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1. Introduction 

1.1. Simulation Task Within SH/SG Project Context  

This document is a technical description of the software simulations and results as carried out within 

SmartHouse/SmartGrid (SH/SG) WP 4, Task 4.2. For arranging this task in the project’s context, this section 

gives a short overview of connected tasks.  

In Task 4.1 (“Case study definition”), three different case studies or scenarios were defined which would 

consider the application of Smart House technology to roughly 1 Million end users in the Netherlands, 

Germany and Greece. Based on a common consideration of the PRIMES scenarios, which project electric 

energy generation and consumption for the three countries until the year 2050, the project partners have 

considered additional studies for the individual countries. Subsequently, the project partners have defined 

advanced BAU scenarios that aim at reaching the EU EE/GHG and RES targets in 2020 and beyond. Then by 

adding the individual Smart-House/SmartGrid technologies and infrastructure, SH/SG scenarios are defined 

for each of the three countries. All scenarios represent the situation in the future (2030, in the Netherlands up 

to 2040).  

The objective of task 4.2 is to provide software-based simulations which study and proof the validity and 

feasibility of the SH/SG concepts concerning different technical aspects. This task is technically oriented, but 

shall complement any economic analysis of the SH/SG system. In the context of WP4, the goal of Task 4.2 is 

to break down the scenarios defined in T4.1 into sub-scenarios which can then be simulated to tackle specific 

research questions. This must be done in regard to the technical capabilities and restrictions of the used 

software simulation systems, since the development of new simulation systems is not within the project’s 

scope. Simulations were done by three teams attributed to the Netherlands, Germany and Greece, aiming at 

modelling a high enough number of customers to get some quantitative results addressing central research 

aspects and measurable objectives of the SH/SG project. With some research aspects, e.g. the question of 

mass scalability of the SH/SG approach within a distributed metering ICT structure, the number of modelled 

customers needs to be in the range of 1 Million in order to observe the targeted effects. For other aspects, e.g. 

the question of how Smart Houses can be used to lower grid losses in an urban low-voltage grid area, a 

much smaller number of customers in the range of some 100 is sufficient, because the target effect is to be 

observed within a spatially limited grid region which typically only includes this number of customers in 

reality. Hence, modelling beyond that region would not yield another type of results or results of higher 

quality; at the same time, qualitative results from the customer group in one low-voltage network can 

directly be applied to other networks which are technically similar. 

1.2. Task Organization and Document Structure  

The simulation teams are modelling individual SH/SG technologies, namely the PowerMatcher 

(Netherlands), the ISET-BEMI+ (Germany) and the MAGIC system (Greece). The scenario layout as 

developed in T4.1 implies that all simulations in some way model and compare two different cases:  

1. a scenario WITHOUT usage of the individual SH/SG technology (BAU scenario) 

2. a scenario matching the one in 1), but WITH usage of the individual SH/SG technology (SH/SG 

scenario) 

It is, however, the work of the simulation teams to define the BAU and SH/SG scenario based on T4.1 results, 

research questions and simulation technical capabilities.  

The TNO simulation team uses two different simulation systems. The first is modelling a smart house 

cluster and considers the balancing of offshore wind energy by the use of PowerMatcher within this cluster. 

The second simulation uses a small low-voltage network model to research the question how the operation 

of PowerMatcher in Smart Houses affects line losses within a single network feeder. With the results, 

conclusions are drawn to the impact of aggregation of large numbers of smart houses on energy efficiency 
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enhancement, contribution to efficient management of local power grids and increased integration capacity 

of large amounts of renewable energy resources. 

The IWES simulation team uses a single software system which models the impact of Smart Houses 

equipped with ISET-BEMI+ on operation of an urban electric networks with a high share of distributed 

generation. The network model represents the network in Mannheim-Wallstadt and uses original topology 

data from this network. The simulation is complemented by measurements and network calculations done 

by MVV for additional grid regions in Mannheim regarding the impact of distributed generation on grid 

operation parameters. The work is especially addressing determination of technical constraints (e.g. loading 

of lines, voltage violations) and minimizing grid losses. By consideration of grid deconstruction scenarios, it 

is expected that conclusions for future grid planning and design can be derived from the results. This is of 

very high interest for the grid operator since grid planning is nowadays facing the challenge on how to 

handle the transition of electric networks into smart grids on one side, yet on the other very little is known 

about the impact of specific smart grid technology like the ISET-BEMI+ to specific network areas.  

The ICCS-NTUA simulation team will provide input on critical technical constraints and on power quality 

specifics of microgrid / islanding operation. The simulation work is, similar to the other teams, twofold. In 

each case, ICCS-NTUA considers the behavior of MAGIC-agent equipped Smart Houses within the high-

voltage network of the island of Crete. In the first part of the work, a steady-state simulation is carried out 

for calculating the influence of the MAGIC controllers on line losses, operational costs and CO2 emissions 

within this grid area. Here, three different shares of households equipped with load control as well as two 

different scenarios for controller placement throughout the island are considered. In the second part, a 

transient analysis of the network behavior after a large-scale blackout is carried out, where load controllers 

are used to counteract the blackout effects. Results of this research are of high interest for the grid operator 

PPC because the MAGIC system may be beneficial for reducing black-out times within the island, hence 

improving the continuity of supply.  

In contrast to the technical organization of the work, this document is organized by the partly overlapping 

simulation goals. Chapter 2 covers the mass-scale application of smart meters in a SH/SG system regarding 

ICT performance issues. Chapters 3 and 4 both present the work done regarding the operation of smart 

houses in low voltage grids, where Chapter 3 focuses on intraday scheduling and Chapter 4 on day-ahead 

scheduling respectively. Chapter 5 then focuses on the support of middle-voltage grid operation by smart 

houses. Each of the chapters includes an introductory section about simulation system design, individual 

simulation goals, methodology and assumptions, summarizes simulation results and discusses their real-

world applicability and verification. 

1.3. Contribution to SH/SG Measurable Objectives 

Since the document at hand is structured by simulation contents rather than D4.1 case studies, Table 1 

summarizes the contributions to SH/SG measurable objectives discussed in the according chapters.  

 

 

Objective Ch. 2 Ch. 3 Ch. 4 Ch. 5 

Objective D: The developed technology is able 

to achieve aggregate energy efficiency gains > 20% 

    

Objective D.1: Efficiency gains through interactive feedback to 

users (about 10%) 

    

Objective D.2: Gains as a result of optimized energy management 

of devices and of specific energy technologies in 

use (e.g. reduction of heat waste in commercial and home 

CHP units by better ICT-based control, CO2 reduction potential; 

(about 5%) 

x  x x 
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Objective D.3: Reduction of power grid losses by increasing 

local sustainable demand and supply solutions (4-8%). 

 x x x 

Objective D.4: Gains through raising the accommodation 

ceiling of local networks for integration of local generation. 

(>10%) 

x   x 

Table 1: Measurable objectives as contributed by document chapters 

Chapter 2 addresses objectives D.2 and D.4 by decreasing needed centralized reserve power for fluctuating 

wind energy in-feed using PowerMatcher controlled loads. Large-scale simulations are carried out to 

quantify the according effects and to show that PowerMatcher control leads to improved balance between 

demand and fluctuating supply. Results can be extrapolated to a scale of millions of households. 

In Chapter 3, objective D.3 is addressed by quantifying the reduction of line losses within a simulated low-

voltage network feeder containing 25 households. A comparison of line losses is drawn between a case in 

which all houses are equipped with PowerMatcher control of heat pumps and CHP devices and a base case 

without this type of control. Therefore, results of PowerMatcher simulations are fed into steady-state 

network simulations to quantify the reduction of grid losses. 

Chapter 4 considers the operation of ISET-BEMI+ energy management in a model network resembling the 

real urban grid of Mannheim-Wallstadt. It compares characteristic grid operation values with two different 

day-ahead tariffs. The base case (flat tariff) resembles the case in which no energy management was installed 

at all, because the total resulting load of the households equals the standard load profile. This case is 

compared to a “PV-tariff” case where a tariff incentive is given to trigger load switch-on during times of 

high PV in-feed within the grid region. This addresses objective D.2 in the way that imported energy into the 

regional network is reduced by the PV tariff, thus increasing overall energy efficiency. At the same time, line 

and transformer active power losses are reduced, contributing to objective D.3. Furthermore, three different 

grid topologies have been considered to tackle the question if load shifting shows different effects in grid 

deconstruction scenarios. 

Chapter 5 considers operation of load controllers at the Greek island of Crete in the context of operation of 

the island’s medium voltage network. The study is divided into two subsections. First, the reduction of one 

of the island’s peak loads by load controller action is considered. Line loss savings are calculated and the 

results are attributed to cost, conventional power plant spinning reserve as well as CO2 emission savings. 

Effects with different shares of appliances equipped with load controllers are compared with a base case 

without any load controller installations. This contributes to measurable objectives D2 and D3. Second, a 

transient analysis is performed assuming a major network fault. The system answer to the network fault is 

studied for low and high load cases with and without load controllers used for system frequency 

stabilization. The results indicate that controllable loads (enabled by means of intelligent meters) contribute 

to averting a more generalized propagation of a local imbalance that would otherwise result in the 

disconnection of PV units. This contributes to measurable objective D4. 
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2. Raising the Accommodation Level of Offshore Wind  by Mass-Scale 
Application of Smart Control in a Smart Grid ICT Hi erarchy 

With the world becoming ever more conscious of the necessity for clean, sustainable energy sources, an 

increased proportion of energy produced by wind resources is expected. In the current power system, the 

integration of such large capacity of non-load-following and intermittent supply leads to several challenges, 

one of which is to control the balance between demand and supply. A large - not yet utilized - source that 

may provide flexibility to contribute to this balance is available at the household level. 

Responsive loads, such as heat pump heating systems, distributed generation from e.g. micro-CHP and 

storage facilities as provided by electric vehicles can be intelligently controlled in the future smart grid in 

order to adapt to fluctuating wind power in near real-time. Efficient coordination mechanisms for matching 

demand and supply involving huge numbers of small flexible units are needed to unleash this large 

flexibility potential. One of these enabling technologies, the PowerMatcher, has already been proven in 

several field trials in real-life circumstances. This multi- agent-based system uses electronic markets to 

coordinate devices with the objective of matching electricity supply and demand. 

In this chapter, the potential of the PowerMatcher technology is explored to accommodate mass integration 

of electricity produced by wind energy by adapting flexible household demand and supply to the 

availability of wind power. In this way the need for - fossil fuel based - extra reserve capacity will be 

minimized as compared to business as usual. These studies have been achieved by running large-scale 

simulations under real-life conditions. In these simulation studies the Dutch WLO-SE scenario as described 

in [D4.1] has been followed, that foresees a strong increase in capacity of off- shore wind energy from 3 GW 

in 2020 to 10 GW in 2040 in the Netherlands. Results have been extrapolated to even faster wind energy 

growth scenarios as envisioned by the wind energy industry (e.g. We@sea). 

The simulations show that by using demand response in homes we can accommodate mass integration of 

electricity produced by wind. Smart control can lead to reduced reserve capacity needs and the homes can 

absorb a much larger percentage of renewable energy from wind. 

2.1. Introduction 

Electricity supply from wind is subject to a number of disadvantages in a liberalized market setting. It is 

subject to the risk of over- and underproduction, causing imbalance in an energy portfolio. Especially in 

current power exchange markets, such as the Dutch APX (Amsterdam Power Exchange) or the Scandinavian 

Nord-Pool, this results in a poor market position. [EWEA] rightly concludes that wind power has to be 

considered relative to the overall demand variability and the variability and intermittency of other power 

generators: ”The variability of the wind energy resource is important to consider only in the context of the 

power system, rather than in the context of an individual wind farm or turbine”. 

Homes, offices, and commercial buildings have always been treated as isolated passive units (black boxes) 

connected to the electricity grid. In the last years utilities have recognized the potential of the building 

environment to be included into their operation. Demand response programs have been initiated, especially 

in the USA, with promising outcomes. However, houses can become pro-active and flexible participants in 

the electricity infrastructure. They have a large potential to offer flexibility for free without (or with minimal) 

infringement of their user comfort. This chapter presents the results of a simulation study of a power system 

in which wind power is supplemented with the flexibility of household electricity demand and supply in 

one subsystem cluster. Deviations in wind power are tuned by influencing the household devices in order to 

accommodate mass integration of electricity produced by wind energy. In this study we restrict ourselves to 

micro-CHPs (Combined Heat and Power) and heat pumps for space heating and tap water heating in 

residential homes. The flexibility of these heating systems may be enhanced by other household devices: air 

conditioning, washing and drying, cooling by refrigerators and freezers, etc. The means of control is the 

PowerMatcher technology [PM1], [PM2], [PM3]. 
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2.2. Distributed Coordination of Demand and Supply 

The intelligent distributed coordination technology called PowerMatcher is a multi-agent based system that 

uses electronic exchange markets to coordinate electricity supply and demand of a device cluster. A multi-

agent system is a structured framework for implementing complex, distributed, scalable and open ICT 

systems in which multiple software agents are interacting in order to reach a system goal. Such a software 

agent is a self-contained software program that acts as representative of something or someone (in this case a 

device or an energy demand from the user). The different PowerMatcher agents and their interactions are 

shown in Figure 1. 

 

Figure 1: Schematic overview of the PowerMatcher concept 

Every flexible device in a cluster is represented by a device agent, a piece of software that looks after the 

interests of that device. Such agents attempt to operate the associated processes in an economically optimal 

way, whereby no central optimization algorithm is necessary. Using an electronic market (the auctioneer) in 

the multi-agent system allows the agents to trade resources, i.e. electricity, that are necessary for each agent 

to carry out its task. The only information that is exchanged between the agents and the auctioneer are bids. 

These bids express to what degree an agent is willing to pay or be paid for a certain amount of electricity. 

Bids can thus be seen as the priority or willingness of a device to turn itself on or off. Bids are send at 

irregular (event-based) intervals, i.e. only if the local state changes, resulting in a new agent bid. This keeps 

the communication between PowerMatcher entities to a minimum. The auctioneer collects the bids and 

calculates the market clearing price. This is the price at which the sum of all bids is zero, such that there is no 

net consumption or production. The market clearing price is communicated back to the device agents, which 

react appropriately by either starting to produce or consume electricity, or wait until the market price or 

device priority (state) changes. 

2.3. Simulation Setup 

The main objective of the simulations is to utilize the potential of the PowerMatcher technology to 

accommodate mass integration of electricity produced by wind energy by adapting flexible household 

demand and supply to the availability of wind power. In this way the need for - fossil fuel based - extra 

reserve capacity will be minimized as compared to business as usual. 
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Figure 2: Setup of simulations: configuration, scenario’s and resulting graphical comparisons 

The simulations are based on the WLO-SE scenarios on energy supply and demand with a time horizon up 

to 2040 [D4.1]. The total envisioned electricity demand in WLO-SE 2040 is 582 PJ, the total household 

demand is 130 PJ. The industry demand and supply have been removed from this scenario for simplicity. 

Therefore, the renewable energy must be scaled down by approximately 0.22 (130/582) to account for lack of 

industry in the simulations. Table 2 shows the defined installed capacity in Dutch network in 2040. In the 

last column these figures have been scaled down from 8.6 million to 3000 households, which is the number 

we consider for our simulations. 

 

Installed capacity Total Residential 3000 Homes 

Wind Onshore  2 GW 0.44 GW 156 kW 

Wind Offshore  10 GW 2.2 GW 750 kW 

Photovoltaics 2M m2  2 GWe 660 MW 231 kW 

Fossil Fuels  --- 15 GW 5.25 MW 

Table 2: Installed capacity defined in the WLO-SE 2040 prediction 

In the residential cluster, 1500 households are supplied with micro-CHPs and 1500 with heat pumps, for 

both space heating and tap water. Both devices have heat buffers of 120 litres (space heating) and 90 litres 

(tap water) allowing for flexibility in their operations. 

Since the architecture of the PowerMatcher technology allows for more or less independent sub cluster 

behavior, the results from the simulations of 3000 households may be extrapolated to realize the potential on 

an entire Dutch scale.  
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A simulation tool specifically developed to run simulations with the PowerMatcher technology is used for 

this trial. A number of device and household agents and models were developed to run with two types of 

controller, a traditional, business as usual, controller (’fit and forget’) and a PowerMatcher controller which 

has added intelligence to respond to price incentives. 

To show the added value of the PowerMatcher coordination a number of simulations were made with 

different wind capacities. As it is assumed in WLO-SE that only the offshore amount of wind will increase 

significantly over time, the amount of offshore wind penetration in the different simulation runs was 

adjusted. Runs were made for a total offshore wind after downscaling of 750, 800, 850, 900, and 1000 kW. 

2.4. Models and Intelligence  

Household electricity demand profiles used in the simulations are randomly generated based on 

configurable parameters, like total annual electricity consumption of 4,300 kWh in 2040, number of persons 

in household, different lifestyles, with accuracy verified with real household. The wind power model uses 

annual wind velocity data from [KNMI] to accurately model wind power. For the offshore wind availability 

a number of offshore sites were averaged to make an estimate of total offshore wind power. 

 

Figure 3: Offshore vs. onshore wind power 

Micro-CHP models and Heat Pumps models were made to mimic the behavior of a device which uses a 

space heater and/or tap water buffer with a heat demand which models typical household heating behavior. 

The heat demand pattern generator is a simple linear regression model. It uses 10-minute based ambient 

temperature and (horizontal) solar irradiation data. Only one parameter is tuneable: the total annual heat 

demand in GJ. Accuracy of the heat demand simulated is verified by TRNSYS simulations, used widely in 

research communities as a simulation environment for the transient simulation of thermal systems (see 

Figure 4 below). 
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Figure 4: Heat demand generated validated by TRNSYS model 

The tap water pattern generator (TWPG) is based on the CW4 tap water class as defined in [Gaskeur]. User 

actions (such as showering, washing hands and cleaning dishes) have been defined at given times. To create 

randomness between the different patterns created by the TWPG, the time, and volume is adjusted by 

randomly varying the number of showers, length, small tap water uses and dishwashing in such a way that 

it still corresponds to the energy demand from the tap water class 4 (Figure 5). 

 

Figure 5: A selected pattern with 2, 3, 4 residents and a CW4 pattern 

The space heating and tap water buffers, which are set to 120 and 90 litres respectively, are assigned their 

own tap and heat water patterns which updates the buffers for each household. 

As stated in the simulation setup section, the micro-CHPs and heat pumps are the main devices used for 

flexibility in this cluster used. Each device has two controllers: a traditional one which checks the level of the 

buffer and when it is near its minimum level turns on until the buffer is filled, i.e. business as usual, and a 

PowerMatcher controller. 
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The PowerMatcher agent control logic for the micro-CHP and heat pump is based on the same generic 

structure with a slight variation for the heat pump. Figure 6 depicts the state of the heat pump based on the 

current fill level of the buffer and the price. Once the current fill level of the tap water and space heating 

buffer is received by the agent, using the below logic, a price for each can be calculated to create a bid curve. 

 

Figure 6: Heat pump intelligence based on fill level and price 

Using the above logic, the current fill level and the configured upper and lower cut-off values (C1 & C2), an 

asking price for space heating and tap water can be calculated. The minimum of the two is used to create the 

appropriate bid curve. Upon receiving the returned market price again the above function is used with the 

fill level to decide how the heat pump control flags should be set, e.g. turning on or off the heat pump. 

Also note that if the fill level is below Lmin the heat pump must be turned on. Lmin is calculated based on 

maximum discharge rate and time delay for start-up of the heat pump for each buffer (tap water and space 

heating). Lmax will be calculated based on discharge rate and the minimum runtime of the heat pump. This is 

to ensure that the buffer is not overfilled. 

The agent intelligence of the micro-CHP is almost identical to that of the heat pump with the difference that 

instead of turning on during low market prices, it prefers to stay off and wait for high electricity prices as it 

produces electricity. For the above described simulations the respective electric and thermal power of the 

micro-CHP and heat pump are 1kWelec/ 4 kWth and 1kWelec/ 6kWth. The variance within each model was 

achieved with differing heat demand patterns within each device for both space heating and tap water. 

2.5. Results 

2.5.1. Increased Utilization of Wind Power by House holds 

The simulations cover a period of two weeks in the month of November. As detailed in the simulation setup 

paragraph above, five different scenarios have been calculated with total offshore wind capacity after 

downscaling of 750, 800, 850, 900, and 1000 kW. All other energy factors have been left unchanged over the 

scenarios. 

The main objective is to accommodate mass integration of electricity produced by wind by adapting flexible 

household demand and supply to the availability of wind power. Therefore, we compared a reference case 

in which a traditional control is exerted to PowerMatcher-based control. The main findings can be found in 

Table 3 and Table 4.  
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Table 3 shows the total reduction of energy not absorbed in the cluster as a result of smart control. For all 

cases there was a reduction of well over 50%, even so high as 90% in the 750 kW wind case. A main cause for 

not absorbing the wind energy is overproduction of wind power. Since this is an external cause with respect 

to the cluster, it is likely that the same result holds for the majority of other clusters in the Netherlands. In 

the Dutch scenario, not being able to absorb the wind energy would mean larger power export to the 

interconnected zones Germany, Belgium and Norway. The reduction thus can be translated in less 

investment in export capacity to these zones. 
 

AMOUNT OF TOTAL EXPORT NEEDS FOR EACH CASE 

Offshore Wind Traditional PowerMatcher Reduction 

750 kW 3370 kWh 328 kWh 90% 

800 kW 3841 kWh 583 kWh 85% 

850 kW 4349 kWh 900 kWh 79% 

900 kW 4882 kWh 1256 kWh 74% 

1000 kW 6048 kWh 2099 kWh 65% 

Table 3: Amount of total export for each case 

Table 4 focuses on the effects of smart control on required import energy to the cluster. This import can be 

delivered from other zones, but it is more likely that these imports are delivered by one or more fossil-

fuelled power plants delivering reserve capacity. The last column in the table therefore denotes both 

reduction in required reserve capacity and reduction in fossil fuel based primary energy or in CO2 emissions, 

ranging from 14% for 750 kW of installed wind power to 21% for 1000 kW. Note that the relative reduction 

increases with higher offshore wind capacity. This suggests that investment in the PowerMatcher technology 

could be justified better with higher shares of installed wind power capacity. 

 

AMOUNT OF TOTAL IMPORT FOR EACH CASE 

Offshore Wind Traditional PowerMatcher Reduction 

750 kW 27389 kWh 23447 kWh 14% 

800 kW 26287 kWh 22154 kWh 16% 

850 kW 25218 kWh 20920 kWh 17% 

900 kW 24178 kWh 19739 kWh 18% 

1000 kW 22194 kWh 17478 kWh 21% 

Table 4: Amount of total import for each case 

In Figure 7 we take a closer look at the portion of the generated wind energy as utilized by the cluster of 

households over a period of six days. The figure shows wind potential and utilization by the household 

cluster of 3000 households in the case of 850 kW installed off-shore wind capacity. The total wind production 

(on and off shore) is indicated by a blue line, and the reference and controlled cases by a red and green line, 

respectively. Note that the line for the controlled case almost completely coincides with that of the wind 

potential.  

There are many instances in which not all wind energy is absorbed by the residential cluster unless smart 

control is exerted. This behavior can be seen in all cases, except for short periods in the 1000 kW wind 

penetration case. In all other instances, the PowerMatcher coordination is able to accommodate all wind 

within the cluster, while in the business-as-usual case a large percentage would be exported or curtailed. 
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Figure 7: Wind potential and utilization with 850 kW installed off-shore wind capacity 

Figure 8 depicts the difference in (on- and off-shore) wind energy absorbed by the households for each 

simulated case. It is clear that for each simulated case more wind was utilized within the cluster using the 

PowerMatcher technology as compared to business as usual. 

 

Figure 8: Sum of wind potential utilized for each use case in Business-as-Usual and 

PowerMatcher modes 

As is clear the PowerMatcher by far utilizes more energy produced in the cluster than that of business as 

usual which not only increases the amount of renewables that can be accommodated in the cluster but also 

decreases the amount of energy that would otherwise have to be imported from alternative resources (fossil 

fuels) to support the demand. 
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2.5.2. Other Findings 

As is shown in Figure 9, the PowerMatcher market price was able to follow that of the wind imbalance in the 

cluster with some accuracy. There are moments when there is a large amount of wind within the cluster but 

the price is still high. This can be due to the lack of flexibility in the cluster in these periods. In order to retain 

the comfort of the end user, if the buffers are below the minimum they must turn on, thus even in high wind 

the cluster requires some reserve capacity. 

 

Figure 9: Wind production (900 kW off-shore case) and PowerMatcher market clearing price 

The flexibility, as explained above, was realized by using the space heating and tap water buffer to shift the 

moments of heating the water by micro-CHPs, which produce electricity, and electric heat pumps. Using the 

temperature of the buffer at a given moment and the upper and lower limitations of the buffer as well as the 

minimum runtime of the devices we were able to closely approximate the flexibility of the cluster (see Figure 

10). As can be seen, there are moments when the flexibility is limited which could be due to device 

constraints (minimum run-time), a large demand or buffers being exhausted. An example of such an 

instance can be seen in the first half of day one where, despite there is a large amount of wind, the flexibility 

becomes limited. As a result the price increases (see Figure 9 and Figure 10). After some time, the buffers are 

completely filled and flexibility is decreased until enough heat has been removed from the buffers to allow 

further utilization of the available wind capacity. 
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Figure 10: Cluster flexibility and allocation for the 800 kW wind penetration case 

It was shown that in all cases the PowerMatcher cluster was able to handle more wind within the cluster 

than that of business as usual. As you can see below, even in the lowest case of wind penetration, 750 kW 

offshore, there are a number of instances when the entire cluster becomes imbalanced and starts exporting 

energy. However, in PowerMatcher mode, more wind is used locally within the cluster (see Figure 11). 

 

Figure 11: Total Power of cluster (minus reserve capacity) for business as usual and 

the PowerMatcher case (750 kW Wind) 

Figure 12 depicts the amount of energy produced in the cluster which was required to be exported or in 

some cases would need to be curtailed. This includes energy produced by the micro-CHPs, photovoltaic and 

wind turbines. 
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Figure 12: Amount of generated power of cluster exported for both cases 

2.6. Conclusions 

The simulations conducted in this case study show that the smart grid offers a huge potential in utilizing 

flexibility of demand and supply in homes to accommodate mass integration of electricity produced by 

wind. For the Dutch situation smart control of household devices leads to a large utilization factor compared 

with business as usual: export of overproduced wind power is reduced by 65 to 90%, leading to less need for 

export capacity. Also the need for import of electricity decreases by up to 20%. Since import of electricity 

may be directly connected to extra production by fossil fuel based electricity this leads to a CO2 reduction of 

approximately 20%. 

The PowerMatcher technology additionally leads to a reduction in peak power. Note that the amount of 

flexibility in the cluster was limited to household heating devices. If other household appliances, such as 

fridges, freezers, dishwashers etc., are utilized in the same way the flexibility in the cluster can be improved, 

leading to an even better outcome. Another interesting case would be if electric vehicles are also included in 

the cluster. It is expected that the inclusion of more device groups will further increase the positive impact of 

the PowerMatcher. 

Note that the results found can be extrapolated to other types of intermittent resources such as 

photovoltaics. 

Further, within the strategy of the micro-CHP the marginal cost of using gas should be incorporated into the 

intelligence as well as simulating with different risk profiles for each agent to differ bidding strategy. 

However creating a more variant mix in the cluster, i.e. including other flexible devices within the cluster, 

would achieve a similar outcome. 
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3. Support of Low-Voltage Grid Operation in Normal Operation Mode by Smart 
Houses 

3.1. The PowerMatcher Approach 

The increased penetration of distributed generation (DG) in electrical power grids may cause a significant 

mismatch between power demand and supply at any point in time in the low-voltage grid. This is for 

example due to the unpredictability of intermittent energy sources such as wind and photovoltaic. Also the 

use of advanced loads, including the charging of electric vehicles (EVs) and the use of heat pumps, may 

result in large power peaks at times. By matching the power supply with the power demand in an intelligent 

way, distribution losses in the low-voltage grid will be reduced and up-rating of equipment can be 

postponed. An intelligent multi-agent based distributed control algorithm, called PowerMatcher, has been 

successfully developed and deployed in a several (field)-tests which matches the momentary power supply 

and demand. So far the development has focused on the logics of this distributed controller. However, 

potential savings in cable losses have not been addressed until now. 

Recent studies indicate the potential of distributed coordination of demand and supply to reduce cable 

losses in the low-voltage grid (Figure 13) [IMPROGRES]. Simulations using the PowerMatcher Simulation 

Tool will focus especially on the simultaneousness of demand and supply by control of smart houses. The 

simulation results will be fed into distribution network simulations to quantify the reduction of grid losses. 

These simulations focus on reduction of cable losses by increasing local sustainable demand and supply 

solutions. The simulation model comprises a Low-Voltage (LV) distribution system. A generator (positive / 

negative) is used to simulate the import/export power flow. 

 

Figure 13: Grid losses related to the penetration of distributed generation3 

3.2. Simulation System Design 

As a first step a LV network is defined with 25 households. Each of these households has an individual 

household load, representing the non-controlled loads, such as lighting or multimedia. The controllable 

loads in the households are heating systems: heat pumps and micro-CHPs. The households may also be 

provided with photovoltaic panels and the area may have generation from wind. 

                                                           
3 [IMPROGRES] 



  D4.2 Simulation programme and results  

 

 

  22/66 

The PowerMatcher simulation configuration consists of a number of agents which represent an auctioneer, a 

number of concentrators, households, and heat pumps. This is illustrated in Figure 14 where a 

PowerMatcher topology is connected to a steady-state model of the electrical distribution system. For the 

simulation studies discussed in this chapter the PowerMatcher simulation and the electrical distribution 

simulation run asynchronously. This means that the results of the PowerMatcher simulation after a complete 

run are saved in text-files. These text-files are then used as input files for the electrical distribution 

simulation.  

 

Figure 14: Interface between the PowerMatcher (left) and electrical distribution simulation (right) 

Figure 15 illustrates the grid model in which the households are clustered in groups of five. In the simulation 

study each household consists of a household consumption model, a heat pump model and micro-CHP 

model. The household consumption model represents the lumped electrical power demand by other 

household appliances such as lighting and entertainment systems. Each model receives its input from text-

files generated by the PowerMatcher simulation. 

 

Figure 15: Grid model with clustered households 
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A random profile generator for the heat demand of individual houses has been developed. In this generator 

a number of parameters can be defined upfront to obtain the heat demand profiles which include the type of 

house, and number of occupants. For example, for an area of 25 households of similar heat demand, 25 

different heat demand profiles can easily be generated. A similar approach has been made for the generation 

of the household consumption patterns.  

The electrical distribution system has been developed in the Matlab/Simulink environment which also 

includes the SimPowerSystems toolbox. This toolbox contains dedicated models of electrical devices such as 

resistors and electric machines. For this study controllable current sources (CCS) were used to represent the 

profiles as defined by the PowerMatcher simulation. This approach is applicable for the household, µCHP 

and heat pump profiles. This CCS approach works as follows: the profile controls the CCS directly where the 

measured output is the current CCSi . If in addition the voltage CCSv  across the CCS is measured, the power 

CCSP can be calculated using the following relationship: 

  CCSCCSCCS viP *=  

CCSP
 
should be equal to the power PMP as defined in the PowerMatcher profiles. The mismatch between 

CCSP and PMP is defined as ε. 

 

Figure 16: Detailed view of a single household 

In this study, only resistive energy losses in the cables were considered thereby ignoring other losses. At this 

stage of research the focus is only on fundamental frequency cable losses. Losses involved with harmonics 

are not studied. This simplification allows the simulation to be executed fast whilst keeping ε equal to zero. 

In addition this fast simulation capability allows the model to be scaled-up to for example about 200 

households. Also, this allows for extending the simulated time to for example a few weeks. The resistive 

cable losses losscableP _  can be calculated by the following equation: 

 RiP losscable ⋅⋅= 2
_ 5.0  
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where i is the magnitude (peak value) of the complex current through the cable and R the resistance of the 

cable respectively. R was assumed to be 0.494Ω/km [Oldenkamp et al. 2004]. The cable length between the 

individual houses was assumed to be 10m. 

3.3. Simulation Methodology and Assumptions 

The model as described above has been used in a case study in which a grid over a period of 24 hours was 

simulated. A typical day in January was chosen to represent the 24 hour simulation time. In this case study, 

the number of households simulated equals 25, of which 12 were equipped with heat pumps and 13 were 

equipped with µCHPs. The respective electric and thermal power of the micro-CHP and heat pump are 

1kWelec/ 4 kWth and 1kWelec/ 6kWth. The space heating and tap water buffers, which are set to 120 and 90 

litres respectively, are assigned their own tap and heat water patterns which updates the buffers for each 

household. 

In the first case study (case 1), which served as the base-case, the PowerMatcher was not deployed. Instead a 

traditional controller was used which checks the level of the heat buffer: when it is near its minimum level it 

turns on until the buffer is filled. The second case study (case 2) considers the same day with the 

PowerMatcher control algorithm included.  

3.4. Simulation Results with Discussion 

Figure 17 illustrates the results of the simulation where the red-dotted and blue-solid line represents case 1 

and 2 respectively. From this graph, two main observations can be made. Firstly, the peaks for case 2 are 

generally smaller and narrower compared to case 1. Secondly, the peaks are shifted in time. For example at 

about 27000s (07:30am) there is an increase in cable losses due to simultaneous usage of electricity in the 

morning (as defined by the household model). The cable losses peak at about 450W for case 1 whereas for 

case 2 the peak is shifted and reduced to about 300W. 

 

Figure 17: Cable losses with PowerMatcher control (blue) and without (red) 

In order to quantify how much the PowerMatcher has helped to reduce the cable losses, the accumulative 

energy losses across the cables over a period of 24 hour was calculated. In this study the losses are equal to 

11.7MJ and 7.0MJ for case 1 and 2 respectively. This means that for case 1 the energy losses are 40.1% less 

compared to the energy losses for case 2. This reduction of 4.7MJ equals 1.3kWh of energy. Because the 

simulations are done with the data of a day in January, simple extrapolation to annual losses are not realistic, 

because heat-pumps and micro-CHPs are more active in the winter time. However during the whole year a 

significant amount of heat is used for tap-water and shower. With this in mind and also the fact that much 

more home-appliances are candidate for PowerMatcher control, it can be roughly estimated that, based on 
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the Dutch market, the PowerMatcher alone can annually save up to about 1.3kWh per 25 household. If the 

PowerMatcher is scaled-up to all the households in the Netherlands, then roughly an annual saving of 

hundreds of thousands kWh of energy can be obtained.  

The prime reason to implement a PowerMatcher control most likely will be for stable grid operation and 

control of power quality. The savings on resistive energy losses is a very welcome secondary effect.  

3.5. Summary, Further Activities and Conclusion 

Although the complexity of the studies was limited to the steady-state analysis of 25 households the 

potential of deploying an intelligent distributed control, such as the PowerMatcher, has been demonstrated 

successfully. Initial calculations indicate that an annual saving in the range of hundreds of thousands kWh of 

energy can be obtained if this distributed control is applied nationwide, provided that controllable devices of 

sufficient installed power are available. The savings on energy losses can be potentially more as postponing 

the upgrade of equipment to higher ratings are not taken into account yet. As said before, a random day in 

January was chosen in which the heat pumps are used more often. This means more power drawn from the 

grid and hence potentially more cable losses. However, during the summer more often air-conditioning 

units are used, which may well have the same effect as heat pumps. Therefore an improved estimated value 

for savings in cable losses may be obtained if a number of 24-hour simulations are conducted across all the 

months.  

Simulation activities and scenarios for future work 

The simulations calculate the total losses in the LV-system of a single substation. The aim is to investigate if 

the PowerMatcher control can prevent a surplus of locally generated energy going upward to the MV grid. It 

will be roughly calculated what the extra losses could be, if a surplus of generated energy is going upwards 

into the MV grid towards other loads and in case the PowerMatcher control prevents this. 

Simulation scenarios 

This simulation calculates the losses in a LV distribution grid from the LV busbar of a single substation (see 

Figure 18), with and without the PowerMatcher control. The number of households that are connected to 

each feeder A to D, are 50. For each feeder these households are distributed along 320m cables. The total 

number of households is 200.  

 

Figure 18: LV distribution model, substation level 

The goal is to calculate the losses with and without the PowerMatcher control over two weeks. The effect of 

Photovoltaics (PV) will also be taken into account in these simulations.  
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Scenario 1 

The model has a combination of the following types of sources/loads, 

• home appliances, inflexible demand; 

• heat-pumps, flexible demand; 

• uCHPs, flexible supply; 

• PV, inflexible supply; 

Conclusion 

This study has shown clearly that an intelligent distributed control that matches the power demand and 

supply momentarily, may have a significant impact on the grid losses. Therefore, the authors argue that this 

type of controllers are an essential element in future grids with a high degree of potential power imbalance. 
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4. Support of Low-Voltage Grid Operation in Normal Operation Mode by Day-
Ahead Schedules  

4.1. Introduction 

Within this chapter, results from simulations are presented and discussed which model Smart Houses within 

a low-voltage network with high share of photovoltaic generation. The Smart Houses implement automatic 

load management based on day-ahead schedules. This management is again assumed to be implemented by 

ISET-BEMI+ algorithms as described in D2.2 “Coordination algorithm and architecture document”, Sections 

2.2 and 3.3. The overall goal of the considerations is to draw conclusions about which effects onto grid 

operation are to be expected by adding Smart Houses and, especially, if and how much they can contribute 

to increasing locally used energy from renewable sources, increasing the accommodation ceiling of 

renewables and reducing line losses. 

During discussions between IWES and MVV it was found that consideration of grid planning issues is of 

very high interest to the grid operator. Nowadays, electric grids are facing substantial challenges because of 

the implementation of distributed generation and the emergence of new load types like e.g. electric vehicles. 

According changes to grid requirements can no longer be neglected as developments towards smart grids 

are constantly increasing in pace. Grid planners now face the problem that they must account for these 

developments, yet it is unknown what the final smart grid will look like. This is even more problematic 

when considering the fact that many grid components have lifespans of over 30 years. In other words, long-

term planning has to be made for a technical environment that is currently exposed to fundamental changes. 

Hence, input from research regarding operation of smart grid technology in real grid areas is of very high 

interest in this context. 

In D4.1, two simulation scenarios were projected. Scenario I was planned to resemble an urban low-voltage 

network or “low-voltage grid cell”, using grid topology data provided by MVV and modelling this grid as 

far as possible on a 1:1 basis. In scenario II, it was planned to multiply this grid cell in order to carry out a 

simulation of the middle-voltage grid level. Within the work progress in T4.2, IWES decided to focus on the 

first scenario because results were expected to provide major contributions to the research questions defined. 

Additionally, MVV started additional research work regarding the behavior of real urban area low-voltage 

grids with the assumption of high in-feed from distributed generation, with the focus on grid planning 

aspects. These investigations were combined in order to create results most relevant to practice and most 

efficiently use available resources. Hence, the originally planned scenario II was left for further research. 

In section 5.2, an introduction to the IWES simulation system is given. Core simulation components and 

basic model design are summarized. Section 5.3 summarizes the assumptions, parameters and data sets that 

were used for the simulation. It also summarizes the setups of the different simulation runs carried out. 

Section 5.4 presents and discusses the results from the IWES simulation. Section 5.5 presents the results from 

the MVV research work. Finally, Section 5.6 draws common conclusions and discusses simulation 

verification and real-world applicability with regards to the simulation assumptions and model 

simplifications.  

4.2. Simulation System Design 

The simulation software developed by IWES models the behavior of ISET-BEMI+ (“BEMI”4) equipped 

Smart Houses in the electric distribution network. It is a discrete steady-state simulation with equidistant 

simulation stepwidth of at least 1 second. The overall simulation design comprises three modules: 

1. “BEMISim”: A Smart House simulator capable of modelling individual Smart Houses independently 

2. “BEMI_DSIF”: An interface module to a professional grid calculation software  

                                                           
4 BEMI: Bidirectional Energy Management Interface 
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3. “BEMIVis”: A user interface which can also implement generation of variable day-ahead tariffs provided 

to the Smart Houses  

SH/SG simulations use only the two first modules since the tariffs were created manually. All modules are 

connected via a simple, proprietary communication protocol using TCP/IP and can be distributed within a 

massively parallel computing system. Figure 19 shows a block scheme.  
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Figure 19: IWES simulation system block scheme 

The “BEMISim” module was implemented using C++. It includes different device classes for typical 

households: state-of-charge (SOC) devices (e.g. freezers) and fixed-program-schedule (FPS) devices (e.g. 

washing machines). Customer usage of devices was simulated using statistical approaches, which ensure 

that many individual household load profiles add up to known standard profiles. Photovoltaic generators 

were modelled using measured solar irradiation data. For tariff-based optimization, the simulation module 

uses the BEMI’s original energy management algorithms. The following paragraphs describe the used 

models. 

SOC device model5 

SOC devices get modelled by the class cSOC_Device, which implements a simple linear storage model. The 

customer interaction with these devices is modelled in the class cCustomer. The data model for cooling 

devices (fridges or freezers) is designed for direct data input into the BEMI management algorithms. It 

comprises the data values as shown in Table 5. Within SH/SG, only SOC devices are modelled that are 

independent from ambient temperature. 

                                                           
5 In the context of this study, considered SOC (state of charge) devices are fridges and freezers only. 
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Configurable Parameters Unit Value Meaning 

TotWav W 

See Step (iii) 

Nominal device power 

MaxOffTm sec Max. switch-off time with average Contents6 

MaxOnTm Sec Max. switch-on time with average Contents 

XswitchCost € ct 0.005 .. 0.02 Maximum cost per switching action 

Device Name -   

Model - - 1: Freezer 

2: Fridge 

3: Combined Heat & Power 

Calculated Parameters Unit Value Meaning 

SOC_Winps 1/s 1/MaxOnTm SOC increase per sec. if device switched on 

SOC_Lossps 1/s 1/MaxOffTm SOC decrease per sec. if device switched off 

XLowerSOCAllowed - -0.1 Absolute lowest SOC allowed7 

XUpperSOCAllowed - 1.1 Absolute highest SOC allowed 

Simulated values Unit Initial value Meaning 

Stor % Random Current SOC (per cent) 

Contents % Random Current content of cooling space 

Mains_connected binary 0 Current device switching state. 1=on. 

Customer interaction Unit Value Meaning 

content_reduce_open % 2 Content reduction on simulated opening of 

cooling device 

SOC_reduce_open_max % 3 Maximum SOC reduction on opening 

open_prob_day % 5..15 

(Model=1), 0..5 

(Model=2)  

Probability with which cooling device is 

opened at the beginning of each quarter hour 

between 5:00 - 24:00 

Table 5: SOC device parameters 

The values for the fixed parameters were derived from sources and measurements as explained in section 

4.3, step (iii). The customer interaction and switching cost values are based on assumptions. 

Within each simulation step i, the value Stor is calculated by  
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iStor  

where timepassed is the number of seconds passed since the last simulation step. The used dependency 

between content and SOC change gradient was derived from [Stadler 2005]. 

The class cCustomer additionally influences the SOC. Here, at the beginning of each quarter hour between 

5:00 and 24:00, it is randomly decided if the SOC device door is opened, where the probability for this is 

                                                           
6 The contents of a cooling device influence the device’s cold storage capacity. 
7 SOC has nominal value between 0 and 1, but can go beyond these limits. If the SOC breaches the 

XLower/XUpper tresholds, the device gets switched off/on regardless from the pre-calculated state plan and 

a reoptimization is done. 
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given by open_prop_day. If the device is opened at timestep i, then Stor(i) gets reduced by a random value 

between 0 and SOC_reduce_open_max and Contents is reduced by the fixed value content_reduce_open. 

If Contents drops below 10%, then it is increased again to a value between 60 and 100 %. This represents the 

customer re-filling the cooling device. This customer behavior is based on assumptions since there is no data 

available about this from the field trial B.  

Laboratory and field tests in SH/SG have shown that cooling device temperature principally show nonlinear 

behavior. However, linearization seems feasible if the temperature interval considered is within the range of 

5-7 degrees Celsius. Since the simulation assumes that the SOC devices are operated only within the secure 

temperature range given by the customer, it is thus feasible to use the linear model as first-order 

approximation. This is affirmed by the fact the field trial B web interface only allows customers to choose a 

temperature span of no more than 7 degrees.  

The accuracy of the customer model is yet unknown. Also, it shall be pointed out that there is no actual 

model of the device behavior independent from the BEMI management. If a flat tariff is given, the BEMI 

algorithms will control the device such that the SOC constantly oscillates between 0 and 1. This resembles 

the behavior of original cooling devices if the parameters MaxOffTm MaxOnTm are set to a narrow interval, 

which is not the case in the simulations carried out. This is because simulations were designed to compare 

the influence of tariff changes while cancelling out influences of device parameter changes. Hence, 

simulation results attributed to a single device are unknown in accuracy. Still, it seems unlikely that results 

attributed to a multitude of devices are qualitatively influenced by the inaccuracies. 

FPS device model 

The FPS device model simulates washing machines, tumble dryers and dish dryers. These devices run user-

prepared programs with pre-defined program runtime. The model is based on load curves which give the 

overall daily load transient attributed to the individual device group, regarding the consumption in whole 

Germany [Stadler 2005]. These load curves are shown in Figure 20. There, the energy value has been scaled 

to 1. The resulting curves are interpreted as a probability density function for the device operation. 
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Figure 20: Probability density functions for FPS device load transients 

The model implements a stochastic algorithm which calculates individual program runtimes for each device 

type while ensuring that with rising number of devices, the sum load curve converges to the known load 

curve. The latter is only valid for the case without BEMI Management. Table 6 summarizes the parameters 

used. Note that there are no parameters for customer interaction because these are derived from the 

stochastic parameters. 

 

Configurable Parameters Unit Value Meaning 

MaxOffTm sec See step (iii) Max. waiting time for program switch-on 

StartTime min 0 Earliest daily program start time 

DeadlineTime min -1 Latest daily program end time. -1=undefined 

Device Name -   

Model - - Device Type: 

1: Washing Machine 

2: Tumble Dryer 

3: Dish Cleaner 

Stochastic Parameters    

E_ges Wh See step (iii) Expectancy value of daily energy 

consumption attributed to device type 

Ev_BZ min 30 Exp. value of average daily device runtime 

Ev_BZ_frange % ±30 (Model=1), 

±20 (Model=2), 

±20 (Model=3) 

Parameter variation for Ev_BZ8 

p_off_day % 66 (Model=1), 

66 (Model=2), 

0 (Model=3) 

Probability with which the device is not used 

at a given day 

Ev_ontimes  2 (Model=1), 

2 (Model=2), 

1 (Model=3) 

Expectancy value for number of program 

runs per day, considering only days with at 

least 1 program run 

Ev_ontimes_frange  ±1 Parameter variation for Ev_ontimes 

P_on_frange % ±30 Parameter variation for TotWav 

                                                           
8 The stochastical parameters for an individual household get calculated randomly using the allowed 

parameter variation. 
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Calculated Parameters Unit Value Meaning 

TotWav W see text Nominal device power 

AvgOnTm sec see text Average program runtime 

Ev_BZ_day min see text Exp. value for daily device runtime, consider-

ing only days with at least 1 program run 

Simulated values Unit Initial value Meaning 

Mains_connected binary 0 Current device switching state. 1=on. 

Table 6: FPS device parameters 

At simulation start, each device is initialized and parameters are calculated as follows: 
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… where the function rand(±x) gives a random value where –x ≤ rand(±x) ≤ x. 

During the simulation, the model calculates an individual unmanaged program runtime schedule for each 

device at the beginning of each day. This schedule would be the result of user program preparations and 

does not consider any management. For this, it is first randomly chosen if the device is at all used on that 

day with regards to the parameter p_off_day. If the device is to be used, the number of the day’s program 

runs Ontimes, the runtime sum BZ and the single program runtime BZ_on are calculated: 

Ontimes

BZ
onBZ

frangeBZEvranddayBZEvBZ

frangeontimesEvrandontimesEvOntimes

=

+=
+=

_

)__(__

)__(_

 

Using these parameters, the individual program start and stop times are randomly chosen using the 

probability density functions as given in Figure 20 such that each program runtime equals BZ_on and the 

runtime sum BZ is reached. 

The resulting program schedule reflects the user’s decisions on the device usage if no BEMI management 

would be in place. During the course of the simulation, the BEMI management decides when the device shall 

be switched on. To model this, the program schedule is modified each time t_on at which the device is 

switched on by the BEMI such that no program runtime is lost, but all program runtimes are shifted to begin 

at or later than the time t_on. Thus, the device gets switched on immediately if at least one program runtime 

was scheduled to start before t_on. If this is the case for more than one program runtime, all these runtimes 

get shifted to later times than t_on with constant pauses of 10 minutes between program runs and with 

regards to not overriding runs that were already scheduled.  

If a program run accordingly cannot be carried out on the current day, that program run is taken over to the 

following day. This model basically mimics the user being aware of the BEMI management and preparing 

the device anew as soon as possible after the BEMI has carried out a program run. Again, it was not checked 

if field trial users did show this behavior because there was no data available for this.  
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Model for unmanaged loads 

Unmanaged household loads are modeled using the VDEW H0 standard load profiles [Vattenfall Trading 

2009]. These load profiles are an average expectancy value for the daily transients for household loads. They 

are only valid for an aggregated number of households. There are different profiles for weekdays, Saturdays 

and holidays/weekends as well as summer, winter and spring/fall. Furthermore, a dynamization factor is 

applied to reflect that energy consumption is higher during the winter and lowest during the summer. The 

profiles are used by grid operators and energy providers to calculate energy delivery to standard load 

customers. However, they do not reflect a specific customer group, like urban residential customers as 

considered within the SH/SG field trial. However, they still resemble typical private user’s application-

driven energy usage, like morning and evening peaks on weekdays and lunchtime peaks on Sundays. 

If the profiles are again scaled to have energy of 1, they again can be interpreted as probability density 

functions. Hence, the model calculates individual household load profiles using an average maximum 

household power P_max, a minimal power P_min and the yearly energy consumption E_a as configurable 

parameters. For this, the currently valid load profile P_load is calculated at the beginning of each day by 

scaling the original VDEW H0 with regards to E_a and interpolating as to get a minute-precise profile. Also, 

the known load profiles of the managed loads are subtracted. Subsequently, an individual household load 

profile P_hhload is calculated as follows: 

1. set inc_last=1 

2. For each minute t of the day, do subsequently: 
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Here, the function rand(x..y) is giving a random value in the interval [x..y]. The additional parameter P_uprel 

influences the load curve such that load peaks between P_load(t) and P_max are getting less likely with 

rising value of P_uprel. In the SH/SG simulations, P_uprel=12 was chosen as this was observed to yield 

feasible individual load curves when compared to references from [VDI 2009]. 

The simulation results are stored in a proprietary data format and evaluated using Matlab®. Figure 21 

shows an example result. Two weekdays were simulated with 1000 households, each equipped with SOC 

and FPS-devices and unmanaged loads. Approx. 50% of the total household energy consumption was 

attributed to managed loads. The left side of the figure presents the case in which BEMI management yet is 

present, but a flat tariff was given. The sum load profile matches the VDEW H0 standard profile. The SOC 

load is nearly constant and the FPS load resembles a combination of the known FPS load profiles. At the 

second day, BEMI management leads to a significant load shift to the time around 12:00 due to the tariff 

being minimal at that time. Also, individual loads of one of the households are shown. There, it can be seen 

that the load profiles are stochastic in nature and that the SOC loads are obviously controlled by the BEMI 

such as to exploit lower prices. However, by using field test results, it was observed that the SOC load 
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shifting potential was assumed to be too high with this example. The according parameters were changed 

for the SH/SG simulations. 
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Figure 21: Example simulation results 

Network simulation 

The “BEMI_DSIF” Module interfaces the simulation system to the professional grid calculation software 

PowerFactory from DIgSILENT. This enables all PowerFactory functions to be used by the simulation, thus 

allowing for most flexible graphical distribution grid modelling. For the SH/SG simulations, the load-flow 

calculation functionality was used in order to automatically calculate steady-state grid node voltages, line 

and transformer loads and losses after each simulation step.  

4.3. Simulation Methodology and Assumptions 

The simulations carried out by IWES included the following steps: 

(i) Input of network topology and customer data as provided by MVV into the simulation system. This step 

included an appropriate data conversion process. 

(ii) Performing pre-simulations by applying fixed loads to each network connection point (PCC) and 

carrying out load-flow calculations in order define network configurations for further simulation. Some of 

these configurations should resemble network deconstruction scenarios. 
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(iii) Defining parameters for the household simulation BEMISim and performing the actual simulation runs, 

resulting in trajectories of load-flow calculation results 

(iv) Defining and calculating characteristic values from the trajectories which would allow for quantitative 

result analysis and comparison 

The following sections summarize the work done within each step. 

Step (i): Input of the network topology and customer data 

The network topology data provided by MVV included: 

• a topological network plan containing network nodes, connections between LV and MV network and 

cable interconnections between the nodes.  

• an Excel file depicting cable types and lengths of cable interconnections between the nodes as well as an 

attribution of interconnections to street names.  

• an Excel file attributing PCCs within the network to street names, house numbers, numbers of 

accommodation and business units and electric energy consumptions. 

• an Excel file giving technical data of the grid stations, including the transformer data. 

This data was available within MVVs network planning and modeling software tool. Given the modularized 

layout of the IWES simulation, it would have been technically possible to connect the two tools. However, 

this was considered unfeasible to be done within the project scope. Hence, it was decided to extract the 

topology data from the MVV software for conversion and input into the network calculation program used 

by IWES.  

Considering the simulation goals on the one side and restricted project resources on the other, a compromise 

had to be made about the detail grade of the network model. It was decided not to implement the utmost 

possible detail grade, since the cost of resources would have been too high compared to the expected 

improvement in the simulation outcome. Hence, several approximations were made for simplifying the 

model.  

Within this process, the topological data was converted into a schematic network plan in order to use an 

automatic network generator tool developed for the IWES simulation software. Since the data does not allow 

one-to-one attribution of cable interconnections and PCCs, distribution of PCCs amongst the cables was 

estimated using the relative cable lengths and approximated numbers of apartment units per 

interconnection. Business units were omitted since the simulation is focused on private homes only. Smaller 

grid feeders with one-sided in-feed were omitted too. The number of apartment units per PCC was averaged 

for the according cable interconnection. Furthermore, it was found that some cable interconnections are 

composed of sections of different cable types. For model simplification, it was decided to use a single type 

which would best resemble the electric characteristics of the real types used. However, since the network 

area considered is part of yet a new settlement, most interconnections use a standard cable type which was 

modeled as-is. 

Furthermore, the considered grid area is not only connected via MV transformers to the rest of the network, 

but also by four LV lines connecting to neighboring grid cells. These lines were modelled, but left open 

throughout all simulation runs. This matches the situation in reality, because the grid operator only rarely 

closes these interconnections manually if secure grid operation would be compromised otherwise.  

The result is an exemplary network which is considered to model part of a real grid area with adequate 

detail level, thus being close to what can be expected to be found in a typical urban settlement of today. 

However, application of the results in the real network would first need reconsidering if the results still hold 

against the simplifications, followed by real-field measurements in order to verify the simulation. However, 

this is outside the scope of project SH/SG WP4. 
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The simulation core carries out consecutive load-flow calculations to determine quasi-steady grid states at 

the end of each simulation step. Load flow is calculated using a standard 3-wired model, which means that 

asymmetric connection of loads and generators could be considered, but the neutral wire load is omitted. 

Three phased generators connected to the PCCs are assumed to be connected symmetric. Single phased 

loads, which are typical within the LV network, are assumed to be connected to one single phase at each 

PCC, where the phase used for this is shuffled from one PCC to another. It should be noted that this is a 

near-ideal assumption for symmetric connection of loads. However, researching effects of asymmetric 

connection is not in the scope of the simulation. 

Figure 22 shows a simplified schematics of the network. Note that not all nodes and lines are shown and that 

single lines shown in the figure may resemble up to four parallel lines in the network. The numbers and 

letters near the nodes are put for later reference. The italic numbers depict rounded line lengths to give an 

indication about the grid topology and PCC numbers. A total of 163 PCC is distributed along the grid 

connection lines. A total of of 309 private customers are connected to these PCC. The number of private 

customers connected to individual PCCs is not constant. For example, in one street there are 2.5 customers 

connected to each PCC, where in another there are three PCCs but only two private apartments connected. 

The IWES simulation system was adapted to model a variable number of households connected to a given 

subset of subsequent PCCs connected to the same grid line. The customer data from MVV was converted to 

resemble these figures. 

Note the line piece leaving busbar 1 marked red, which represents a line piece where the cable type 

NYY4x50SM was used. This line piece is subject for overload due to very high in-feed or load at the PCCs. 

Also note that the four LV connections to neighboring grid cells are located near to nodes 1, 4 and 6. The MV 

connections at nodes A, B and C were modelled by using transformers connected and configured as given by 

MVV station data. The MV side of these transformers was directly connected to a MV busbar with voltage 

setpoint of 1.01 * 20 kV. This busbar also acted as the slack node for load flow calculations.  
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Figure 22: Simplified schematics of the grid used for simulation as derived from topology data 
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Step (ii): Pre-simulation test runs 

With the network being input into the grid calculation software, some pre-simulation tests were done. 

Different configurations of network breakers at LV-MV connections A, B and C as well as the LV-LV cell 

interconnections were considered.  

To gather information about the network operation, all PCCs were loaded with the same active power 

values P. The following table shows values for the node voltage absolutes relative to the nominal voltage of 

0.4 kV. Negative values of P mean power in-feed. Additionally, the maximum load of all transformers is 

given, which arises due the active power in-feed/load at the PCCs, reactive power demands of the grid lines 

and grid losses.  

 

P -10 kW -5 kW 5 kW 10 kW 

A +0.8 +0.4 -0.5 -1 

B +0.4 +0.2 -0.2 -0.5 

C -0.1 ±0 ±0 +0.1 

1 +2.8 +1.4 -1.5 -3.2 

2 +1 +0.5 -0.5 -1.1 

3 +0.4 +0.2 -0.2 -0.4 

4 +6.6 +3.4 -3.6 -7.5 

5 +3.4 +1.7 -1.8 -3.8 

6 +1.1 +0.6 -0.4 -2.3 

7 +5.5 +2.8 -3 -6.2 

Max. trans-former load  68% (A) 35%(A) 36%(A) 73%(A) 

Max. line- load 103% 53% 56% 115% 

Table 7: Voltage absolutes relative to nominal voltage at the network points depending on the PCC load 

or in-feed9 

The result is that grid nodes 4 and 7 are most sensitive for voltage deviations. This was to be expected since 

these nodes represent the end of one-side fed network lines. Amongst the other nodes, 1 and 5 are most 

sensitive. Apart from that, it should be noted that the voltage threshold in the low-voltage grid of ±10% valid 

for Germany [IEC 2008] is not exceeded in any considered case and the transformers are not overloaded.  

However, in the case of 10 kW and -10 kW, the line load of the line marked red in fig. 1 exceeds 100%. This 

situation is but unlikely to take place in reality. A PCC represents two apartments in average. Some PCCs 

also represent one-family houses, while others represent multi apartment houses. Installing 10 kWp in-feed 

at each connection point would need an area of well over 70 m² to be equipped with photovoltaics given a 

peak irradiation of 1000 W/m² and PV system efficiency factor of 14%. Equipping each PCC with such a PV 

system would be equivalent to approx. 18% of the network area10. However, such an extent of in-feed still 

would only cause the voltage levels as given in Table 1 if no load was applied at all in the whole network, 

which is technically possible, but unlikely to happen. On the other side, a simultaneous load of 10 kW at 

each PCC – which would break down to 5 kW per apartment - can also be considered to be unlikely in 

today’s grid situation. This is because typical household loads of today, like ICT appliances up to electric 

cooking devices and tumble dryers have typical peak powers 4 kW at maximum on the one hand and are not 

operated simultaneously on the other. However, two effects may contribute to a change in this situation:  

 

                                                           
9 Values given in per cent (%). All MV connections closed, LV connections open 
10 The residential part of the network is sized approx. 65,000 m² according to Google Maps 
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1. The operation of high-power loads that show high simultaneous use, e.g. plug-in hybrid or electric cars 

charged at night or heat pumps. In order to coutereffect this, Mannheim’s grid operator does already 

recommend or enjoin the use of control devices for avoiding simultaneous switch-on of high-power 

loads [24/7 Netze 2008]. 

2. The application of automated energy management devices that increase the amount of simultaneously 

operated electric loads. With the BEMI, this must be avoided very carefully by day-ahead tariff design, 

since even simultaneous operation of one plug-in hybrid vehicle with 3.2 kW and a tumble dryer with 

peak power of 2-3 kW is enough to temporarily exceed the limit of 10 kW power per PCC.  

The load-flow calculations were repeated for several other network topologies. From the results, three 

topologies were chosen for further simulation:  

1. Topology 1: all LV-LV breakers open, all LV-MV breakers closed 

2. Topology 2: all LV-LV breakers open, all LV-MV breakers B & C closed 

3. Topology 3: all LV-LV breakers open, all LV-MV breakers A & C closed 

The simulation was modified as to record voltage absolutes at the critical network nodes identified in step 1 

as well as to record maximum line and transformer loads and total line and transformer losses. Table 8-Table 

10 denote the relative voltage absolutes for the grid nodes 1,4, 5 and 7 as well as maximum line and 

transformer loads for the different load and topology scenarios.  

  

P [kW] -10 -5 5 10 

∆∆∆∆U1 [%] 2.8 1.4 -1.5 -3.2 

∆∆∆∆U4 [%] 6.6 3.4 -3.6 -7.5 

∆∆∆∆U5 [%] 3.4 1.7 -1.8 -3.8 

∆∆∆∆U7 [%] 5.5 2.8 -3.0 -6.2 

Lmax,tr [%] 68 35 36 73 

Lmax,ln [%] 103 53 56 116 

Table 8: All LV-LV breakers open, all LV-MV breakers closed (Topology 1) 

P [kW] -10 -5 5 10 

∆∆∆∆U1 [%] 11.2 5.9 -6.9 -15 

∆∆∆∆U4 [%] 13.0 6.8 -7.9 -17.4 

∆∆∆∆U5 [%] 8.8 4.6 -5.3 -11.7 

∆∆∆∆U7 [%] 6.1 3.1 -3.5 -7.3 

Lmax,tr [%] 91 47 53 113 

Lmax,ln [%] 160 82 93 204 

Table 9: All LV-LV breakers open, LV-MV breakers A & C closed (Topology 2) 

 

P [kW] -10 -5 5 10 

∆∆∆∆U1 [%] 3.1 1.6 -1.8 -3.7 

∆∆∆∆U4 [%] 7.6 3.9 -4.3 -8.9 

∆∆∆∆U5 [%] 4.9 2.5 -2.8 -5.8 

∆∆∆∆U7 [%] 8.4 4.3 -4.7 -10 

Lmax,tr [%] 90 46 49 100 

Lmax,ln [%] 112 57 61 127 

Table 10: All LV-LV breakers open, LV-MV breakers B & C closed (Topology 3) 
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Step (iii): BEMISim simulation parameterization and carrying out simulation runs 

The MVV data denotes individual household yearly energy consumption. The average single household 

consumption results in 3,300 kWh/a. Since results about household energy consumption from D4.1 predict 

no significant increase in the coming years, this value was used for the simulation unchanged. 

Figures from D4.1 were used to distribute this consumption to applications (see Table 11). 

 

Application 
Relative 

consumption 

Absolute average 

consumption [kWh/a] 

Fridges 11% 363 

Freezers 11% 363 

Washing Machines  7% 231 

Dish Cleaners 7% 231 

Tumble Dryers 10% 330 

Non-controllable 54% 1,782 

Sum 100% 3,300 

Table 11: Distribution of smart house energy consumption to applications 

It was assumed that each of the households was equipped with each one of the controllable applications. 

This leaves two State of Charge (SOC) devices and three Fixed-Program Schedule (FPS) devices with each 

household. For the FPS devices, the simulation uses a stochastic model. Each household was equipped with 

one washing machine, dish cleaner and tumble dryer. Expectancy values for daily energy consumption 

(E_ges, see Table 6) were set to 633, 633 and 904 Wh respecively. These values were chosen such that the 

yearly device consumption relative to the household’s average consumption would match the ones shown in 

Table 11. For the maximum switch-off time of an FPS device (MaxOffTm), six hours were assumed.  

For the SOC devices, results from laboratory and field tests were analyzed. Hence, maximum switch-off and 

switch-on times (MaxOffTm, MaxOnTm) along with parameter variation intervals were chosen as denoted in 

Table 12.  

 

Fridge 
MaxOnTm 4800 sec +- 20 % 

MaxOffTm 7200 sec +- 20 % 

Freezer 
MaxOnTm 3430 sec +- 40 % 

MaxOffTm 8100 sec +- 30 % 

Table 12: SOC device model parameters derived from measurements 

The average nominal power TotWav of the SOC devices was chosen such as to reach the 22% energy 

consumption share. This results in 105 W for fridges and 135 W for freezers. There was no reactive power 

loading considered. 

On the generation side, a high amount of in-feed by PV was to be assumed in order to see if smart houses 

could benefit grid operation in such cases. The overall PV peak power in the network was chosen to be 350 

kW. This is equivalent to approx. 2.14 kWp installed PV power per PCC. The simulations only considered 

active power in-feed; thus, PV generation was modeled with cos phi = 1. Irratiation data measured in Kassel 

during 2005 was used because there was no such data available for Mannheim. Using this data was feasible 

since the simulated scenarios are not valid for a specific location only and the daily solar irradiation 

transients can be considered as examples for possible transients in Mannheim too. PV data was taken from 

Saturday, June 18th to Thursday, June 22nd 2005. The used data for VDEW H0 profiles also refers to that time 

interval.  
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In order to get an appropriate performance, the main simulation runs were done for 6 subsequent simulated 

summer days with a simulation stepwidth of 5 minutes. As shown in Figure 23, there is almost no 

disturbance of the PV in-feed by clouds during 4 of the 6 days. The load follows the VDEW H0 profile and 

shows typical peaks at Saturday (first day), Sunday (second day) and weekdays (others). Except from the 

Sunday, the load curve shows poor correlation with the generation curve. 
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Figure 23: PV in-feed (red) vs. total (black), SOC (blue) and FPS (green) load with flat tariff 

As explained in the previous section, device models do not allow simulating device operation totally 

independent from BEMI management. In order to create an overall situation which would resemble the case 

in which no management was carried out, a constant tariff profile of 20 ct/kWh was given to the BEMIs (“flat 

tariff”). As can be seen from Figure 23, the SOC load in this case is nearly constant and the sum load adds up 

to the VDEW H0 load profiles for high numbers of households. Hence, the flat tariff case is chosen as the 

reference scenario and comparison basis for any of the three topologies. 

In order to create a “Smart House” scenario, a tariff profile was to be chosen such that smart houses would 

shift as much load as possible into times of highest PV in-feed. From simulation results with the flat tariff, it 

was expected that such a “PV tariff” would also yield positive effects on line losses, line loads and node 

voltages. Given the fact that there was no “Pool-BEMI” model available which would automate the process 

of finding a PV-tariff automatically, several test runs with different tariff profiles were done. It was assumed 

that price profiles with only two price levels were allowed, as is the case in the field trial B. It was found that 

dividing the whole smart house group into three subgroups of the same size and providing individual tariffs 

to each group would result in an overall load that would produce a good match the PV in-feed on a sunny 

day and reduce the line losses significantly. Thus, the following tariff structure was chosen as PV tariff: 

Price group 1: Low price (15 ct/kWh) during 11:00-12:59, else standard price (20 ct/kWh) 

Price group 2: Low price (15 ct/kWh) during 11:00-13:59, else standard price (20 ct/kWh) 

Price group 2: Low price (15 ct/kWh) during 11:00-13:59, else standard price (20 ct/kWh) 



  D4.2 Simulation programme and results  

 

 

  41/66 

It’s important to see that these prices are purely fictional and can not be used for any economic analysis. 

More precisely, the BEMI management result is independent from the average price level and even 

independent from the difference between low and high price level. That means if, e.g. 14 ct/kWh low price 

and 15 ct/kWh standard price were chosen, the management would still result in the same load curves.  

In the following sections, the time interval of 11:00-13:59 of each simulated day is designated as “low price 

time”, while the rest of the day is designated “high price time”. Figure 24 shows the simulation result for the 

PV tariff. A significant load shift to the low price time can be observed when compared with Figure 23. The 

load shift is mainly attributed to FPS devices. The maximum load switched on during low-price times as 

compared to the base tariff case is in the range of 300 W per household. 
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Figure 24: PV in-feed (red) vs. total (black), SOC (blue) and FPS (green) load with PV tariff 

The PV tariff was designed as to shift loads into times of high PV in-feed. To quantify this effect, the residual 

load power P_res can be used, which is defined as: 

P_res(t) = P_load(t) – P_gen(t) 

where P_load is the total load and P_gen is the total generation power. Thus, values of P_res(t) near zero 

indicate a better match between load and generation; negative values indicate that there is a power flow 

leaving the considered network area (exports). Figure 25 compares the residual load in the flat tariff and PV 

tariff cases for the second simulated day. The PV tariff contributed to balancing load and generation, but it 

can also be seen that this effect is relatively small when compared to the minimum residual load. 
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Figure 25: Residual load with flat tariff (grey) and PV tariff (black) at day 2 

From comparing managed and unmanaged load curves, it can also be observed that just before and after the 

low price times, the managed load is slightly higher than the unmanaged load. This can be attributed to the 

fact that SOC device operation is shifted from times before and after the low price times into the low price 

times. The latter effect can also be seen in Figure 25 and has to be remembered since simulation results show 

that this can actually cause new maxima of transformer and line load transients. 

Step (iv): defining characteristic values from the simulation results, analysis and conclusion  

As a result of the parameter and scenario definition of step (iii), six simulation runs were carried out: 

topology 1, 2 and 3, each carried out for the flat tariff and PV tariff. The results are summarized in the next 

section. 

4.4. Simulation Results 

The results for the individual simulation runs as introduced in section 4.3 are trajectories of grid operation 

parameters over time. Figure 26 gives an example. Here, line losses for the topology 2 case are shown for the 

second simulation day. Trajectories for the flat tariff and PV tariff are compared. It can be observed that line 

losses are smaller in the PV tariff case during the low price time, but at other times exceed the line losses in 

the unmanaged case. Concerning the line loss energy, a reduction of about 8% was reached in this 

simulation run, hence line loss savings are predominating. 
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Figure 26: Line losses with flat tariff (grey) and PV tariff (black), day 2, topology 2 

As another example, Figure 27 shows the absolute average phase-to-ground voltage of node 4 as result of the 

same simulation run. It can be observed that the node voltage in the low-price time of the PV tariff is 

reduced as compared to the flat tariff situation. However, the overall maximum voltage for that day is not 

reduced in the PV tariff case. Instead, a new maximum was created outside the low price time that even 

exceeds the maximum of the flat tariff case originally created by high PV in-feed. Hence, it is concluded that 

the chosen tariff is not suited for reducing voltage maxima in the network. However, the PV tariff could still 

contribute to voltage control in the network and lower the need for implementing other measures, e.g. 

reactive power in-feed by PV generators. This again could yield economic benefit in total and should be 

subject to further research.  

From the results, it can also be assumed that any load-shifting tariff has to be designed in order to meet a 

certain goal and that reduction of line and transformer losses, loads as well as voltage control and load-

generation balancing each define individual goals. Thus, individual tariffs are needed to meet the given goal 

optimally. 
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Figure 27: Absolute phase-ground voltage at node 4 with flat tariff (grey) and PV tariff (black), day 2, 

topology 2 

For summarizing and analyzing the results, the following values were derated from the transients: 

• the overall energy consumption Econs, generation Egen and imported energy to the grid area Eimp (all 

timesteps sum) 

• the exported energy from PV installed within the grid area EPVexp and the locally used energy from PV 

EPVcons (all timesteps sum) 

• the total active power losses over distribution lines ELloss (all timesteps sum) 

• the total active and reactive power losses over distribution transformers ETloss (all timesteps sum) 

• the node n amongst nodes 1,4,5 and 7 where the maximum voltage absolute occurs (over all timesteps)  

• the peak11 voltage Un,maxPV at node n during 11:00-13:59 (low price time)  

• the peak4 voltage Un,maxother at node n at all other times (high price time) 

• the average voltage Un,avgPV at node n during 11:00-13:59 (low price time)  

• the average voltage Un,avgother at node n at all other times (high price time) 

• the peak4 line loading LLPVmax and transformer loading LTPVmax during 11:00-14:00 (low price time) 

• the according peak during all other times LLPVother and LTPVother (high price time) 

• the average low-voltage distribution line loading LLavgPV and transformer loading LTavgPV during 11:00-

14:00 (low price time) 

• the according averages during all other times LLavgother and LTavgother (high price time) 

                                                           
11 Note: all peaks are calculated as mean value from the 10 highest values to cancel out noise peaks. 
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Due to the PV tariff design, it is expected that the values Eimp, ELloss and ETloss as well as voltages, line and 

transformer loadings during low-price times are reduced in the PV tariff cases as compared to the flat tariff 

cases.  

All value results are summarized in Table 13. Note that the “flat tariff” case for topology 1 was carried out 

six times with unchanged parameters. This was done in order to quantify the stochastic variation between 

different simulation runs for the topology 1 flat tariff case. Value changes that occur after a tariff change thus 

can partly be attributed to that tariff change if they exceed the variation limits. For the other topologies, the 

variations may also serve as an approximation. In general, topology change alters the absolute values 

because of changes in power flow, but there is no reason to assume that it also alters the relative variation.  

 

 Topology 1 Topology 2 Topology 3 

Flat tariff* PV tariff Flat tariff PV tariff Flat tariff PV tariff 

Econs [kWh] 14,464 (±72) 14,585 14,401 14,424 14,451 14,516 

Egen [kWh] 14,397 (±0) 14,397 14,397 14,397 14,397 14,397 

Eimp [kWh] 6,188 (±46) 6,032 6,226 5,964 6,206 5,925 

EPVexp [kWh] 6,137 (±42) 5,844 6,223 5,937 6,149 5,806 

EPVcons [kWh] 8,260 (±42) 8,553 8,174 8,460 8248 8,590 

ELloss [kWh] 37.1 (±0.4) 34.0 50.6 46.6 94.3 85.5 

ETloss [kWh] 267.0 (±0.2) 265.8 190.8 188.9 190.3 188.2 

n [node Nr.] 4 4 4 4 4 4 

Un,maxPV [V] 235.7 (±0.2) 234.9 236.2 235.4 237.8 236.4 

Un,maxother [V] 235.5 (±0.1) 235.7 236.0 236.2 237.3 237.9 

Un,avgPV [V] 235.3 (±0.1) 234.4 235.7 234.7 237.1 235.3 

Un,avgother [V] 232.9 (±0.01) 233.0 232.9 233.0 232.7 232.9 

LLmaxPV [%] 12.8 (±0.6) 9.6 14.0 10.6 18.9 13.4 

LLmaxother [%] 13.6 (±0.6) 13.7 14.2 14.6 18.5 19.7 

LLavgPV [%] 10.8 (±0.5) 7.6 11.7 8.2 16.0 9.8 

LLavgother [%] 6.2 (±0.1) 6.3 6.7 6.8 8.5 8.9 

LTmaxPV [%] 20.2 (±0.8) 13.8 28.1 20.4 27.4 19.3 

LTmaxother [%] 20.0 (±0.3) 21.6 28.1 29.8 27.1 29.1 

LTavgPV [%] 17.2 (±0.7) 10.1 23,6 14.7 23.4 13.7 

LTavgother [%] 9.1 (±0.1) 9.7 12.7 13.2 12.4 13.0 

Table 13: Characteristic values derived from the simulation results 
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4.5. Summary and Conclusions 12 

From the results, it can be concluded that in any network topology, introduction of the PV tariff does 

increase the locally used PV and decrease energy imports into the network area. However, although these 

changes can be attributed to the tariff change, they are merely marginal: over all simulation runs, the average 

import savings are 3.7%, PV export decreases by an average of 5% and locally consumed PV increases by 

average 3,7%. This small effect can be attributed to the fact that the used tariff has only got a short low-price 

time, which was chosen to reach a higher effect on grid losses. Choosing a longer low-price time would also 

have resulted in a much lower load increase reply, thus not necessarily resulting in better load-generation 

balancing.  

The PV tariff is reducing network line active power losses in any topology case. The loss savings are about 

8% (Topology 1), 8% (Topology 2) and 9% (Topology 3). It should be noted that line losses shown in the table 

are a result of integration over the whole simulated time period. Hence, the savings in line losses achieved 

during low-price times are not over-compensated by additional losses that were observed to be caused by 

load switch-off during high-price times. The latter behavior does affect grid operation parameters (see 

line/transformer loadings and voltages).  

On the downside, the savings in transformer active power losses are lower than 1% (Topology 1), 1% 

(Topology 2) and 1.1 % (Topology 3). Though marginal, they can be considered to be caused by the tariff 

change. Still, transformer losses exceed line losses by factor 7-8 (Topology 1), 4 (Topology 2) and 2 (Topology 

3). Also, 42 kWh (Topology 1) resp. 28 kWh (Topology 2,3) are attributable to no-load transformer losses, but 

even if the loss savings are attributed only to the rest, the maximum saving is no higher than 1.3 % 

(Topology 3). However, transformer loads are reduced more significantly during the low price times (see 

below). 

Node 4 shows highest voltages for any simulation run. There is significant voltage decrease at this node due 

to the PV tariff during low-tariff times. This is valid both for maximum as well as average values. The PV 

tariff reduces the maximum value by 0.8 V (Topology 1), 0.8 V (Topology 2) and 1.4 V (Topology 3). Average 

voltage values are decreased by 1.1 V (Topology 1), 1 V (Topology 2) and 1.8 V (Topology 3). For 0.2 V resp. 

0.1 V of this, it is considered uncertain whether this is caused by the tariff change. However, load switch-off 

during high-price times seems to cause slight increases in maximum / average voltage of about 0.2 V 

(Topology 1), 0.2 V (Topology 2) and 0.6 V (Topology 3) resp. 0.1 V (Topology 1), 0.1 V(Topology 2) and 0.3 

V (Topology 3) during these times. However, in topology 1 and 2 cases it is uncertain if this can be attributed 

to the tariff change at all. 

Quite a similar effect is observed with the line and transformer loadings. Here, one additional effect comes in 

place: as can be seen from line loading results for the flat tariff cases, maximum values are not necessarily 

observed during high PV in-feed times in the first place. More specifically, loading maxima are also found in 

the evening ours at around 20:00 PM due high load and low PV in-feed. Quite high loadings are also be 

observed before and after the low-price times. With the PV tariff, the new maxima are consequently found at 

the evening or just before or after the low-price times. In effect, the PV tariff is unable to reduce overall 

maximum line and transformer loadings, but instead increases them by up to 1.2 % (max. line loads, 

Topology 3) resp. 2% (max. transformer loads, Topology 3). Only during the low-tariff times of the PV tariff 

a significant reduction both in line and transformer loads can be observed ranged from an absolute 3.4 % 

(Topology 1) to 5.5 % (Topology 3) for the line loads resp. 6.4 % to 8.1 % for the transformer loads. The same 

effect applies also for the average line and transformer loads: the values are slightly increased during hi-

tariff times, but significantly reduced low price times. The reductions here reach an absolute 3.2 % to 6.2 % 

(average line loads) resp. 7.1 % to 9.7% (transformer loads). It should be noted that the loading rates are far 

too low to cause any network problems in all scenarios. However, the results also show that tariff incentives 

                                                           
12 The figures in this section denoting absolute or relative result value changes refer to the total value change. 

It is indicated if it’s questionable whether most of these changes can be attributed to the tariff change (and 

thus smart house behaviour). 
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are an appropriate measure to lower average and maximum line and transformer loadings during a 

restricted time (for a period of 3 hours in the simulations) at the cost of slight increases during other times. 

This could be used to counteract a short-term overload using a specifically designed tariff or an intraday 

tariff change.  

Overall, the simulations indicate that the PV tariff met the expectations, but in some cases merely marginally 

changed the characteristic values. Contribution to reducing line losses is significant because the PV tariff was 

specifically designed for this. Judged from voltages, line and transformer loadings, the results indicate that 

weaker grids (Topology 2 and 3) benefit more from the tariff effects. The merely marginal effect on 

decreasing energy imports and increasing locally used PV can be attributed to the high PV installed power 

and the restricted long-term load management potentials indicated by energy butler testing in a private 

household and preliminary field trial results from Mannheim. 

The question if introduction of load management to the chosen devices is still economically feasible 

considering this small potential is out of the scope of this simulation. However, it should also be kept in 

mind that the simulations indicate that the tariff incentive influences a broad range of network operation 

parameters, thus enabling a whole lot of applications. Identifying the economically most promising 

applications which arise in combination of variable tariffs with alternative smart grid technologies is a 

question for further research. 
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5. Support of Middle-Voltage Island Grid Operation by Smart Houses  

5.1. Introduction: Case Study C 

In order to examine the contribution of the mass application of intelligent meters to the optimization of the 

operation of the electricity grid, the autonomous power system of Crete is simulated. Various levels of 

intelligent meters’ penetration are considered. For each one of them steady-state analysis of the system is 

performed. 

The software package Eurostag is put to use as a simulation tool. Eurostag performs load flow analysis as 

well as simulation in the time domain. Modeling of the system includes the components of the transmission 

system (lines, transformers, loads) as well as its dynamics such as generators, voltage and frequency 

regulators and renewable energy sources. Prior to the load flow analysis, an economic dispatch algorithm is 

applied, while the simulation is performed on an hourly basis for an entire year. 

Since the target year is 2030, the configuration of the Cretan system is made by taking into account 

projections regarding the electricity consumption, units’ decommissioning program as well as the expected 

integration of new production units. For the transmission network topology only the necessary grid 

reinforcements are considered. 

Apart from the steady-state simulation, transient analysis is performed in order to examine the ability of 

controllable loads to contribute to the stability of the system during emergencies. Two cases are examined: 

the first corresponds to a day of low load level and the second to a day of maximum load level. 

The results indicate that controllable loads enabled by smart metering improve the operation of the 

electricity grid during normal operation from an economical point of view, while in case of emergencies they 

contribute to averting a generalized outage. 

5.2. Simulation Procedure 

5.2.1. Steady-State Analysis 

Figure 28 illustrates the flowchart of the hour-by-hour simulation of the power system for the steady-state 

analysis. For each hour of the year, data regarding electricity consumption, wind velocity and solar 

irradiation patterns are combined with a recursive procedure that takes into account the technical minima of 

the committed units. Thus, the maximum allowed power from RES that ensures secure operation of the 

autonomous system is calculated. Furthermore, unit commitment and economic dispatch is performed 

taking into account the unit maintenance program and the necessary spinning reserve. With all the 

parameters of the system configured, load flow analysis is performed. 

In the paragraphs below, each module of the flowchart is described in more detail. 

Maximum allowed power from Renewable Energy Sources (RES) 

In autonomous power systems a maximum penetration level of intermittent power sources (such as wind 

power in the range of 25%-40% of total load) is usually considered. In this study the maximum penetration 

level is assumed to be equal to 40%. 

The wind power is also limited by the technical minimum of the units. The aggregated technical minimum 

of committed units is determined by the following recursive procedure: 

1. At first it is assumed that all available wind power can be injected to the system. 

 avWW PP _=  (1) 

where PW is the wind power injected to the system and PW_av is the available wind power. 

2. The conventional units are committed according to their merit order, so that their total maximum power 

is adequate (eq. (2)). 
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∈

−−+≥
Ai

PVWSRL
i PPPPPmax  (2) 

where iPmax  is the maximum power injected to the system by unit i, PL is the load of the system, PSR is the 

spinning reserve, PW and PPV are the wind and solar power injected to the system. 

In that case the maximum wind power that can be absorbed is equal to: 

 ∑
∈

−−=
Ai

i
PVLW PPPP minmax  (3) 

3. In case PW_max is less than the available wind power PW_av, then it is assumed that PW=PW_max and the 

procedure is repeated from step 2. Otherwise it is considered that PW=PW_av and the procedure is 

terminated. 

 

Figure 28: Hourly simulation flowchart for the steady-state analysis 

Unit maintenance program 

A maintenance schedule for units is based on the current maintenance practice and is modified to include 

future installations. 

Unit commitment 

The criteria of unit commitment are related to fuel consumption, previous status of the unit and load 

prediction. More specifically, the following rules are taken into consideration for unit commitment in the 

system under study: 

• Renewable energy sources are committed in first priority as long as their contribution does not exceed 

the limit of PW_max or 40% of total load. 

• Conventional units are committed according to a priority list (merit order). 

• Steam units are always committed in the system, unless they are on maintenance. 
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• Combined cycle units are turned off only once a week (during the weekend) when loads are lower. In 

that case they are not allowed to be committed before Monday morning. 

• Diesel units can be switched off only three times per week. A diesel unit is also committed only in cases 

where it is expected to be necessary for at least six hours. Otherwise a gas turbine unit is committed. 

• There is no constraint in switching off and on gas turbines, so they are used during peak loads during 

the day. 

Spinning reserve 

The spinning reserve required is determined so that the following constraints are valid: 

1. It is greater than the 15% of total load 

2. It is greater than the wind power production 

3. It is greater than the maximum generation of compatible units. 

Economic dispatch 

The economic dispatch problem can be formulated as follows: 

The objective function to be minimized is as follows: 

 ( )∑
=

=
M

m

t
mG

t
mG

t
TC PCC

1
,,min  (4) 

where t is the time interval, M is the number of generation units biding in the energy market, t
mGC ,  is the cost 

of active power provided by unit m, and t
mGP ,  is the active power generation of the unit. 

The load of the system is dispatched to the generators subject to the following constraints: 

1. Real power balance constraint 

 0
1

, =−−∑
=

lossesD

N

n
nG PPP  (5) 

where nGP ,  is the active power generation of unit n, N is the total number of units, PD is the demand for 

electricity, and Plosses are the losses of the transmission system. 

2. Real power operating limits 

 max
,,

min
, nGnGnG PPP ≤≤  (6) 

where PG,n is the active power generation of unit n, and min
,nGP  and max

,nGP  are the minimum and 

maximum power that unit n can inject to the system. 

3. Spinning reserve limits 

 max
,,,

min
, nGnSRnGnG PPPP ≤+≤  (7) 

 nSRnSR PP ,
min

, ≤  (8) 

where PG,n is the active power generation of unit n, and min
,nGP  and max

,nGP  are the minimum and maximum 

power that unit n can inject to the system, PSR,n is the spinning reserve offered by unit n, min
,nSRP  is 

minimum the spinning reserve offered by unit n. 

Load flow analysis 

Load flow analysis is performed using Eurostag software package. 
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5.2.2. Transient Analysis 

With the transient analysis we examine the capability of controllable loads in contributing to the stability of 

the system during emergencies. Such an emergency is a fault (a short circuit for example) that lasts only a 

fraction of a second, but which is capable of leading to major problems if not cleared immediately. Since PVs 

do not have fault-ride through capability, in case of a fault, PVs have to be disconnected from the grid, thus 

deteriorating the condition of the system, since a part of the load can no longer be served. In order to avert a 

more generalized propagation of the imbalance, the problem is solved locally by means of load shedding. 

For our simulation we examine two cases: one with low load level (during April – Case 1) and one with high 

load level (during September – Case 2). In each case, we consider the time of the day during which PV 

production is maximum (12:00-13:00) and we perform simulation of the transient response of the cretan 

system considering two sub-cases: in the first one no load shedding is available (sub-case A), in the second 

the maximum available load for shedding equals the sum of the load of the water heaters and the air 

conditioning during the specific hour of the day (sub-case B). 

The disturbance under study is a short circuit on Heraklion 150kV node with duration 150ms. The 

protections that are taken into account are the following: 

• Wind turbines undervoltage and overvoltage protection 

• Wind turbines overspeed and underspeed protection 

• PV undervoltage and overvoltage protection 

The imbalance between production and load caused by the loss of PV production leads to frequency 

deviations (underfrequency). These deviations are recognized by a four-step underfrequency relay that 

triggers the necessary load shedding when the frequency drops under 49.8 Hz, 49.6 Hz, 49.4 Hz, 49.2 Hz. 

Table 14 summarizes the basic parameters of the two cases considered. 

 

(in MW) Case 1 Case 2 Generation unit type 

Total load 407.3 737.9  

Available load for shedding 161.7 570.0  

RES generation 151.3 146.1  

PV production 55.3 56.6  

Wind generation 96.0 89.5  

Conventional units generation 265.9 607.5  

ATHER_D1 48.7 43.7 Diesel 

ATHER_D2 - 43.7 Diesel 

ATHER_S1 31.7 39.9 Steam 

ATHER_S2 31.7 39.9 Steam 

CHAN_1 - 12.0 Gas Turbine 

CHAN_5 - 24.0 Gas Turbine 

CHAN_6 27.0 36.0 Combined Cycle 

CHAN_7 27.0 36.0 Combined Cycle 

CHAN_8 27.0 36.0 Combined Cycle 

CHAN_A - 39.0 Gas Turbine 

CHAN_B - 49.7 Gas Turbine 

LINOP_2 9.5 12.0 Steam 

LINOP_3 9.5 12.0 Steam 

LINOP_4 - 12.9 Steam 

LINOP_6 18.0 20.6 Steam 
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LINOP_7 18.0 20.6 Steam 

LINOP_8 18.0 20.6 Steam 

LINOP_B - 9.4 Diesel 

LINOP_C - 9.4 Diesel 

LIN_GT3 - 36.9 Gas Turbine 

LIN_GT4 - 12.0 Gas Turbine 

LIN_GTNE - 41.2 Gas Turbine 

Table 14: Parameters for the transient analysis (Cases 1 & 2) 

5.3. Input Data 

The inputs required for the simulation are the following: 

• The annual hourly time series of the power system load 

• The installed capacity of RES, together with an annual hourly time series for each type of RES 

• Wind power penetration limit 

• The maximum active power of all the generators of the system, together with a merit order, indicating 

the priority of committing the unit 

• The technical minimum of the generators of the system 

• The maintenance program of the power system units 

• Cost data for each unit, i.e. fixed cost, fuel cost, variable non fuel cost, CO2 cost 

• Spinning reserve requirement data 

• Transmission network topology 

Load and RES time series 

Load and available power of RES is retrieved from the respective time series database. More specifically, the 

load curve per HV/MV substation is acquired by performing an adjustment procedure on historical data 

made available by the Islands Network Operations Department of the Public Power Corporation. 

Under the assumption that the shape of the load curve per substation will not be subject to radical changes, 

the adjustment is performed by applying a multiplicative factor based on projections for the year 2030 

regarding the annual electricity consumption on the island of Crete. From then on the adjustment aims 

merely at ensuring that the new load curves correspond to the annual energy of the projections. 

Let Loadi,2030 and Loadi,hist be the time series of the load of substation i for the year 2030 (adjusted load curve) 

and for the base year (for which data are available) respectively. If E2030 and Ehist is the total annual electricity 

consumption for the year 2030 (projected) and for the base year respectively, then the adjustment is 

performed according to eq. (9). 

 histi
hist

i Load
E

E
Load ,

2030
2030, ⋅=  (9) 

Regarding RES, representative wind velocity time series according with an estimation of wind power 

installed are used in order to produce the time series of available wind power production. The same 

procedure is followed for PV plant production time series. 

Production units 

The production units of the Cretan system for the year 2030 are tabulated in Table 15. This configuration is 

specified taking into account the current situation in the system, the decommissioning program of the units, 

as well as the expected integration of new production units. Proper adjustments are made in order to ensure 

that the maximum load is served and additional capacity is available as a reserve. Furthermore, the installed 
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capacity of wind generators is restricted to a maximum of 30% of the peak load, a technical restriction posed 

by law on the islands which are not connected to the grid of the mainland. 

 

Name Location Type of unit (by fuel) Installed capacity (MW) 

Steam 1 Atherinolakkos Natural gas 46.5 

Steam 2 Atherinolakkos Natural gas 46.5 

CC 1 Chania Natural gas 45.0 

CC 2 Chania Natural gas 45.0 

CC 3 Chania Natural gas 45.0 

CC 4 Korakia Natural gas 260.0 

CC 5 Korakia Natural gas 260.0 

Diesel 1 Atherinolakkos Diesel 51.2 

Diesel 2 Atherinolakkos Diesel 51.2 

Diesel 3 Atherinolakkos Diesel 51.2 

Diesel 4 Atherinolakkos Diesel 51.2 

Diesel 5 Atherinolakkos Diesel 51.0 

Diesel 6 Atherinolakkos Diesel 51.0 

Gas 1 Linoperamata Natural gas 28.0 

Gas 2 Chania Natural gas 59.4 

Gas 3 Chania Natural gas 59.4 

Gas 4 Linoperamata Natural gas 14.7 

Gas 5 Chania Natural gas 28.0 

Gas 6 Linoperamata Natural gas 43.3 

Hybrid Heraklion Hybrid wind-hydro 150.0 

Wind - Wind generators 340.0 

PV - PVs 100.0 

Table 15: Production units of the system of Crete for the year 2030 

Transmission network topology 

Given the projected load and the production units for the year 2030, the necessary grid reinforcements are 

considered. Thus, the transmission network topology is formed. 

5.4. Scenarios 

In order to illustrate the impact of controllable loads –accomplished by means of smart meters– on the 

operation of the electricity system, we define two basic scenarios: in the first one no load control actions are 

considered; in the second scenario various levels of controllable load are considered. 

Scenario 1 

The first scenario is a business as usual scenario, which is used as a touchstone, in order to evaluate the 

impact of various levels of controllable load on the operation of the system. Therefore, no control actions are 

considered. The economic dispatch algorithm and load flow analysis are performed using as input data the 

substation load curves that are acquired by the adjustment procedure described in paragraph 5.3. 
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Scenario 2 

In the second scenario various levels of controllable load are considered varying from 10% to 30%13. More 

specifically, the following scenarios are defined: 

• Scenario 2A: In this scenario load control is performed equally to all regions of Crete. Three levels of 

controllable load are defined: 10%, 20%, and 30%. 

• Scenario 2B: In this scenario load control is performed primarily to the households of Chania and 

Heraklion, which are the most populated cities of the island. The number of households to participate in 

the load control actions is calculated as the one that represents the specified controllable load level (10% 

or 20%) for the entire island. 

In either sub-scenario the load control actions refer to energy consuming yet easily controllable household 

appliances. Water heaters and air-conditioning devices are chosen due to their appropriateness: the load 

related to these appliances constitutes a great part of the household electricity consumption, while energy 

can be stored either in the form of hot water or in the form of space heating or cooling. By this way 

maximum impact with minimum inconvenience for the electricity consumers is achieved. 

Furthermore, in order to minimize the impact of the load control actions to the household consumers (which 

is to switch off the appliances that are equipped with load controllers), the respective households are 

divided into four groups. For each hour, load control is performed on each one of these groups only for a 

time period of 15 minutes; for each quarter of an hour, only one group is subjected to load control. 

Since the aforementioned types of loads have to do with water and space cooling/heating, it is only logical to 

use different load curves of the appliances for each season. The year is broken down to four seasons: winter 

(days 1-59 and 305-365), spring (days 60-134), summer (days 135-258), autumn (days 259-304). Furthermore, 

different usage patterns are considered for weekdays and weekends. 

At this point it should be noted, that control of the load takes place only during the hours of peak substation 

load. These are defined as the hours during which the load is greater than 90% of the maximum load. As 

expected these hours differ from substation to substation, from one season to another and from weekday to 

weekend. For that reason, control of the load is customized depending on the substation, the season and the 

day of the week. The previously mentioned break-down of the year is used here in order to calculate 

characteristic (average) load curves per substation, per season and per day of the week. Thus, we obtain 8 

characteristic load curves per substation (2 per season-one for the weekdays, and one for the weekends). 

Having already defined the hours of peak load with the above described procedure, and taking into account 

the number of households (Table 16), for each scenario and for each level of controllable load we obtain a 

new load curve. 

 

S/S Name 
Number of 

households 

Sitia 11,252 

Ierapetra 20,445 

Agios Nikolaos 13,120 

Stalida 18,274 

Heraklion I 29,521 

Heraklion II 40,081 

Heraklion III 35,114 

Linoperamata 5,813 

                                                           
13 Higher levels of controllable load have not been considered, since this would lead to a deteriorated load 

curve due to the type of the load control and the modeling approach that has been used. 
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Mires 22,494 

Pretoria 9,045 

Rethymno 44,061 

Bryses 2,251 

Chania 56,857 

Agia 8,140 

Kastelli 13,733 

Total 330,201 

Table 16: Number of households served by each substation for the year 2030 

Figure 29 illustrates the result of the application of load control actions described previously on the load of a 

substation for a time span of 72 hours (Scenario 2A-10%) in comparison to Scenario 1. The load control action 

is merely load curtailment during the hours when the substation load reaches its peak. The load not served 

during peak hours is shifted to the hours before and after the peak. By this way a reduction in the peak 

demand is achieved, which can be as high as 4.49% (annual average) depending on the scenario considered. 
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Figure 29: Load curve for a selected substation for a time span of three days before and after the 

application of load control actions 

5.5. Results 

5.5.1. Steady-State Analysis 

Comparison of the Scenarios considered is performed in terms of power losses on the transmission lines, 

operational cost of the system and CO2 emissions. The power losses on the transmission lines are obtained as 

a result of the load flow analysis. 

The operational cost of the system is calculated by aggregating the operational cost of the production units of 

the system as given by eq. (10). 

( ) ( )mfuelmMO
t

mGmfixednG
t

mG
t

mG CCPCPPC ,,&,,
max
,,, ++⋅=

 (10) 

where t
mGC ,  is the cost of active power provided by unit m at time t, t

mGP ,  is the active power generation of 

the unit at time t, max
,mGP  is the maximum power that the unit can inject to the system, Cfixed,m is the fixed cost of 

the unit in €/(MW∙year), t
mGP ,  is the active power generation of the unit at time t, CO&M,m are the operational 

and maintenance costs of the unit in €/MWh and Cfuel,m are the fuel costs of the unit in €/MWh. 
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CO2 emissions are calculated by taking into account the various types of conventional units and their 

characteristics (Table 17). 

 

Unit type CO2 emissions (tn/MWh) 

Gas turbine 0.57143 

Steam turbine 0.56716 

Combined cycle gas turbine 0.39099 

Diesel generator 0.45195 

Table 17: CO2 emissions (tnCO2/MWh) per type of unit 

Figure 30 illustrates the optimal generation scheduling per hour for a period of one day as obtained by unit 

commitment. 
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Figure 30: Total load of Crete and total production per unit for a time span of 24 hours 

Table 18 - Table 20 summarize the most notable results of the simulation. Regarding line losses (Table 18), 

improvement is observed with higher levels of controllable load for both Scenario A and B. Furthermore, in 

Scenario B, where the vast majority of controllable loads are concentrated in the two largest cities of the 

island, line losses similarly decrease with higher levels of controllable load, only this time a similar 

improvement is achieved with lower penetration levels. However, these improvements are minor due to the 

fact that the load control action is merely load shifting from hours of peak load to the adjacent hours. 

Regarding the operational cost of the system of Crete calculated by eq. (10) (Table 19), a similar linear 

relationship with the penetration level is not observed. It seems that there exists an optimal level of 

controllable load that ensures lower costs during the operation of the system. This observation can be 

attributed to the type of load control that is applied: load shifting changes only the shape of the curve, while 

the total energy demand remains the same. Given the fact that the load not served during peak hours is 

shifted to the hours before and after the peak, it is possible that for high penetration of load control the peak 

is not eliminated, but it is shifted similarly. 

As far as CO2 emissions concerns, the reduction with respect to Scenario 1 ranges between 624 tnCO2 and 

4.613 tnCO2 (-0.04% and -0.31% respectively) depending on the scenario (Table 20 and Figure 31). The same 

observation as with the line losses can be made here: for Scenario B, where load control is primarily applied 

to the two largest cities, the same improvement on the emissions is achieved but for lower levels of 

controllable load. 
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Scenario 1 Scenario 2A Scenario 2B 

10% 

6.871% 

6.851% -0.020% 6.839% -0.032% 

20% 6.845% -0.026% 6.837% -0.034% 

30% 6.837% -0.035% - 

Table 18: Line losses as a percentage of the production per scenario – comparison to Scenario 1 

 

 Scenario 1 Scenario 2A Scenario 2B 

10% 

215,957,553 

215,204,940 -0.35% 214,455,919 -0.70% 

20% 212,843,853 -1.44% 214,720,126 -0.57% 

30% 213,694,172 -1.05% - 

Table 19: Operational cost of the system (in €) per scenario – percent change with respect to Scenario 1 

 

 Scenario 1 Scenario 2A Scenario 2B 

10% 

1,468,351 

1,467,728 -0.04% 1,465,906 -0.17% 

20% 1,466,253 -0.14% 1,463,738 -0.31% 

30% 1,464,271 -0.28% - 

Table 20: CO2 emissions (in tonnes) per scenario – percent change with respect to Scenario 1 
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Figure 31: Reduction in CO2 emissions (tn) with respect to Scenario 1 

The contribution of controllable load is furthermore translated into monetary savings per participating 

household in terms of reduction in the system cost (Figure 31) and in the cost of the spinning reserve (Figure 

32). The system cost is calculated according to eq. (10). The yearly savings per household vary between 18.74 

and 47.15€/(year · household) and can be attributed to the reduction in the peak demand that occurs due to 

the application of load control actions. However, due to the type of load control that is applied (load shifting 

to the hours before and after the system peak), when reaching higher levels of controllable load (Scenario 

2A-30%) deterioration in the benefits is to be observed. 

Furthermore for the case of spinning reserve the part of the load attributed to the loads available for control 

(water heaters and air-conditioners) is considered to be part of the spinning reserve, since the smart meters 

by which they are equipped, enable their dispatch in case of emergency at short notice. 
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The cost of spinning reserve without considering the controllable loads as part of it is calculated as the 

difference in the system cost that derives by solving the economic dispatch problem (eq. (4)-(8)) for two 

cases: in the first one PSR,n  is considered to be equal to zero; in the second case we consider normal 

levels of spinning reserve. When considering the controllable loads as part of the spinning reserve, the 

aforementioned difference is calculated in the same way: only this time the levels of spinning reserve are 

reduced by the part of the load that is available for control. As expected the reserve cost is lower when 

considering that the controllable load is available as spinning reserve for a potential emergency situation 

(Figure 33): in fact it is lower by 20%-65% depending on the Scenario. Regarding the monetary savings per 

household, these are significant: they vary from 60.66 to 82.82€/(year · household) (Figure 32). 
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Figure 32: Yearly savings per household (€ ’08) with respect to Scenario 1 
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Figure 33: Reserve cost (million €) per Scenario for two cases of spinning reserve: with and without the 

participation of controllable loads 

5.5.2. Transient Analysis 

Results of the time domain simulation for Case 1 – low load level 

Figure 34 illustrates the frequency of the system for the two sub-cases examined. When there is no load 

shedding (Case 1-A), due to the disconnection of many PV plants and wind turbines, which is caused by 
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their undervoltage protection, the frequency of the system dips to levels below 48Hz. This frequency dip 

causes in turn one-by-one the conventional units to be disconnected resulting in a generalized outage of the 

system (Figure 35). 

In Case 1-B, the loss of PV plant and wind turbine production is compensated by the load shedding that 

occurs. The initial frequency dip causes load shedding (Figure 36) which results in the restoration of the 

frequency to a level close to its nominal value (49.85Hz). Furthermore, the frequency does not reach levels 

lower than 49.33Hz and the underfrequency protection of the conventional units is not activated. Although 

the power generation of the units fluctuates during the transient period, it is restored to a level close to the 

initial (Figure 37). 
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Figure 34: System frequency for Case 1 (low load level) 
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Figure 35: Active power production of conventional generation units for Case 1-A (no load shedding) 

 



  D4.2 Simulation programme and results  

 

 

  60/66 

240

260

280

300

320

340

360

380

400

420

0 10 20 30 40 50 60

T
o

ta
l 

lo
a

d
 (

M
W

)

Time (sec)  

Figure 36: Total load of the system for Case 1-B 
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Figure 37: Active power production of conventional generation units for Case 1-B 

Results of the time domain simulation for Case 2 – high load level 

In the second case the disconnection of PVs and wind turbines causes a frequency dip. However, in this case 

the system is characterized by high inertia due to the greater number of generators that provide support to 

the system frequency. Thus, the frequency does not reach levels lower than 49.54Hz (Figure 38, Case 2-A). 

The conventional units increase their production in order to compensate for the loss of PV plant and wind 

turbine production (Figure 39) and the frequency is restored (49.76Hz). 

When load shedding occurs (Case 2-B), the initial frequency dip causes load shedding (Figure 40) which 

results in the restoration of the frequency to a level close to its nominal value (49.96Hz). In that case the 

production units need not increase their output, since the loss of PV plant and wind turbine production is 

compensated by the load shedding. Although the power generation of the units fluctuates during the 

transient period, it is restored to a level close to the initial (Figure 41). 
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Figure 38: System frequency for Case 2 (high load level) 
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Figure 39: Active power production of conventional generation units for Case 2-A 
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Figure 40: Total load of the system for Case 2-B 
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Figure 41: Active power production of conventional generation units for Case 2-B 

5.6. Conclusions 

Regarding the steady-state analysis, the power line losses in the transmission system do not seem to be 

greatly affected by the level of controllable load. Rather an improvement in CO2 emissions and the 

operational cost of the system is observed. However, it should be noted that the improvement in the 

operational cost of the system does not increase with the number of the participating households: it seems 

that there exists an optimal penetration level, above which no further improvement can be achieved. In any 

case savings for the participating households are achieved and are calculated as high as 

129.97€/(year · household). These savings are primarily attributed to the reduction in the cost of spinning 

reserve, since the levels of spinning reserve offered by conventional power plants are reduced due to their 

replacement by the controllable loads. 

Considering different geographical dispersion of the smart metering devices (Scenario 2B), it is observed that 

lower levels of controllable load suffice to induce the same improvements as long as they are concentrated in 

the most populated urban regions. 

Another significant contribution of controllable loads is in the operation of the system during emergencies 

and is twofold; on the one hand, it helps reduce the necessary spinning reserve offered by conventional 

units, thus reducing the reserve cost; on the other hand, load shedding minimizes the discomfort that would 

arise in case a generalized black-out were to take place. 

The results of the transient analysis indicate that in the case of low load level, when the system inertia is 

relatively low, the occurrence of a fault causes a generalized outage of the system. However, by considering 

the part of the load that is controllable as spinning reserve, the load shedding helps the system in finding a 

new state of equilibrium, while a generalized outage is averted and the frequency is restored to a level close 

to its nominal value (49.85Hz). 

In the case of high load level, the inertia of the system does not allow the frequency to drop to levels lower 

than 49.54Hz in case of a fault even if load shedding does not occur. Thus, the conventional production units 

are not disconnected. In this case the contribution of controllable loads is not as impressive as previously, 

however it is not negligible either; load shedding contributes in achieving lower primary frequency control 

error (only -0.03% with load shedding compared to -0.49% without load shedding), thus, reducing the 

necessary secondary reserves and, consequently, the cost for remunerating the units offering the specific 

service. 
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6. Conclusions and Further Research Questions 

6.1. Simulation-Specific Conclusions 

The simulations on “Raising the Accommodation Level of Offshore Wind” in chapter 2 clearly indicate the 

potential of flexible load and flexible distributed accommodation to improve the utilization factor for wind 

power in a cluster of smart households. The architecture of the PowerMatcher technology, in which the 

different sub-clusters in the network have a more or less independent behavior, allows the results for the 

3000 households to be extrapolated on the scale of one million households, or even the complete Dutch scale. 

Both import of electricity (read: ‘reserve capacity based on fossil fuels’) and export of electricity (read: 

‘curtailment of wind’ or ‘required export capacity’) can be reduced, the latter even by 60-90%. Although the 

results in chapter 2 mainly holds for the heating season, similar (and even improved) findings may be 

obtained in the non-heating seasons by extending with control of other flexible appliances such as air 

conditioning and cooling (can be delivered by heat pumps as well), fridges and freezers, dishwashers, and 

charging of electric vehicles. 

The simulations on “Grid Losses” in chapter 3 show a significant positive effect of smart control on low-

voltage line losses. Although the energy savings per household may not be high, the impact on a Dutch scale 

shows impressive numbers. Grid loss reduction can be considered as a valuable bycatch in business cases 

that aim at balancing demand and supply in the distribution network. 

In chapter 3 an environment has been developed in which control-based simulations using the 

PowerMatcher Simulation Tool can be combined with grid-based simulations to study the effects of the 

control actions in the distribution network. The setup of this environment is considered a valuable outcome 

of the project, which can be used, improved and enhanced in future projects. 

From the simulation results as summarized in chapter 4, it must be stated that the potential of load shifting 

by cooling and white good appliances is lower than theoretically expected. Possible reasons for this are the 

design of the used tariffs for load shift incentives and the physical properties of the controlled loads. Both 

chapters 4 (day-ahead scheduling) and 3 (intra-day scheduling) consider significant low-voltage line loss 

savings. The observed line loss reductions but are approx. four times as high in the latter case. However, this 

result cannot be attributed to the different scheduling schemes because the controlled devices and the 

considered network topology was fundamentally different. More specifically, the day-ahead scheduling was 

applied to devices of lower power and shifting potential than the intraday scheduling. Hence, a single 

simulation system should be developed which can model a wide range of device types while at the same 

time model day-ahead and intraday scheduling. This would enable comparison between or even 

combination of the two approaches.  

Also, it seems that control of different device types must be targetfully used for specific applications, like e.g. 

reducing grid losses by controlling heat pumps, CHP or air conditioning while using the time-limited load 

management potential of white goods only for reducing line and transformer loads within short time 

intervals. This was not accounted for in any simulation and should be a question for further research.  

The results of the steady-state analysis presented in chapter 5 indicate that the major contribution of 

controllable loads is in the economics of the electric power system; improvements are observed in the system 

operational cost as well as in the reserve cost. At this point it should be noted that both steady-state as well 

as transient analysis studies in chapter 5 consider only those costs that can be calculated. Although the social 

cost of a blackout is difficult if not impossible to quantify, the continuity of supply and the improvement of 

SAIDI and SAIFI indices are of paramount importance. Thus, the contribution of controllable loads in 

averting such situations is critical.  

The chapter 5 study grid-related results show that transmission system power line losses are not improved 

drastically, a fact that is attributed to the type of load control applied: load-shifting takes place, while the 

total amount of load served remains unchanged. As far as the transient analysis concerns, the available 
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controllable loads considered as spinning reserve not only prevent the disconnection of PV units during the 

occurrence of a fault but also a generalized outage of the system. 

6.2. Comparison of Simulation Studies, General Conc lusions and Further Research 
Proposals 

The different individual simulation studies described in this report use different scenarios, assumptions and 

consider different research aspects. Thus, a direct quantitative comparison of the simulation results is not 

possible. However, all studies consider the integration of decentralized energy management systems for 

household demand side control into existing grid scenarios, which provides a basis for qualitative 

comparison. 

Generally, all studies focus on two main aspects regarding decentralized energy management in smart 

houses: 

1) The according effects on integration of renewables and energy flows in scenario networks and  

2) The according effects on grid operation parameters.  

Aspect 1) is covered by the studies described in chapter 2, 5 and 6 (Steady-State Analysis), while only the 

first of these does focus on that aspect only. All studies assume a high share of renewable in-feed within a 

considered smart house cluster. However, there are big differences: 

• Ch. 2 and 6 studies consider intraday variable price - based energy management while Ch. 5 considers 

day-ahead scheduling 

• The studies consider different managed DER: heat pumps and CHP (Ch. 2), Household cooling and 

white goods (Ch. 5) and air conditioners and water heaters (Ch. 6) 

• Ch. 2 and 5 studies consider clusters of 3.000 resp. 300 households in a grid-connected network, while 

Ch. 6 study considers an island grid with appr. 330.000 households 

• Ch. 2 study considers wind power in-feed with different installed power cases, Ch. 5 considers fixed PV 

in-feed and Ch. 6 considers a generation mix 

• In Ch. 2 study’s cluster, the amount of energy imported is about 8 times as high as the amount exported. 

In Ch. 5 study, the relation is rather balanced. In Ch. 6 study, there are no imports and exports due to the 

cluster being an island network. 

• Ch. 2 study simulates 2 Weeks, Ch. 5 appr. 1 week, and Ch. 6 a whole year of operation. 

Chapter 2 and 5 studies both reach the conclusion that energy imports into the individual clusters are 

reduced in the smart house cases. At the same time, energy exports from the clusters are reduced also. This 

suggests that smart houses allow higher shares of RES energy use within the clusters. The Chapter 6 study 

does support this conclusion since calculated CO2 was reduced in the smart house cases, which can be 

attributed to a lower utilization of fossil fired power plants within the island grid scenario. However, given 

the individual differences, it does not seem possible to derive a general value for the amount of the reduction 

of energy imports, exports resp. CO2. However, it seems plausible that these values are depending on the 

share of installed RE within the cluster as well as the relation between energy produced from RES and 

energy consumed within the cluster. 

Aspect 2) can again be subdivided into several sub-aspects of grid operation considered by the studies. 

Amongst these, line losses were considered by Ch. 3, 5 as well as 6 studies. Again, important differences can 

be identified: 

• Ch. 3 and 6 studies consider intraday variable price - based energy management, while Ch. 5 considers 

day-ahead scheduling 
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• The studies consider different managed DER: heat pumps and CHP (Ch. 3), Household cooling and 

white goods (Ch. 5) and air conditioners and water heaters (Ch. 6) 

• Ch. 3 and 5 studies consider clusters of 25 resp. 309 households in a low voltage grid-connected network, 

while Ch. 6 study considers an island transmission grid with appr. 330.000 households 

• Ch. 3 does not consider RES in-feed within the cluster, Ch. 5 considers fixed PV in-feed and Ch. 6 

considers a generation mix 

• In Ch. 3 study’s cluster, there is mainly energy imported. In the Ch. 5 study, the relation between 

imported and exported energy is rather balanced. In Ch. 6 study, there are no imports and exports due 

to the cluster being an island network. 

• Ch. 3 study simulates one day, Ch. 5 appr. 1 week, and Ch. 6 a whole year of operation. 

Again, all studies reach the conclusion that line losses are reduced in the smart house cases. The fact that 

these reductions seem very low in the Ch. 6 transmission grid study suggests the hypothesis that smart 

house operation reduces mostly low-voltage line losses. However, a final conclusion about this does not 

seem possible since no study actually compared line loss savings in different grid voltage levels with all 

other things held constant. At this time, it is not possible to clearly attribute this to a single parameter, as the 

studies greatly differ in network topology, managed loads and management approaches. 

Apart from the named common study aspects, the individual studies suggest positive benefits of smart 

house operation for various network operation parameters, e.g. reduction of reserve capacity for RES 

balancing, reduction of network operation cost, network voltage control and power flow optimization and 

frequency stabilization during a grid fault. 

At this point, it can be concluded that all WP4 studies show that smart houses do qualitatively meet the set 

objectives, but their quantitative effect seems highly dependent from different parameters including the type 

of DER managed, the algorithmic approach considered for energy management and the network type resp. 

topology. This suggests that further research should study these dependencies. Therefore, a simulation 

capable of comparing or even combining intraday and day-ahead scheduling approaches of PowerMatcher, 

BEMI and MAGIC with various managed DER including household white goods, heat pumps, CHP, air 

conditioning, water heaters as well as PV and wind power plants, should be provided based on the models 

and simulations already available. It is also important to see that these are available at different institutions 

and are based on different implementation models. At the same time, grid operators are also interested in 

simulation of smart grid scenarios, but are using yet own tools e.g. for load-flow calculations, which could 

interface to smart grid modelling tools for supporting smart grid planning and operation. This again 

suggests that these partners should aim at creating a common, modularized and standardized smart grid 

simulation toolset.  

Also, the fact that various effects of smart houses were identified to technically benefit system operation 

suggests various application possibilities already envisioned in previous studies and SH/SG business cases. 

For example, the benefits indicated by the chapter 6 study were the result of examining only one business 

case regarding the functionalities offered by intelligent meters. This serves as an indicator of the potential 

contribution of this technology if congestion management and blackout aversion by means of controllable 

loads enabled by intelligent meters was also quantified and – most importantly – monetized. Hence, further 

research should define, model and demonstrate feasible combinations of smart house applications such as to 

maximize technical, economic and ecological smart grid efficiency. An integrated simulation of this system 

as outlined above can be considered a key tool for this research. 
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