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ABSTRACT 

 
Electricity cost from Photovoltaics (PV) dropped in the last few 
years significantly whereas electricity cost from suppliers 
increases steadily. This will lead to grid parity and boost PV at 
even greater pace. But high PV density may lead to locally 
violated voltage regulation, create high feed-in power peaks, 
overload transformers and congest transmission lines. To 
overcome these obstacles, measures as new electricity tariffs to 
encourage self-consumption of PV electricity, Home Energy 
Management Systems (HEMS), local energy storage to 
mitigate feed-in power peaks, smart electric vehicles (EV) 
charging and vehicle-to-home or vehicle-to-grid (V2H, V2G) 
concepts can be introduced. In this paper, these measures are 
assessed in their performance and ability to reduce these 
obstacles on the grid. Later, simulation results will be shown 
on a demonstration platform and will also be verified on a real 
test set-up which later serves for further “Living and Mobility” 
R&D purposes with local viewpoint including home 
consumption, generation, storage, demand-side management, 
tariffication and E-mobility with smart charging, V2H and 
V2G. 
 

Index Terms— integration of renewable energy, 
energy storage, energy storage integration, energy 
management, HEMS, demand response (DR), demand-side 
management, distributed power generation, E-mobility, 
V2G, V2H, energy-autonomy, self-consumption 
 

1. INTRODUCTION 
 
Grid autonomy with decentralized local energy production 
and system considerations of the energy-, economic- and 
social subsystems are of wide interest today [4]. Although 
decentral energy makes today only about 10% of global 
electricity production, this value will strongly increase in 
the next years [3]. So did in the last five years,  from 2006 
to 2011, the annual installed photovoltaic (PV) capacity 
increase globally by more than a factor of 10, whereas the 
price for PV electricity dropped by a factor of two [2]. This 
increase was mainly caused by the Renewable Energy Act 
(REA) fostering these renewable energies (RES) by the 
feed-in tariffs especially in Germany and Italy. These 
incentives make investments in PV installation attractive by 
ensuring a fix reimbursement for each supplied kWh. This 

led the PV market from a niche market to a multibillion 
market achieving already price competiveness with 
conventional power (grid parity) at certain end customers. 
In Germany and Switzerland, the REA are subject to 
fundamental changes of feed-in tariff reduction. Swiss 
Government intends to reform its feed-in-incentives system 
(FII, in German called KEV) from an energy based 
(incentives paid for each delivered kWh), to an incentive on 
the investment, which is disbursed once at the beginning of 
the installation. In addition to the dropping costs of PV 
energy, the prospectively rising cost of conventional 
electricity generation makes self-consumption of PV 
electricity under the changing FII system more and more 
economially feasible.  

In the next five to ten years, grid parity for residential, 
commercial and industrial customers will be achieved, 
leading to even greater yearly cumulated PV capacity. This 
high PV density, especially in non-urban areas, might lead 
to locally violated voltage regulation, low-voltage (LV) 
transformers overload and congestion of LV transmission 
lines. Besides the regional aspects, nods of decentralized 
energy production have to be integrated in the high voltage 
transmission grid [6]. To overcome these obstacles, several 
measures may be proposed: 

• introduction of new electricity tariffication to en-
courage self-consumption of PV electricity 

• installation of Home Energy Management Systems 
(HEMS) to shift flexible loads such as heat pump, 
washing machine and dryer according local electricity 
generation 

• local electricity storages to mitigate PV power peaks 
• smart charging of electric vehicles (EV) 
• implementation of Vehicle-to-Home (V2H) and 

Vehicle-to-Grid (V2G) concepts 
These listed points are the core strength of CC IIEE1 

which works mainly in the field of decentral power supply, 
integral drives and storage. At CC IIEE many energy 
storage integration projects took place during the last 18 
years [1][9][10].  

                                                 
1 CC IIEE is Center of Competences Integral Intelligent & 
Efficient Energy Systems, one institute of the Lucerne University 



The SAM2 concept together with inverters and the 
electrical machines were successfully used for various HEV, 
EV or electrical bus systems [18][16]. 

By means of the supercapacitor SAM system and IPT 
(Inductive Power Transfer) in 2004/06, the TOHYCO-Rider 
bus e.g. served for public transport to the "Swiss Museum of 
Transport and Communication" and showed that energy 
savings of about 12-15% for a hard "stop and go" ride 
through the regeneration of the braking energy with the 
SAM storages can be achieved [12]. Also control algorithms 
for the integrated electrical machines were developed 
[12][14]. In recent time, the drive systems were additionally 
combined with decentral power supply of buildings, RES, 
charging infrastructure and also smart grid aspects, leading 
to the strategy of “Living & Mobility” and further projects. 
A novel multi-purpose in-house power interface with the 
PHEV car Blue-Angel could be shown in [1]. Here the 
proposed system is managed by an efficient energy 
management unit, which oversees the power exchange 
amongst the renewable energy sources, grid, Blue-Angel 
and household load. The proposed system has the flexibility 
for integration of multiple renewable sources, and is 
expected to be easily adapted to micro-grid environments.  
 

2. RESEARCH QUESTIONS & OBJECTIVES 
 
The previous mentioned dropping cost of PV energy, 
prospectively rising cost of conventional electricity 
generation and electrification of individual traffic makes 
DG at home economically more attractive. On the other 
hand, high PV density can locally violate voltage regulation, 
overload LV transformers and lead to a congestion of local 
transmission lines. To mitigate these impacts on the grid, 
new electricity tariffs to foster self-consumption of PV 
electricity can be introduced. To shift electricity 
consumption of “flexible” loads from times of low 
generation to times of highly available RES, an HEMS is 
used to automatically shift these loads. Another measure to 
lower feed-in power peaks and increase self-consumption is 
the employment of local electricity storage to store 
electricity for later use. In addition to these measures at 
home, smart charging of the EV, V2H and V2G concepts 
can be implemented. 

To estimate the potential and performance of each of the 
above mentioned measures, a profound simulation was 
performed. Assumptions for the calculations are given in 
Table 1 and 2. The goal of the simulation was to answer the 
following questions:  
• What is the optimal electrical storage size of a home 

regarding energy-autonomy, feed-in power peaks and 
economic operation with a PV installation size of 
8.5kWp? The aim is to maximize energy-autonomy of 

                                                 
2 SAM: Super Accumulator Module by CC IIEE; means a special 
concept of combining supercapacitors, batteries and management. 

the home, whereas the PV feed-in energy and power 
peaks should be reduced to a minimum. Both terms, 
energy-autonomy and feed-in power (Pmax) are defined 
and evaluated according to the description in Section 5. 

• What are realistic energy-autonomies for a 19.2kWh 
stationary battery and different PV installation sizes 
(Battery capacity corresponding to the size of an EV 
battery used as “Second Life”)? What energy-
autonomies can be expected, if an EV battery (V2G and 
V2H) of the same capacity would be used as storage 
instead of a stationary battery? What energy-autonomies 
can be expected without any electricity storage? 

• What incentives (monetary values) by participating in 
ancillary service programs providing secondary and 
tertiary power for grid can be expected for both EV 
battery and stationary battery? 

• What are the quantities of critical system parameters 
(e.g. cost and battery lifetime, electricity tariffs and 
structure, HEMS, PV installation cost, federal grants and 
incentives (FII)) for an economic employment of V2H, 
V2G and stationary battery concepts? 

• How could future application look like with outlook of 
+5years, +10years and +20years on system economics, 
marketability and technology development based on the 
above mentioned system parameters? 

• How are hierarchical grid levels such as home, quarter, 
district, city, country affected by the above mentioned 
system parameters? 

• What future requirements such as system costs, lifetime, 
etc. are needed for economic viability of V2H and V2G? 

 
For answering these research questions, assumptions 

about cost, efficiencies and other parameters had to be 
assumed. These assumptions are shown in Table 1. 

Table 1: Assumptions for further calculations 

 Today +5yrs +10yrs +20yrs 
Elec. tariffs: [CHF/kWh] [22] 0.178 .187 .239 .235 
PV Cost: [CHF/Wp] 4 2.7 2.1 1.5 
Battery Cost [CHF/kWh] 400 275 240 200 
PV: Nominal working hours  1100h/year 
PV: Return on Investment  20 years 
Location  Zurich Kloten (47º29’N), 400 m.a.s.l 
Number of people per household 2 

 
3. OPTIONS: NO STORAGE, STATIONARY 

BATTERY, CAR BATTERY (V2H/V2G) 
 
To answer these research questions, different options were 
defined. Although many options could be distinguished to 
account for any possible combination of household loads 
and sources of energy generation, some simplification had 
to be made in order to limit the number of possible options. 
First, it is assumed that all options have household loads 
controlled by HEMS, as this system has great influence on 
system performance with comparatively low cost. Secondly, 



all options include PV and EV to have the above mentioned 
obstacles on the grid. The three options are: 

1. Option U: Household, PV, EV unidirectional and HEMS 
2. Option B: Household, PV, EV bidirectional and HEMS 
3. Option US: Household, PV, EV unidirectional, but with 

stationary storage and HEMS 

The first option with household appliances, PV installation 
and EV without capability to feed energy back to household 
or grid (unidirectional) has been selected to compare the 
potential of V2H/V2G and stationary battery storage with a 
system without storage capabilities. 

The second option with household appliances, PV 
installation and bidirectional use of EV battery (V2H/V2G) 
has been chosen to compare the V2G/V2H concept in 
contrast to conventional stationary battery defined in the 
third option with household appliances, PV installation and 
stationary battery. 
 

4. SIMULATION 
 
The simulation was performed in Matlab 7.11 using data 
from real measurements. The required output was calculated 
in minute-by-minute time-steps over one year. Assumptions 
and yearly energy consumption for household appliances 
are specified in Tables 1 and 2. More details about the 
simulation are given in the next three subsections. 
 
4.1. Simulation Data 
 
For the performed simulation, yearly data from global 
irradiance in minute-by-minute resolution from Zurich 
Kloten (Switzerland, 47º 29’ N) was used. This data was 
normalized to an 8.5kWp PV installation. For household 
appliances, power demand was measured each second for 
the following appliances and consumers: 

Table 2: Measured household appliances for simulation 

Consumer Consumption  
per year [kWh] 

per year 
[-] 

per year [-] 
w/o Boiler 
and EV 

EV 2000 24%  -   
Washingmachine 315 4% 7% 
Dryer 449 5% 10% 
Stove 405 5% 9% 
Dishwasher 270 3% 6% 
Light 631 7% 14% 
Domestic water 
heater 

2000 24% -  

Refrigerator, freezer 856 10% 19% 
Entertainment 495 6% 11% 
Misc. small 
consumer 

450 5% 10% 

Base Load 630 7% 14% 
Total 8500 kWh 100% 100% 

 
These consumers were individually recorded in order to 

have separate data to control household appliances by the 

HEMS. The start-time and duration of each appliance were 
varied using Gaussian distribution since in real life 
household consumption varies with the user’s schedule. 
Each of these household consumers has a mean μs and a 
standard deviation σs for start-time and duration of 
consumption.  
 
4.2. Simulation Overview 
 
This input data was used for calculation of options U, B and 
US assuming different electricity cost and tariff structure, 
storage cost, number of expected battery charge/discharge 
cycles, participation in ancillary service programs, federal 
grants and incentives for different PV and storage sizes [7].  
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Figure 1: Simulation with input data, system parameters 
and output 

In this paper, one further step is leading to the question 
of how to combine and control home consumption, home 
generation, storages as well as vehicle aspects (battery, 
supercapacitors, smart charging, V2H and V2G) with the 
very important issue of the energy market aspects, given by 
the feed-in tariffs. 
 
4.3. Home Energy Management System Algorithm 
 
As the consumption pattern of the household’s appliances 
has big influence on the amount of directly consumed 
energy and required storage, HEMS is important to reach 
high energy-autonomies and reduce feed-in power peaks 
from PV installation. The HEMS basically controls charging 
and discharging of the battery and switches domestic hot-
water-heater according actual PV power, household energy 
consumption, charging state of battery, actual energy tariff, 
demand response events and amount of predicted solar 
irradiation. For this HEMS, fuzzy logic has been used to 
control the output variables. Figure 2 shows a schematic of 
the HEMS with in- and output parameters. 
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Figure 2: Schematic of the HEMS using Fuzzy Logic  

 
5. SYSTEM ASSESSMENT: ECONOMIC AND 

TECHNICAL CRITERIAS 
 
To assess the three previous shown options, technical 
performance and economic viability of these options need to 
be quantified. For this, a cost-benefit analysis was 
performed. In general, analysis for this assessment was 
distinguished in economic and technical criterias. As 
previously mentioned, the ability of such a system to reduce 
power grid stress and benefit from future low-cost solar 
electricity are seen as the two most important criterias. 
These two are named energy-autonomy and feed-in power 
(Pmax). Other technical criterias are: efficiency, expected 
life-time and the ability to provide regulating power to the 
grid. Economic criterias are divided into: system and 
installation cost, maintenance and repair cost. Next, closer 
consideration is given to these two technical criterias which 
need to be quantified. 

The energy-autonomy is the ratio of the yearly 
consumed energy from own PV installations to the total 
energy demand of the home. This can be expressed as 
follows: 
 

)1(
E

EE
Autonomy -Energy

Cons._Hh

PV_FedInPV_Gen. 
 

 
where EPV_Gen is the total generated energy from PV 
installation per year, EPV_FedIn is the annual excess energy 
from PV installation which is fed back into the grid and 
ECons._Hh stands for the yearly consumed electricity by the 
household. A high energy-autonomy is desirable to benefit 
from future low cost PV generated electricity. 

To reduce power grid stress, high feed-in power from PV 
installations has to be reduced. Such feed-in peaks occur 
often locally during summer-days with high solar irradiation 
and can lead to a congestion of transmission lines, 
transformer overloads and violated voltage regulation. 
Therefore, the highest feed-in power of the PV installation 
needs to be accounted for. The technical criterion Pmax is 
defined as following: 
 

)2()max(P _max FeedInPVP

 whereas PPV_FeedIn is the actual feed-in power over a year. 
The parameter Pmax is important to evaluate the 

capability to reduce PV peak power during times of high 
solar irradiance. The higher the power peaks are, the more 
potential problems in LV grid can occur.  
 

6. SIMULATION RESULTS 
 
6.1. Feed-in power 
 
The simulation results generally show high excess energy 
from PV installation in summer which is not directly 
consumed by household appliances as most of this is used in 
the evening and at night-time. In addition to this 
consumption pattern, electricity usage during night is 
attractive, as Swiss electricity tariffs are lower at night-time. 
Excess power (positive values) and lacking power (negative 
values) are shown in Figure 3 for a household with no 
electricity storage (option U) for a whole year with the date 
on x-axis and time on y-axis. The yellow values show high 
feed-in power peaks during sunny days in summer, whereas 
red values show drawn power from the grid, mainly due to 
the domestic water heater and charging of EV during late 
evening and night. 

 

Figure 3: Drawn and fed-in power of a household with 
8.5kWp PV installation without storage 

Applying a stationary storage as defined in option US 
reduces electricity consumption from grid considerably. 
Figure 4 shows excess and lacking power of the household 
with 8.5kWp PV installation and a 19.2kWh stationary 
battery. It can be seen, that the battery can store excess solar 
energy until noon and deliver most electricity demand 
during evening and night in summer. In winter, solar 
irradiation is too low to deliver electricity to all household 
loads. During this time, domestic hot water heater and EV 
will be running during night, as electricity tariffs are lower 
then. Therefore, HEMS is simply shifting electric water 
heater usage in times of high energy yield from PV 
installation into daytime but during low irradiance into 
nighttime. 



 

 
Figure 4: Drawn and fed-in power of a household with 
8.5kWp PV installation and 19.2kWh battery 

For the two previous figures, simple charging algorithm 
for battery has been applied. As soon as power from PV 
installation is higher than the household demand, excess 
electricity will be stored in the battery. Using this simple 
algorithm, the battery is around noon fully charged and not 
able to reduce feed-in power. In order to limit feed-in power 
peaks, a more sophisticated algorithm has to be applied. It 
needs to calculate optimal start of charging time to reduce 
feed-in power peaks and store maximum amount of solar 
energy. With such a “smart” battery charging, feed-in power 
peaks of 15% can be reduced. Another 10% can be reduced 
by directly shifting domestic hot water heaters in times of 
high solar irradiation by the HEMS. In addition to these 
measures, PV panels could be faced more west-east instead 
south. Energy yield would be lower, but with lower module 
costs and stringent laws. Such options need to be considered 
in future. In [21] a reduction of the PV inverter is proposed 
to limit feed-in power peaks. By reducing 30% of the 
inverter power, only 3.4% of PV electricity would be lost. 
Adding up all this measures, feed-in power peaks could be 
reduced by 60%. Figure 5 summarizes different measures 
for reducing feed-in power peaks on a normalized PV 
power curve. 

 
Figure 5: Measures for reducing feed-in power peaks 

Upper area (blue) depicts 30% PV in-verter reduction, 
secondly (red) a 15% reduction by applying smart battery 
charging, thirdly (green) a 10% cut by using a HEMS and 
lower (purple) area a 5% reduction by a west-east facing PV 
installation instead of a south facing.  
 
6.2. Energy-Autonomy 

 
In the previous subchapter, measures for reducing feed-in 
power were shown to reduce power grid stress. Beside this 
technical criterion, economic considerations are required to 
ensure economic viability of such a system. The 
prospectively rising cost of conventional electricity with the 
dropping price of solar electricity makes self-consumption 
of PV electricity more and more economically attractive. 
Therefore, a high energy-autonomy should be pursued. This 
autonomy can be calculated according Formula 1, and is 
depicted in Figure 6 as a function of PV installation power. 
Besides the energy-autonomy, self-consumption is shown as 
well. Self-consumption is understood as the ratio of 
consumed energy from the own PV installation to the total 
energy generated by the PV installation per year. For low 
PV system power ratings, energy-autonomy is very small as 
PV electricity has only a small share of the total energy 
demand of the home. On the contrary, self-consumption is 
high, as most of generated electricity can directly be 
consumed by the household appliances. With increasing PV 
system power, energy-autonomy increases, whereas self-
consumption decreases. 

 

Figure 6: Energy-Autonomy and Self-Consumption with 
and without 19.2kWh battery storage  

With a 7kWp PV installation and a 19.2kWh battery, 
energy- autonomy of about 60% can be obtained. With 
higher PV system power, the slope of the energy-autonomy 
gradually decreases.  
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6.3. Economic feasibility, internal rate of return 
 

To determine economic feasibility of the assessed systems, 
the shown parameters are not adequate. Instead, internal rate 
of return (IRR) is used for further considerations. Figure 7 
is an extract of extensive analyses which shows future IRR 
of a stationary storage in 10 years using assumptions in 
Table 1. 
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Figure 7: Internal rate of return as a function of battery 
capacity and PV system power of a stationary storage 
system in 10 years 

This graph shows highest profitability with a 10kWh 
battery storage and highest PV system power. IRR have 
been calculated each for the time periods today, +5years, 
+10years and +20years with and without Swiss FII. More 
details are given in the section 8 containing the conclusions.  
 
6.4. Considerations option B, bidirectional with V2G 
 
Beside stationary storage systems, V2G and V2H concepts 
were analyzed under the same technical and economic 
criterias. Compared to the former, V2G and V2H concepts 
are not able to reduce feed-in power peaks as shown in 
Table 3. This is due to the fact that most cars will not be at 
working places during noon. For the same reason, energy-
autonomy with V2G and V2H will be only slightly higher 
than without any storage. Of course there are other 
advantages of the V2G concept e.g. supporting ancilliary 
services, but this is not considered here. 

 

Table 3: Energy-autonomy and feed-in power peak for 
an 8.5kWp PV installation and 19.2kWh battery 

 Energy-Autonomy Pmax 

Stationary Storage 65-70% 3.4-8.5kWp 

Vehicle-to-Grid 37-38% 4.7-8.5kWp 

Vehicle-to-Home 37-38% 4.7-8.5kWp 

 
8. CONCLUSIONS 

 
In future, high PV density may stress power grid if feed-in 
power peaks are not reduced. With a number of proposed 
measures, power peaks can be reduced by up to 60% 
without losing considerable amount of energy. For this, 
stationary storage sizes of about 6-10kWh are reasonable 
under the aforementioned assumptions. To reduce feed-in 
power peaks by the stationary storage, a smart charging 
algorithm is required. In addition to the reduction of feed-in 
power peaks, storage may be economically feasible with a 
proper designed sized. Therefore extensive analyses have 
been undertaken for current and future PV, battery and 
electricity tariffs. It can be shown, that for today such a 
system is not economically justifiable. With declining PV 
and battery cost and increasing electricity tariffs, stationary 
storage systems will become economically attractive in +10 
years. With FII, stationary storage systems may become 
economically reasonable already in +5 years. 
 

9. OUTLOOK 
 
Moreover, an experimental platform with a real installation 
with household consumers, EV, battery, HEMS and PV 
installation for the verification of performed simulation, 
demonstration and R&D purposes of the “Living and 
Mobility” concept with a local viewpoint including Home 
(consumption, generation, storage and tariffication) and E-
mobility (smart charging, V2H, V2G) as already discussed 
in [1, 2] is planned as described below. 

The simulation results will be verified on a set up with a 
PV installation of 8.5kWp, an EV (Renault Twingo retrofit 
from Kamoo AG Electrocars) with 19.2 kWh ZEBRA 
Battery Z5, a stationary energy storage with an identical 
second life battery type, HEMS and household appliances 
[19][20]. Figure 8 and 9 depicts an overview of this set-up.  
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Figure 8: Principle diagram, derived the “Living and 
Mobility” concept 
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Figure 9: Overview of test set-up 

Later the PHEV Blue-Angel, as mentioned in the 
introduction, will be also integrated in the system. Blue-
Angel exists of a 4.5kWh LiIon storage for low-distance 
applications due to the fact that in Switzerland 50% of the 
daily rides are no longer than 35km. Blue-Angel will be 
charged by IPT (inductive power transfer), which is realized 
by another project [16][18].  
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