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ABSTRACT 
Due to the fundamental changes in the energy system, 
electricity load profiles in residential areas are expected 
to change profoundly in the coming decades. Until now, 
the effects of the energy transition for the power system 
are mainly studied using synthetic load profiles. In this 
paper, load measurements from three different newly 
built residential areas were used to study the (local) 
impact of an increasing penetration of PV panels and 
heat pumps. Using these measurements, the bottlenecks 
and opportunities due to these technologies are 
identified. The results can be used to reflect and possibly 
optimize the residential load models used by distribution 
system operators for network planning, allocation and 
reconciliation processes.   

INTRODUCTION 
The power sector is changing; electricity load profiles in 
residential areas are expected to change in the coming 
decades, as a consequence of: (i) an increasing amount of 
Distributed Energy Resources (DERs), e.g. by installing 
PV panels consumers are starting to produce their own 
electricity, and (ii) an increasing electrification of energy 
demand, e.g. due to the rise of electric vehicles and Heat 
Pumps (HPs). Due to the lack of available measurements, 
the effects of the energy transition for the power system 
are mainly studied using synthetic load profiles. As a 
result, expectations with respect to the impact of these 
developments on future load profiles and on the power 
system are subject to a large amount of uncertainty.  
As a consequence of the rise of more sophisticated 
measurement equipment (incl. smart meters) and the rise 
of newly built residential areas that are already equipped 
with new technologies, such as PV panels and HPs, 
measurements become available that can be used to 
assess the impact of the energy transition on load profiles 
more accurately. In this paper the load patterns of three 
newly built residential areas are studied. Using load 
measurements and statistical analyses, the impact of PV 
panels and HPs on residential load profiles is assessed. 
Furthermore, the bottlenecks and opportunities due to the 
introduction of these technologies are identified. The 
results can be used to reflect and possibly optimize the 
load models currently used by Distribution System 
Operators (DSOs) for network planning, allocation and 
reconciliation processes.  
The paper is organized as follows. First, the residential 

load models used in the Netherlands for network 
planning, allocation and reconciliation processes are 
introduced. Second, an overview of the measurement 
setup is provided. Thereafter, the results from the data 
analysis are shown. Finally, these results are used to 
address the bottlenecks and opportunities due to the 
energy transition and to reflect on the residential load 
models currently used.  

RESIDENTIAL LOAD MODELS 
To model (future) residential load, different types of load 
models are used by DSOs. First, load models are used for 
network planning processes. In this case, a prediction 
needs to be made for the development of the residential 
load for the lifetime of network components. Second, 
load models are used for allocation and reconciliation 
processes. Each day, DSOs need to allocate energy 
streams in the distribution network to different market 
parties.   

Load models used for LV network planning  
In the Netherlands, the classical planning process used to 
design LV networks, is based on estimating the 
maximum current and the maximum and minimum 
voltage for the lifetime of the network components [1]. 
Both current and voltage fluctuations are a consequence 
of variations in load and production. Maximum load and 
minimum production result in the lowest voltage, while 
minimum load and maximum production result in the 
highest voltage. As the traditional LV network contains 
little or no DERs, only the case of maximum load used to 
be considered for the design of the LV network [1].  
The classical approach for estimating the peak load is 
based on the assumption that the individual residential 
loads are normally (Gaussian) distributed during the 
moments of maximum feeder load [1]. Based on this 
assumption, Velander [2] introduced the relationship 
between the maximum load, Pmaxn (kW), for n 
residential connections and the average annual electricity 
consumption per connection, E (kWh):  

 

𝑃𝑚𝑚𝑚𝑛 = 𝛼 ∙ 𝑛 ∙ 𝐸 + 𝛽 ∙ √𝐸 ∙ 𝑛   (1) 

 

Where 𝛼 and 𝛽 are empirical coefficients. This equation 
was used by Axelsson and Strand in [3], and is therefore 
also known as the Strand-Axelsson formula.  
The coefficients 𝛼 and 𝛽 that were determined decades 
ago are still used in practice [4]. Depending on the type 
of houses different values are used, as listed Table 1. The 
estimation that needs to be made for E also depends on 
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the type of houses. As a result the estimated maximum 
peak per household for a large number of connections 
differs between 0.8-1.6 kW. Subsequently, an estimation 
for the load increase during the planning horizon is made. 
A typical assumption made by Dutch DSOs is a load 
increase between 1-1.5% per year.  
Due to the electrification of energy demand, more 
specifically the shift from gas to electric stoves and the 
increase in HPs, extra load needs to be taking into 
account while dimensioning the LV network in this 
situation. To do so, rough estimations are made for the 
maximum household peak load. Typical figures that are 
used are in this case are listed in Table 1. Noteworthy, is 
the use of a key figure for households with an HP 
regardless of the capacity of the compressor and -if 
installed- the resistive heating element.  
Furthermore, if PV panels are present, key figures are 
used to take into account the potential effect on the 
distribution grid. Again depending on the type of houses, 
an estimation is made for the installed PV capacity. 
Consequently, this capacity is considered for the worst-
case situation of minimum load and maximum 
production. The network is designed for the overall 
worst-case, which can be either the situation of maximum 
load and minimum production or vice versa.  
The network planning process mainly takes place in a 
reactive manner, e.g. when a new neighborhood is 
installed, or when a consumer request a new connection 
[6]. As a consequence, changes in the load pattern of 
existing connections due to e.g. the introduction of DERs 
or electrification of energy demand are hardly followed 
[6]. It seems that the existing planning processes have 
serious short-comings when looking at the expected 
future developments [6].  
 
Table 1. Typical key figures used by Dutch DSOs for network planning. 

 

  
𝛂 

 
𝛃 

 
𝐄 (kWh) 

Potential PV 
capacity (kWp) 

Apartments 0.000237 0.0444 2400  0.5 
Terraced 

houses 
0.000268 0.0239 3300 2 

Detached 
houses 

0.000305 0.035 4400 3.5 

Key figures*  Households with 
electric stoves 

Households with electric 
stoves and heat pumps 

 2 kW 7 kW 
* Max. load for a large number of connections. Taking into account a 1.5% 

growth per year for a period of 30 years for the residential rest load (i.e. the load 
without electric stoves and HPs). 

Load models used for allocation and reconciliation  
Next to the value of 𝑃𝑚𝑚𝑚 , also standard load profiles for 
residential consumers (kWh/15min) are used in the 
Netherlands. Each day energy streams in the distribution 
network are allocated to the different market parties by 
the DSO. Subsequently, the reconciliation process takes 
place. Due to the lack of measurements, the load of 
residential connections is estimated in the allocation and 
reconciliation process using standard load profiles for 
residential households. These profiles are published by 
the Energy Data Services Netherlands (EDSN) [7]. They 

are based on aggregated historical measurements, and 
thus represent the average load of a large number of 
connections. The profiles are aligned based on the annual 
electricity consumption per household. In 2012 the 
average consumption was 3.500 kWh per household [5]. 
In Fig. 1, the average standard load profile of a residential 
connection (3500 kWh, E1A, [7]) is shown.  

 

 
Fig. 1. Standard load profile for an average household in the 

Netherlands, based on [7] (E1A, 3500 kWh).  
 

In the next section load measurements are used to assess 
whether the maximum peak load used for network 
planning and the standard load profile used for allocation 
and reconciliation are still a valid benchmark for newly 
built residential areas that are equipped with new 
technologies, such as PV panels and HPs.  

MEASUREMENT SETUP 
The collection of data was part of the smart grid pilot 
“Jouw Energie Moment”, described in [8]. The pilot 
focusses on the consumers in three different newly built 
residential areas in The Netherlands. Table 2 summarizes 
the characteristics of each area.  
 
Table 2. Specifications of the three newly built residential areas where 

the measurements took place. 
 

Area Zwolle 
(ZWL) 

Breda 
(BRD) 

Teteringen 
(TR) 

Housing type Terraced 
houses 

Apartments Semidetached 
houses 

Number of 
households (N) 

77 131 38 

Average PV 
capacity 

1.15 kWp 0.65 kWp 2.45 kWp 

Heating system District 
heating 

District 
heating 

HPs (1 kW central 
heating, 1.8 kW hot 

water heating) 
 

In each household every 15 min., the overall load is 
measured by the smart meter. Furthermore, the HP load 
and PV production is measured by a separate individual 
meter. To include seasonal effects, data of one year 
(01/05/13-01/05/14) is used for the analysis. During this 
specific time period consumers were motivated to 
manually shift their electricity consumption away from 
the evening peak in order to consume more of their own 
locally produced electricity. The focus of this paper is to 
use the load measurements to assess the impact of PV 
panels and HPs and to reflect on the load models 
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currently used by the DSOs. Any potential load shift due 
to the pilot is out of the scope in this paper.  
In all three areas heat is not provided through gas-fired 
heaters for individual houses, as is most common in The 
Netherlands, but either through district heating or an HP. 
The lack of the gas-fired heaters and thereby the gas 
connection of residential households, is a typical trend for 
newly built residential areas in the Netherlands [5]. This 
trend is in line with the objective to increase energy 
efficiency, either by installing an HP, or by efficiently 
using the heat that is produced in combined heat and 
power plants (i.e. district heating). As a consequence of 
the absence of a gas connection cooking is done using 
electricity instead of gas.  

DATA ANALYSIS 
The data analysis consists of three different steps. First, 
the general load characteristics of all three areas are 
studied, i.e. the avg. annual consumption and production 
and the avg. daily consumption profile. Secondly, the 
distribution of loads over time is studied, focussing on the 
potential worst-case bottlenecks for the grid. Finally, 
using the measurements of the residential area in which 
both HPs and PV panels are installed, the two most 
extreme days with respect to maximum load and 
maximum production are studied. In both cases, PV 
production, HP load and household (rest) load are split to 
gain insight into the potential of demand side 
management.  

General load characteristics per residential area 
In Fig. 2, the annual consumption and production is 
shown for all three areas. Although the annual 
consumption differs per area, in all areas each household 
roughly produces one third of its annual consumption. 
Looking at situation in ZWL and BRD, the difference in 
annual consumption amongst others can be explained by 
a difference in the size of the houses and number of 
occupants (terraced houses vs. apartments). Although, in 
general the houses in TR are larger than those in ZWL 
(terraced vs. semidetached houses), it is mainly the 
installation of the HP that explains the difference in 
annual consumption between both these areas. The 
difference in annual production, to some extent also 
relates to the size of the houses, as the surface area 
available for PV panels also differs per area. 
 

 
Fig. 2. Annual consumption and production per residential area (scaled 

back to one household). 
 

To study the consumption pattern, the daily average 
normalized household load (excl. PV production and HP 

load) per residential area is compared to the avg. 
normalized standard household load in the Netherlands 
(EDSN [7]), shown in Fig. 3. It can be concluded that the 
avg. normalized load between the three residential areas 
shows a high similarity. Especially during the evening 
peak (17:00-22:00), this resemblance is significant. The 
correlation of the peak shape among the different areas 
(Pearson’s r=.84) is much higher than the correlation 
among the average Dutch load and the load in the 
different areas (Pearson’s r=.53). This difference is 
explained by the building characteristics: within the 
average Dutch household, cooking is done using gas 
instead of electricity. As a consequence, the evening peak 
takes place after dinnertime, when e.g. the dishwasher, 
TV, etc. are turned on. While, in the case of electric 
cooking, the profile is dominated by the relatively large 
load of the electric stoves.  
 

 
Fig. 3. Average daily normalized household load for the average Dutch 

household [7] and per residential area (excl. PV & HP).  

Distribution of loads over time  
For network planning processes, it is not the average 
profile that is of interest, but the worst-case situations of 
maximum load and maximum production. Therefore, the 
distribution of loads over time is studied. In Fig. 4, an 
overview of the PV production, HP load, household (rest) 
load and the overall load is shown, based measurements 
in the TR residential area (N=38). 

Several conclusions can be drawn from Fig. 4. First, the 
distribution of the household (rest) load resembles the 
shape of the standard Dutch household load (Fig. 1). 
However, the measured load profile is more stochastic, 
due to a limited number of households (N=38), and the 
evening peak occurs earlier in time (as concluded in the 
previous section). Second, the HP load mainly occurs 
during wintertime, while the PV production mainly 
occurs during summertime. As a consequence, there is a 
seasonal mismatch between production and consumption, 
which is visible in the overall load in Fig. 4 as well. 
Furthermore, due to the HP load, the household peak load 
is almost doubled during the winter and the morning peak 
also significantly increased. Finally, as a consequence of 
PV production, the situation of minimum load and 
maximum production also deserves attention when it 
comes to the design of the LV network.  
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Fig. 4. Distribution of PV production, HP load, household (rest) load 
and overall load over time in the TR residential area (N=38).  

In order to quantify both the consumption and production 
peak, the Load Duration Curve (LDC) for each of the 
residential area is shown in Fig. 5, as well as the LDC of 
the average Dutch household (EDSN). The maximum and 
minimum peaks are listed in Table 3.  
 
 

 
Fig. 5. Load Duration Curve (LDC) based on the load measurements 

and the standard Dutch load profile [7].  
 

The load model for the average Dutch household contains 
little or no PV production. Therefore, the minimum load 
for the EDSN-profile is positive. When considering the 
worst-case situation in each of the residential areas, it is 
still the situation with maximum load that dominates. 
However, taking into account that only one third of the 
annual consumption is locally produced, it is likely that if 
this ratio increases the worst-case situation will be caused 
by the production instead of load peak. In all cases, the 
maximum measured load is much lower than the assumed 
worst-case peak for these type of houses used in the 
network planning process (Table 1), i.e. 2 kW for 
households with electric stoves and 7 kW for households 
with electric stoves and HPs. Even if the measured peaks 
are corrected for a 1.5% load growth per year (for a 
period of 30 years), they still are significantly lower. 
However, the measured peaks are based on the data of 
one year. Therefore, the effect of e.g. more extreme 
weather conditions cannot be assessed.  
 
 

Table 3. Measured worst-case maximum and minimum load per area. 
Area ZWL BRD TR EDSN 

Max. peak (kW) 0.9 0.6 1.9 0.9 
Min. peak (kW) -0.7 -0.3 -1.6 0.2 

Effect of coincidence  
Peak loads of residential consumers rarely occur at the 
same time, this is called the coincidence of loads. 
Because of coincidence, the average peak per household 
decreases as the number of household increases. This 
effect should be taken into account when studying the 
worst-case maximum load and maximum production 
from the previous section.  
Using (2) and the values 𝛼, 𝛽 and E for terraced houses, 
the avg. maximum load for 1 to 130 connections is shown 
in Fig. 6. By ordering the load measurements per time 
step in descending order, a similar graph is made for the 
worst-case measured max. load for a variations number 
of connections per residential area. Based on the results 
in Fig. 6, it is expected that the measured max. load per 
household in TR would be lower if more households 
were considered. Looking at the trend of the max. load in 
ZWL and BRD, this value is assumed to be similar if 
more households were considered.  
What is also interesting, is the effect of coincidence on 
the worst-case max. production. By ordering the load 
measurements per time step in an ascending order, the 
worst-case max. production for a different number of 
connections is determined for all three areas (Fig. 6). The 
worst-case for 1 household is higher than the avg. kWp-
capacity in ZWL and TR, due to the fact that some of the 
households installed extra PV-panels on top of the 
standard PV-package that was installed in the area. 
Looking at the results, it is again expected that the 
measured worst-case max. production would be similar in 
ZWL and BRD if more households were considered. 
However, considering the trend of the TR line, the 
measured max. production in TR is expected to decrease 
if more connections were considered.  

 

 
Fig. 6. Avg. max. load and production per connection, using Velander 

(Table 1, terraced houses) and the load measurements. 
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Worst-case: maximum load or production  
Finally, to determine the effect of PV production and HP 
load for the worst-case situations of maximum load or 
production, the PV production, HP load and household 
(rest) load is studied during the two days in which 
maximum load and maximum production was measured. 
The results are shown in Fig. 7.  
First the case of maximum load is considered. During the 
peak, PV production is absent, which suggest that 
installing PV panels will not reduce the worst-case peak 
load. However, the average HP load during the peak 
moment (17:00) is ~1kW, while during the hours prior to 
the peak moment the HP load is limited, suggesting that it 
may be possible to use the household as a thermal buffer 
in order to bring forward part of the HP load or pre-heat 
the hot water buffer used for tap water in order to reduce 
the peak load.  
Considering the case of maximum production, it becomes 
clear that the profile is dominated by the PV production. 
The HP load that is measured during the night is not 
likely to be flexible enough to be shifted for over six 
hours in time. Furthermore, residential rest load is limited 
during the day. Compared to the assumed inflexible base 
load during the night, there is not much more load 
available to potentially be shifted in time.   
 
 

 
Fig. 7. The two worst-case days measured in TR. Left: day with 

maximum load, right: day with maximum production. The arrow 
indicates the potential load shift of the HP.  

CONCLUSIONS AND FUTURE RESEARCH 
Due to the fundamental changes in the energy system, 
electricity load profiles in residential areas are expected 
to change. Until now, due the lack of available 
measurements, the effects of an increase in DERs and 
electrification of energy demand were mainly studied 
using synthetic load profiles. Looking at the residential 
load models used by DSOs nowadays, rough estimations 
with respect to the worst-case situations for future 
residential loads are made for network planning processes 
and a standard load profile for the daily allocation and 
reconciliation of residential load is used. In this paper, 
load measurements from three different newly built 
residential areas were used to validate these models and 
to assess the effect of an increase in PV panels and HPs. 
The average daily load profile (without PV & HP) in all 
areas resembles the standard residential load profile. 
However because of the shift from gas to electric stoves 
the moment of peak load occurs earlier in time.  

In all three areas, about one third of the annual 
consumption is locally produced. The worst-case 
situation in all areas is still because of maximum load. 
The peak load is not influenced by the installation of PV 
panels, as during the moments of peak load PV 
production is absent. The introduction of an HP 
significantly increases the measured worst-case peak. 
But, considering the distribution of the HP load during 
the worst-case day, flexibility is assumed to be available 
to smoothen the HP load and thus decrease the peak. 
Considering the ratio of annual consumption and 
production, which is only about one third, it is expected 
that once this ratio increases the worst-case situation 
might be because of maximum production. In case of a 
production peak, there seems to be limited load and thus 
flexibility available to reduce this peak.  
Overall, the measured worst-case peak is still much lower 
than the peaks estimated for these type of houses in the 
network planning process. Therefore, it can be concluded 
that the conventional load models need updating to 
predict the (worst-case) load in newly built residential 
areas. Future research should focus on what the best way 
is to model future loads, e.g. if it is possible to adjust the 
parameters used in the conventional models, or if a more 
dynamic approach is required, using the measurements in 
residential areas that become increasingly available.  
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