid is thereby a type of battery energy storage which can be used for
microgrid applications [11].
With an increasing amount of EVs, possibilities in generation are increasing. For
the USA, assuming a car fleet consisting of 25 % EVs the total power generation can
be estimated to 660 GW. It is shown that the vehicles are used about 4 % of the
time on average, meaning that the energy stored within the vehicles can possibly be
used for other purposes such as V2G [12].

2.2.3.3 Flywheel

Flywheel energy storage is based on storing energy as kinetic energy within a flywheel
which can then be converted to electrical energy though an electric machine when
needed. Flywheels have a very short response time and are capable of delivering high
power levels. This makes them useful for protecting critical loads since they are able
to respond quickly and keep the system operating until other forms of generation
can be online. The lifetime of a flywheel is long compared to batteries and is almost
independent of the charge/discharge pattern. This allows for many charge cycles
and there is no need for periodic maintenance [13].
The drawbacks with flywheels as a type of energy storage are the storage capability,
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large size and high standby losses. This makes flywheels unsuitable for long time
energy storage [7].
In today’s grid, flywheels are used to protect critical loads, such as hospitals, from
system failures. They are able to prevent failures without additional generation in
most cases as 97% of all AC outages lasts for less than 3 seconds. However, for
longer failures other energy sources need to be activated in order to keep the system
operational [14].

2.2.3.4 Supercapacitors

Supercapacitors (also know as ultracapacitors) operate under the same principles as
regular capacitors in that they store energy by separating charge. However, superca-
pacitors have a much higher capacitance for its size compared to regular capacitors.
By separating the charge, the energy storage is made without the chemical process
required by batteries thus supercapacitors can achieve a very fast response time [7].
Supercapacitors have a high power density comparing to batteries and can thus
charge and discharge quickly. However, batteries can store more energy than a
supercapcitor and also have a lower self-discharge rate when storing energy over
longer time periods [7], [15].
It has been shown that supercapacitors have a high cycle lifetime, typically hun-
dreds of thousands cycles, for a 100 % discharge depth. These advantages makes
supercapacitors ideal when dealing with frequency control, transients and short-term
storage [15].

2.3 Features of microgrids
The benefits of running a section of a grid as a microgrid come in different forms. For
instance, one can schedule the local energy resources in such a way that the operating
cost is minimized. This includes scheduling the use of ESS and controllable loads.
Other benefits comes in the form of control over the grid and what energy resources
that can be included.

2.3.1 Demand response
The principle of demand response is based on evening out the hourly demand of
power. By shifting the demand from the demand peaks to off-peaks the total cost of
energy can be lowered. This can be done by moving the controllable loads in time
to when the electricity price is lower thus reducing the total cost. Demand response
can also be used in emergencies, for example in hospitals, to lower the total load by
only operating the essential loads and thus keeping the system operational [16]. For
industrial users the price paid for electricity is also determined partly by the peak
demand of the facility, thus lowering the peak demand can further decrease the cost
[17].
In a grid with a high renewable penetration it could be beneficial to shift demand to
hours where the generation is high. However, this might increase the peak demand
which requires a higher capability system [16].
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One way of implementing demand response in a local power system is to include an
ESS unit. The grid can then use the ESS as a generating unit when the demand
is high thus lowering the total power provided by the main grid. The ESS will
then recharge when the demand is low in order to be ready for use during the next
demand peak.

2.3.2 Energy management system in microgrids
An energy management system (EMS) is a software which controls the DERs, loads
and their scheduling within the microgrid. Knowledge about grid states and market
prices are necessary to schedule generation and load, therefore communication be-
tween the EMS and generation and load units are necessary. The aim of the energy
management system is to optimize the controls of load, generation units and power
flow [18]. This means that scheduling of units within the microgrid can be con-
sidered an optimization problem, where the objective can be to minimize the total
energy cost for example. The EMS is located within the microgrid central control
(MCC) as shown in figure 2.1.

2.4 Previous Work
This section discusses some previous work on the subject of microgrids, as well as
experimental microgrids that have been tested.

2.4.1 Sizing of Energy Storage Systems
Sizing of energy storage systems designed for microgrid applications is relevant from
a cost-benefit point of view. Determining the optimal size of the energy storage
includes considering the minimal size of the energy storage. The minimum size of the
storage depends on the application, but for island mode microgrids, the possibility
of running the microgrid independently must be considered. With the objective of
minimizing the total cost for an island mode microgrid and maximizing the total
benefits for a grid-connected microgrid a study was made resulting in two models
with the aim of finding a solution to both objective functions [19]. These methods
aims to find the optimal size for both island mode and grid connected operation. The
solver used was a MILP solver and the method aims to evaluate different storage sizes
between a chosen minimum and maximum size and find which the most beneficial
size is. The study shows that an optimal solution to sizing of energy storage exists
where the solution is different for grid-connected and island mode microgrids. The
study shows that the total cost could be reduced by 8.64% per day for the island
mode microgrid [19].
Another method of finding the optimal size of energy storage could be to utilize
genetic algorithm (GA) which has been used for unit commitment and other power
system problems. GA is based on natural evolution and natural selection, and
there is a probabilistic approach to the solution. The benefits of using GA is that
it provides several solutions, and that the iterative search of an optimal solution
is conducted over a population of solutions rather than one [20]. There is also a
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method called multiobjective particle swarm optimization (MOPSO) which can be
used to solve problems including several objectives [3].

2.4.2 Experimental Microgrids
Testing of the microgrid technology has been conducted in several places over the
world, where evaluation of its functionality has been done.

2.4.2.1 CERTS testbed US

The CERTS testbed was built near Columbus Ohio US, where the microgrid concept
was tested at a full scale with 3x60 kW generation units, each with an energy
storage located at its DC bus. The aim of the project was to test the possibility
of a smooth transition between grid-connected and island mode, having a reliable
protection system and finally a stable system with regards to voltage and frequency
in both operation modes. The testing was found to fulfill all set goals regarding
power quality standards and the protection system and controls were found to be
functioning according to the set goals [21], [22].

2.4.2.2 University of Texas at Arlington microgrid testbed

The university of Texas at Arlington have developed and constructed a microgrid
testbed used for research purposes. It consists of three different microgrids placed in
a ring layout which allows them to operate separately or together with each other.
This allows for simulations on how microgrids can help support other microgrids
and thus increasing the reliability of the local power system.
The microgrids consists of solar PV, wind turbines and an ESS. There is also a fuel
cell installed in one of the three microgrids and a diesel generator located at the
PCC. Each grid is equipped with a flexible load and can further be equipped with
conventional loads if deems necessary [23].

2.4.2.3 Microgrid design considerations for Eindhoven University of Tech-
nology campus

The transitioning of a university campus grid into a microgrid was considered, where
the goal was to propose a design of said microgrid [24]. The consumption of the
campus grid was 52 GWh excluding the natural gas consumption of 79 GWh. There
was also an already existing thermal energy storage of 20 MWt which in the thesis
is assumed to be increased to 30 MWt. There is also a planned installation of 10.5
MWp of solar PV to supply the electrical load at the campus. It is concluded that
the RES are producing a power surplus for 220 hours of the year, meaning that
this surplus could be exported or stored within the microgrid. Both mobile storage
in the form of vehicles and battery storage are also considered within the grid for
simulations. The battery storage is assumed to consist of Li-ion batteries with a cost
of 500 €/MWh, and a lifetime of 15 years. To ensure the lifetime the State of Charge
(SOC) is limited between 0.2 and 0.8. Simulations show that it is only beneficial to
include battery storage for limited sizes. It is concluded that battery storage is not
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beneficial with the investment cost and electricity prices used from 2014. However,
with higher electricity prices and cheaper batteries the battery storage is considered
to have future potential [24].

2.4.3 Economic analysis of microgrid including EVs

A study from 2011 was conducted regarding the economic benefits of a microgrid
including EVs as part of its generation [25]. The study was conducted by simulations
using particle swarm optimization which is an iterative optimization method, to
schedule the unit commitment within the microgrid. The power flow is bidirectional
in the study meaning that the EVs are used for both injecting and taking power from
the microgrid. The microgrid studied has an electrical demand of 5.9 GWh/year
and a peak demand of 950 kW. The control strategy of EVs is based on generation
excess or deficit. When the total generation within the microgrid is greater than the
load, the energy is stored within the batteries of EVs and when the generation is
less, the batteries of the EVs is used to inject power to the microgrid. The electric
vehicles are assumed to have a SOC of 73% when owners arrive at the office. The
SOC is limited to not go below 33% during the day. By the proposed contract the
microgrid owner and the car owners share the benefits obtained by including EVs
in the microgrid. The operational cost of the grid is shown to decrease by 5.02%
which is the benefit seen by the grid owner. The car owners get their benefit from a
connection payment which is suited to compensate for battery degradation. Battery
degradation is increased due to the charging cycles taking place within the microgrid.
The study concludes that it is beneficial for both car owners and microgrid operator
to include EVs as a part of the microgrid [25].

2.4.4 AC and DC microgrids

Since the main grids around the world are dominated by an AC infrastructure it
is easy to implement AC in the microgrids. As more and more power sources that
generate DC power are utilized, DC microgrids become more and more attractive.
However, the DC technology needs to mature before it can be used as a reliable
power system [26].

2.4.4.1 DC microgrids

The reasons why DC microgrids could be a valid option to AC microgrids are several.
Many of the customer loads of today are DC powered, and the increase in renewable
energy sources is another reason why DC microgrid could be viable. Solar PV and
fuel cells are naturally producing DC power, thus it is more efficient to utilize them
in a DC grid. Regarding other RESs such as wind turbines, they are often connected
to the AC grid via a DC-link, thus by cutting out the conversion stage the efficiency
could be increased [27]. There are also challenges associated with DC microgrids,
such as protection. It is challenging to construct a protection system for DC since
there is no natural zero crossing in DC current [27].
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2.4.4.2 AC microgrids

The more conventional AC grid is dominant as of today due to its efficient transfor-
mations in voltage level, and also due to fossil fueled generation being well suited for
AC [28]. Since a microgrid is often aimed towards including RES, these need to be
connected to the grid. Solar PV is naturally producing DC current thus conversion
is needed in order to connect them to an AC grid. On the other hand, with in-
creasing amounts of local RES the need for long transmission lines could be reduced
in the future [28]. Protection systems can easily be adapted from todays AC grid
standards into a microgrid. The case is the same regarding frequency and voltage
control, thus making the transition somewhat simple [29].

2.4.4.3 Hybrid microgrid

A study on a hybrid AC/DC microgrid was made in 2011 [28]. This study proposes
the use of a AC/DC microgrid to minimize the AC to DC transformations in the
grid. An investigation on a hypothetical microgrid consisting of 40 kW PV connected
to the DC side, 50 kW wind connected to the AC side and a variable load of 20-40
kW connected on both sides of the microgrid. The study evaluates the stability of
the microgrid in both grid connected and island mode operation.
It is concluded that the hybrid AC/DC microgrid proposed offers satisfactory sta-
bility both when operated in grid connected and island mode. However, due to the
AC infrastructure of the main grids, it is difficult to apply a AC/DC microgrid in
today’s society [28].
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3
Chalmers’ grid database and

model developments

This chapter describes how the database for the Chalmers’ electrical grid and the
microgrid simulation platform are developed. The database consists of network data,
which was provided by Akademiska Hus, and load data which was taken from differ-
ent measurements to create load profiles for the grid. These load profiles are then
used as input in the EMM which was developed using General Algebraic Modeling
System (GAMS) software. The objective of the EMM is to minimize the total en-
ergy cost of the system and it is solved with constraints such as power flow equations,
network constraints and ESS constraints. The simulated results are then validated
by comparing acquired voltages from the grid model to values taken from PSS/E
software.

3.1 Database development
A database has been developed consisting of load profiles of the Chalmers grid, grid
and generation data. The 12 kV chalmers grid is presented in figure 3.1, however
the loads connected to each transformer in the grid were unknown hence a database
with this information needed to be developed.
The system consists of of 22 buses of which 17 are load buses. Connection to the
main grid is located at bus 07:8 and the CHP plant is located at bus 07:8.1.1, both
within the building Kraftcentral. There is also solar PV located at bus 07:8.1.1 not
shown in the single line diagram. A backup connection to the main grid is connected
to bus 07:35, however, this bus is normally disconnected and is therefore not used
in any simulations.

3.1.1 Load Data
In order to create a database of the different loads within the Chalmers grid three
different methods to collect data have been used. These are own measurements at
a substation, the energy usage in all the buildings measured by Akademiska hus,
responsible for the power grid at Chalmers, and current measurements taken from
Microscada, also provided by Akademiska hus. By combining these measurements,
an accurate load distribution have been created.
Akademiska hus provided a database with the energy consumption within each
building for each hour of the day for 2015. This database gives a picture of how
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the energy demand varies during the day but since not all buildings have their own
substations, these values can not readily be inserted into the model. Therefore
currents from Microscada are included to construct the load profiles.
Microscada is the software used to monitor the grid within Chalmers and can also
be used to monitor the currents within the system. These currents can then be
used to calculate the power demand at the substations within the system. However,
not all currents are being measured so complementary data has been taken from
Akademiska hus database. By comparing the energy consumption data over the
year, a scaling factor is determined which is then used to extend the 24-hour load
profile to be valid for an entire year. The methodology of constructing the load
profiles is shown in Figure 3.2.

Figure 3.2: Load profile methodology flowchart

The estimated load power, PLoad,est, for each node i in the grid at every hour h is
expressed in Equation 3.1. The voltage V is assumed to be 1 p.u, the load power
factor cos(φ) is assumed to 0.98 and the current I is taken from Microscada.

PLoad,est(i, h) =
√

3|V (i, h)||I(i, h)|cos(φ) (3.1)

3.1.2 Measurements
Measurements have been conducted in substation 07:11B located in the EDIT-
building. The voltage, current, power output and power factor have been monitored
for half a day between 07:00 and 17:00. These measured values are then used to
validate and improve the load profile. By comparing the load profile obtained by
the estimation, PLoad,est, and the actual measured values, PLoad,meas, the Normalized
Root Mean Square Error (NRMSE) ,as described by Equation 3.2, can be calculated.

NRMSE =

√
1
n

∑n
h=1(PLoad,meas(h)− PLoad,est(h))2

PLoad,meas

(3.2)

The voltage is measured which in the estimated value of the load is assumed to 1
p.u. By defining a Voltage Correction Factor (CF) as described in Equation 3.3 the
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model can be refined.

CF = Vmeasured(h)
Vestimated(h) (3.3)

where Vmeasured is the mean value of the measured line-to-line voltages and Vestimated

is the assumed constant voltage of 400V line-to-line.
The results of the measurements are presented, where the voltages, currents and
active power have been measured during half a day, with 1-hour resolution. Figure
3.4 shows the estimated and measured load profiles. It is visible that the two profiles
are similar although some differences are seen. These might be due to measurements
points being hourly, meaning that the instantaneous values of power differ from the
mean power over the actual hour. The voltages shown in Figure 3.5 are experiencing
small variations between 404 and 394 voltage, where the voltage is decreasing during
high demand hours.
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Figure 3.4: Estimated and measured load profile at bus 07:11B 13/5-2016

The NRMSE was calculated to 6.83%, and with the correction factor CF account-
ing for the voltage difference this error was reduced to 6.71%. This suggests that
the cause of the error is not the assumption of 1 p.u voltage level. The fact that
measurements were conducted taking one value per hour might affect the results
since variations during each hour are not taken into account, thus it could be a
possible cause of the error. Errors in current monitoring by Microscada could also
be affecting the result.
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Figure 3.5: Measured voltages 13/5-2016

3.1.3 Grid data

The data required to create models of the network are acquired from Akademiska
Hus. The data consists of cable dimensions, lengths, types of cables and transformer
data such as ratings and impedance values. These data are necessary to construct an
accurate model of the grid which is necessary in the optimal power flow calculations.
The branch data for the network is shown in Table 3.1 and the transformer data
are shown in Table 3.2. Note that the transformers do not have any resistance and
are thereby assumed to be lossless. The bus numbers are according to the model
developed in PSS/E which can be seen in Figure 3.6.

3.1.4 Generation data

There are currently three types of generation available in Chalmers’ grid. These are
power from the main grid and local generation with the CHP plant or the solar PV.

From grid

When operated under normal conditions Chalmers’ grid receives power from the
main grid operated by Göteborg Energi. This connection is seen as an endless
power supply from the microgrid and can be bought using Nordpool day-ahead spot
market prices [30].
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Table 3.1: Branch Data

From bus
- To bus

Line-
length [m] R [mΩ] X [mΩ] Line-

charging [µF ]
Current-
limits [A]

1-3 75 9.4 6.4 0.030 385
1-5 70 8.8 5.9 0.028 385
5-6 40 7.0 3.4 0.014 300
5-12 275 34.4 23.3 0.11 385
5-41 250 14.4 6.4 0.0245 385
8-17 110 13.8 9.3 0.0440 385
10-41 100 20.6 9.3 0.035 300
12-13 25 1.6 1.1 0.005 770
12-16 15 1.9 1.3 0.006 385
12-17 20 2.5 1.7 0.008 385
12-18 25 3.1 2.1 0.010 385
13-14 420 52.5 35.6 0.168 385
16-19 25 3.1 2.1 0.010 385
17-31 330 41.3 28.0 0.132 385
17-33 80 10.0 6.8 0.032 385
18-23 225 28.1 19.1 0.090 385
18-35 400 50.0 33.9 0.16 385
23-25 300 37.5 25.4 0.12 385
25-27 165 20.6 14 0.066 385
29-35 400 51.3 34.8 0.164 385
35-38 10 1.3 0.9 0.004 385
38-39 25 4.0 1.2 0.004 205

CHP plant

The CHP plant at Chalmers has a maximum electrical output power of 1 MW. To
produce this amount of power there will also be heat generated, which has to be
either used or sold. The cost of generation of the CHP plant, GCCHP , is estimated to
600 SEK/MWh according to Akademiska Hus, not taking into account the benefits
of possibly selling the produced heat.

Solar PV

A solar PV panel with a rated power of 15.7 kW is installed at a wall at Chalmers
which is a part of the local generation and is assumed to have no cost associated
with it. Two different methods have been used to get the power output from this
solar PV depending on the time span the simulation is run for.

Short-term solar estimation

When the simulations are run for the short-term, 24 hours are considered. The
output power profile seen in figure 3.7 is then used for estimate the solar power
output and is a normalized output profile for three days during spring 2016, 22th
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Table 3.2: Transformer Data

From-To X [%] Rating [kVA]
1-2 4.8 800
1-2 5.0 800
1-2 5.2 800
3-4 5.69 800
6-7 5.8 1000
8-9 5.8 800
10-11 4.82 800
14-15 5.0 1250
14-15 5.0 1250
14-15 4.9 1250
18-22 5.5 1250
19-20 6.31 800
19-20 5.0 800
21-41 5.7 800
21-41 6.3 1000
23-24 4.27 400
25-26 4.8 800
27-28 4.9 800
29-30 5.8 800
31-32 4.5 1250
33-34 6.3 800
33-34 6.3 800
35-36 5.2 800
35-36 4.9 600
39-40 5.2 1250
39-40 5.2 1250

of february, 30th of april and 12th of may. The data for these days is based on
a 5.5 kW rated solar farm located in Gothenburg. It can be seen that the day in
April is poor in solar irradiation while the day in February is a sunny day, thus the
big difference between the two. The power output is calculated using equation 3.4
where Ppv is the output power from the solar cells, Psolar is the power output for
hour h from figure 3.7. Psolar,rated is the rated power of the solar panels.

Ppv(h) = Psolar(h) · Psolar,rated (3.4)

Medium-term solar estimation

Due to limitations in the data available from the solar panels used for the short-term
model, the total beam irradiance is instead used to estimate the output power of
the solar panels when the medium-term model is ran. The irradiance data is taken
from System Advisor Model (SAM), which is a model software which also consists
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Figure 3.7: Normalized solar output profile

of a database with for example irradiance data. An irradiance profile for an average
day for each month of the year is used to estimate the power output of the solar
panels, giving a model which accounts for the changes in irradiation over the year.
The irradiance data is presented in figure 3.8, where the Direct Normal Irradiance
(DNI) for four months of the year is shown.
The power output of the solar cells is estimated using equation 3.5 where DNIST C

is the irradiance used for standard test conditions to calculate the rated power of
solar cells, which is 1000 W/m2 according to IEC 60904-3 [31]. DNI(h) denotes the
irradiance for each hour as shown in figure 3.8 and Prated is the rated power of the
installed solar cells.

Ppv(h) = DNI(h)
DNIST C

· Prated (3.5)

3.1.5 Load profiles
Two different load profiles have been developed, one for the short-term model and
an extended load profile for the medium-term model.

Short-term model

The simulations have been carried out based on a load profile for Thursday 17th of
march 2016. This profile can be seen in table figure 3.9. It can be observed that
there is a higher demand during the workday and the peak of 5472.9 kW occurs at
hour 14. The total energy demand for 24 hours is calculated to be 105.5 MWh.
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Figure 3.8: Irradiance data for Landvetter Göteborg

Medium-term model

To extend the load profile to be valid for the medium-term model, which has a time
span of one year, the load profile presented for the one-day model was scaled with a
factor based on the energy consumption variations over the year. This scaling factor
is calculated by comparing the energy consumption for all buildings with the ones
during the day which the short-term load profile was extracted. The scaling factor
SF is then expressed as in equation 3.6.

SF (h) = E(h, d)
E(h, 76) (3.6)

where day 76 denotes the example day used for the one-day model.
The load is then estimated according to equation 3.7.

Pload(i, h, d) = Pload(i, h, 76) · SF (h) (3.7)

This load scaling factor is presented in figure 3.10. It is shown that the load is
reduced during the summer when the activity at campus is naturally lower. The
variations between days is due to weekends having a lower energy consumption since
there is no education being held at weekends.
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Figure 3.9: Load profile

3.2 Modeling

The modeling consists of three models, one load flow model in PSS/E and two
OPF-based microgrid energy management models, one to simulate for one day and
an extended model for one year simulations. The models consist of an optimization
model in GAMS [32] and data management in MATLAB.

3.2.1 Power flow in PSS/E
A model of the network was constructed using Power System Simulator for Engi-
neering (PSS/E) to visualize the network. The model includes grid data such as
line impedance, transformer data and voltage levels. The PSS/E model is used to
run a power flow with fixed values for loads to establish a base case for how the grid
works. The model can later be used to validate the results from the EMM.
The one-line diagram of the PSS/E model is shown in Figure 3.6. It can be noted
that the PSS/E model has 41 buses which is more than the single line diagram
provided by Akademiska Hus. This is because extra buses are used to connect the
load to the low voltage side of the transformers. Bus 13 is considered the slack bus of
the system since this is the PCC where the main grid is connected to the microgrid.

3.2.2 OPF-based EMM for microgrids
The EMM model is constructed in GAMS to schedule generation and storage in the
most efficient way based on the objective function which in this case is the total
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Figure 3.10: Load scaling factor for the extended microgrid model.

cost of electricity for campus Johanneberg at Chalmers. The objective function is
minimized with respect to several constraints due to the characteristics of the grid.
The constraints consist of power flow equations, transmission constraints, generation
and load constraints and finally constraints regarding energy storage such as SOC
constraints. Since some of the constraints are nonlinear the MINOS NLP (nonlinear
programming) solver is used.

Objective Function

The objective function is expressed as seen in equation 3.8.

Cost =
n∑

h=1

k∑
i=1

PCHP (i, h)GCCHP (i) + Pgrid(i, h)Elprice(h) + PF∆Pload(i, h) (3.8)

where Elprice denotes the price from Nordpool day-ahead market for the grid power
not including taxes. Taxes and other grid costs where not accounted for due to
unavailability of data. PCHP and GCCHP denotes the generation and its cost of the
local CHP generation. Pgrid denotes the power injected by the main grid and PF
denotes the penalty factor associated with load curtailment. The penalty factor is a
fictive cost which is added in the objective function to control the load curtailment.
This penalty factor determines when the flexible load should be activated so it is
only used the most beneficial hours. It is assumed to be 240 SEK/MWh, meaning
that the load curtailment will be activated only when the electricity price exceeds the
mean electricity price with 20%. ∆Pload describes the down regulation possibilities
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at Chalmers which is estimated to 20% of the total ventilation power Pfan. The
total power of the fans is 500 kW and is assumed to be distributed according to load
levels. It is described by equation 3.13.

Power flow equations

PCHP (i, h) + Pgrid(i, h)− [Pload(i, h)− Ppv(i, h)] + Pflex(i, h) =

=
k∑

j=1
|Vi||Vj|(Gi,j cos θi,j +Bi,j sin θi,j)

(3.9)

QCHP (i, h) +Qgrid(i, h)−Qload(i, h) +Qflex(i, h) =

=
k∑

j=1
|Vi||Vj|(Gi,j cos θi,j −Bi,j sin θi,j)

(3.10)

where G and B are the real and imaginary parts of the admittance between bus i
and j respectively, θ is the voltage angle difference between bus i and j, Vi and Vj

are the voltages at bus i and j respectively. Pload is the static load for each hour h
and bus i. [Pload-Ppv] denotes the residual load which is the total load Pload minus
the generated power from solar PV Ppv. Pflex is the flexible load which consists of
the battery storage power Pbattery and regulating power ∆Pload.

Flexible load constraints

Pflex and Qflexcan be expressed as seen in equation 3.11 and 3.12.

Pflex(i, h) = ηdis · Pdis(i, h) + Pchr(i, h) + ∆Pload(i, h) (3.11)

Qflex(i, h) = Qbattery(i, h) + ∆Qload(i, h) (3.12)

where Pdis and Pchr is the power drawn or injected to the grid depending on charging
or discharging of batteries and ηdis is the discharging efficiency.

Down-regulating constraints

0 ≤ ∆Pload(i, h) ≤ 0.2Pfan(i, h) (3.13)

A change in active power ∆Pload also results in a change in reactive power ∆Qload

as described by equation 3.14

∆Qload(i, h) = ∆Pload(i, h) · tanφload(i, h) (3.14)

where φload(i, h) denotes the power factor. The power factor cosφload(i, h) = 0.98
lagging, according to measurements from substation 07:11B which gives the power
factor φload. Since the power factor is difficult to measure at all buses at the same
time is assumed to be constant for all buildings at Chalmers for every hour.
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Generation and voltage constraints

The generation constraints sets the limit for the grid power and the CHP plant
operation. During normal conditions there are no constraints on the grid power as
can be seen in Equation 3.15 and 3.16.

Pgrid(i, h) ≤ ∞ (3.15)

Qgrid(i, h) ≤ ∞ (3.16)

The limitation on the CHP generation is given by

0 ≤ PCHP (i, h) ≤ Pmax
CHP (3.17)

− 0.3 · Pmax
CHP ≤ QCHP (i, h) ≤ 0.3 · Pmax

CHP (3.18)

where Pmax
CHP is 1 MW.

The battery can act as both generation and load and the power output is limited
by the maximum power output of the batteries. This is seen in Equation 3.19, 3.20
and 3.21.

Pchr(i, h) ≤ Pchr,max(h) (3.19)

Pdis(i, h) ≤ Pdis,max(h) (3.20)

− 0.3 · Pbattery,max(h) ≤ Qbattery(i, h) ≤ 0.3 · Pbattery,max(h) (3.21)

There are also constraints on the voltage levels within the grid which is seen in
Equation 3.22.

Vmin(i) ≤ V (i) ≤ Vmax(i) (3.22)

where Vmin(i) is 0.95 and Vmax(i) is 1.05.

Power flow constraints

The apparent power limitations are implemented as a current limitation which is
provided by the cable manufacturer. The power limitation is described by equation
3.23.

− Ilim(i, j) ≤ I(i, j) ≤ Ilim(i, j) (3.23)

3.2.3 Stationary battery energy storage system
The ESS in the grid enables demand response as well as functioning as a backup
generation in case of a disconnection from the main grid. The microgrid is assumed
to be able to function for one hour in island mode, thus the minimum size of the
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ESS, Ebattery,min, is equal to the highest load minus local generation during the day.
The ESS is modeled as a load which can be either positive or negative which means
it can be seen as both a source of generation and a load. To keep track of how much
energy is currently stored within the batteries the SOC must be monitored. The
state of charge is expressed as seen in equation 3.24.

SOC(i, h) = E(i, h)
Erated(i) (3.24)

where E is the total energy stored in the battery and Erated is the total installed
battery capacity.
The state of charge is limited between 0 and 1 as seen in equation 3.25.

0 ≤ SOC(i, h) ≤ 1 (3.25)

The change in state of charge is expressed as

SOC(i, h) = SOC(i, h− 1) + ηchr · Pchr(i, h− 1)
Erated(i) − Pdis(i, h− 1)

Erated(i) (3.26)

where ηchr is the charging efficiency.
The benefits associated with the ESS can be described by the difference between
the total cost of electricity with and without ESS, as seen in equation 3.27.

Benefit =
n∑

h=1
Costw/o,ESS(h)−

n∑
h=1

Costw,ESS(h) (3.27)

3.2.4 Electric vehicles

When electric vehicles is utilized as an ESS instead of a stationary ESS several new
constraints is implemented, mainly to limit the SOC levels. The charging principle
is the same as described in Equation 3.26 but since the vehicles must always be
ready for usage the state of charge is limited to be at least 70 % during the entire
day which is described by Equation 3.28

0.7 ≤ SOC(i, h) ≤ 1 (3.28)

It is also assumed that the vehicles arrive at 08:00 and leave at 17:00 and has a SOC
of 80 % at both these times, which is described by Equations 3.29 and 3.30. The
vehicles are connected to the grid at bus 12 according to figure 3.6.

SOC(i, 17 +m · 24) = 0.8 (3.29)

where m = 0,1,2...

SOC(i, 8 +m · 24) = 0.8 (3.30)
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3.2.5 Island mode constraints
To be able operate the microgrid in island mode additional constraints on the ESS
is required. The energy in the ESS must always be enough to supply the microgrid
for the desired island mode operation time. The SOC limit is then updated with
respect of this required limitation as can be seen in equation 3.31

6 · t
Erated(i) ≤ SOC(i, h) ≤ 1 (3.31)

where t is the time of desired island mode operation in hours. For the worst case
scenario, the ESS must supply 6 MWh to the grid for each hour the microgrid is
operated in island mode.

3.2.6 Microgrid simulation platform
The Microgrid Simulation Platform (MSP) is built up with both GAMS and MAT-
LAB where all input and output data can be viewed and processed within MATLAB.
The MSP structure is shown in figure 3.11. The reason for using both programs is the
possibility of changing input data and running numerous simulations with varying
input in a simple way. The MSP consists of the MATLAB scripts, excel files con-
taining input data and the EMM within GAMS. Other parameters such as storage
location or size can also be altered from MATLAB.

Figure 3.11: Flowchart of the microgrid simulation platform

3.3 Short-term model (24-hour)
When the EMM is run for a short-term time period, which is 24-hours, the suitable
load profile and solar PV generation is used, as described in Section 3.1.5 and 3.1.4.
The constraints used are Equation 3.8 to 3.27. The island mode simulations are also
made using the short-term model and for those cases the Equation 3.31 replaces
Equation 3.25.

3.4 Mid-term model (One year)
The medium-term model, , which use a time period of one year, is used to evaluate
the optimal sizing of the ESS, as well as studying the behavior of the microgrid in a
more detailed manner. This led to adjustments in load profile and solar PV power
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which is described in Section 3.1.5 and 3.1.4. The same equations as in the short-
term model are used, however, due to simulation difficulties the line constraints,
given by Equation 3.23, are excluded. Due to complexity of running simulations
over the whole year at once, the model was designed to run the EMM for each month
individually, thus running 12 separate simulations after each other to simulate an
entire year.

3.5 Validation of load flow model
The PSS/E model is used to validate the accuracy of the GAMS model. A snapshot
of the power flow for one hour from the PSS/E model is used to compare the bus
voltages and angles in the grid to the values obtained from the GAMS model while
running a power flow with the same load. The results are presented in figure 3.3.
The results from the two simulations show that there is no difference in voltage levels
for any bus and there are some slight difference for the voltage angle. The largest
differences in angle occurs at bus 20 where the difference is −0.21 degrees. This is
most probably due to differences in the matter of solving the power flow equations.
This shows that the EMM solves the power flow as intended.
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Table 3.3: Model validation, comparison of bus voltages and angles between
PSSE model and GAMS model.

PSS/E-model GAMS-model
Bus Voltage [pu] δ [deg] Voltage [pu] δ [deg] ∆V [pu] ∆δ [deg]
1 0.999 -0.02 0.999 -0.01 0.00 -0.01
2 0.996 -1.00 0.996 -0.97 0.00 -0.03
3 0.999 -0.02 0.999 -0.01 0.00 -0.01
4 0.995 -1.14 0.995 -1.20 0.00 0.06
5 0.999 -0.01 0.999 -0.01 0.00 0.00
6 0.999 -0.01 0.999 -0.01 0.00 0.00
7 0.998 -0.42 0.998 -0.40 0.00 -0.02
8 0.999 0.00 1.000 0.00 0.00 0.00
9 0.996 -1.07 0.996 -1.09 0.00 0.02
10 0.999 -0.01 0.999 -0.01 0.00 0.00
11 0.999 -0.15 0.999 -0.17 0.00 0.02
12 1.000 0.00 1.000 0.00 0.00 0.00
13 1.000 0.00 1.000 0.00 0.00 0.00
14 0.999 -0.02 0.999 -0.02 0.00 0.00
15 0.996 -0.95 0.996 -0.97 0.00 0.02
16 1.000 0.00 1.000 0.00 0.00 0.00
17 1.000 0.00 1.000 0.00 0.00 0.00
18 1.000 0.00 1.000 0.00 0.00 0.00
19 1.000 0.00 1.000 0.00 0.00 0.00
20 0.998 -0.55 0.999 -0.34 0.00 -0.21
21 0.998 -0.44 0.998 -0.46 0.00 0.02
22 0.997 -0.78 0.997 -0.80 0.00 0.02
23 1.000 -0.01 1.000 0.00 0.00 -0.01
24 0.996 -0.23 0.999 -0.23 0.00 0.00
25 0.999 -0.01 1.000 -0.01 0.00 0.00
26 0.995 -0.90 0.996 -0.92 0.00 0.02
27 0.999 -0.01 0.999 -0.01 0.00 0.00
28 0.995 -1.13 0.995 -1.15 0.00 0.02
29 1.000 -0.01 1.000 0.00 0.00 -0.01
30 0.998 -0.61 0.998 -0.63 0.00 0.02
31 1.000 -0.01 1.000 0.00 0.00 -0.01
32 0.997 -0.74 0.997 -0.75 0.00 0.01
33 1.000 0.00 1.000 0.00 0.00 0.00
34 0.996 -1.14 0.996 -1.15 0.00 0.01
35 1.000 -0.01 1.000 0.00 0.00 -0.01
36 0.999 -0.34 0.999 -0.34 0.00 0.00
37 N/A N/A N/A N/A N/A N/A
38 1.000 -0.01 1.000 0.00 0.00 -0.01
39 1.000 -0.01 1.000 0.00 0.00 -0.01
40 1.000 -0.03 1.000 -0.02 0.00 -0.01
41 0.999 -0.01 0.999 -0.01 0.00 0.00
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4
Cost-benefit analysis for selection
of battery energy storage options

This chapter treats the cost-benefit analysis used to establish the optimal location and
size of the ESS. This analysis compares the annual energy cost based on a Capital
Recovery Factor (CRF) for different configurations of the ESS. First the location is
evaluated based on the short-term model with respect to both energy cost and losses.
Then a cost-benefit analysis is made with different ESS sizes to evaluate the best
size.

4.1 Investment cost evaluation

To evaluate the present value of an annuity, the CRF described in 4.1 can be used.

CRF = i(1 + i)n

(1 + i)n − 1 (4.1)

where i is the interest rate, and n denotes the depreciation period. Assuming a
battery lifetime of 5 years and a interest rate of 5%, using equation 4.1, the CRF
is calculated to 0.231. The ratio between the investment cost and benefits of the
investment is a deciding factor regarding ESS. By multiplying the investment cost
with the CRF the annuity of the investment can be calculated and compared to
the annual revenue gained from the ESS. The annual investment cost, CESS, is
calculated as shown in equation 4.2. The investment cost, CE, is multiplied by the
capital recovery factor to get the annual cost which can be compared to the annual
benefits of the ESS.

CESS = CRF · ERated · CE (4.2)

Li-ion batteries are considered due to their high energy density compared to other
batteries, which is beneficial in large scale storage systems [7]. The cost of Li-ion
battery storage is estimated to $300 per kWh for the leading manufacturers of BEVs
[10].

4.2 Optimal selection criterion

The sizing is composed of two parts, maximum power output and energy capacity.
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The energy capacity and maximum power output was determined with regards to
the total benefits due to storage in comparison to the investment cost. The ratio
between benefits and investment cost is a deciding factor for the optimal size of the
energy storage. This process is described by figure 4.1.

Figure 4.1: Flowchart of storage system design methodology

Location was determined by simulating an ESS at a few chosen locations of the grid,
one of them being at the PCC, another at the midpoint of the grid, and finally at
the highest loads in the grid. These cases were evaluated with respect to benefits
gained from the ESS and the losses.
The energy storage can be either aggregated so that the storage is located in one
spot, or spread out over numerous locations of the grid. The losses are of interest
when choosing a location for the energy storage to obtain maximum benefits from
the installed storage.
The optimal ESS is determined by the size and location which results in the highest
ratio between total benefits and annual investment cost. Benefits is defined as
the difference in operating cost of the MG with and without ESS, as described in
equation 3.27.

4.3 Energy storage system sizing and location
This section displays the results of simulations regarding ESS sizing. Optimal loca-
tion, maximum power output and energy capacity of the ESS are established.
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4.3.1 Optimal location
To evaluate the optimal location of the ESS, losses and total benefits of the ESS was
compared for 8 different cases containing both aggregated and distributed energy
storage, however, the total ESS size is the same for all cases. These locations chosen
to be evaluated was the PCC, the two highest loads, L1 and L2, and the bus 07:8.1.
Due to the size of the model while using line constraints, it was not possible to
simulate for the whole year. Instead the short-term model was used to simulate the
different cases. The size of the ESS during these simulations was chosen to be 6
MWh and the results can be seen in table 4.1.
Having the ESS at the PCC was found to provide the lowest total cost of energy
and losses while having it at L2 proved to be the worst location in both total energy
cost and losses. There is little difference between having the ESS as a distributed
storage and having it installed as a central ESS at the PCC. This is due to the low
losses within the system, which is reasonable considering the cables in the grid are
over dimensioned. With an increase in battery size the current limits of the cables
might be exceeded during charging and discharging of the ESS for certain locations
leading to a higher cost since the ESS cannot be operated optimally. At the PCC
this issue will never occur which further implies the optimal location of ESS is at
the PCC.

Table 4.1: Total cost for one day with different ESS locations

Storage Location Benefit [SEK] Loss [kW]
PCC 1078.50 40

PCC,07:8.1 1078.40 41
L1,L2,PCC,07:8.1 1078.20 43

07:8.1 1078.00 43
L1,PCC 1077.40 46
L2,PCC 1077.30 48

L1 1072.30 69
L2 1071.10 75

4.3.2 Optimal size
The total benefits is determined using the EMM, simulating a year of operation.
Benefits due to energy storage for different battery capacities is shown in figure 4.2
and it is shown that they are increasing with an increased ESS capacity, however
with a decreasing rate.
The benefits to investment cost ratio is shown in figure 4.3. For the investment to
be economically beneficial the ratio would need exceed to 1. However, as can be
seen, the ratio is much lower than 1 meaning that the investment is, from a pure
economical point of view, not beneficial. There is a decreasing trend in ratio as the
ESS size increases which means that an increase in installed ESS capacity increases
the investment cost more than the benefits are increased. The variations seen in
the figure could be due to simulation issues, at some months the GAMS-model was
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Figure 4.2: Benefits of battery storage for one year, displayed for different ESS
sizes

not able to find an optimal solution due to a high number of non-linearities in the
model formulation. However, the trend is clear despite these variations. This means
that the optimal ESS size will depend on the island mode operation that is desirable
since simulations do not show a profitable benefit to cost ratio. Instead the optimal
size comes down to what cost the grid operator is willing to pay for the increased
reliability of enabling island mode operation.

4.3.2.1 Sensitivity analysis

A sensitivity analysis is based on changing the parameters used to calculate the CRF
for the investment. With varying lifetime and interest rate the benefit to investment
cost ratio is calculated and shown in figure 4.4. It is shown that with a lower interest
rate as well as a longer lifetime of batteries, the investment is considerably better.
With dropping prices of energy storage the benefit to cost ratio could be further
increased.
Figure 4.5 shows the benefit to cost ratio with different prices of batteries, in
$/MWh. The lifetime is assumed to 10 years and an interest rate of 3% is used in
this case. It is also shown from figure 4.5 that the benefit to cost ratio is nonlinear
for different prices since the ratio between $200 and $100 is larger than that between
$300 and $200. This implies that the lower the prices get the better the investment,
thus it could have future economical potential to include ESS in the grid.
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Figure 4.3: Benefit to investment cost ratio for different amount of installed
storage.
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Figure 4.4: Benefit to investment cost ratio for different interest rates and
expected lifetimes of storage.
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Figure 4.5: Benefit to investment cost ratio for different battery prices.
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5
Evaluation of Chalmers microgrid

operation scenarios

In this chapter the different cases are described and evaluated. There are four cases
simulated, the first one is the base case when the grid is operated with and without
any storage. The second is island mode to illustrate how the batteries operate during
a disconnection from the main grid. The third one is when an increased renewable
energy generation is present and finally the fourth case is when there is an EV fleet
available to act as an ESS.

5.1 Case study

The case studies uses the MSP to evaluate how the system will behave and what
benefits there are by operating the grid as a microgrid during certain circumstances.

5.1.1 Grid connected mode (Base case)

The grid is simulated using the EMM both with and without an ESS and the gained
benefits are then evaluated. An evaluation of the benefits for running Chalmers’
gird as a microgrid in its current state and with an ESS is then made.

5.1.2 Island mode

If there is an outage in the main grid the microgrid can be switched to island mode.
To evaluate this, two 1-hour outages where simulated and the grid behavior was
observed. The ESS together with the local generation is then expected to keep the
microgrid running for the duration of these outages.

5.1.3 Increased renewable generation

With an increased amount of renewable generation the benefit of having a microgrid
is expected to be higher. In order to verify this, different levels of generation from
solar PV was simulated to compare the benefits gained with the base case. The
amount of solar PV generation is currently 15.7 kW. Besides from this value, a
range from 0 to 3MW are simulated.
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5. Evaluation of Chalmers microgrid operation scenarios

5.1.4 Vehicle to grid
If there was a significant electric vehicle fleet located at Chalmers, their batteries
could be used as distributed ESS within the microgrid. However, this type of ESS
is mobile and might not be available when desired. The vehicles also need to be
available for driving during all hours of the day so only a portion of their energy can
be used within the microgrid. Assumptions for these simulations are as following:

• Number of vehicles simulated where 25-300, each with a 90 kWh battery in-
stalled [33]. Theses vehicles provide a total of 27 MWh of energy when all
vehicles are connected.

• The vehicles are available within the grid between hour 8 and 17.
• The SOC equations are updated in order to ensure that the vehicles can be

utilized during the day. The new equations specify that the batteries can be
varied between 70 and 100% of their full capacity and they need to be at
80% charge at hour 17 which is seen in equation 3.28 and 3.29. The average
charge is assumed to be 80% when the vehicles arrive in the morning which is
described by equation 3.30.

• The net charge gain is assumed to be 0 which means that the vehicles leave
with the same charge as they have when they arrive. It is modeled like this
to simulate the benefits of energy exchange between the vehicles and the grid,
not including the cost of charging vehicles to full.

5.2 Case study results

This section handles the case studies conducted in the project. The results of the
case studies are presented and discussed.

5.2.1 Grid connected mode (Base case)
The results for different cases where the grid is operated in grid connected mode is
presented in this section. The cases investigated are when no management is done
and when the EMM is implemented, both with and without storage.

• The total annual energy cost for the case where no energy management is done
is 7.0119 MSEK.

• When load curtailment is utilized the total annual energy cost is 7.0062 MSEK,
a reduction of 5700 SEK/year.

• For the case when both load curtailment and a 2 MWh ESS is utilized the
total annual energy cost is 6.9324 MSEK, a reduction of 79500 SEK/year.

The benefits when simulating the microgrid without any storage is small compared
to the total energy cost and thus a poor incentive to implement it. However, the
only load reduction taken into consideration is the ventilation power which could
be reduced by 20 %, resulting in a total of 100 kW load reduction. If more flexible
loads could be identified the total benefits would be expected to increase. Another
factor which affects the benefits is the penalty factor which decides when the load
curtailment is activated. This factor was set to 240 SEK/MWh, which is 20 %
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higher than the mean electricity price for 2015. By lowering this factor the annual
benefits would increase by operating the load curtailment more frequently.
Power bought from the grid for the cases without EMM and with EMM where a 2
MWh ESS is installed for 24-hours (based on data from 17/3-2016) can be seen in
Figure 5.1. It can be noted that the ESS has two charging patterns during the day,
one in the morning and one in the afternoon, and load curtailment is activated at
hour 10.

Figure 5.1: Power bought from the grid when EMM is used including ESS and
without EMM.

5.2.2 Island mode
The minimum sizing of energy storage is determined by its ability to enable the
microgrid to operate in island mode for a certain time. When the microgrid operates
in island mode, the ESS must be able to supply enough power so that the the ESS
together with local generation can supply the demand. Thereby the minimum power
and energy capacity are determined by the maximum load and for how long the
microgrid is to be operated in island mode. The minimum power and energy for the
ESS are determined by equation 5.1 and 5.2.

PESS,min = Pload,max − PCHP − 0.2Pfan (5.1)

EESS,min = PESS,min · h (5.2)

where h denotes the amount of hours for which the microgrid is operated in island
mode.
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A fault at the PCC means that no power can be delivered to the microgrid from the
main grid. This is simulated by setting the grid power to 0 for hour 4 and 17, thus
forcing the ESS to supply the load together with local generation. Figure 5.2 shows
the supply of power within the microgrid for 24 hours with the grid power outage
explained. It can be seen that the ESS is operated to supply the loads when the grid
power is set to zero. It can also be seen from the simulated fault in the afternoon
that the CHP plant is operated in order to supply the loads, since the power from
the battery is not enough to supply the entire load.
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Figure 5.2: Island mode operation with two 1-hour outages

The total energy cost for 24-hours, both in normal conditions and with two 1-hour
outages, can be seen in Table 5.1. It can be seen that the cost when island mode
is utilized is 224 SEK higher than for normal operations. This cost increase will
heavily depend on when the faults occur during the day since both the total load
and the electricity price varies. In this case the disconnection was forced due to a
fault but it might also be beneficial from an economical point of view to disconnect
during certain hours if the ESS is large enough.

Table 5.1: Total energy cost for 24-hours for normal operation and with two
1-hour outages.

Normal operation Two 1-hour faults
Cost [SEK] 22400 22624
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5.2.3 Renewable energy sources
An increase in the amount of renewable energy sources within the microgrid was
investigated, where the solar PV output power was increased. Simulations using
the EMM were conducted for values between 0 and 3 MWp from solar PV. The
lifetime of solar cells used in the simulation is 20 years, and for the batteries 5
years. An interest rate of 5% is assumed and the cost associated with solar PV
installation is 1€/Wp [34]. However, the price of solar power is not including any
government grants, thus the total investment cost could be decreased further. As for
other simulations the battery cost is 300$/MWh. The results are displayed in figure
5.3. It is shown that the maximum benefit to cost ratio is obtained with no ESS
installed, but with increased solar power. It is also shown that for a fixed battery
size, an increase in solar power also increases the benefits gained from ESS. Since
the solar PV output power is depending on the radiation, the location is of great
importance. In Sweden solar power is not as beneficial as in other countries with
more sun hours during the year, which could explain why the benefits to cost ratio
is not higher than what is shown in figure 5.3.

Installed Solar PV [MWp]

0 0.5 1 1.5 2 2.5 3

B
e

n
e

fi
ts

 t
o

 C
o

s
t 

R
a

ti
o

0

0.05

0.1

0.15

0.2

0.25

No ESS

6 MWh

4 MWh

2 MWh

Figure 5.3: Benefits to investment cost ratio for different ESS sizes, with varying
amount of installed solar power.

5.2.4 Vehicle to grid
The total cost for one year is shown in figure 5.4 assuming the EVs arrive at hour 8
and leave at hour 17. The cost is decreasing with an increased amount of EVs, which
is essentially the same as increasing the ESS size. It can be seen that the benefits of
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having 300 EVs is approximately 100 000 SEK annually, which corresponds to 330
SEK per car owner. Such a benefit is a quite poor incentive for car owners to take
part in the V2G system since it will cause the lifetime of their batteries to decrease.
The cost reduction is lower than what is accomplished by installing battery storage,
and is likely because the EVs are not present during nighttime, therefore the benefits
gained by charging batteries during the low price at night cannot be accomplished
when using V2G.
The charging pattern is displayed in figure 5.5 where both SOC and power output
from the EV fleet is shown. It can be seen that the EVs always have at least 70%
charge left during the day so they can be operated if needed. The EVs are also
charged up to 80 % before they leave so the resulting change of energy during one
day is 0.
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Figure 5.4: Total cost for one year vs number of EVs.

5.3 Reliability analysis
A microgrid should be able to operate independently from the main grid, and there-
fore increase its reliability. The amount of local generation and installed ESS will
increase the ability to operate in island mode. Different levels of local generation
and ESS sizes where evaluated based on the annual investment cost, annual benefits
and their ability to operate in island mode. The results can be seen in table 5.2.
Since solar power is an unreliable resource it might not be available during discon-
nection from the main grid, hence the total time in island mode will therefore vary
for the same installed solar capacity. It can be noted that the system can’t be op-
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Figure 5.5: Output power PEV and SOC during one day of operation.

erated in island mode without any ESS for the solar levels tested. This is due to
the power levels the peak load requires to operate. There is a possibility to operate
parts of the microgrid with only solar installed at these levels, however, this has not
been investigated further.
The enhancement of reliability within the system comes from the battery storage,
and can be associated with a cost which comes from the annual investment cost and
the annual benefit. By subtracting the benefits from the annual investment cost, the
total cost per hour of island mode can be calculated. For battery storage of 6 MWh
this cost is calculated to 1.684 MSEK/year for one hour of island mode capability.

Table 5.2: Comparison of different investment costs, annual revenues and island
mode operation times for different ESS and solar PV sizes

Installed battery
capacity [MWh]

Installed solar
power [MWp]

Annual investment
cost [MSEK]

Annual benefit
[MSEK]

Island mode
operation [h]

0 0 0 0 0
0 3 2.17 0.432 0
2 1.5 1.70 0.287 0.33-0.5
2 3 2.79 0.490 0.33-0.66
4 1.5 2.33 0.345 0.66-0.8
4 3 3.41 0.560 0.66-1.0
6 0 1.86 0.176 1
6 3 4.03 0.590 1-1.33

The different sizes for the ESS investigated were 2, 4 and 6 MWh. Paired with 3
MWp solar PV installed, the island mode operation time can be seen in Figure 5.6.
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There are two contributions to the total island mode time: first the reliable time
which comes from batteries and secondly the unreliable time from solar PVs. These
times are based on a worst case scenario meaning that the load is at its peak value.
Other means of improving island mode operation time could be to increase reliable
local generation, such as CHP. However, no investigation on this has been made.
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Figure 5.6: Island mode operation time for different ESS sizes with 3 MWp solar
PV installed

The total energy cost can be reduced by introducing battery storage in the microgrid,
or by investing in increasing the amount of solar PV. Figure 5.7 compares the total
energy cost for one year. The base case is compared to different ESS sizes, with
EVs and also for one case with 6 MWh of battery storage and 3 MWp of solar
power. The total energy cost is reduced when more energy storage is installed,
however the maximum cost reduction is obtained by including both battery storage
and increasing the amount of solar PV. Including EVs as a mean of storage within
the grid reduces the cost by 2.49%. The total energy cost can be reduced by as
much as 8.43% when including both battery storage and increasing the amount of
solar PV.
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6
Conclusions and Future work

6.1 Conclusions∗

This thesis was focused on three different objectives. Firstly, a database of the grid
data and load profiles for each bus in the Chalmers microgrid was developed. A load
profile for 24 hours was extracted from measurements and then extended to cover an
entire year. The second objective was to use the database to create an EMM in order
to simulate the grid operating as a microgrid. This model involves local generation,
variable loads, fixed loads, grid data and ESS. It was realized using GAMS and the
models validity was then confirmed by using PSS/E. The final objective was to use
the model in order to observe the benefits by operating the grid as a microgrid.
This was accomplished by several case studies where the grid was operated under
different circumstances.

• Base case operation when the grid was run as a microgrid was compared to the
current operating state. Here, no ESS was available so the benefits originate
from scheduling the local generation and the flexible loads. It is shown that
the total cost can be lowered by 5700 SEK.

• Part of operating a grid as a microgrid is the ability to run it in island mode.
This was implemented and tested for two one-hour outages where the grid was
operated independently for one hour. The simulation results shows that with
a proper ESS size the grid can withstand a disconnection to the main grid for
one hour.

• More renewable energy resources, in the form of solar PV, were implemented
in the grid and the benefits were evaluated for different ESS sizes. It was found
that the optimal solution was to only invest in solar since the cost of ESS is
very high compared to the benefits. However, by only investing in solar PV
the ability to operate in island mode is lost due to the unreliable nature of
solar power. Therefore, an investment in both solar and ESS is more suitable
for this microgrid.

• By using an EV fleet in place of an ESS, the total energy cost can be reduced
by approximately 100 000 SEK annually for 300 vehicles. This eliminates the
need to invest in additional ESS but the grid infrastructure needs to be further
developed to realize this. There is also the matter of battery degradation when
using EVs in a microgrid and the owners must therefore be compensated for

∗The results from this thesis has been summarized in the paper: "Cost-benefit analysis of battery
storage investment for microgrid of Chalmers university campus using OPF framework" shown in
appendix A.2
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this to be a viable option.
The study shows that there is value in operating the grid as a microgrid and with
additional local generation and ESS the total energy cost for the system can be
lowered by 8.43% while being able to operate in island mode for a minimum of 1
hour.

6.2 Future Work
• Linearization of the EMM - The power flow equations and other constraints are

highly non-linear which causes high simulation time. By linearizing constraints
the medium-term model could be used for energy storage location studies and
also reduce the simulation time overall.

• Energy storage alternatives - Further investigation of cheaper alternatives to
energy storage and comparisons of investment in storage and local generation
could be conducted.

• Load control in MG - Investigation of flexible load possibilities could also be
interesting since the battery size could be reduced if only critical loads were to
be supplied during island mode operation. To gain a more accurate model of
when the ventilation power can act as a flexible load, measurements regarding
temperature and carbon dioxide in the buildings need to be incorporated in the
model. The Ventilation can only be down regulated if the levels of temperature
and carbon dioxide are within acceptable limits.

• Taxes and grid tariff - Including taxes, peak power cost and fixed grid costs
in the model would give a more accurate representation of the energy cost.
This could have an impact on how beneficial the ESS would be and how it is
utilized.

• Utilization of CHP - The usage of the heat distribution from the CHP plant
could also be investigated to reduce the cost of operating the plant. As it
looks now, all the heat is assumed to be wasted and the cost for electricity
production is therefore high. Also ramp-up and ramp-down constraints for the
CHP plant needs to be incorporated for a more accurate model.

• Load profile resolution - To actually be able to operate Chalmers’ grid as a
microgrid, the load profile needs to be on a shorter time scale. This needs to
be measured on each individual bus, and these kind of measurements does not
exist today.
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A
Appendix 1

A.1 GAMS Code

*Defining sets
set i buses /1*41/;
alias(i,j);
set h hour;
set d(h) daytime;
set Head2 Line data table headings / Re, Xe, Ch /;

*Parameter definitions
$parameter P_load(i,h) load at bus i and hour h;$
$parameter Q_load(i,h) img load at bus i and hour h;$
$parameter Elprice(h) electricity cost at hour h;$
$parameter Pmax(i) max Pgen at bus i /13 inf, 16 1/;$
$parameter Qmax(i) max Qgen at bus i /13 inf, 16 0.3/;$
$parameter Pemax(i);$
$parameter Ilim(i,j);$
$parameter Pfan(i,h);$
$parameter Psolar(i,h);$

*Scalar definitions
scalar Emax;
scalar phi /3.141592654 /;
scalar Sbase base in MVA /1/;
scalar CostCHP SEK per MW /600/;
scalar chr efficiency of energy storage /0.95/;
scalar dis efficiency of energy storage /0.95/;

*Input data loaded from MATLAB code
\$GDXIN Z:\.win\Desktop\GAMS\1year_model.gdx
\$LOAD h=Hour
\$LOAD d=Daytime
\$LOAD Elprice=Elspot
\$LOAD P_load=Load_real
\$LOAD Q_load=Load_img
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\$LOAD Pemax=Pemax
\$LOAD Emax=E_max
\$LOAD Ilim=I_lim
\$LOAD Pfan=Pfan
\$LOAD Psolar=Psolar
\$GDXIN

display Elprice,P_load,Q_load,Pemax,Emax;

*Line data for the grid in p.u, used to form an admittance matrix
Table LineData(i,j,Head2)

Re Xe Ch
1.2 0.0000000 0.0208110 0.00000
1.3 0.0000853 0.0000580 0.00100
1.5 0.0000798 0.0000535 0.00097
3.4 0.0000000 0.0737500 0.00000
5.6 0.0000635 0.0000308 0.00048
5.12 0.0003120 0.0002113 0.00380
5.41 0.0001306 0.0000580 0.00085
6.7 0.0000000 0.0580000 0.00000
8.9 0.0000000 0.0725000 0.00000
8.17 0.0001252 0.0000844 0.00150
10.11 0.0000000 0.0602500 0.00000
10.41 0.0001868 0.0000825 0.00120
12.13 0.0000145 0.0000010 0.00017
12.16 0.0000172 0.0000118 0.00021
12.17 0.0000227 0.0000154 0.00028
12.18 0.0000281 0.0000190 0.00035
13.14 0.0004762 0.0003229 0.00580
14.15 0.0000000 0.0132430 0.00000
16.19 0.0000281 0.0000190 0.00035
17.31 0.0003746 0.0002540 0.00460
17.33 0.0000907 0.0000617 0.00110
18.22 0.0000000 0.0440000 0.00000
18.23 0.0002549 0.0001732 0.00310
18.35 0.0004535 0.0003075 0.00550
19.20 0.0000000 0.0223170 0.00000
23.24 0.0000000 0.1067500 0.00000
23.25 0.0003401 0.0002304 0.00420
25.26 0.0000000 0.0600000 0.00000
25.27 0.0001868 0.0001270 0.00230
27.28 0.0000000 0.0612500 0.00000
29.30 0.0000000 0.0725000 0.00000
29.35 0.0004653 0.0003156 0.00570
31.32 0.0000000 0.0360000 0.00000
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33.34 0.0000000 0.0393750 0.00000
35.36 0.0000000 0.0361930 0.00000
35.38 0.0000118 0.0000082 0.00014
38.39 0.0000363 0.0000109 0.00012
39.40 0.0000000 0.0208000 0.00000
41.21 0.0000000 0.0334360 0.00000
;

*Admittance matrix
Parameter Z(i,j), GG(i,j), BB(i,j), YCL(i);
Parameter G(i,j), B(i,j), Y(i,j), ZI(i,j), Theta(i,j);

LineData(j,i,"Re")$(LineData(i,j,"Re") gt 0.00) = LineData(i,j,"Re");
LineData(j,i,"Xe")$(LineData(i,j,"Xe") gt 0.00) = LineData(i,j,"Xe");
LineData(j,i,"Ch")$(LineData(i,j,"Ch") gt 0.00) = LineData(i,j,"Ch");

Z(i,j) = (LineData(i,j,"Re"))**2 + (LineData(i,j,"Xe"))**2 ;
GG(i,j)$(Z(i,j) ne 0.00) = LineData(i,j,"Re")/z(i,j) ;

BB(i,j)$(Z(i,j) ne 0.00) = -LineData(i,j,"Xe")/Z(i,j);
BB(j,i)$(Z(i,j) ne 0.00) = -LineData(i,j,"Xe")/Z(i,j);

YCL(i) = sum(j, LineData(i,j,"Ch"));

B(i,i) = sum(j, BB(i,j)) + YCL(i);
G(i,i) = sum(j, GG(i,j));
G(i,j)$(ord(i) ne ord(j)) = -GG(i,j);
B(i,j)$(ord(i) ne ord(j)) = -BB(i,j);

Y(i,j) = sqrt(G(i,j)*G(i,j) + B(i,j)*B(i,j));

ZI(i,j)$(G(i,j) ne 0.00) = abs(B(i,j))/abs(G(i,j));

Theta(i,j) = arctan(ZI(i,j));
Theta(i,j)$((B(i,j) eq 0) and (G(i,j) gt 0)) = 0.0;
Theta(i,j)$((B(i,j) eq 0) and (G(i,j) lt 0)) = -0.5*phi;
Theta(i,j)$((B(i,j) gt 0) and (G(i,j) gt 0)) = Theta(i,j);
Theta(i,j)$((B(i,j) lt 0) and (G(i,j) gt 0)) = 2*phi - Theta(i,j);
Theta(i,j)$((B(i,j) gt 0) and (G(i,j) lt 0)) = phi - Theta(i,j);
Theta(i,j)$((B(i,j) lt 0) and (G(i,j) lt 0)) = phi + Theta(i,j);
Theta(i,j)$((B(i,j) gt 0) and (G(i,j) eq 0)) = 0.5*phi;
Theta(i,j)$((B(i,j) lt 0) and (G(i,j) eq 0)) = -0.5*phi;
Theta(i,j)$((B(i,j) eq 0) and (G(i,j) eq 0)) = 0.0 ;

Display Y, Theta
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*Variable definitions
VARIABLES
Q(i,h) Reactive power generation at bus i and hour h
P(i,h) Active power generation at bus i and hour h
V(i,h) Voltage at bus i and hour h
Cost Total system cost
Loss Total system transmission losses
Delta(i,h) Voltage angle in radians
SOC(i,h) State of charge at bus i
Pec(i,h) Charge power from ESS at bus i and hour h
Ped(i,h) Discharge power from ESS at bus i and hour h
Revenue Total revenue of storage
ReI(i,j,h) Real part of current between bus i and j at hour h
ImI(i,j,h) Imaginary part of current between bus i and j at hour h
Pflex(i,h) Amount of flexible load at bus i and hour h
Qbatt(i,h) Reactive power from batteries at bus i and hour h
Iabs(i,j,h) Absolute current
;

*Equation definitions
EQUATIONS
CostFn Total system generation cost in $
Equn1(i,h) Real power load flow equation
Equn2(i,h) Reactive power load flow equation
SOC1(i,h) SOC equation
SOC2(i,h) SOC equation
Totgen(h) Total power generated
Totrev Total revenue
RI(i,j,h) Real part of current between buses
II(i,j,h) Imaginary part of current between buses
Flexeq(i,h) Equation to limit load curtailment
ChargeEq(i,h) Charge equation
Itot(i,j,h) Absolute current
Ili Current limitation equation
Ili2 Current limitation equation
;

*Constraints on variables
V.up(i,h) = 1.05;
V.lo(i,h) = 0.95;

Q.up(i,h) = Qmax(i);
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P.up(i,h) = Pmax(i);

Pflex.lo(i,h) = 0;
Pflex.up(i,h) = 0;
Pflex.up(i,d)= 0.2*Pfan(i,d);

Qbatt.up(i,h) = 0.3*Pemax(i);
Qbatt.lo(i,h) = -0.3*Pemax(i);

SOC.up(i,h) = 1;
SOC.lo(i,h+1)$(Pmax(’13’) gt 0) = 6/Emax;
SOC.lo(i,h+1)$(Pmax(’13’) eq 0) = 0;
SOC.fx(i,’1’)$(Pemax(i) ne 0) = 6/Emax;

Pec.up(i,h) = Pemax(i);
Pec.lo(i,h) = 0;
Ped.up(i,h) = Pemax(i);
Ped.lo(i,h) = 0;

*Equation limiting to load curtailment
Flexeq(i,h)$(ord(h) ne card(h)).. Pflex(i,h)*Pflex(i,h+1)*10000000 =e= 0;

*Load flow equations
Equn1(i,h).. P(i,h) - P_load(i,h) + dis*Ped(i,h) - Pec(i,h) + Psolar(i,h) +
Pflex(i,h) =e= Sum(j, Y(i,j)*V(i,h)*V(j,h)*Cos(theta(i,j) + Delta(j,h) -
Delta(i,h)));
Equn2(i,h).. Q(i,h) - Q_load(i,h) + Qbatt(i,h) + tan(arccos(0.98))*Pflex(i,h)
=e= -Sum(j, Y(i,j)*V(i,h)*V(j,h)*Sin(theta(i,j) + Delta(j,h) - Delta(i,h)));

*SOC equations
SOC1(i,h)$(ord(h) ne 1).. SOC(i,h) =e= SOC(i,h-1)+chr*Pec(i,h-1)/(Emax)-
Ped(i,h-1)/(Emax);
SOC2(i,h)$(ord(h) eq card(h)).. Pe(i,h) =e= (SOC(i,h)-SOC.lo(i,h))*Emax;

*Charge equation
ChareEq(i,h).. Pec(i,h)*Ped(i,h) =e= 0;

*Calculation of revenue
TotRev.. Revenue =e= sum((i,h),Pe(i,h)*Elprice(h))*Sbase;

*Equations for line constraints
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RI(i,j,h).. ReI(i,j,h) =e=
V(j,h)*Y(i,j)*COS(Theta(i,j)+Delta(j,h)) -
V(i,h)*Y(i,j)*COS(Theta(i,j)+Delta(i,h)) +
V(i,h)*LineData(i,j,"ch")*SIN(Delta(i,h));

II(i,j,h).. ImI(i,j,h) =e= V(j,h)*Y(i,j)*SIN(Theta(i,j)+Delta(j,h))
- V(i,h)*Y(i,j)*SIN(Theta(i,j)+Delta(i,h)) +
V(i,h)*LineData(i,j,"ch")*COS(Delta(i,h));

Itot(i,j,h).. Iabs(i,j,h) =e= sqrt(power(ReI(i,j,h),2) + power(ImI(i,j,h),2));

Ili(i,j,h).. Iabs(i,j,h) =l= Ilim(i,j);
Ili2(i,j,h).. Iabs(i,j,h) =g= -Ilim(i,j);

*Objective function - Total cost
CostFn.. Cost =e= (sum(h,P(’13’,h)*Elprice(h)+P(’16’,h)*CostCHP)+
sum((i,h),Pflex(i,h)*240))*Sbase;

*Model formulation describing which equations are included in the model
model OPF /
Equn1
Equn2
CostFn
ChargeEq
SOC1
SOC2
Totrev
Flexeq
RI
II
Itot
Ili
Ili2
/;

*Solve statement
solve OPF using NLP minimizing Cost;

*Output data to MATLAB
execute_unload ’results’,Cost,SOC,Pec,Ped,Revenue;
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Abstract—This paper presents a cost-benefit approach for
evaluation of battery energy storage (BES) options to be installed
in the electrical distribution grid of Chalmers University from the
microgrid perspective. The evaluation is based on a multi-period
ac optimal power flow (OPF) model applied for microgrid, which
is referred to as the µ-OPF, with the objective function being the
total grid operation cost. The model is developed for the real 12
kV grid of Chalmers. The µ-OPF is used as the calculation tool
for the cost-benefit analysis where the benefit-to-cost ratios (BCR)
of battery options in the grid in a year over the annualized cost
of battery are evaluated for various options of battery placements
in the grid. The BCRs demonstrate the cost-effectiveness of
the battery in microgrid operation. Battery options considered
include both distributed option and a centralized option. It
has been found that the optimal location of battery storage at
Chalmers grid is at the point of connection to upstream grid
of Gothenburg Energy distribution system. The study results
show that the benefit gained from using battery storage increases
with the size of battery, and the size with the highest BCR was
found to be 2 MWh when considering the grid-connected mode
of operation. The optimal size when the grid is in island mode
is however dependent on island mode capability.

Index Terms—Microgrid, Battery energy storage (BES), Flexi-
ble demand, Solar PV, Cost-benefit analysis, University Campus

NOMENCLATURE

Sets
H Total number of hours in the simulation time-

horizon
K Total number of buses in the microgrid
Indices
h Hour
d Hour during day-time
i, j Indices for buses
V ariables
TC Total grid operation cost
P grid
h Power from the main grid
PCHP
h Power from the combined heat and power

(CHP) plant

The work presented in this paper is partly funded by Energy Area of
Advance of Chalmers University of Technology.

∆P load
i,h Active load curtailment

∆Qload
i,h Reactive load curtailment

P gen
i,h Active power generation at bus i and hour h
Qgen

i,h Reactive power generation at bus i and hour h
V Voltage magnitude
I Current magnitude
SOC State of charge of battery
P ec
i,h Active power to battery storage during charging
P ed
i,h Active power from battery storage during dis-

charging
QBES

i,h Reactive power from battery storage
Ei,h Stored energy at bus i for hour h
Parameters
Erated

i Installed battery energy storage at bus i
Bi,j Imaginary element of the admittance matrix
Gi,j Real element of the admittance matrix
Cgrid

h Cost to buy power from main grid
GCHP Unit generation cost of the CHP plant
PF Penalty factor for load curtailment
P fan
i,d Total fan load for bus i and hour d
P load
i,h Active power load at bus i and hour h
Qload

i,h Reactive power load at bus i and hour h
V min
i Minimum voltage magnitude
V max
i Maximum voltage magnitude
I limi,j Maximum current limit on line i-j
eff chr Charging efficiency of battery storage
effdis Discharging efficiency of battery storage

I. INTRODUCTION

The increasing penetration of small-scale distributed energy
resources (DERs), including wind power, solar photovoltaics
(PV), micro combined heat and power (CHP) units, etc. and
the electric vehicles (EVs) in the distribution system put a
quite challenging task to the distribution system operator to
control and operate the system in a reliable manner. The
microgrid concept has been introduced to partially address
this challenge [1]. A microgrid is generally defined as a
local cluster with a clear geographical boundary within a
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distribution system, which can coordinate the operation of
DERs and energy storage to supply the local load demand
in an economic and reliable manner [2], [3]. Microgrids offer
both technical and economic benefits to the distribution system
operators. With many microgrids developed, the control of
DERs in the distribution system can be passed on to the local
control in the microgrids. Microgrids can be operating in grid-
connected as well as off-grid (island) modes. Microgrids thus
help to utilize the DERs to their fullest extent. Customers
within microgrid would expect to have more reliable electricity
supply service, thanks to the capability to operate in both
modes. The distribution system will benefit from microgrid
since it will minimize the peak power demand in the distribu-
tion system, reduce the need for power transmission, and thus
increase the overall efficiency.

Microgrid development has recently been taking place at
several university campus environment, including Eindhoven
university of technology [4], university of Genoa [5], [6]. The
common goals for these university campuses’ microgrid are to
improve the economic performance of the grid and to reduce
the use of fossil-based generation. Chalmers University of
Technology has identified microgrid as one of its strategic
research areas. One of the projects in microgrid which has
recently received funding from EU Urban Innovative Action
program [9] would focus on transformaing electrical grid
of Chalmers University of Technology into an intelligent
microgrid which can be used as microgrid test bed. This test
bed will support investigations of methods and strategies for
design, control, protection, operation of microgrids. The aim
is also to demonstrate a concept of fossil-free energy district in
modern urban context. As a first step in this project, an initial
investigation of microgrid design has to be perform. One of
the tasks in this step is to identify the optimal placement of
battery energy storage (BES) within the microgrid.

Energy storage is an important component in a microgrid,
which can be used for demand response, storing excess energy
and support island mode operation. Cost-benefit analysis is one
of common approaches to evaluate the cost-effectiveness of the
investment which can be applied for the case of battery energy
storage in microgrid. A number of work has been presented in
this topic. The most relevant work was found in [7] in which
a method for choosing the optimal size was developed based
on a cost-benefit analysis for both islanded and grid connected
microgrids. The total benefits are calculated for values between
a chosen minimum and maximum energy storage size in order
to obtain the most beneficial size. However, constraints on
physical electrical grid were not considered. Also, the model
used is only for 24-hour period. This present paper proposed a
cost-benefit analysis which is based on a multi-period optimal
power flow model built on the one developed in [8] with
detailed ac load flow constraints and the model is applied for
the whole year (8760 hours) to evaluate the benefit of different
candidates of battery storage. The main contributions of this
present paper can be summarized below:
• Development of the grid model: Data for Chalmers’ inter-

nal electrical distribution grid was not readily available

for grid simulation. This data has been acquired through
different methods and used for simulating the grid. Also,
collection and evaluation of whole-year demand profiles
at building levels and solar generation data of Chalmers
campus has been made.

• Development of µ-OPF model: The µ-OPF model for
Chalmers microgrid was developed with the objective
function being the total grid operation cost (i.e., cost of
energy imported which is considered to be dependent of
the spot price electricity plus the cost of own production
from the CHP plant). Technical constraints in the models
include power flow constraints, battery state of charge
limits, as well as other constraints of flexible demands in
the grid. A simulation platform was created using GAMS
[10] as the modeling and optimization tool and MATLAB
[11] for data handling and automation.

• Proposed cost-benefit analysis for BES: The paper has
proposed to use cost-benefit analysis approach based
on µ-OPF model for 1-year simulation study period to
evaluate the battery energy storage candidates which can
reflect the variations in load and solar energy as well as
weather conditions over the whole year.

II. DEVELOPMENT CHALMERS’ DISTRIBUTION GRID
MODEL AND DATABASE

A. Grid data

The internal electrical grid at Chalmers is used to distribute
power to the campus and consists of 22 buses where 17 are
load buses and can be seen in Fig. 1. Akademiska Hus [12]
provided data of cables and transformers, from which a load
flow model of Chalmers grid has been implemented.

B. Load profile and flexible demand

Demand profiles for each bus (i.e., building) in the grid have
been extracted based on current (I) measurements by the ABB
Micro-SCADA system and energy demand for each building
provided by Akademiska Hus [12]. The current (I) measure-
ments are extracted and stored for every 10-minute interval
with a backlog for only 24 hours. Therefore, a scaling factor
based on the energy consumption was used to approximate
the demand profile for one year. A load profile was measured
for a day in March 2016, with peak load of 5.5 MW at hour
14. The total power demand at Chalmers varies between 2.5
and 7.0 MW and the annual energy consumption is 32000
MWh. The main loads in the campus include e.g., lighting,
computers, ventilation, and electric machines in laboratories.
There are a number of EVs currently in use in the campus
which represents distributed BES.

Flexible demand due to adjustments in the ventilation power
within building in Chalmers grid is possible to a certain extent.
The ventilation power is a total of 500 kW spread out over
the campus and can be reduced temporarily by 20%. This load
reduction can only occur during the day-time, between when
the ventilation is operating at maximum capacity and only for
one hour at a time so that the working environment remains
comfortable. Activation of the load curtailment is assumed
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Fig. 1. Single line diagram of Chalmers 12kV electrical distribution grid

to occur when the energy cost exceeds 20% of the mean
electricity price for 2015 which is at 240 SEK/MWh, seen
as a fictive cost paid by the grid operator when the load is
reduced.

C. Own generation

Currently there are three sources for electric power in the
internal grid, generated by a CHP unit, from solar PV and
power bought from the main grid with prices from Nordpool
day ahead market [13]. The CHP unit can produce up to 1
MW at a cost of 600 SEK/MWh [12]. Solar PV panels are
installed on a wall of one of the buildings on campus and
are assumed to produce energy with no cost. This energy is
calculated based on the rating of 15.7 kW and the irradiance
data for Gothenburg obtained from System Advisor Model
(SAM) [14].

III. METHODOLOGY FOR COST-BENEFIT ANALYSIS

To evaluate which BES configuration yields the highest
cost-benefits ratio, different locations and sizes of BES were
investigated using the µ-OPF, which is described in the
next section. The flowchart shown in Fig. 2 shows how the
comparison between cases is performed and evaluated. The
evaluation is based on a cost-benefit analysis for all cases
except the location. The location was instead determined based
on the losses in the system to establish how the BES location
affects the grid operations. The simulations are based on a
time-resolution of one hour. When one year simulations are

Fig. 2. Methodology for determining the optimal BES based on a cost-benefit
analysis

performed, the simulation is split into 12 separate simulations
corresponding to 12 months of the year in order to reduce
simulation time.

IV. FORMULATION OF OPTIMAL POWER FLOW MODEL OF
CHALMERS’ MICROGRID

This section presents the main equations of Chalmers mi-
crogrid µ-OPF model.
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• Objective function: The objective of the model is to
minimize the total operation cost of the system including
the cost of energy import, cost of own production as well
as the cost of demand control.

TC =
∑

h∈H

∑

i∈K
PCHP
h CCHP

+ P grid
h Cgrid

h + PF∆P load
i,h (1)

• Power flow equations with battery storage and flexible
demand:

P gen
i,h − P load

i,h + P ec
i,h − effdis ∗ P ed

i,h + ∆P load
i,d

=
∑

j∈K
|Vi||Vj |(Gi,j cos θi,j +Bi,j sin θi,j) (2)

Qgen
i,h −Qload

i,h +QBES
i,h + ∆Qload

i,d

=
∑

j∈K
|Vi||Vj |(Gi,j cos θi,j −Bi,j sin θi,j) (3)

The voltage magnitudes, Vi, and current magnitudes, Ii,j ,
are limited according to (4) and (5).

V min
i ≤ Vi ≤ V max

i (4)

|Ii,j | ≤ I limi,j (5)

where, V min
i and V max

i are the minimum and maximum
voltage levels and I limi,j is the maximum allowed current
between bus i and j.

• Flexible demand constraints:
Installed ventilation power is currently 500 kW and can
be reduced by 20 % when desired according to (6).

∆P load
i,d ≤ 0.2 ∗ P fan

i,d (6)

The frequency at which the load curtailment occurs is
limited to every other hour as seen in (7).

∆P load
i,d ∗∆P load

i,d+1 = 0 (7)

• Battery energy storage constraints:
The BES is modeled as either a charging or discharging
power. Monitoring is done by observing the state of
charge (SOC), which is defined by (8) and limited by
(9).

SOCi,h =
Ei,h

Emax
i

(8)

0 ≤ SOCi,h ≤ 1 (9)

Variations of the SOC over the simulation period is
calculated as seen in (10). Since the model uses a one
hour data resolution the power utilized by the BES can
be compared to the energy capacity of the BES.

SOCi,h = SOCi,h−1+
eff chr ∗ P ec

i,h−1
Erated

i

−
P ed
i,h−1

Erated
i

(10)

The µ-OPF model is of non-linear programming type. It has
been implemented in GAMS environment [10] and solved
using MINOS solver [15].

V. SUMMARY OF STUDY RESULTS

This section presents preliminary results of the paper includ-
ing optimal location for BES and total benefits for different
sizes of BES for a 1-year period. In the full version of the
paper, the following results will be discussed and presented:

• Optimal configuration of BES, including location and
size, based on a cost-benefit analysis and island mode
capabilities.

• Energy scheduling during island mode operation
• A more accurate load profile including different load

within each building to establish more flexible loads
• Sensitivity analysis of benefits of storage with respect to

changes in capacity of local generation, solar PVs, and
prices of battery storage.

Different aspects of the BES were varied to achieve an
optimal configuration with regards to the total energy cost
and island mode capabilities. Four different locations for
connection of battery storage were investigated for both an
aggregated and a distributed BES, yielding a total of eight
cases which where evaluated regarding the line losses. The
considered connection point for BES are shown by the circles
in Fig. 1. Those include point of common coupling (PCC) (i.e.,
the main grid connection point), the two most heavily loaded
buses (L1 and L2) to enable the highest loads to be efficiently
supplied. The introduction of BES at the high load buses
would further increase the load when the batteries are charged,
however the batteries are charged during low price hours which
correlates to the hours with lower demand. Finally, bus 07:8.1
was also investigated. These simulations have been carried out
for a time span of 24 hours with a total installed BES size of
6 MWh.

TABLE I
BES LOCATION COMPARISON

Location Loss [kW]

PCC 40

PCC, 07:8.1 41

PCC, 07:8.1, L1, L2 43

07:8.1 43

PCC, L1 46

PCC, L2 48

L1 69

L2 75
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Fig. 3. Total benefits for different BES capacities

As shown in Table I, the configuration which yields the
lowest losses is to place the entire BES at the PCC which is
used for all further simulations. The worst cases are to have
the BES entirely at L1 or L2, due to the higher loading on the
lines during charging and discharging of the BES.

When the microgrid is operated in grid-connect mode, the
BES is used for demand response by charging when the energy
price is low and discharging when the price is high. This will
reduce the total energy cost which is a benefit to the microgrid
operator (Akademiska Hus in this case). The total benefit for
different BES sizes has been shown in Fig. 3. It can be seen
from the figure that total benefits increase as the BES capacity
increases, however at a decreasing rate. This means that it
might not be beneficial to invest in more storage than necessary
for the desired island mode operation time.

Operation in island mode is possible when an BES is
installed with enough capacity to supply the demand, together
with local generation, for the duration of an outage due to
fault in the upstream grid. During that time, the BES is
supplying the demand together with the local generation and
being recharged during the succeeding hours to be ready for
another possible outage.

VI. CONCLUSIONS

This section presents preliminary conclusions from the
work. More concrete conclusions will be made in the full
version of the paper.

In this paper, a multi-period optimal power flow model for
microgrid has been developed using the real data from the
electrical distribution grid of Chalmers university campus. The
model has been used in the pre-design phase of microgrid for
Chalmers to evaluate cost-effectiveness of the battery storage
options. It has been found that the operation of Chalmers as a
microgrid as scheduled by the µ-OPF model for the operation
of battery storage, demand responses as well as own generation
would reduce the total operation cost as well as the total energy
loss in the grid. The optimal battery storage option has been

suggested based on the highest benefit-to-cost ratio obtained
over the whole year. It was shown in the study that the benefit
from battery has not outweighed its investment cost, given
the high market price of the battery storage at the present.
It can be expected that the price of the battery storage will
go further down in the future which will improve the cost-
effectiveness of the battery. In this study, the battery storage
has only been considered for supplying energy in Chalmers
microgrid, consideration of other use of battery storage, such
as grid support services to the distribution system and power
balancing services could further enhance the battery cost-
effectiveness. This is however the subject of further study.
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A. Appendix 1

A.3 Load Profile

Table A.1: Load profile for each hour of a day, 17/3-2016

Hour Load [kW]
1 3519.5
2 3521.8
3 3534.6
4 3546.7
5 3579.3
6 3672.9
7 4206.0
8 4679.3
9 5059.4
10 5325.9
11 5367.7
12 5413.9
13 5454.8
14 5472.9
15 5461.4
16 5293.8
17 4884.0
18 4545.5
19 4215.7
20 3974.8
21 3817.5
22 3718.3
23 3610.5
24 3534.2
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Figure A.1: Load data for all buses in Chalmers grid 17/3-2016
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Figure A.2: Load data for all buses in Chalmers grid 17/3-2016
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