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Sweden’s energy system is facing major changes in the near future in order to reduce
carbon emissions and to switch to sustainable energy sources. PV systems have
become a sensible alternative for homeowners that want to be a part of this change
and at the same time reduce the cost of their electricity bill. To further improve the
utilization of their PV system and to handle the intermittent nature of solar power,
battery storages have become an interesting system complement. This thesis
investigates how batteries can provide smart services; load shift and peak price energy
utilization to a household. This is done by developing an optimized battery algorithm
model that can provide these smart services which is compared to a simple battery
algorithm. The results show that the developed battery optimization model works as
intended. It performs both load shift and peak price energy utilization. The economic
analysis shows that the most profitable PV system and battery configuration is a 20
kW PV system with a 5 kWh battery. The system has an internal rate of return, IRR,
of 2.3% which does not reach Vattenfall’s weighted average cost of capital, WACC, at
7%. The results also show that the battery cost is an important factors for a system's
profitability. A larger battery system is more expensive and the increased yield does
not cover the increased cost. Further research is needed to implement the optimized
battery as a functional application since the model has access to a perfect forecast and
thus a method for forecasting PV production and load profile of the household are
crucial to get similar results.
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Executive Summary
In this thesis a battery model was developed to investigate the benefit of an optimized battery
algorithm over a simpler algorithm. To summarize the economic analysis, it is clear that none
of the configurations have a positive NPV with a WACC of at least 7% during a time period of
31 years. The most profitable PV system and battery configuration is the 20 kW PV system
with a 5 KWh battery. With this configuration the optimized battery algorithm reaches an IRR
of 2.3%, versus 0.2% for the simple battery algorithm. One of the most important factors for
system’s profitability is the battery price. For the optimized battery it would take a price
reduction of 44% to reach an interest rate of 7% from an initial battery investment price of 700
$/kWh.

Populärvetenskaplig Sammanfattning
Sveriges energisystem står inför stora omställningar i den närmaste framtiden. Sveriges
energimyndighet har som mål att år 2050 ska Sverige ha en hållbar och resurseffektiv
energiförsörjning och inga nettoutsläpp av växthusgaser i atmosfären. Samhället kommer att
gå från att varit beroende av traditionella energikällor så som kärnkraft och olja till
förnyelsebara energikällor i en högre utsträckning. Detta är en utveckling som kan ses redan
idag då vindkraft har börjat spela en mer betydande roll i energisystemet även solceller har
haft en ökad tillväxt de senaste åren speciellt bland privatpersoner. Då solceller har minskat i
pris de senaste åren har det blivit ett bra alternativ för husägare som vill minska sitt behov av
köpt elektricitet samt bidra till omställningen i energisystemet.
Den utmaningen som finns när man använder sig av förnyelsebara energikällor är deras
intermittenta karaktär. En solcell kan bara producera elektricitet när solen lyser och detta sker
inte alltid då behovet är som störst. En privatperson med solceller har oftast inte möjlighet att
utnyttja energin från solcellen under dagen i samma utsträckning då man oftast inte är hemma.
Detta har gjort att energilagringsystem har blivit allt mer intressanta, speciellt batterier då
dessa har minskat kraftigt i pris de senaste åren. År 2009 låg medelpriset på litiumjonbatterier
runt 2000 $/kWh och idag är medelprisnivån på 700 $/kWh.
Trenden med sjunkande batteripriser kombinerat med en utveckling av tekniken har gjort det
möjligt tillgodo se fler smarta tjänster med hjälp av batterier än endast energilagring. Syfte
med detta examensarbete är att utveckla en modell som kombinerar en solcellsmodell med en
optimerad batterialgoritm för att studera den ekonomiska vinningen att utföra de smarta
tjänsterna lastförflyttning, (load shift), och att utnyttja batterilagret under toppar i elpriset.
Lastförförflyttning i denna rapport innebär att man flyttar hushållets konsumtion mot elektriska
nätet från topparna i elpriset till lågpristimmarna under dygnet. Detta görs genom att man
laddar batteriet när det är som billigast oftast under natten och sedan används det när det är
som dyrast på eftermiddagen. Utnyttjandet av topparna görs både som tidigare nämnt med
köpt energi från nätet men även genom att lagar överskotts energi från solcellerna och sedan
använda denna energi när det är som dyrast att köpa elektricitet.

Modellens uppbyggnad gör att den tar hänsyn till elpriset, lastprofilen i hushållet och
produktionen från solcellerna. Batterioptimeraren allokerar dessa resurser mellan batteriet,
elnätet och lasten i hushållet för att på bästa sätt minimera kostnaderna för hushållet. Detta
sker med tiominutersupplösning och för att göre detta möjligt utnyttjas en
linjärprogrammeringsalgoritm på så vis hittas den lägsta kostnaden för hushållet. Hela
modellen togs fram och programmerades i Excel.
Utifrån denna modell gjordes olika simuleringar av olika fall. Dels simulerades en optimerade
batteri algoritm som kan köpa och sälja energi till nätet samt på ett smart sätt utnyttja energin
inom hushållet för att minimera kostnaderna . Detta batteri jämfördes sedan med ett enklare
batteri algoritm som endast kan lagra energi från solcellerna och sedan utnyttja energin när
konsumtionen överstiger produktionen från solcellerna i hushållet. Dessa resultat kommer
också jämföras med att endast installera ett solcellssystem utan några batterier. Samtliga fall
simulerades med olika storlekar på solcellssystemet samt olika batteristorlekar.
Simuleringarna görs med prognostiserade spotpriser för åren 2020, 2030,2040 och 2050.
Utifrån resultaten från simuleringarna kan man sluta sig till att den optimerade
batterialgoritmen fungerade som tänkt. Batteriets köp och säljbeteende styrs av spotpriset och
man kan tydligt se att den utnyttjar topparna i priset för att på så vis använda energin när det
är som mest lönsamt. Men den tar också hänsyn till den producerade elen från solcellerna och
utnyttjar den när det är lönsammast. Jämför man självteckningsgraden mellan de olika
batterialgoritmerna kan man se att det enklare batteriet har högre självdockningsgrad än det
optimerade batteriet. Detta beror på de ökade förlusterna som tillkommer när det optimerade
batterialgoritmen köper energi från nätet, sparar det i batteriet för att sedan kunna använda
det när priserna är som lägst. Dock är det viktigt att ha i åtanken att denna modell har tillgång
till en perfekt prognos och resultaten skall kunna upprepas i verklighet är det nödvändigt att ta
fram och utvärdera bra prognosverktyg för solelproduktion samt konsumtionsmönster för
hushåll.
Den ekonomiska analysen visar att varken det simpla batteriet eller det optimerade batteriet
är en lönsam investering enligt nuvärdesanalys med en internränta på 7 % under 31 år. Dock
ger både det optimerade batteriet och det simpla batteriet positivt resultat när en
internränteanalys görs. Det optimerade batteriet ger fem positiva resultat varav det högsta är
2,3 % för systemet med 20 kWh solcellssystem med 5 kWh batterier. Motsvarande system för
det simpla batteriet gav 0,2 % internränta vilket också var det enda positiva resultatet för denna
batterialgoritm. Utifrån nuvärdesanalysen och internränteanalys syns det tydligt att
batterikostnaden har en stor inverkan på lönsamheten. För att nå en internränta på 7 % måste
batteripriset sänkas med 44 % för den bästa kombinationen av solceller med det optimerade
batteriet. Vidare från den inkrementella internränteanalysen ser man att det optimerade
batteriets pris kan öka med 38 % innan dess lönsamhet är densamma som för det simpla
batteriet. Dessa resultat är baserade på antagandet att batteriet håller hela 31 års period och
ingen nyinvestering behövs. Detta är ett antagande som har gjorts då det idag råder stora
osäkerheter i livslängden av litiumjonbatterier.

Sammanfattningsvis kan man dra slutsatsen att batteripriset är en viktig faktor för lönsamheten
för systemet. Det pris som är idag är inte lönsamt för en genomsnittlig vägd
kapitalkostnad,(WACC), på 7% men då räntan för det mest lönsamma systemet är 2,3% vilket
skulle kunna vara en intressant för någon som inte har lika höga vinstkrav och vill öka sin
självtäckningsgrad jämfört med att bara använda sig av solceller. Man kan också konstatera
att modellen fungerar och utför lastförskjutning som tänkt. Dock krävs att man undersöker
metoder för att göra bra prognoser av solcellsproduktion och konsumtionsmönster för hushåll
för att kunna implementera denna typ av metod i verkligheten.
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1 Introduction
1.1 Background
The Swedish energy system is facing major changes in the near future. The Swedish Energy
Agency has stated that ”In the year 2050, Sweden will have a sustainable and resourceefficient energy supply and no net emissions of greenhouse gases in the atmosphere” [1]. A
big part to accomplish this goal is to increase the amount of renewable energy sources in the
energy system and increase the efficiency in the system.
For homeowners photovoltaic, PV, power has become a sensible alternative to take control of
their energy demands and produce some of the energy by themselves. However, this can only
be done to a certain degree due to the intermittent characteristic of PV power production.
Which leads to an incentive to connect the PV system to batteries. Just as the reduced cost of
PV systems, battery prices have been reduced significantly. Since 2009 the prices of lithiumion batteries have declined from an average of 2000 $/kWh to todays’ average of 700$/kWh
which is an reduction of 65 % and the prices are expected to decline further in the future [2].
The combinations of these factors and a more environmental orientation of the customer have
led to an increased demand of smart battery solutions. Battery storage combined with PV
systems would with a traditional system setup leave most of the battery capacity unused a
large part of the year when there is no PV production to store. With smart battery solution the
batteries can be utilized the whole year either by storing excess PV production or buying
energy from the grid to use at peak prices.
By increasing the number of services a battery provides it could be possible to increase the
economy in a battery investment and a PV system. There are a number of smart services a
battery could provide both directly to the costumer or utility services to the grid [3]. In this way
it is possible for Vattenfall to provide a service for the customer even when they produce most
of the energy themselves.

1.2 Scope of the project
The scope of this project is to develop a model that combines a photovoltaic model and an
optimization battery algorithm to provide smart services load shift and peak price energy
utilization, then evaluate the economic benefits of this system.

1.2.1 Limitations
In this report only one household in Sweden will be investigated and the consumption pattern
of this household will not influence the power market. The location of the household is arbitrary
with the exception for the PV production, which leads to system spot prices will be used and
the household will not be affected by limitations in the power grid.
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2 Theory
2.1 The Swedish Electricity Market
It is the duty of the transmission system operator, TSO, to maintain the grid and make sure the
power balance between consumption and production is fulfilled in the grid at any given time.
The Swedish TSO is Svenska Kraftnät, SVK, [4]. The electricity market is divided into different
price zones as well as divided in to different timeframes, day ahead market and intraday
market. These markets exists at Nord Pool which is the common electricity market for all Nordic
countries [5]. Sweden is divided into four price zones or bidding areas. This is due to limitations
in the transmission network and the locations of the main energy sources and main
consumption areas [5].

2.1.1 Day Ahead Market
The day ahead market also known as the spot market. Every day the buyer and the seller
submit their bids for the next day. The buyers’ bids are based on power demand forecasts for
the coming day. The sellers have to consider how much they can produce at what price hour
by hour. The spot market closes at 12:00 every day and then the bids are listed and matched
[6].

2.1.2 Intraday Market
The intraday markets are a supplement to the day ahead market. The majority of the power is
traded on the spot market but sometimes unexpected things occur. It could be that a wind
power farm need to shut down due to high winds or a failure in a big factory. For these
occasions the intraday market is used to restore the power balance. Intraday market opens at
14:00 every day. The traders can change and make adjustment to their bids until 45 minutes
before time of deliverance. With a large amount of intermittent energy sources such as wind
and solar, the intraday market going to be increasingly important in the future [7], [8].

2.1.3 Consumer Electrical Pricing
The final cost for a private consumer to buy electricity is divided in two main part, a fixed cost
and a variable cost. The fixed cost includes the subscription fee which depends on the fuse
size of the household. A larger fuse leads to a higher fee.
The variable cost includes the spot price, grid operation price and taxes. The grid operation
price is paid to the grid operator for delivering the electricity to the house. The price covers
the operation that a grid operator has and it can vary depending on the geographical location.
The price levels are controlled by the Swedish Energy Markets Inspectorate [9].
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The grid operation price can either be a time tariff or a fixed tariff. The time tariff used by
Vattenfall Eldistribution AB varies throughout the year due to higher transmission costs during
peak hours. The peak hours are defined as the hours between 06:00-22:00 during the winter
months, November to March. The rest of the hours have lower grid operation prices [9], [10].

2.2 Solar Power
This section presents a brief overview of photovoltaic systems and their different
characteristics.

2.2.1 Photovoltaic Cells and System
There are many types of photovoltaic, PV, cells. The main types are silicon cells and thin film
cells. The silicon cells represent around 80 % of the market and the remaining 20% is the
market share of the thin film cells. [11]. There are subcategories of both silicon cells and thin
film cells.
The most common types are monocrystalline silicon cells and polycrystalline silicon cells. The
advantage of monocrystalline cells is their high efficiency, which usually lies between 14-15%,
but can reach over 20%. Their disadvantage is a complicated manufacturing process which
leads to a relatively high manufacturing cost. Due to their high cost they are often used when
high power is needed and spacing is limited [11].
Polycrystalline silicon cells are also known as multicrystalline silicon cells. Their efficiency is a
bit lower than monocrystalline cells, usually around 13-15% but the best models can reach
17% efficiency. Due to their simpler structure, the polycrystalline cells are easier to produce
compared to monocrystalline cells which makes them cheaper. The low price combined with
relatively high efficiency have made them popular to use in variety of applications [11].
The thin film cells have a lower efficiency compared to silicon cells. The efficiency can vary
between 10% to 13 % depending on the type. The advantages of thin film cells over silicon
cells are that they are less affected by heat efficiency losses. They also absorb more energy
in the blue spectrum which is useful in cloudy conditions and that makes them produce more
power compared to a comparable silicon cell with similar peak power rating [11].
Due to the cells low cell voltage, usually around 0.5 V, the cells are combined in modules. The
module is composed of series coupled cells and number of cells can vary and depending on
the requested output voltage. To create the desired output power from a PV system, the
modules are coupled in parallel and series [11].

2.2.2 PV Production Factors
The power production from a PV system depends on a number of factors. The main factors
are solar radiation, shadowing and the total efficiency of the PV system.
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The solar radiation is measured as global radiation and diffuse radiation. The radiation is
measured against a horizontal plane. The diffuse radiation component is the solar radiation
beam scattered in the atmosphere. The difference between the global radiation and the diffuse
radiation give the beam radiation and this can be seen in the following relationship,
(1)
𝐼𝐺 = 𝐼𝑏 + 𝐼𝑑,
where 𝐼𝐺 is global radiation, 𝐼𝑑, is diffuse radiation and 𝐼𝑏 is beam radiation. In cloudy conditions
most of the radiation is diffuse radiation.
The solar energy that reach earth is 1367 W/m2. Depending on where on earth the PV system
is located, the air mass that the solar radiation has to pass through will vary. With larger air
mass the absorption in the atmosphere will be lager and less of the energy will reach the
ground [12].
In Sweden the PV production varies between 800 kWh/m2 to 1000 kWh/m2 a year depending
on where in Sweden when the production is measured against a horizontal plane. The south
parts of Sweden and the big islands, Öland and Gotland, have a higher irradiance. The
difference between a good year and a bad year is around 10 % variation from the long-time
mean of the measurements [13]. The irradiance varies throughout the day depending on the
time of the day, year and the wheatear conditions. The daily variation can be highly intermittent
but the yearly and sessional variation are more predictable [14].
The orientation of the solar modules is an important factor for the amount of energy utilized
from the available irradiance. There are usually two types of angles used when positioning
anPV module, tilt and azimuth. The tilt is the angle against the horizontal plane, where a
horizontal tilt would be 0°. The tilt is often the same angle as the angle of the roof. The azimuth
angle is the cardinal direction of the module, where south is 0° and west is positive and east
negative angle [12].
The long term PV production drastically depends on the tilt and the azimuth of the PV module.
The yearly production span in Sweden stated earlier in this section is based on a tilt between
30° to 50° tilt and azimuth zero with no shading i.e. south facing direction. Comparing this
optimal configuration of the system with vertically placed PV modules also facing south the
system has a yearly production loss of 20% to 30% [14].
Another way to install the PV modules is using an axis tracking system. This system follows
movement of the sun during the day. There are two main types, one axis or two axis systems.
The two axis configuration changes both azimuth and tilt of the module. With this method, the
system can get 30% to 100% higher yearly PV production depending on where in Sweden the
it is installed. In the north of Sweden, the yield of the installations is higher compared to the
south. However this system is more expensive and needs more maintenance [14].
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2.3 Batteries
This section presents the basic terminology and characteristics of batteries.

2.3.1 Battery Characteristics
Batteries can be divided in two main types, primary and secondary batteries. Primary batteries
are non-rechargeable whereas secondary batteries are rechargeable. An example of nonrechargeable is alkali batteries and rechargeable is lithium-ion batteries.
Batteries are composed by one or multiple of number of cells. Each cell has a positive anode
and negative cathode combine with an electrolyte. The charged ions are transported through
the electrolyte. Depending on the type of material in the anode, cathode and the electrolyte the
cell voltages will differ [15].
Due to the low voltage characteristic of the battery cells it is useful to connect multiple cells.
For example, an alkaline cell has a nominal cell voltage of 1.5 V compared to a lithium-ion cell
that has nominal voltage of 3.6V [15]. It is possible to combine the battery cells in series or
parallel. These two methods are combined to get the desired voltage and capacity of the
battery module [16].

2.3.2 Battery Terminology


Discharge Rate and Charge Rate
Charge rate and discharge rate are defined as the amount of time it takes to charge or
discharge the battery. It is usually expressed as a C-rate. 1C means that the battery
will be fully charged in one hour and 0.5C means it will take two hours to fully charge
the battery.[16]



Depth of Discharge
Depth of discharge, DOD, is a measurement of how much of the energy in the battery
that can be utilized for an application. DOD is expressed in percentage and for Lithiumion batteries it varies between 20 % and 90% [16].



State of Charge
State of charge, SOC, is a measurement of how much charge is left in the battery. It is
measured as a percentage between available charge and the fully charge battery and
it is based on the DOD [16].



Lifetime and Cycle Life
The lifetime is defined as when the battery capacity is 80% of the initial capacity. This
can also be defined by how many cycles it takes to fulfil this condition and it is then
called cycle life. Lifetime and cycle life depends on a number of different parameters.
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The most important are DOD, C-rate and temperature. A low DOD means shallow
cycles, and a low C-rate will prolong the battery life time [16], [17].
High temperature affects the batteries negatively. To what degree depends on the type
of the battery. A fully charged lithium-ion battery stored in 40° Celsius during one year
will lose about 35% of it is capacity. With higher temperatures the batteries selfdischarge can increase. Self-discharge is how much losses a battery has in storage or
when it is not used [15].


Battery Managing System
Battery managing system, BMS, is often used to prolong the life of the battery. The
BMS monitors and controls the battery. It balances the cells charge in the battery and
monitors the temperature to make sure it is within acceptable limits. Both heating and
cooling might be needed depending of the placement of the system and type of battery
[16].

2.3.3 Lithium-Ion Batteries
The lithium-ion batteries were introduced to the market 1991 and quickly became popular due
to their high energy density. Lithium-ion batteries have a high cell voltage, usually between
3.2 to 3.8V. This can be compared to other types of rechargeable cells, nickel–metal hydride,
or nickel cadmium, that have a voltage of 1.2 to 1.5V. This leads to a lower weight of the
lithium-ion batteries due to less number of cells are need to provide the same voltage [16].
Lithium-ion batteries have a low self-discharge around 1% to 5% per unit of time. The cycle
life of lithium-lithium is very high and the batteries can be used thousands of cycles depending
of the DOD. This can be compared to an lead acid battery that only has between 300-500 full
cycles with a DOD of 100% [16].

The Value of Load Shift
Serial No.

Vattenfall AB, R&D, Power Technology
Security class Medium [C2]

7 (36)

2.4 Load Shift and Power Management
Load shifting is a type of demand side management, DSM, and it is defined as shifting the
load from peak hours to off peak hours of demand [18].
Figure 1 shows load shifting as it is defined in this report, from the point of view of grid. The
household buys power from the grid during off-peak hours defined as the lowest spot price
during the day. This is done by charging batteries to provide power for the rest of the day or
just the peak hours. In this way the load of the household l shifts from the peak hours to the off
peak hours of the grid.

Figure 1. Load shift from of peak hours to peak hours with regards to the grid.
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Figure 2 shows another way to manage the power flow in a households with PV system. The
household has a surplus of PV production and this surplus energy can be stored with batteries
from the peak production hours to the hours where there is no PV production.

Figure 2. Power management of surplus PV production for later use with batteries with regards to the household.

2.5 Economic Evaluation
This section presents chosen economical evaluations methods.

2.5.1 Net Present Value
Net present value, NPV, is an economic evaluation method which investigates the profitability
of an investment. The method discounts all outgoing and incoming payments to the value at
the time of the investment. A NPV greater than zero indicates that the earnings are greater
than the investment and the investment is worth doing. The NPV is calculated as
𝑛

𝑁𝑃𝑉 = ∑
𝑡=1

𝐶𝑡
− 𝐼0,
(1 + 𝑟)𝑡

(2)

where 𝑛 is number of years, 𝐶𝑡 is the net cash flow during the time t, 𝐼0 is the is the total initial
investment, 𝑟 is the discount rate. The discount rate is based on requirements of return from
the bank and owner [19].

2.5.2 Internal Rate of Return
Internal rate of return, IRR, is a measurement on the rate of growth of an investment and
represents the maximum interest rate of the investment were the investment cost still can be
covered. It is used to compare different investments and the investment with the highest IRR
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is the most desirable. To calculate IRR the same formula as NPV is used, equation (2), but the
difference is that NPV is put equal to zero and then the equation is solved for r (or IRR). This
can be expressed as
𝑛

∑
𝑡=1

𝐶𝑡
− 𝐼0 = 0.
(1 + 𝐼𝑅𝑅)𝑡

(3)

2.5.3 Incremental Internal Rate of Return
A way of comparing the IRR for different types of investment is to do an IRR of the incremental
cash flow. In an incremental cash flow analysis, the difference between investments and the
annual return are calculated and that gives incremental net cash flow. This net cash flow is
used in equation (3) where 𝐼0 is the difference between the investment and 𝐶𝑡 is the net cash
flow for each year. In this way it is possible to compare an expensive investment with high net
cash flow with a less expensive investment with a lower net cash flow where the IRR will
represent the extra investment. If the incremental IRR is larger than the cost of capital, the
more expensive investment is chosen [20].
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3 Method
This section presents the two different models used in the simulation and optimization, the
assumptions for the simulations.

3.1 Overview
To simulate and evaluate the benefit of a combined PV system with an optimized battery
algorithm the problem had to be divided in to smaller parts.
Figure 3 shows the three main parts of this project, PV simulation, battery simulation and
economic evaluation. In the PV simulation part, a PV system model is used to simulate PV
power output from a system from measured metrological data. In the battery simulation part,
the PV production, consumption data and forecasted electricity prices data are combined. The
battery management is optimized based on the inputs in order to minimize the cost of the
household. The outputs from the battery optimization are used to make economical evaluations
of the profitability of the system. All these parts are explained in detail in the following sections
and the structure will be the same as in Figure 3.

Figure 3. Simulation flow chart.
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3.2 PV Simulation
This section presents the PV model and the implementations of this model.

3.2.1 PV System Model
The photovoltaic model used in this report is developed by Joakim Widén, Uppsala University,
and published in Elforsk report 10:103 [21]. The input is metrological data divided into solar
radiation data and ambient temperature. The output is the produced power from the PV
system.
The model is divided into two parts. In first part, the solar radiation against an arbitrary titled
plain is calculated using trigonometric standard formulas. The inputs for this part of the
simulation are measured global radiation, 𝐼𝐺 ,diffuse radiation to the horizontal plane,
azimuth, 𝐼𝑑 , tilt and albedo. The latitude and longitude coordinates of the system location is
used to calculate the solar time and angle of incident [21].
The second step of the model takes in consideration the characteristics of PV system to get
equivalent PV output power. The input values are, module area, number of module, 𝑁, module
maximum power at standard testing conditions ,𝑃𝑆𝑇𝐶 , the efficiency temperature coefficient of
the model , 𝜇, nominal operation cell temperature, 𝑇𝑁𝑂𝐶𝑇 .
Losses in the PV system are defined as 𝑞𝑎𝑑𝑑 . Losses in the inverter are also taken into
consideration and calculated as a ratio between ,𝑃𝑎𝑐0 and 𝑃𝑑𝑐0 . The inverter characteristic
used as inputs are maximum rated AC-power output,𝑃𝑎𝑐0 , DC-power to inverter where AC
rating is achieved,𝑃𝑑𝑐0 and inverter threshold power 𝑃𝑠0 [21].

3.2.2 Implementation
The meteorological data are provided by Swedish Meteorological and Hydrological Institute
[13]. The input metrological data used for this project are data series 92071 measured in
Norrköping year 2008 and were averaged from 1 min resolution to 10-minute resolution. The
data have a low fraction of missing data points, only 0.26%.
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Table 1.The fixed parameters in the PV simulations.
Table 1. Fixed input parameters for the PV simulations.

Parameter
𝑃𝑆𝑇𝐶
𝐺𝑆𝑇𝐶
𝑇𝑁𝑂𝐶𝑇
𝐴
𝑁
𝑞𝑎𝑑𝑑
𝜇
𝑃𝑎𝑐0
𝑃𝑑𝑐0

Value
150
1000
47
1
Variable
0.05
-0.0047
Variable
Variable

Unit
𝑊
𝑊𝑚−2
℃
𝑚2
1/℃
𝑊
𝑊

PV Model Input
Parameter
𝜇
𝑃𝑎𝑐0
𝑃𝑑𝑐0
𝑃𝑠0
Latitude
Longitude
Azimut
Tilt
Albedo

Value
-0.0047
Variable
Variable
15
58.583 N
16.152 E
0
30
0.2

Unit
1/℃
𝑊
𝑊
𝑊
𝐷𝐷
𝐷𝐷
°
°
-

Table 2 shows the PV system sizes used in the simulations, to simulate these sizes, the PV
system is scaled with the factor 𝑁, number of modules, in order to make the output power
correspond to the system sizes in the table. The other input parameters are kept constant and
they represent an average silicon PV system. The inverter maximum rated power 𝑃𝑎𝑐0 are is
adjusted so it will match the rated power from the PV system and 𝑃𝑑𝑐0 is chosen to 5 W higher
than 𝑃𝑎𝑐0 this creates the inverter efficiency.
Table 2. Different PV System sizes used for simulations.

PV System size [kW]
3

5

10

20

3.3 Battery Simulation
This section presents the battery optimization model, the inputs to the battery simulation and
the different simulations cases.

3.3.1 Introduction
The battery simulation includes three types of input data and an optimization algorithm that is
the battery optimization model. The inputs are the simulated PV output, consumption load data
and forecasted electricity prices data. These are introduced in the optimization algorithm and
then the algorithm decides the best way to utilize the PV output and the battery capacity to
meet the load demand from the household during the optimization horizon. The optimization
algorithm has full control over the household’s power flow and can allocate the flow so an
optimum solution is found with consideration to the physical constrains of the system.
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3.3.2 Consumption Load Data
The consumption load data used in this project is based on measured values from an
monitoring research project performed by Swedish Energy Agency between year 2005 and
2008 [22]. 400 households were monitored in total and 40 of them during a full year period and
measured in 10-minute time step. 21 of these household were available for this study. Due to
limited scale of the master thesis only one household was used in this study. The household
was chosen on the premise that it represents the median yearly consumption and did not have
any unusual dips in consumption due to the residents were on vacation.
Figure 4 shows the household that was chosen, the yearly electricity consumption is 12580
kWh.

Figure 4. Consumption load data of the household during one year in 10-minutes resolution.

3.3.3 Electricity Price Data
The electricity prices used in as an input to the battery optimization model are spot-prices
based on Vattenfall’s forecasted Spot data. The prices are based on a 100% renewable
scenario and they are simulated for each year. The years that will be used in this project are
year 2020, 2030 and 2050. The prices are given in two-hour resolution so an interpolation is
done to create the one-hour resolution that are needed in the model and in order to best
represent real spot data. All the forecasted data are the inflation accounted for to the level of
2015.
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To calculate sell prices 𝑆𝑘,𝑆𝑒𝑙𝑙 is calculated as
𝑆𝑘,𝑆𝑒𝑙𝑙 = (𝑠𝑝𝑜𝑡𝑘 + 𝑡𝑠𝑒𝑙𝑙 ),

(4)

where 𝑠𝑝𝑜𝑡𝑘 is the spot price at time k and 𝑡𝑠𝑒𝑙𝑙 is the sell tariff. The buy prices, 𝑆𝑘,𝐵𝑢𝑦 , is
calculated as
𝑆𝑘,𝐵𝑢𝑦 = (spot k + t buy + tax)𝑉𝐴𝑇,

(5)

where tax is the energy tax, VAT is the Swedish value added tax and t buy is the extra fee
added to the buying price at time k. The energy tax is 0.292 SEK/kwh which is the level of
2016 [23], the VAT is 25% additional cost added to the total sum .The fees 𝑡𝑠𝑒𝑙𝑙 and t buy are
time tariffs and changing depending of the time of the year and time of day.
Table 3 shows the price differs from the day price and night price between 1st of November
and last of March . Between last of March and 1st of November only the night prices are used
for the whole day.
Table 3. The time tariff between 1st of November to the last of March. The unit is [SEK/kWh].

Time

06:00-22:00

22:00-06:00

t buy

0.424

0.116

t sell

0.077

0.043

Figure 5 shows how the different fees impact the price level during the year of 2015. The blue
color are the buying prices and the red color is the sell prices.

Figure 5. The buy and sell price during year 2015, spot data are downloaded from Nord Pool [5].
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3.3.4 Battery Optimization Model
The battery optimization model was developed to investigate the optimal way to utilize a battery
energy storage. The model is an optimized charge control algorithm to regulate how the battery
is charged and from which sources it is most optimal to charge it from. The model directs all of
the energy flows within the household and how it interacts with the grid.
The model is developed in Excel and using Simplex Linear programing (Simplex LP). It is an
optimization tool that is built into Excel. Due to its linear properties it is possible to find global
minimum of the object function which leads to minimize the cost of the household. This is done
by considering the PV production, the household load profile and the spot price. The
optimization is done over one year with ten-minute resolution. For a complete explanation of
the model and method see Vattenfall’s internal report VRD-R24:2016 [24].

3.3.5 Simulation Cases
To evaluate the benefits of using an optimized battery charge control system three cases are
simultaneously simulated in the model. The three cases are:




PV system without battery storage.
PV system with a simple battery charge control algorithm.
PV system with an optimized charge control algorithm.

In the first case, PV system without any battery storage, the PV output power is primary
consumed by the household’s load and any surplus is sold to the grid.
In the second case, PV system with a simple battery charge control algorithm, the output from
the PV system will first meet the load of the household. If there is any power left the algorithm
will check if there is any room in the battery to store the energy. If the battery is full the PV
production will be sold to the grid. If the power from the PV system is not enough to cover the
load of the household or there is no output from the PV system and there is energy in the
battery, power from the battery will be used to meet the demand. If the demand is higher than
the battery output power can satisfy, the algorithm will buy energy from the grid.
In the third and final case the PV system is combined with an optimized battery charge control
algorithm that is explained in section 3.3.4 and in detail in Vattenfall’s internal report [24].
All these cases are simulated with the different PV-system sizes in Table 2 and the different
battery sizes seen in Table 4. The battery sizes are defined as the DOD of the battery and the
C-rate during the simulations is one, i.e., that the battery can charge or discharge its whole
capacity within an hour.
Table 4 shows the different battery sizes defined as DOD

Battery Size [kWh]
5
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3.4 Evaluation
3.4.1 Self-Sufficiency
Self-sufficiency in this thesis is defined as the total PV output used to meet the load divided
with the total load during the year. The self-sufficiency is calculated as

𝜑𝑆 = 1 −

∑ 𝑃𝑘,𝐵𝑢𝑦
,
∑ 𝐿𝑘

(6)

where 𝜑𝑆 is the self-sufficiency, 𝑃𝑘,𝐵𝑢𝑦 is the energy power bought from the grid and 𝐿𝑘 is the
total load of the household. The summation is done throughout the whole year. If the selfsufficiency is negative means that we buy more from the grid than we consume and if it is
positive means that we buy less from the grid than we consume.

3.4.2 Economic Analysis
An economic analysis is used to determine the economic benefits of installing batteries in a
household that already has an PV system. The tools used are NPV and IRR and they are
based on estimated costs of the battery system. The battery cost is estimated as 700 $ or 5836
SEK per installed kWh [2]. This price includes installation and inverter.
Table 5 shows the calculated prices for the batteries sizes. All the batteries sizes are defined
as the DOD that can be used. This means that the real size could be larger but this is included
in the price.
Table 5 shows the costs of the different battery sizes

Battery Size [kWh]
Battery cost [SEK]

5
29 180

10
58 360

15
87 540

20
116 720

To calculate the NPV the discount rate is defined as Vattenfall’s weighted average cost of
capital, WACC, which is 7 %. The cash flows were defined as the difference between PV
system without battery and the system with battery for every year. This this is done for all
configurations exception with only PV or only battery. In these cases, the cash flow is related
to a household without any PV-system or battery. Due to limited time and computer power only
the year 2020, 2030, 2040 and 2050 were simulated. In order to do the economic analysis, the
cash flow between these years were estimated to increase linear.
In these calculation, NPV and IRR no reinvestment of the battery or inverter is done and the
assumption that the DOD will not change during the 31-year period between 2020 to 2050.
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This assumption is done due to the large uncertainty in what the cycle life of a lithium-ion
battery is. The economic analysis will also disregard any potential change in the fuse sizes.
This is done because a change of size of the PV system would impact the fuse size as well as
the battery optimized algorithms buying and selling behavior. Also its possible that the fuse
fees and the agreements could change before year 2020 or within the time period between
2020 to 2050.
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4 Results
This chapter presents selected data from the simulations and evaluations.

4.1 Load Shift and Power Management
Figure 6 shows how the optimized battery algorithm distributes the power during a winter day.
During this winter day the sun is limited and the main source to charge the battery is the grid.
The algorithm charges the battery when the spot price as its lowest between 03:00 and 04:00
in the morning. During the rest of the day the battery is almost idle except some minor
fluctuations when the load is high and when the PV production starts between 09:00-11:00
and a small amount of the energy is stored. Then the battery energy is utilized between 17:0020:00, which is the interval when the peak prices of the day occur.

Figure 6. The upper plot shows the load profile of household, spot price and PV production during a winter day. The
lower plot shows charge and discharge profile and the batteries SOC. The optimization algorithm charges the
battery during the low price and during PV production. It discharges at high spot prices. The systems are 5
kWh battery and 10 kW PV system.
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Figure 7 shows how the optimized battery algorithm distributes the power during a summer
day. The battery does not charge during the night. Instead it saves its capacity to the daytime
when the PV system provides power. The battery starts charging when the PV power output
exceeds the load, which happens at 06:00. Before this the PV power production is consumed
by the load. The battery keeps charging until the load increases around 07:20 then the charging
stops at 08:00 and the state of charge stabilized at 3kWh. The battery is idle until 10:00 when
the spot price reaches a local price peak of the day. Then the battery discharges the whole
content of the battery. The battery is idle until 14:00 when it starts charging again until 16:00.
Then the battery is fully charged and has enough energy to cover most of the consumption
during the peak hours in the spot price starting 18:10. The discharge profile between 18:0022:00 is almost a mirror image of the load profile.

Figure 7. The upper plot shows the load profile of the household, spot price and PV production during a summer day.
The lower plot shows charge and discharge profile and the batteries SOC. The optimization algorithm
charging the battery during PV production. It discharges at high spot prices. The systems are 5 kWh battery
and 10 kW PV system.
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Figure 8 shows how the simple battery algorithm distributes the power during a summer day.
The battery starts charging when PV output power exceeds the load around 16:10. It keeps
charging with the excess power until the battery is fully charged at 08:40 and after this point
the surplus PV production will be sold to the grid. When the load increases the charging
decreasing and this can be seen at 08:00. The battery is idle until the load exceeds the PV
output power at 17:20. When this happens the battery immediately starts to provide power until
it is empty at 20:00. The load profile and the discharge profile are exactly opposite in this time
period.

Figure 8. The upper plot shows the load profile of the household, spot price and PV production during a winter day. The
lower plot shows charge and discharge profile and the batteries SOC. The simple algorithm charges the battery
with excess PV production and discharges it when the load exceeds the PV production. The systems are 5 kWh
battery and 10 kW PV system.
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4.2 Self-Sufficiency
Figure 9 shows how the self-sufficiency for the optimized battery algorithm varies with different
combinations of battery sizes and PV system during year 2020.The self-sufficiency increases
with PV system size but not with the battery size in all cases. The exception is 3kW PV system
and no PV system. The 3 kW PV system the self-sufficiency increases until 10 kWh battery
and then it will decrease for the larger battery sizes. In the case with no PV system the
algorithm will consume more from the grid to minimize the household’s costs which leads to
an increased consumption and negative self-sufficiency.

Figure 9. Self-sufficiency for the optimized battery for all the combinations of battery sizes and PV systems year 2020.
The self-sufficiency increases with larger battery size and larger PV system with the exception of zero PV
system combined with batteries.
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Figure 10 shows how the self-sufficiency varies for the simple battery algorithm with different
combinations of battery sizes and PV system during year 2020. The self-sufficiency increases
with increasing PV system size and battery size.

Figure 10. Self-sufficiency for the simple battery for all the combinations of battery sizes and PV systems during year
2020. The self-sufficiency increases for larger battery size and larger PV systems.
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4.3 Net Present Value
Figure 11 shows how the NPV varies for different combination of PV system and battery sizes
for the optimized battery algorithm. It shows clearly that none of the combinations are profitable
with an WACC of 7%. The monetary losses increase with increased battery size but decrease
with increased size of the PV system. The combination that has the highest NPV is 20 kW PV
system and 5 kWh battery but it is not profitable.

Figure 11. NPV for the optimized battery for a WACC of 7% during the period 2020-2050. The NPV increases for larger PV
systems and decreases for larger battery sizes.
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Figure 12 shows how the NPV varies for different combinations of PV system and battery sizes
for the simple battery algorithm. This follows the same pattern as described before as
increased battery size leads to increased monetary loss whereas increased PV system
decreases the monetary losses. The difference is that the monetary losses are larger with the
simple battery. The battery combinations with zero PV system just shows the investment cost
of the batteries because in contrast to the optimized battery algorithm the simple algorithm
cannot charge from the grid. This means that in this case the battery will not be in use. The
combination that has the highest NPV is 20 kW PV system and 5 kWh battery but it still has a
negative NPV and is therefore not profitable with a WACC of 7%.

Figure 12. NPV for simple battery for a WACC of 7% during period 2020-2050. The NPV increases for larger PV system
and decreases for larger battery size.
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4.4 Internal Rate of Return
Figure 13 shows how the IRR varies for different combinations of PV system and battery sizes
for the optimized battery algorithm. The IRR decrease for increasing battery size and increases
with larger PV systems for all battery sizes. The highest IRR is with 20 kW PV system and 5
kWh battery. Only five configurations have a positive IRR. Only installing battery storage
without PV system is not profitable for any battery size with the battery prices seen in Table 5.

Figure 13. IRR for the optimized battery during period 2020-2050. The IRR increases for larger PV system and decreases
for larger battery size.
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Figure 14 shows how the IRR varies for different combinations of PV system and battery sizes
for the simple battery algorithm. The IRR follows the previously described pattern; with larger
battery size the IRR decreases and IRR increases with larger PV system. Only one of the
combinations have a positive IRR. Due to the characteristics of the simple battery algorithm it
cannot interact with power consumption without a PV system therefore there are no values for
zero PV system.

Figure 14. IRR for the simple battery during period 2020-2050. The IRR increases with larger PV system and decreases
with larger battery size.
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Figure 15 shows the IRR of the most profitable optimized battery combination with PV system
and the least unprofitable combination of the simple battery and PV system for reduced
investment cost. To reach an WACC of 7% the optimized battery has to have a price reduction
of 44 %. The simple battery needs a price reduction of 59% to achieve a WACC of 7 %.

Figure 15. Comparison of IRR between optimized battery and simple battery with reduction of the investment cost of the
20 kWh battery 2020-2050. The IRR increases with reduced costs.
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4.5 Incremental Internal Rate of Return
Figure 16 shows the incremental IRR between the most profitable combination of battery size
and PV system for both simple and optimized battery. The combinations in both cases is 5
kWh battery and 20 kW PV system. The figure shows the increased cost for the optimized
battery on the x axis and the incremental IRR of that increased cost on the y axis. When the
optimized battery algorithm is 38 % more expensive than the simple battery the incremental
IRR equals zero and that indicates that the extra cost of the optimized battery is not worth
doing. The simple battery and the optimized battery are at this point equal profitable.

Figure 16. Incremental IRR between the optimized battery and the simple battery 5kW and 20kw PV system.
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5 Discussion
5.1 Load Shift and Power Management
To validate the optimized battery algorithm, it is compared to the simple battery algorithm and
the behavior were analyzed to see if it followed its designed purpose.
Figure 6 shows that the battery load shifts from the peak hours of the spot price to the off peak
hours during the winter. It utilizes the whole battery capacity and consumes the energy at the
peak hour. This is done with the spot price as incentive. In this report it is not investigated
exactly how large price incentives that are needed to activate the load shifting in the
optimization algorithm.
When Figure 6 is compared to the summer day in Figure 7, the algorithm does not charge the
battery with energy from the grid and instead saves the capacity for the PV production. It is
important to note that this day has an abundance of PV production combined with very low
price difference in the spot price between day and night contrary to the winter day. The summer
day also does not have the extra price incentive in the form of different time tariffs during
nighttime and daytime. The sensitivity of the model to the price changes can be seen in Figure
7 at 10:00 when the models finds the local maximum and discharge its whole stored energy
supply. The price difference between the global and the local maximum is only 0.0156
SEK/kWh. An effect of the optimization is that the charge and discharge profile could go from
zero to 100 % power quickly depending on the price. If this is done on a larger scale it is
important to investigate how this behavior would affect the grid. In its current implementation
the optimization algorithm does not have any constraints of how much power it can buy or sell
to the grid with the exception of the batteries maximum C-rate.
In both cases, winter and summer, the optimized battery algorithm prioritizes storage of PV
power production over buying energy from the grid. This is because the PV power production
is free for the optimization algorithm and it uses the stored PV production during peak spot
price hours. The simple battery algorithm seen in Figure 8 is not designed to store the energy
depending on the spot price. Instead, it will use the energy when the load exceeds the PV
production. In some cases, this coincides with the peak spot price as in Figure 8. The strength
of the optimized battery algorithm is that the batteries will be utilized during the winter as well
as the summer in comparison to the simple battery algorithm.
The optimized battery model is dependent on good forecasting of the load of the household
and PV power output. The results in this thesis are based on the assumption that the model
gets all information beforehand, i.e. perfect forecast, which is impossible in real applications.
The success of the optimized algorithm would then be based on the quality of the forecasts of
these variables.
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5.2 Self-sufficiency
The self-sufficiencies shown in Figure 9 for the optimized battery algorithm and in Figure 10
for the simple battery algorithm, follows an expected pattern where the simple battery always
exceeds the self-sufficiency of the optimized battery algorithms. The reason for this pattern is
when the optimized battery utilizes its load shifting capacity to minimize the cost of the
household during the winter period. It leads to increased losses in the battery system than if
the bought power would be utilized directly. This is the reason for the difference in selfsufficiency between the two system. This behavior is clearly shown when the optimized battery
is not combined with any PV system. In this case the self-sufficiencies are negative due to the
losses in the battery system.

5.3 Economic Analysis
The NPV shown for the optimized battery algorithm in Figure 11 and for the simple battery in
Figure 12. It is clear that with an interest rate of 7% none of the options are profitable. However,
a larger PV system increases the NPV for every battery size. This can be connected to the
behavior of the optimization algorithm. As discussed earlier the algorithm finds both global and
local maximums in the spot price during the day. If there is a local maximum during the day as
in Figure 7 the optimized algorithm can maximum the profit of selling the PV output during the
day by store the energy in the battery. In the case with 10 kW PV system the battery only has
time to charge 3 kWh before the local maximum in the spot price. With a larger PV system the
battery could store more energy faster to sell at the peak price which would lead to a larger
profit. The simple battery algorithm cannot provide this service, instead all excess PV power
stored in the battery will be sold to the grid at the currant spot price at that specific moment.
The reason of the decreased NPV for a larger battery system, both for the simple battery and
for the optimized battery, is the increased investment cost weigh up the benefits of an
increased self-sufficiency that a larger system will provide.
The difference in NPV for these two system is the optimized battery algorithm load shifting
behavior. The algorithm finds as mentioned earlier the peak prices and utilize its energy during
these periods to reduce the cost of the household which the simple battery cannot do.
A limitation in NPV is that it only analyses with respect to the chosen interest rate. A potential
problem with this analysis method is to overestimate the risk and set the interest rate to high
or underestimate the risk and set it to low. Depending on the investor the acceptable
investment rate could differ significant. This would change the NPV significant which is
important to keep in mind when analyzing the results. To get a clearer picture of the level of
profitability a IRR analysis was done for diff the different combinations.
The IRR can be seen in Figure 13 for the optimized battery algorithm and in Figure 14 for the
simple battery algorithm. Only one of the combinations of the simple battery is profitable and
the profit is almost zero. The optimized battery has five combinations with a positive IRR. The
best combination has an IRR of 2.3 % which is significant lower than 7 %. This interest rate
might be too low for Vattenfall but individual consumers might consider the interest high
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enough as it is comparable to a secure interest fund with a locked in interest rate during a 31year period which is the period the IRR is calculated. It is also important to notice that for a
consumer the economic incentive for an investment in batteries is not the only reason to make
the investment. An investment could be done on environmental grounds to minimize the
consumers’ carbon footprint by increase the self-sufficiency.
In both cases, for the optimized battery and for the simple battery, it is clear that the increased
cost of a larger battery has a negative impact on the profitability. To evaluate the impact of the
investment cost on the profitability an analysis with decreased investment cost was done. The
results are shown in Figure 15. To get an interest rate of 7% the investment cost needs to be
reduce by 44 % which yields an investment cost of 378 $ or 3151 SEK per kWh. There is right
now an uncertainty regarding what the price of lithium-ion battery will be year 2020 when this
investment is done.
To evaluate the value of the optimized battery algorithm compared to the simple algorithm the
incremental analysis was done and is shown in Figure 16. The result shows that with current
price level it is possible to increase the optimized battery cost with 38 % and then it will be
equally profitable as the simple battery. This indicates the technical limit of additional profit the
load shift could do under these market conditions
Another significant factor for the economic analysis, both for IRR and NPV, is the spot pricing
and tariff structure. As the tariff system is designed today it is hard to make any money by
selling electricity to the grid. This difference can be seen in Figure 5 where the sell price never
exceeds the buying price. This difference results in it never being profitable for the battery
algorithm to buy energy from the grid in order to sell it back. It only buys energy when it is
cheap to use when it is more expensive. However, if the tariffs that are the main factors of the
pricing difference would change from todays’ values to a more equalized level between sell
price and buy price, it would have a significant impact on the optimized battery algorithm
behavior.
It is important to note that both IRR and NPV are calculated with the assumption that there is
no need for reinvestment in batteries or inverter and the battery does not lose capacity. Due
to the uncertainty of the life time and cycle life of lithium ion batteries. Either the capacity needs
to be increased to maintain the DOD the whole time period or a reinvestment is needed in the
end of the cycle life of the battery. Due to low IRR without any reinvestment, the system would
not be profitable with the extra cost of a reinvestment.
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6 Conclusions
The result shows that the optimized battery algorithm behaves as designed. The algorithm can
store both PV output power and buy energy from the grid. It can manage the power within the
household to utilize it when the spot price reaches a maximum during the day. The selfsufficiency of the optimized battery is lower than for the simple battery algorithm but the
difference is small, 1% 2%, compared to a PV-system without battery. More research is needed
to implement the optimized battery algorithm as it is designed today as a functional application.
A method to forecast the PV output power and the load of the household needs to be tested
and implemented.
To summarize the economic analysis, it is clear that none of the configurations have a positive
NPV with a WACC of 7 % during the time period of 31 years. To see the rate of probability the
IRR analysis was done and for the optimized battery algorithm five combinations shows a
positive result but with a low interest rate. The highest interest rate for the optimized battery
was 2.3 %. Only one option of the simple battery is gives a positive result of 0.2 %. The best
option for both simple and optimized battery algorithm is the 5 kWh battery with 20 kW PV
system. It is clear from the result that the battery price is a dominant factor of the profitability
of the system. To increase the profitability to more acceptable levels a large price reduction is
needed. The price reduction needs to be around 44 % for the best combination of the optimized
batteries. From the incremental IRR analysis shown Figure 16 that the optimized battery has
a 38 % benefit over the simple battery before they get equal profitable. Which means less price
reduction to be profitable compared to the simple battery.
The uncertainty of the battery cycle life means that the profitability of the optimized battery
system could vary. A lifetime of 31 years of the system might be a stretch. However, with
reduced battery cost it might possible profit from the investment even with reinvestment of the
battery.
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7 Future Work
This section presents suggestions for future work based on this thesis.


Different types of households
This thesis has been focusing on one household and to verify the results a broader
spectrum of households needs to be investigate.



Different C-rates
In this thesis the C-rate that been used is 1C. The C-rate has a big impact on how much
of the load the battery can cover in every given time and the C-rate is also a big factor
for the cycle life of a battery. The study would investigate a battery system with different
C-rates and how it impacts the of the power coverage of household and what would be
the optimal battery system size combined with the C-rate and the cycle life of the
battery.



Buy and Sell Prices
In this thesis there have been a large difference between the selling and buying price.
This can be seen in Figure 5. An interesting use of this model would be to study how a
different price gap changes the optimizations algorithms behavior when it interacts with
the grid. If the price intensive is right the algorithm will buy energy and then sell it back
to the grid. This behavior should be investigated to see if it is profitable for the consumer
and Vattenfall or how a tariff structures could be designed to create an incentive for the
batteries to assist local grid.



Forecasting Input Data
The optimized battery algorithm is dependent on the quality of the forecasted input data
of PV power output and load data of the household. In this thesis, the optimized battery
model has a perfect forecast of both load data and PV power production. It would be
interesting to investigate what margin of error that could be tolerated in the forecast to
get similar profitability.



Ancillary Services
Investigate which ancillary services that could be provided by the battery, either with
unused battery capacity or by dedicate a percentage of the battery capacity to provide
these services and how they could impact of the economy of the battery system.
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