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Abstract

Modelling the Effect of Photovoltaics and Battery
Storage on Electricity Demand: Implications for Tariff
Structures
Vladyslav Milshyn

This project examines the implications of the photovoltaic power 
generation as well as the battery storage systems on the distribution 
network tariff structures. Different types of existing distribution 
tariffs were applied to the residential households’ demand patterns. 
Several scenarios of demand profiles were theoretically investigated. 
First scenario included households’ consumption under current 
situation without on-site power production and any storage, second 
scenario concerned penetration of average size of solar panel 
installations and the last demand profile with maximum possible size 
of photovoltaic panels complemented with battery storage use. The 
distribution tariffs included in the comparison are: power based 
tariff and two energy based tariffs, one with flat-rate and another 
with time-of-use structure.
Distribution tariffs were normalized with the aim to research the 
implications of the on-site production and storage use. Normalization 
factors were used when comparing financial bills from the households 
under above mentioned scenarios.
Energy distribution tariffs have higher potential for households to 
save on their energy bill with the introduction of the on-site solar 
power utilization. On the other hand power tariff provides higher 
incentive for the implementation of the demand response strategies in 
the households.
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1 Introduction 

Today fossil fuels still constitute around 80% [1, p.6] of the total primary energy 

supply of the world, while in Sweden this number is lower and reaches 30% [2]. Humans 

require electricity, heat and transportation for their daily activities. These needs are 

accountable for the vast contribution to the rising levels of carbon dioxide (CO2) on the planet 

[3, p.4]. CO2 causes greenhouse effect and as a consequence the atmosphere becomes warmer 

[4, 5] and global ocean water level rises gradually [6, p.409-411]. This in turn speeds up the 

extinction of many animals and plant species [7] and increases the occurrence of natural 

disasters [8, p.48]. 

Along with fossil fuels there are plenty of clean energy sources around us, some of 

these resources are: solar irradiation, wind power, hydropower, biomass, etc. These natural 

resources are renewable, they are constantly replenished and would not be depleted on a 

human timescale. Utilization of these causes less harm to the environment than the use of 

finite hazardous fossil fuels. 

Implementation of technologies for harvesting renewable energy sources faces several 

challenges [9]. Some of the questions which considerable effort is spent on worldwide are: 

uncertainty in political decisions regarding actors’ responsibility for the energy transition, 

lack of developed optimization tools to manage high penetration of intermittent energy 

sources, limitations of energy storage solutions. A target of 100% renewable energy supply 

will only be achieved if consumers are convinced to become more efficient and 

environmentally friendly in the way they use energy. No incentives or rather small ones are 

supported by a very high payback time of the equipment to manage renewable energy, despite 

the decreasing price trend. 

Policy makers and researchers devise different strategies to encourage consumers to 

take an active part in the energy grid. “Active” means to look for ways to decrease their 

energy bills by following the patterns of energy price and adjusting their energy consumption 

habits based on the received signals. Some of these strategies are based on the application of 

new network distribution energy tariffs and power trading contracts. These tariffs schemes 

provide different financial signals which if used correctly might result in the adjustment of the 

demand and therefore more opportunities for the intermittent energy sources. 

Development of simple to understand and reasonable tariff structures from a consumer 

perspective is an opportunity to accelerate deployment of distributed energy generation. The 

knowledge regarding financial signals from the electricity markets is needed in order to build 

new business models and IT services that make it easier for consumers to be active in the 

smart grid. 
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2 Background 

2.1 Photovoltaic technology 

Penetration of photovoltaic power generation in the energy markets has increased by 

more than five times since 2010 as statistically proved by International Renewable Energy 

Agency (IRENA) [10], see figure 2.1. 

 
Figure 2.1. World capacity of photovoltaic solar panels installed. 

 

Sweden shows a similar trend, where according to the National Survey Report the 

installation rate of photovoltaic (PV) modules increases gradually. Figure 2.2 represents 

trends of cumulative PV power capacity installed as well as the capacity deployed each year 

in Sweden [11]. The number of installed PV capacity in 2012 was 8.4 MWp which is almost 

double the 4.4 MWp of PV installed in 2011.  

 
Figure 2.2. The cumulative installed PV power and 

yearly installed capacity trends in Sweden. 
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 Prices per installed capacity of PV are going down. According to the IRENA report, 

module price per installed Wp has decreased by around four times during the last 6 years [12], 

see figure 2.3. 

 
Figure 2.3. PV module price from Dec 2009 – Jan 2015. 

 

Consumers are currently being replaced by prosumers, who produce products for their 

own consumption. This is the phenomena of post-industrial age, which was argued by 

American futurist Alvin Toffler (1980) in his book The Third Wave. In the context of this 

report “prosumer behavior” refers to electricity production from rooftop solar panels installed 

locally by household owners [13]. 

2.2 Distribution network tariffs 

Distribution network electrical grid is no longer a simple system where energy goes 

from point A (power plant) to point B (consumer). According to the Bloomberg New Energy 

Finance report by year 2014 – 15.2% of the world cumulative power generation capacity was 

decentralized and based on the renewable energy sources. This capacity accounted for the 

9.1% of the world electricity generated, which prevented an estimated emission of 1.3 

gigatonnes of CO2. Decentralization of electricity production brings new challenges for 

distribution system operators (DSOs). One of the biggest concerns is infrastructural 

enforcement which requires substantial investments. Energy distribution tariffs should play an 

important role to ensure that all costs for DSOs are covered as well as to provide clear 

financial signals for consumers. These signals would help prosumers to adjust their energy 

consumption needs. Establishing tariffs which are easy to grasp is a challenge, especially for 

more comprehensive tariff structures. 

Distributed generation (DG) users are the ones responsible to compensate DSOs’ extra 

costs associated with grid reinforcement. This responsibility is realized through distribution 

network tariffs. Generally, network tariff structure consists of connection charges and use of 

system (UoS) charges.  Customer pays connection charges just once in order to ensure the 

connection to the network, whereas UoS charges are paid periodically according to the level 

of network use. Two types of connection charges can be identified: shallow and deep. With 

deep connection charges DG producer pays all the costs of connection including upstream 
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grid reinforcement. This type of connection charges, in most cases is assigned to the producer 

with above 10 MW of installed DG capacity. Most of the countries in Europe have shallow 

charges for residential DG producers [14]. Under shallow charges customers have a fixed fee 

which accounts for a direct cost of connection to the network. UoS charges are set to 

compensate costs of energy transport and provided services. It should consist of accurately 

designed financial signals which would facilitate more efficient DG operation and apply less 

stress on the grid. In most European countries, users of the grid do not have to pay these 

charges, while users in Romania and Finland are obliged to pay UoS charges [14]. Energy 

tariffs are differentiated by the connection area and company (Romania) or time of the day 

and/or year (Finland). 

Swedish DSOs do not have any special design of tariffs for DG producers, prosumers 

are charged same way as normal energy consumers. 

Previous research studies have developed predictive models of how consumption 

patterns might change with the introduction of PV technologies in combination with the 

storage systems and plug-in electric vehicles. 

Research by Rodríguez Ortega et al. [15] has proposed a cost-causality based 

methodology for tariff structure design. With some limitations this methodology provides a 

framework to develop tariffs, which facilitate efficient use of network and ensure the 

fulfillment of criteria like non-discrimination and cost recovery are fulfilled. 

Neatly designed tariffs would become a driver to modify consumption and generation 

patterns by grid customers. Consumers would shift their consumption to off-peak hours and 

try to match it with DG output. This in turn would postpone the need for network 

reinforcement and make the energy use more efficient. Research by Bartusch et al. [16] has 

stated 10 to 15 percent decrease of the total electricity consumption as a response to the 

introduction of the demand-based tariff. Consideration of the price for the electricity supply 

would enable to assess the complete picture of available incentives for customers to adjust 

their consumption behavior. Clear price signals will promote an increase in share of DG in 

Europe. 

2.3 Battery storage 

Household electricity use pattern is out-of-phase with the solar irradiation intensity 

along the day. Thus, large portion of electricity is generated during the hours of low 

household electricity demand. Storage facilities are essential when it comes to the use of 

intermittent energy sources like solar power. Therefore reliable and cost-efficient energy 

storage is needed in order to increase self-consumption and contribute to the possible peak 

shaving and shifting. 

Batteries used in this research are electrochemical storage systems which consist of the 

cathode (positive part) and the anode (negative part) separated by the porous separator. This 

way the ions flow between electrodes via the electrolyte. The current is either supplied into 

the battery in charging mode or drawn from the battery in the discharging mode. External 

supply or demand sources are used in this case. 

Currently market is shared by different types of battery storage technologies and 

depending on the application, one or another technology appears to be the most cost-efficient 

[17].  Based on the materials used some of the battery storages are: 
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 Lead-acid 

 Nickel cadmium (NiCd) 

 Nickel metal hydride (NiMH) 

 Lithium ion (Li-ion) 

Comparing the types of the batteries mentioned above lithium-ion batteries have at 

least 40% lower operating cost ($/year) and the highest energy density [18]. The drawbacks 

are high upfront investment and complicated battery management schemes to keep battery 

within its operating limits [19]. Global investment into the research and development of Li-

ion technology is estimated to reach $1 billion annually [20]. This will contribute to further 

penetration of Li-ion batteries in the market. 

There are a number of parameters that affect the performance and life time of the 

electrochemical storage. Among them is depth of discharge (DOD) which significantly affects 

the performance of the battery over the time. It is measured in the percentage of total battery 

energy with 100% equal to fully discharged and 0% – fully charged battery. Figure 2.4 shows 

a number of maximum cycles for a given DOD for a lithium-ion. However, the graph is 

typical for all the cell battery mechanisms by applying different scaling factors for the 

presented relation. Repeated deep discharge cycles would lower the expected lifetime of the 

battery. It means that the battery would work for 500 cycles if during all of those cycles it is 

fully discharged and the same battery would operate for 1500 cycles if it discharges to 40% 

DOD. 

 
Figure 2.4. Life cycle curve of lithium-ion battery (adopted from [21]). 

 

Other parameters are power rating and energy capacity. Power rating is a maximum 

allowed power input or output flow through the battery, it is measured in kW. Energy capacity 

refers to the number of kWh which battery is able to store. 

2.4 Ethics 

This subsection provides an introduction to the issues which have to be considered in 

the energy pricing for the smart grids. It is worth to mention that the Master thesis has in aim 

to investigate more of the technical practicalities to draw pure economical benefits for the 
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consumers of energy. Therefore this chapter assumed to be just a representation of what 

policy makers should be concerned about when applying practical solutions in this area. 

The design of new energy tariff structure deals with a question of how to allocate costs 

of just for mitigating greenhouse gas emissions by developing infrastructure for distributed 

generation. There are four principles of costs allocation, which provide an advice on who 

should pay and who should be an exempt from paying. This is in most cases defined by who 

is a responsible for the mitigation of harm on the environment. These principles of 

distributive fairness are: Polluter Pays Principle (PPP), the Ability To Pay Principle (ATPP), 

and the Beneficiary Pays Principle (BPP) and Grandfathering Principle (GFP) [22]. 

In the Polluter Pays Principle the ones who are responsible for polluting must pay for 

the mitigation of the damage. 

The Ability To Pay Principle suggests that the individuals’ contributions would be in 

proportion to their income. Therefore the ones with low income would be an exempt from 

sharing the burden. 

The Beneficiary Pays Principle states that whoever benefited from the pollution that 

harmed others should pay for the mitigation of this harm. 

And the last Grandfathering Principle believes the amount of pollution today and in 

the future should be proportional to the amount one has generated in the past. In other terms 

the ones who have been heavy emitters in the past, should be able to pollute even after the 

adoption of the policies for the reduction of the ecological emission footprints. 

As a consequence, these principles, of justice in allocation of costs to build clean 

energy infrastructure, made a foundation to propose three criterions which provide more 

systematic approach [22]. These criterions help to verify if the proposed structure for the costs 

allocation is just for the society: 

 criterion A – only financially able polluters should pay; 

 criterion B – proportional payments should be charged to paying households; 

 criterion C – welfare levels of the lowest income households should be protected. 

Depending on whether all the criterions are applied to the proposals for the policy 

programs about clean technologies, policy makers can conclude on the level of fairness of 

different programs. 

2.5 The aims of the project 

Firstly, the project aims to theoretically investigate the influence of the distributed 

energy generation from solar power and energy storage use on the energy demand of the 

residential households. 

Second part of the project aims to model different types of the distribution network 

billing strategies and generate knowledge about types of incentives that specific tariff type 

brings to the energy consumers. This knowledge will be used in a scope of a larger 

multidisciplinary project called “Developing holistic business models and IT services for 

prosumers” supported by Swedish Energy Agency, the main purpose of which is to propose 

solutions for better involvement of consumers with the smart grid when they become 

prosumers. 

The study is conducted from a perspective of consumers when they install PV solar 

panels on their roofs, which makes them prosumers. In order to attempt to improve self-
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consumption battery storage will also be introduced in the model. The study is focused on 

studying the behavior of several types of distribution tariff structures when PV solar cells and 

battery storage are introduced. 

In part of my research I have collaborated with another degree project student 

Mahmoud Shepero [23] with whom I have done some part of the simulations at the initial 

stage of the project. Together we simulated the demand profile with the solar panels 

introduced as well as collaborated on the programming of codes needed to estimate the 

distribution energy tariffs. Then on the further stages of our work my research was concerned 

with modelling the effect of battery storage along with photovoltaics on the electricity 

demand and implications for the tariff structures and Mahmoud, instead, investigated 

influence of electric vehicles charging. 

2.6 Research questions 

1. What is the theoretical influence of the photovoltaics and battery storage introduction 

on the peak demand and shape of the consumption profile in different types of 

households? 

2. What kind of incentives do different types of distribution network tariff bring to the 

household owner? 

3. What are the implications of DG and energy storage use on these incentives? 

2.7 Limitations 

This study had no intention to investigate the impact of different PV and battery 

storage penetration levels in the residential areas, rather the influence of such technologies on 

the billing of the households is studied. In this case PV solar panels and battery storage are 

served as the tools to reach final goal. Therefore it was decided to make simulations with two 

respective sizes of solar panels for apartments and family houses. These two sizes are 

estimated based on the average rooftop sizes of multi-apartment dwellings and family houses. 

Power output from PV solar panels is considered to be equal for all of the households’ 

installations regardless of roof orientations. 

Battery charging is considered in this project to have 100% efficiency, which is 

practically not true. As well it operates in the limits of 10 to 90 percent of its capacity. 
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3 Methodology 

This section provides an overview of the concepts used to examine questions which 

are raised in the aims of the project. It contains information on data acquisition of household 

consumption behavior, current energy network cost allocation strategies and power trading 

contracts. Model for simulating battery storage systems for household use is also described. 

Figure 3.1 represents a conceptual diagram of the simulation process with steps, 

procedures and the outcomes on each step. 

 

Simulation steps and outcomes Procedure 

        

       1 Estimation of the hourly demand 

 

 

Demand profiles with PV power production/ 

with PV power production and peak shaving 

 Adding power production from solar 

panels 

Inclusion of battery storage 

        

       2 Modelling tariff structures 

 

 

Ready to apply models of tariffs to the hourly 

demand data 

 Retrieving tariff structures of different 

local DSOs and implementing them in 

the Matlab code  

        

       3 Distribution tariff models application 

 

 

Hourly bills of each household under different 

scenarios, SEK/hour 

 Applying each tariff model to the 

individual household’s consumption 

(current, with PV, with PV and storage) 

        

       4 Total financial outcome for electricity 

 

 

Total hourly bill for electricity, SEK/hour  Adding price of the electricity retailer 

        

       5 Finalizing financial outcomes 

 

 

Comparison of graphs of total annual bills 

under different distribution tariffs 

 Summation of hourly charges to obtain 

yearly bill (SEK/year) 

Averaging energy bills on each category 

in each type of the household 

 

Figure 3.1. Conceptual diagram of the simulation process in this project. 

3.1 Data acquisition 

3.1.1 Energy consumption samples 

Data samples provided by the local distribution system operators are used to form 

demand profiles of each household. Table 3.1 provides an overview of the types of 
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households and number of samples. Due to the limited availability of data on household 

electricity use analysis was concerned only two municipalities in Sweden: Saltsjö-Boo and 

Sollentuna. Values of energy consumption are provided for 4 different types of dwellings 

situated in the above mentioned areas. Samples contain information for condominium and 

rental apartments, detached single-family houses and row houses for several families. Row 

houses or linked houses which share side walls are only represented by Sollentuna district. 

Data is comprised of the hourly meter readings in [kWh/h] for two seasons: winter season 

2012-2013 and summer season 2013 which is 8760 values in total for each dwelling. 

 

Table 3.1. Type of data samples for households’ energy consumption. 

 

Dwelling 

area 
Code 

Sample attribute 

Dwelling type 
Number of dwellings 

Saltsjö-Boo 

1.1 
Condominium 

apartments 
487 

1.3 Rental apartments 418 

2.1 
Detached single-family 

houses 
518 

Sollentuna 

1.2 
Condominium 

apartments 
490 

1.4 Rental apartments 491 

2.2 
Detached single-family 

houses 
422 

2.3 

Row houses for several 

families (several houses 

attached together) 

69 

3.1.2 Solar power utilization and distribution of production facilities 

Solar yearly irradiation data is taken from a pyranometer at the Ångström Laboratory. 

The dataset of the potential power production is provided with a minute interval in 

[kWmin/min] for one year period. In order to synchronize this data for the simulations with 

the energy demand samples which are on hourly resolution, the solar power values are 

averaged on the hour and used in [kWh/h]. 

The simulations would include two scenarios of the PV solar modules penetration. 

Being limited by the roof’s area available for disposal in different types of dwellings, the used 

capacities per dwelling are shown in Table 3.2. 

Table 3.2. Power generation of photovoltaic solar panels. 

 

Type of dwelling 

Solar panels 

area category 

Apartment Family house 

I (Average) 0.5 kWp 5 kWp 

II (Extreme) 1 kWp 10 kWp 

It was decided to base simulations not on the exact areas of panels but on the power 

they deliver under standard test conditions. This was done because efficiency of PV system is 
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slightly different from one type of technology to another, currently being 16% on average in 

the market [24, p.6]. With this approximation the areas of the rooftops required for one 

dwelling are presented in the Table 3.3. 

Table 3.3. Photovoltaic solar panels surface sizes. 

 

Type of dwelling 

Solar panels 

area category 

Apartment Family house 

I (Average) 0.5 / 0.16 = 3.125 m
2
 5 / 0.16 = 31.25 m

2
 

II (Extreme) 1 / 0.16 = 6.25 m
2
 1 / 0.16 = 62.5 m

2
 

3.1.3 Battery energy storage modelling 

The scheduling of charging and discharging was based on the present research in the 

field [25]. The battery model in this project however, includes some simplifications which 

were described in the subsection 2.7 Limitations. The proposed simplifications to the battery 

model might lead to the reduced self-consumption of PV energy as with more sophisticated 

battery management models. However, the implications for the tariff structures can still be 

derived. Battery storage is modelled in combination with PV power production for the aim to 

utilize the energy surplus which appears during daytime. 

The algorithm used for a modelling of demand with battery storage is shown in figure 

3.2. In the figure B stands for the available capacity in battery in the observed hour, C and P – 

usable capacity and maximum power of the battery respectively and D represents hourly 

demand of the household. 

The model works as follows: 

 Batteries are charged when there is an energy surplus from the solar panels. 

 Charging occurs at a limited power, the power decreases if the hourly surplus is 

lower than the maximum battery power. 

 Batteries are discharged when there is an energy demand from the household. 

 Discharging occurs at a limited power, the power decreases if the hourly demand 

is lower than the maximum battery power. 

 All the modelling is done with hourly demand values. 

Li-ion battery was chosen as the most efficient and less space demanding available in 

the market today. The specification of the used battery storage is presented in Table 3.4. 

 

Table 3.4. Battery storage specifications. 

 

Parameter Full capacity, kWh Used capacity, kWh Power, kW 

Value 6.2 5.2 2 
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Figure 3.2 – Algorithm diagram for a battery storage model. 
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3.1.4 Network energy distribution tariffs 

Tariffs to be compared are comprised by the ones currently available in the Saltsjö-

Boo and Sollentuna municipalities. Information regarding structures of energy distribution 

tariffs is publicly available and is taken from the websites of respective energy distribution 

companies. To analyze the type of incentives which different tariffs provide for consumers to 

become active in the smart grid, several tariff structures were chosen. 

Tariffs are represented by energy-based flat rate tariff and energy- and power-based 

time of use ones. Table 3.5 provides a description of the tariff structures used in the 

simulations. All the numbers in the table include VAT. 

 

Table 3.5. Network distribution tariff schemes used in this project. 

 

DSO 

Tariff 

 

 

 

Attribute 

Sollentuna 

(SOME) 

power based tariff 

Sala Heby 

(SHEAB) 

energy based 

fixed tariff 

Vattenfall 

energy based time of use 

tariff (T4) 

Fee
1
 

Annual, SEK/year 

Apartments: 16, 20, 25 A – 750 

Houses: 

16, 20, 25 A – 1 500 

35 A – 2 625 

50 A – 3 700 

63 A – 4 500 

80 A – 5 750 

100 A – 7 125 

125 A – 8 750 

160 A – 11 250 

200 A – 14 250 

– 

Annual
2
, SEK/year 

16 A – 3 675 

20 A – 5140 

25 A – 6 425 

35 A – 8 795 

50 A – 12 640 

63 A – 17 050 

Power 

charge 

Monthly
3
: Winter – 95 SEK/kW 

      Summer – 47.5 SEK/kW 
– – 

Energy 

charge 
– 

Hourly, 

69 öre/kWh 

Hourly
4
, 

high hours – 59 öre/kWh, 

other hours – 16 öre/kWh, 

Feed-in-

Tariff 
– – 0,05 öre/kWh 

                                                 
1
 Fee is applied based on the installed fuse which is assumed on the basis of the highest peak during 

the work hours of billing period (in these cases it is year). Demand in hours on weekends and national 

holidays as well as for power tariffs hours outside the specified ranges below are considered to be of 

low demand and are not taken into account when finding reference for yearly fee. 
2
 For apartment fee is 1555 SEK/year  

3
 Power tariff is calculated on the average of the three highest power values during the billing period 

(i.e. month), hours on weekends and national holidays as well as hours outside the specified ranges 

below are considered to be of low demand and are not taken into account when finding monthly 

reference for power charge. 

Nov - March 7am to 7pm – 95.00 SEK / kW incl. VAT 

April - Oct 7am to 7pm – 47.50 SEK / kW incl. VAT 
4
 High hours (hours of high demand): Nov - March, Monday - Friday 6am to 10pm. 
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3.1.5 Power trading contracts 

 To represent a more general model of economical incentives for prosumers a power 

trading contract is added. This provides higher resolution of what customers will pay for their 

energy consumption habits. 

 The references for the energy trading contract are taken from Vattenfall utility website 

and the contract is based on the Nord Pool Spot price. Table 3.6 provides an overview of the 

retail tariff scheme. 

 

Table 3.6. Retail tariff scheme. 

 

Retail 

tariff 

Attribute 

Vattenfall 

time of use contract 

based on the Nord Pool Spot price 

Fee
5
 

Annual incl. VAT, 

SEK/year 

1500 kWh – 230 

3000 kWh – 260 

5000 kWh – 260 

6000 kWh – 290 

15000 kWh – 320 

25000 kWh – 380 

Energy charge Nord Pool Spot + 3 öre / kWh excl. VAT
6
 

Energy Taxes South Sweden: 29.2 öre / kWh excl. VAT 

Feed-in-Tariff Nord Pool Spot / kWh of energy excess 

3.2 Modelling and simulations of energy balance and tariff outcomes 

This subsection provides an overview of the modelling and simulations. Simulations 

include generation of the changes in the demand profiles provided by the introduction of the 

PV system installations and battery storage. Then different distribution network tariffs applied 

to each of the case in the demand profile and the results of DSO’s tariffs behavior with PV 

and battery storage introduction are presented. In order to obtain more realistic view on what 

happens with the overall household owners’ bill retail contract from the power production 

utility is applied to the real and simulated household electricity consumption. 

Prior to applying tariffs the impact of PV solar power production and battery storage 

on the demand profiles was simulated. The grid demand of the dwelling is expressed as: 

 

( ) ( ) ( ) ( ), [ / ],
in outHousehold Batteries PVP t P t P t P t kWh h


     (3.1) 

here ( )HouseholdP t  represents the hourly demand of the household prior to adding any PV 

production or storage; ( )
in outBatteriesP t


 shows the role which battery plays in the particular 

hour, if it is positive then the power goes into the battery by storing energy surplus from PV, 

                                                 
5
 Fee is applied based on the annual energy consumption 

6
 Value-added tax (VAT) is 25% 
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otherwise it is negative and we decrease the demand from the grid by supplying power to the 

household; ( )PVP t  stands for power produced from the PV installation. 

The data of PV power production is available for solar installation of 1.164 kWp, thus 

a coefficient is added to the formula (3.2). Coefficient x  stands for the peak power of PV 

solar panels connected to the dwelling. The equation becomes: 

 

( )
( ) ( ) ( ) , [ / ].

1.164in out

PV
Household Batteries

P t
P t P t P t x kWh h


     (3.2) 

 

In order not to lose the uniqueness of the energy demand patterns in each household 

the entire studied tariff structures were applied separately to each dwelling’s consumption 

sample. In order to properly represent how each tariff influences the outcome of household 

bills, the dwellings were sorted into three categories. It was done by sorting households based 

on their annual energy needs. Then a normal distribution for each dwelling’s type was built. 

In order to point out three categories two limits were identified: one with standard deviation 

distance left from the average consumption and one standard deviation right from it. This is 

represented by red dashed lines in Figure 3.3. Households between two lines create mean 

category and households on the left and right of mean category comprise low and high 

categories respectively. Moreover the same categorization remains when drawing the results 

of simulations with solar panels and battery storage. This ensures relative comparisons 

between the same dwellings no matter how the annual consumption might change with the 

introduction of self-consumption. 

Figure 3.3 shows the case of categorization made for the row houses in Sollentuna 

municipality. Accordingly all the dwellings’ types were drawn through the same procedure 

and the outcomes with categories for all of them are shown in the Table 3.7. The following 

representation does not provide the view on the incremental behavior of tariff structure with 

specific daily consumption profiles of different households. However, it shows more general 

outcome of the tariffs based on the total consumption level.  

Each distribution network tariff structure is designed for a specific location, therefore 

utilities ensure the recovery of their costs. In this project, tariff used in one location is applied 

to the consumption data from all other areas. Thus, tariffs structures are normalized prior to 

applying them to the simulated demand profiles. It evens out the income that the electricity 

distribution company would get with different tariffs from one area. The main cause of the 

normalization procedure is to provide a better outcome of how exactly distributed generation 

and storage influence the bill of the housekeeper under different billing strategies. The 

reference is Sollentuna power tariff which is currently used in most of the locations by the 

tenants.  

Software product Matlab is used to handle the data, conduct simulations and visualize 

the results. It involves matching values of demand data for the set of numerous households 

with photovoltaic power production values and then adding battery storage model to use the 

surplus of energy produced from solar power to cover households’ energy needs later during 

the day. Also the entire process of tariff structures simulations was done in the Matlab. 
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Figure 3.3. Normal distribution of annual energy consumption by row houses in Sollentuna. 

 

Table 3.7. Categorization limits on annual energy consumption. 

 

Dwelling 

area 
Code 

Group 

Dwelling type 
Low category Mean category 

High 

category 

Saltsjö-

Boo 

1.1 
Condominium 

apartments 

<=1051.7 

kWh 

>1051.7 kWh 

<4266.7 kWh 

>=4266.7 

kWh 

1.3 Rental apartments 
<=1320.8 

kWh 

>1320.8 kWh 

<3879.1 kWh 

>=3879.1 

kWh 

2.1 
Detached single-

family houses 

<=1081.9 

kWh 

>1081.9 kWh 

<3301.1 kWh 

>=3301.1 

kWh 

Sollentuna 

1.2 
Condominium 

apartments 

<=1507.8 

kWh 

>1507.8 kWh 

<4353.3 kWh 

>=4353.3 

kWh 

1.4 Rental apartments 
<=7281.9 

kWh 

>7281.9 kWh 

<27445.8 

kWh 

>=27445.8 

kWh 

2.2 
Detached single-

family houses 

<=7970.7 

kWh 

>7970.7 kWh 

<27681.7 

kWh 

>=27681.7 

kWh 

2.3 

Row houses for 

several families 

(several houses 

attached together) 

<=11068.3 

kWh 

>11068.3 

kWh 

<25295.3 

kWh 

>=25295.3 

kWh 
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4 Results 

4.1 Households’ electricity use 

Figure 4.1 and figure 4.2 below represent what happens with the consumption patterns 

when introducing two levels of PV solar panels areas and use of battery storage installed in 

each household. Generation of the expected demand profiles is not the main aim of this 

project, therefore it was chosen to show results for two types of dwellings: condominium 

apartments in Saltsjö-Boo and single-family attached houses in Sollentuna. The shapes of the 

curves from the other dwellings’ types would look approximately the same with slight change 

of the peak demand. 

The demand profiles represented are based on the annual average values where blue 

lines stand for winter season and red lines – for summer. Graph A on both Figures shows the 

influence of self-consumption from PV panels.  

 
 

Figure 4.1. Average demand profiles for condominium apartments is Saltsjö-Boo, 

influence of self-production and battery storage. A represents influence of different PV solar 

panels penetration on seasonal energy demand pattern and B shows influence of battery 

storage on seasonal demands with extreme size solar panels installed. Legend details are 

represented in Table 3.8. 
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Figure 4.2. Demand profile estimation for single family houses is Saltsjö-Boo, 

influence of self-production and battery storage. A represents influence of different PV solar 

panels penetration on seasonal energy demand pattern and B shows influence of battery 

storage on seasonal demands with extreme size solar panels installed. Legend details are 

represented in Table 3.8. 

 

Table 3.7. Details of the legend in Figures 4.1, 4.2. 

 

Sign Meaning Season 

a current average demand profile 

Winter b average demand profile with average size solar panels 

c average demand profile with extreme size solar panels 

d current average demand profile 

Summer e average demand profile with average size solar panels 

f average demand profile with extreme size solar panels 

g average demand profile with extreme size solar panels and battery 

storage 

Winter 

h Summer 

 

Installation of solar panels (graphs A) would substantially decrease consumption 

during hours of high PV power production for apartments and houses. In the winter season 
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extreme size of solar panels would make it possible to reach zero grid consumption during 

noon for all types of households, however solar panels would not affect peak demand as peak 

appears later in the evening. Summer season would have a different situation, households 

achieve energy surplus from the overproduction even with average size of PV area and this 

surplus can be either sold with a spot price to the energy market or partly stored in batteries. 

Moreover, peak demand is shaved and delayed by one hour. 

The impact of the battery storage system on the energy consumption from the grid is 

represented on the graphs B of Figures 4.1 and 4.2. The comparison is made with dashed lines 

which represent the case of extreme size of PV installed. In this setting battery storage (graphs 

B) has a visible positive impact on the grid consumption in apartments. Battery shaves peak 

demand by 20% during winter and by more than 50% during summer, the surplus solar 

energy stored during the day is used in this case. For houses storage has less visible influence, 

being almost negligible for winter season and around 30% peak shaving during summer. 

4.2 Distribution network tariffs application 

In order to compare different tariff structures relative difference between the outcomes 

on the average bill in the category is represented on the figure 4.3. 

 

A. 

 
 

B. 
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C. 

 
Figure 4.3. Relative savings on electricity distribution bill. 1.x stands for apartments, 2.x – for 

houses, where x={1..4}, y={1..3}. A, B and C represent low, mean and high categories of 

households, respectively. 

 

Each of the three graphs A-C in the Figure 4.3 represents the situation in each specific 

category. Dwellings in each household’s type were divided into three categories based on the 

annual energy consumption of the household and the methodology was explained above. In 

each graph there are seven blocks of four bars, each block of bars refers to the one of the 

seven households’ types and areas. First four blocks of bars stand for apartments and the last 

three for family houses. Each bar represents relative difference in the average yearly payment 

of the respective category. The reference line (0% on the y-axis) is an average yearly bill as if 

household would have Sollentuna power tariff applied to the same situation of the PV and 

battery storage penetration as the tariff compared with. First two of four bars show the 

comparison when having the average case of PV penetration (0.5 kWp per apartment and 5 

kWp per house), dark blue bar stands for Sala Heby energy flat rate tariff and light blue – for 

Vattenfall energy time-of-use tariff. Last two of four bars are for the extreme PV penetration 

(1 kWp per apartment and 10 kWp per house) and added battery storage, green stands for the 

case with Sala Heby energy tariff and yellow – for Vattenfall energy one. 

In other words these graphs are meant to compare behavior of power tariff versus two 

types of energy tariffs, one with flat rate charge for the energy delivered and another one with 

variable charge depending on when energy is used. 

 Tariff’s behavior is assessed under two perspectives, first is concerned with the 

incentives tariffs provide for household owners to install solar panels and storage and second 

is the incentive for demand response – shaving or shifting the peak demand towards off-peak 

hours. 

 Sala Heby energy tariff (dark blue and green bars) shows the lowest bill on each of the 

households’ types and levels of annual energy consumption, it means that this tariff has the 

highest incentive for household owners to become prosumers. In the case with average PV for 

apartments, savings range from around 7% for high annual consumption (Figure 4.3, graph C) 

till 20% for low annual consumption (Figure 4.3, graph A). And in case of the extreme PV 

and added battery storage these numbers rise to 17% for apartments with high energy demand 

(Figure 4.3, graph C) and up to 70% less payment for the low energy demand (Figure 4.3, 

graph A). For the family houses Sala Heby shows the same trend as for the apartments, 

savings compared to the Sollentuna power tariff can be from around 15% and up to around 
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50% depending on the house’s consumption level and use of solar panels and battery storage 

facilities. 

Vattenfall time of use energy tariff (light blue and yellow bars) in general brings the 

same type of incentives as the Sala Heby energy flat rate tariff. For family houses the trend is 

the same as for the situation with Sala Heby energy tariff, savings decrease as the 

consumption increases, they range between around 5% and 10%. On the other hand 

apartments show different pattern. Savings decrease as the energy demand decreases with the 

highest savings level of around 5% only. It can be seen that the apartments with low energy 

demand (Figure 4.3, graph A) would not have any savings with average PV or would have to 

pay more than with Sollentuna power tariff when having installed extreme size of solar panels 

and battery storage. Vattenfall energy tariff ends up bringing 15% higher bill than Sollentuna 

power tariff. This means that for low energy demand apartments (Figure 4.3, graph A) 

Vattenfall energy tariff acquires an incentive for peak power shaving or shifting. 

Sollentuna power tariff in all cases for houses provides high incentive for demand 

response, encouraging customers to decrease the level of peak power demand. Sala Heby 

energy tariff is encouraging household owners to install solar panels and battery storage as 

this might lower their bill by as much as 70%. In general Vattenfall energy tariff is not much 

different from the Sollentuna power tariff, however, in case of the low energy consumption 

apartments it has higher incentive for demand response. 

Figure 4.4 represents the annual average bills for distribution of electricity with power 

based tariff under current demand profile. Each dwelling group is represented by three bars, 

each of them states for the different category based on the annual consumption (see 

subsection 3.2). The results for other tariffs are equal as they were normalized. 

 

 
Figure 4.4. Annual bills for the electricity distribution under power tariff. 1.x stands for 

apartments, 2.x – for houses, where x={1..4}, y={1..3}. 

 

As a matter of fact figure 4.5 shows annual average charges for distribution of 

electricity under different tariff and distribution profiles. The figure presents the same 

information as figure 4.3 but in absolute values. 
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A. 

 
 

B. 

 
 

C. 

 
 

Figure 4.5. Annual average bills for the electricity distribution. 1.x stands for apartments, 2.x 

– for houses, where x={1..4}, y={1..3}. A, B and C represent low, mean and high categories 

of households, respectively. 
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4.3 Total electricity bill (Retail contract with DSO tariff) 

The Figure 4.6 in the same manner represents the results as Figure 4.3, where the 

average annual bills were compared on the distribution network tariffs only. However, now 

the bills were complemented with the retail contract on the energy which is delivered to the 

consumers. It is worth mentioning that the retail tariff in all cases includes feed-in-tariff for 

the surplus of energy from solar panels. In other words the energy which was not utilized by 

the household is sold to the grid. 

 

A. 

 
 

B. 

 
 

C. 
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Figure 4.6. Relative savings on overall electricity bill (distribution + retail). 1.x stands for 

apartments, 2.x – for houses, where x={1..4}, y={1..3}. A, B and C represent low, mean and 

high categories of households, respectively. 

 

Sala Heby energy flat rate tariff (dark blue and green bars) shows the same trend as for 

the DSO tariff alone and proves to have higher incentive for household owners to become 

prosumers. Savings decrease when increasing the annual energy consumption levels, which is 

because the sizes of solar panels and battery storage are fixed for all the three categories, 

therefore, households with higher energy needs appear to sell less of energy surplus to the 

grid. 

Vattenfall energy TOU tariff (light blue and yellow bars) would encourage owners of 

family houses to become prosumers. However, in case of apartments with low and close to 

average energy demand this energy tariff evens out with a power tariff, and in case of extreme 

PV penetration and use of battery storage the tariff becomes in favor of the demand response. 

Figure 4.6 provides an understanding of the relation between energy tariffs and power 

tariff in the specific case of solar panels and battery storage. The reference (0% line) in 

absolute terms is different for all the bars and represents Sollentuna power tariff charge in the 

specific case. Thus, bars cannot be compared properly. In order to do so, it would be 

interesting to look at the absolute numbers of savings in each case. 

According to figures 4.4 and 4.7 it can be concluded that the annual charge on 

electricity distribution is around 25% out of the whole bill. Therefore, the vast savings 

associated with utilization of solar power would come from feed-in-tariff, which is provided 

by retailer.  

 

 

Figure 4.7. Annual bills for the electricity distribution and retailer under power tariff. 1.x 

stands for apartments, 2.x – for houses, where x={1..4}, y={1..3}. 

 

Absolute values of the total bill for electricity consumed are presented in figure 4.8. 

Interestingly, detached houses in Saltsjö-Boo on average would not pay for the electricity at 
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all under proposed conditions. It means that household owners would earn money from the 

retailer in order to pay their bill to the DSO. 

A. 

 
 

B. 

 
 

C. 

 
 

Figure 4.8. Annual average bills for the electricity distribution and retailer. 1.x stands for 

apartments, 2.x – for houses, where x={1..4}, y={1..3}. A, B and C represent low, mean and 

high categories of households, respectively. 
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Figure 4.9 represents how much average household might save on their annual energy 

bill with power tariff when installing solar panels and battery storage. The calculations were 

done including cost of the distribution of energy as well as charge from the retailer of energy. 

 

 
Figure 4.9. Absolute savings on the overall electricity bill in comparison to the current 

situation (without PV and storage). 

 

According to figure 4.9 the houses would benefit the most, their savings might reach 

around 7000 SEK/year which is in case of extreme solar panels area and use of storage 

equipment. It can be noted that installation of storage system would not the change situation 

dramatically as the power with which the battery can be discharged is still low in relation to 

the demand of the house, therefore it is not responsive enough to release all the stored energy 

fast to decrease consumption from the grid. On the other side in apartments batteries play 

essential role to decrease consumer’s bill, it drops by around 30% in relation to the case 

without storage. 



 

 

5 Conclusions and future work 

Based on the discussed results of the manipulations with the consumption data the 

following conclusions can be made. 

Power from the photovoltaic solar panels decreases households’ bill when using 

energy type distribution tariff on the contrary to the power tariff. Energy flat-rate tariff 

provides the highest incentives for the solar panels deployment. Energy time-of-use (TOU) 

distribution tariff appears to be indifferent with power tariff in the majority of the apartments. 

In the apartments with low annual energy consumption energy TOU tariff becomes 

more expensive than power tariff, these can be explained by the difference in fixed annual 

fees, energy tariff has higher fixed fee than power tariff. Because consumption is low, 

therefore in such dwellings bill on the energy distribution is mostly defined by annual fee 

which depends on the subscribed fuse. 

In general, in houses and apartments with high consumption energy TOU tariff 

encourages utilization of solar irradiation locally. 

In most cases power tariff motivates household owners to use demand response 

strategies for peak shaving or shifting. Houses would be able to save up to 6500 SEK/year 

when deploying a PV installation of a reasonable size. 

These findings can be used for the development of energy management services. 

Online platform for the community shared solar panels under the favorable tariff structure 

identified in this study. This can involve derivation of business models for shared economy of 

PV installations at condominiums (multi-dwelling households). Results can also be applied 

for the development of business models for DSOs the aim of which to influence consumption 

habits of consumers. When it comes to the policy making, use of findings for the regulation 

on the tariff structures can assure improved payback time of new installations. This might 

play in favor of lower need in subsidies. 

In future research it would also be interesting to extend battery model and make it 

more advanced in terms of energy surplus management. As well the financial outcomes can 

be researched from the point of different consumption profile shapes, which can tell how 

exactly battery storage can be improved in order to lower the bill. One can also investigate 

possibilities for creating a technological infrastructure for the shared PV installations and 

storage facilities at the condominium apartments. 
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