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Abstract 
The energy transition of the current Dutch districts is a major task for the 

municipalities. The government asked to deliver a heat transition vision plan for 

each district before 2021. Multiple models are currently used to help to establish the 

vision plans. In these models, scenario analysis is used to compare projections of 

different district energy systems in the future.  

However, it was observed, different models can provide different solutions for 

the same district because of the used assumptions. If municipalities directly use the 

outcome of these models, there is a risk that suboptimal or even unfeasible scenarios 

are developed. Therefore, the aim of this research is to provide a strategy with the 

use of 5-step method (a replacement of the 3 step method ‘Trias Energetica’) and 

current situation that present reliable effects of multiple technical transition 

scenarios for establishing the vision plans.  

The proposed strategy consists of four steps: (1) literature review of the current 

related research; (2) selection of scenarios; (3) Evaluation of the scenarios; and (4) 

detailed analysis of a promising scenario.  

To check the viability of the proposed strategy and to evaluate the transition 

scenarios, two clusters of dwellings are selected in a case study district. A base case 

has been calculated for the two building clusters that contain the current energy 

demand, CO2 emission, capacity of the electrical network, and an indication of 

energy-related expenses. Smart meter energy profiles of DSO Liander have been 

used to mimic the user behavior of the current energy demand of the dwellings. Five 

different transition scenarios have been evaluated, namely, (1) individual ground 

source heat pump, (2) individual air source heat pump, (3) collective heat pump, 

(4) collective aquifer thermal energy storage with individual ground source heat 

pump, (5) infrared heating, and (6) heat pump with condensing boiler. From the 

energy and CO2 emission calculations scenario 1 showed the most promising results. 

The overall evaluation and obtained results show that the proposed strategy is 

promising in presenting reliable effects of technical transition scenarios. Especially, 

the consideration of user demand & behavior and current situation, such as the 

dwellings and electric low-voltage grid, seems valuable. However, further research 

must be done to validate and extend the strategy. 

  



 

 

  



 

Nomenclature 
 
BHD Building heat demand  [kWh/hour] 

BHDmax Maximal building heat demand [kWh] 

Cooking  Electricity consumption  electric cooking [kWh/year] 

COP Total coefficient of performance [-] 

COPex Coefficient of performance with exergy factor [-] 

CSF Climatic severity factor [-] 

DOF Defrost operations factor  [-] 

Econs,dw Electricity consumption profile total dwelling  [kWh/year] 

Econs,HP Electricity consumption profile heat pump [kWh/year] 

Econs,user Electricity consumption profile by the user [kWh/year] 

Econs,profile  Electricity consumption of Liander profile [kWh/year] 

Eload,dw Electrical load profile total dwelling  [kW/15 minute] 

Eload,HP Electrical load profile heat pump [kW/15 minute] 

Eload,user Electrical load profile by the user (Liander) [kW/15 minute] 

GPA Adjusted Liander natural gas profiles [m3/hour] 

HTW Electricity consumption hot tap water [kWh/year] 

ηcb Efficiency condensing boiler [%] 

ηEX Exergy efficiency of heat pump [%] 

PLF Partial load factor [-] 

PLR Partial load ratio [-] 

rhout Relative humidity outside  [%] 

rhth Threshold relative humidity of frost 
accumulation 

[%] 



 

TH Outlet temperature heat pump  [K] 

TC Inlet temperature heat pump [K] 

Tdef Threshold temperature of maximum level of 
frost accumulation 

[°C] 

Tout Temperature outside  [°C] 

Tth Threshold temperature of frost accumulation [°C] 

γh Parameter related to defrost operations [-] 

 
 

 

  



 

 11 

Table of contents 

1 Introduction 

1.1 Background ........................................................................................ 13 

1.2 Research objective ............................................................................. 20 

2 Methodology 

2.1 Selection and evaluation of scenarios ................................................. 22 

2.2 Most promising scenario .................................................................... 39 

3 Case study description 

3.1 District Princenhage .......................................................................... 40 

3.2 Chosen clusters .................................................................................. 44 

4 Results and discussion 

4.1 Base case ............................................................................................ 48 

4.2 Scenarios ............................................................................................ 53 

4.3 Most promising scenario .................................................................... 61 

4.4 Proposed Strategy ............................................................................. 65 

5 Conclusions and recommendations 

5.1 Answers to the research questions ..................................................... 68 

5.2 Recommendations .............................................................................. 70 

References ..................................................................................... 72 

Appendices .................................................................................... 77 

 



 

 12 

  



 

 13 

1 Introduction 

1.1 Background 

Along with the concerns of global warming, 180 of the 197 countries have ratified the 

Paris Agreement of 2015. This agreement is intended to avoid a dangerous climate change by 

limiting global warming to below 2°C and pursue efforts to limit the temperature increase 

even further to 1.5 °C [1]. The European Union (EU) responded on the agreement with a 

target for a low-carbon economy in 2050, which means a reduction of 80-95% of greenhouse 

gas emissions (GHG) below 1990 levels [2]. As can be seen in Figure 1, sub-targets have been 

made for the year 2020 and 2030 for each EU member. The strategy of the EU is to decrease 

energy consumption and increase renewable energy production. However, the current energy 

production and consumption rely primarily on non-renewable energy sources such as oil, 

natural gas, and coal. To achieve the 2050 goal, a major shift is necessary from the current 

fossil fuel dominated energy system to 100% renewable energy sources (RES). This shift is 

called the ‘energy transition’ and according to the EU should it be feasible & affordable.  
 

 
 

Figure 1: Timeline of targets and measures climate goals at multiple levels 

  

As described in the report of the Netherlands Environmental Assessment Agency, the EU 

climate targets can be achieved in the Netherlands by using energy-efficient processes; 

renewable energy instead of coal, oil and natural gas; zero-emission transportation; 

electrification of the heat supply; bio-based fuels; and capture and storage of CO2 [3]. Most 

of these technologies are new, which also require new infrastructure, regulation adjustments, 
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other types of organization, and even behavioral changes. Despite these challenges, the Dutch 

government set a higher goal in comparison with the EU targets for 2030 on a national level 

(as can be seen in Figure 1). This ambition calls for a radical change in the Dutch CO2 

emission. 

 

The environmental impact of the Netherlands can be divided into the total primary energy 

supply (TPES) and primary GHG (CO2) emission. The current distribution of the Dutch 

TPES is described in Appendix 1. To meet the climate targets, however, primary GHG (CO2) 

emission is the major criteria. In 2016, the global CO2 emission share of the Netherlands was 

determined at 0.5% and compared with the 28 EU countries, 5.0% [4]. Although the primary 

GHG of 2016 was 11% lower in comparison with 1990, the CO2 emission rose with 2.6% 

(Figure 2). As can be seen in Figure 3a, the highest amount of CO2 is produced by the energy 

companies and secondly by the industry. In 2016, 52% of the electricity is produced by natural 

gas. But coal has the highest CO2 emission share with 50% in comparison with 37.6% of 

natural gas [5]. In 2017, 45% of the electricity is produced by natural gas and 32% by coal, 

which indicate that more renewable energy is used [6].  

The produced electricity is mostly used by the industry, services, agriculture and fishery 

sector (Figure 3b). Despite the lower share, the built environment has a worthy contribution 

to the gas consumption and therefore CO2 emission. Natural gas is an important energy 

source for the built environment, which is from the ’60s mostly used for the heating and 

electricity demand.  

In 1961, a natural gas field was found in the province of Groningen. Because of the 

multiple advantages of natural gas compared to coal and oil, such as the price and cleaner 

combustion, a network was quickly laid out in the whole country. In 2015, 95% of the 

buildings were connected to the gas grid [7]. However, there is a downside because province 

Groningen is affected by earthquakes that are mostly caused by gas extraction [8]. From 2013 

onwards, the number of earthquakes began to rise sharply. Also, the magnitude seems to 

grow [9],[10]. To cope with the earthquakes and the required CO2 reduction, the Dutch 

government decided to reduce the gas extraction and stop it by 2030 [11]. After 2030 natural 

gas will be only available by import through pipes from other countries, such as Russia and 

Norway. Another option is the import of Liquefied Natural Gas (LNG) from countries 

overseas, such as Australia and the United States. This leads to full dependence on energy 

supplies from other countries, which may not be desirable. 
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Figure 2: Trend line of GHG emission in the Netherlands from 1990 until 2016. 

Dark green: CO2, light green: methane, dark blue: nitrous oxide, and light blue: fluorinated 

gases. 

 

   
(a)                                                         (b)     

Figure 3: (a) Distribution of CO2 emission by sectors of the year 2016 [9] and 

(b)Distribution electricity consumption in the Netherlands by sectors of the 

year 2016[10]. 

1.1.1 District approach 

To meet the CO2 targets of 2030 and reduce the natural gas consumption in every sector, 

the government made a (draft) national climate agreement (het Klimaatakkoord) in 2018 

[12]. In addition to this agreement, a new ‘energy’ law will be made to prevent law restriction 

in the energy transition. Making new buildings without a required connection to the gas grid 

(from July 2018) is one of the first law modifications. The main strategy stated in the climate 

agreement for the built environment is reducing natural gas usage in existing buildings and 

replaced it by RES. To implement the energy transition in a structured way, a district-

oriented approach is chosen because solutions can differ between districts due to the 
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geographical discrepancies. Therefore, the Dutch government asked every municipality to 

make a transition plan before 2021 for each district in the Netherland, which is stated in the 

‘Klimaatakkoord’. The government made extra financial resources available to initiate energy 

transition, so that the municipalities could start ‘gasless districts’ experiments and innovation 

programs [13]. In this way, knowledge wants to be collected for the large-scale implementation 

after 2021. Because of the possibility of large-scale renovations, social housing corporations 

and district heating companies have been selected as the start engine for this transition.   

 One major approach to stop or reduce the use of natural gas and limit CO2 emissions in 

districts is to reduce the energy demand of the buildings. At district level, this is mainly done 

by reduction of heat losses and system efficiency. Heat loss reductions can be achieved by 

adding insulation and heat recovery measures. Reducing the energy demand will not only 

contribute to make a district more sustainable, but it will also improve the comfort level of 

the individual buildings with the possibility of achieving low-temperature heating systems. 

Therefore, energy demand reduction must be implemented in district strategies. 

To stop or reduce the use of natural gas and limit CO2 emissions in districts, another 

approach would be providing the required heat demand with sustainable energy sources 

(SES). Common Dutch SES are biomass, solar, geothermal heat, ambient air, water, and 

wind. The protentional of these sources depends on multiple factors, such as location, 

situation, and technology. The technologies can be divided into (1) systems that directly 

subtract gas utilization, such as solar collectors; (2) Systems that can produce electricity 

without gas, such as photovoltaic (PV) panels; And (3) systems that use different forms of 

energy to replace gas but produce heat such as heat pumps (HP). Multiple system 

configurations are known to implement SES at district level. Example of such a configuration 

would be a ground-source HP to provide heating demand and PV panels to deliver electricity 

demand.  

However, SES such as PV is not constantly available, which require the use of non-

renewable energy sources (such as gas and electricity from the grid). With the intermittent 

behavior of SES, application of energy exchange and storage systems facilitate in overcoming 

this problem and supplying sustainable energy when production of SES is not available. 

Therefore, energy exchange and storage systems must also be considered in the district 

strategy. 

1.1.2 Commonly used alternatives and their effects on district level 

Electricity is the most commonly used alternative in the Netherlands for natural gas-

driven heating systems. Most of the electrical heating systems, such as HPs, are high-powered 

https://www.thesaurus.com/browse/facilitate
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(>1 kW) with simultaneous behavior, which results in a rise and different type of electrical 

load. Along with the electrification of heating systems, there is a genuine increase in electricity 

generation by PV panels and charging of electric vehicles (EV) at district level. This change 

will have a significant impact on the electrical grid in a district. In the past, Dutch DSOs did 

not consider high penetration of high-powered systems with simultaneous behavior, such as 

HP, PV, and EV in the low-voltage (LV) network design process. However, with the current 

changes, Dutch DSOs are concerned about the changes that need to be done on the LV 

network. The impact of HP, PV, and EV on the low-voltage network can be divided into 

capacity and power quality aspects. 

 

The capacity of the grid infrastructure is especially determined by the capacity of the 

transformers and feeders, in which the transformer is considered as the first barrier [21]. The 

high load and simultaneity behavior of HP and EV are the major reasons for capacity issues. 

The Dutch grid is not constructed to withstand this type of loads. Multiple studies conclude 

that in general, a penetration of more than 20% of HP and 13% of EV in residential areas 

will give network adequacy issues especially because the combination of HP and EV result in 

quick overloading. Found literature on capacity issues is given in Table 1.  

 
Table 1: Capacity related aspects that are mentioned in the found literature by penetration 

of HP, PV, and EV devices. 

Reported aspects HP PV EV Literature 

General capacity 
problems 

x x x [14],[15],[16],[17],[18],[19],[20],[21],[22],[23],[24] 

Coincidence factor x   [25],[26],[27],[28] 

ADMD x   [28],[14] 

Electrical resistant 
element 

x   [17],[25],[28],[14] 

 

 

Table 2 shows the found literature on power quality issues of large scale implementation 

of HP, PV, and EV. In terms of power quality, five major PQ issues are found and considered 

important in the literature, namely; under-voltage, over-voltage, harmonics, voltage/current 

unbalance, and flicker. Under-voltage issues are mainly found with penetration of HP and 

EV. In contradiction, large scale PV penetration results in over-voltage and possible flicker 

issues. Harmonics issues are primarily observed at HP and EV applications. The 

voltage/current imbalance is related to the way of connection to the feeder (single phased or 

https://www.thesaurus.com/browse/genuine
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three-phase). High amounts of single phase connections with HP, PV or EV results in 

imbalance issues. 

 
Table 2: Type of disturbances that are mentioned as a possible problem in the found 

literature by penetration of HP, PV, and EV. 

Disturbances HP PV EV Literature 

Under-voltage  x  x [29],[30],[31],[15],[16],[32],[33],[34],[23],[35],[36],[37]   

Over-voltage  x  [30],[31],[38],[39],[15],[16],[32],[33],[34]    

Voltage/Current 

unbalance 

x x x [31],[38],[40],[41],[42],[43],[14],[23] 

Harmonics x x x [44],[38],[45],[33],[46],[47],[48] 

Flicker  x  [49],[50]     

 

However, for both capacity and power quality studies, simulation is mostly used with 

multiple assumptions and without the consideration of variances of the electrical load. There 

is a lack of knowledge about the real load and behavior of HP and EV on large scale 

penetration levels because most of the studies are limited to simulation. The assumptions 

made about the load and behavior have a significant impact on the results of these simulation 

studies. The simultaneity factor is one of the most complex aspects because it is related to 

settings and behavior. A wrong assumption of the simultaneity factor will result in possible 

superfluous costs. Kolenc et al. [51] argue due to the stochastic nature of the LV networks 

due to HP, EV, and PV, network planning should not be based on the assumption of the 

worst possible load but on the probabilities of occurrences. Also, existing grid structures are 

simulated without consideration of variances in energy consumption or network configuration. 

This shortage results in limited generalization of the results. Especially for PQ issues, the 

local PQ and specific behavior of devices are important for reliable conclusions. If simulation 

is used, it is important to consider which time-interval will be used. Because time intervals 

larger than 10 minutes lead to inaccurate results, especially in peak load and PQ 

investigations [39][52][53]. Therefore, Bottrell et al. [44] states, if these technologies cause 

power quality problems on LV feeders, the causes cannot be simply answered.  

Accordingly to the literature, the existing low-voltage network must be considered in the 

district strategy to investigate the capacity and PQ issues by the electrical load.  
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1.1.3 Research gap 

Considering the district approach and most commonly used alternatives, it is a clear 

understanding that electrical loads will become a barrier in the near future in realizing gasless 

sustainable districts. Electrical load at district level (low-voltage grid) depends on multiple 

factors, such as user demand and behavior. A major gap exists between actual and theoretical 

energy consumption. Multiple studies [54]–[56] showed that different calculation methods fail 

to make a sufficient prediction of the actual energy consumption. The same studies showed 

that user behavior is a major issue in making decent predictions. Regression analysis is 

performed to study the influences of housing and household characteristics on energy-related 

behavior by the authors of [56]. In this study, the results of a Dutch national living survey 

(WoON2006) is used [56]. They found that housing characteristics (energy label, construction 

year, housing type) explain 18% of the heating behavior. In addition, 20% is explained by 

household characteristics, such as income, age, family composition. Together, housing and 

household characteristics explain only 27% of the heating behavior. In the same way, the 

shower and bath behavior are analyzed. Housing characteristics explain 23% and household 

characteristics explain 20% of the behavior. Simultaneously, they explain 32% of the overall 

shower and bath behavior. Therefore, the prediction gap can be explained by the fact that 

energy-related behavior is also related to other unknown (personal) characteristic and 

preferences. Despite missing knowledge to make better predictions, the variance of possible 

behavior is known by multiple studies and statistical data sources. Therefore, these aspects 

must be included in the district energy transition strategy to find a suitable energy transition 

scenario and this remains a gap in the literature. 

On the other hand, in the decision-making process for the ‘district energy transition’, 

scenario analysis is used to compare projections of different district energy systems in the 

future. The workgroup ‘Energietranstie Rekenmodellen’ has made a graphical overview of 

data sources and models used to develop such projections (Appendix 2) [57]. However, a 

study conducted by the province of Zuid-Holland observed that different models for cost-

benefit analysis of fossil gas free energy transition can provide different solutions for the same 

urban area [58]. The author argues that the models use a similar building dataset as a basis, 

but use different dependencies and limitations in their calculations, such as the availability 

of energy sources, the desired extent of building insulation and the learning curve for future 

investments. The author then states that these model inputs depend on choices based not 

only on cost-benefit economics but also on other factors such as political and social acceptance 

and the feasibility of spatial integration. 
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The study suggests a knowledge gap in other feasibility criteria, such as technical 

feasibility and social acceptance. Most of the mentioned models use statistical mean based on 

several assumptions, lacks the integration of physical environment and boundaries. When 

this knowledge gap is not addressed, there is the risk that suboptimal or even unfeasible 

scenarios are developed. Detailed information of the district should be considered, such as the 

existing energy infrastructure and the actual energy demand of the buildings. 

1.2 Research objective 

Even though energy transition methods on a district level by calculation models have 

been made, there is a lack in a method that considers the impact of users demand & behavior, 

energy exchange and storage systems, and the practical aspects of a district. Therefore, the 

main objective of this study is to develop a strategy to investigate the effects of different 

energy transition scenarios at the district level by using the 5-step method (Figure 4) and the 

existing situation of a district. The 5-step method considers both user behavior and technical 

aspects in a design process. This method is made to replace the 3 step method ‘Trias 

Energetica’ [59] traditionally used in the Netherlands. Trias Energetica states that applying 

passive measures should be the first step to reduce energy demand. Secondly, renewable 

energy resources should be used. Finally, if necessary, fossil fuels should be used in an efficient 

way. However, some experts argue that the method should start with a focus on user demands 

& behavior because the user has the most influence on the performance of a district. Also, 

they argue that energy exchange and storage systems should be considered. Therefore, Trias 

Energetica is adjusted to a 5-step approach [60]. 
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Figure 4: Building design methods: ‘Trias Energetica’ and the upgraded ‘Five Step Method’ 

[60]. 

 

 The strategy proposed will be applied in a case study to identify the viability. To achieve 

the goal of this study, the main question that will be answered is the following: 

 

Is a strategy that is based on the 5-step method and considers the existing situation of a 
district suitable to present reliable effects of multiple energy transition scenarios to realize a 
more sustainable and gasless district? 

 
This main question can be divided into the following sub-questions: 

- What are the technical problems of electrically driven heating energy systems at 
district level?   

- How can different user behavior related to energy usage be included in the strategy 
in a valid way? 

- Is there an advantage of a small collective heating energy system compared with 
individual systems? 

The applied research methodology is described in Chapter 2. In Chapter 3 the case study 

district is described. Next, the results and outcomes are discussed in Chapter 4. The answers 

to the research questions and recommendations are given in Chapter 5.  
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2 Methodology 

An overview of the applied methodology is illustrated in Figure 5. To gain knowledge of 

the current alternatives and associated technical problems of heating energy systems on 

district level, a literature review has been conducted first and presented in section 1.1 and in 

Appendix 3. Next, different transition scenarios have been selected based on several criteria. 

These selected scenarios are evaluated by the use of calculations and/or data. Finally, the 

most promising scenario has been selected for in-depth analysis.     

 

 
Figure 5: Overview of applied methodology 

2.1  Selection and evaluation of scenarios 

Various common alternatives for heating energy systems on district level exist in the 

Netherlands. In general, a distinction can be made in large scale district heating (several 

districts), small scale district heating (one/a part of the district), and all-electric systems. 

This research focuses on all-electric and small scale district heating (electric driven) systems. 

Heat pump systems (HP) are for both cases commonly applied. Besides HP, infrared heating 

(IR) is applied as other all-electric systems. However, the application of collective all-electric 

systems at large (district scale) in the Netherlands is relatively unknown.    

Because the focus in this research is on electrification of the heating demand, the selection 

of the scenarios has been based on ‘all-electric’ systems and the 5-step method. The 

integration of the 5-step method is shown in Table 3. The user demand & behavior has been 

integrated into a base case that is based on actual energy demand data (step 1). Also, real 

data has been used in the scenario calculation. Sufficient level of insulation has been chosen, 

to reduce the energy demand and to make medium- or low-temperature heating feasible (step 

2). Several (sustainable) energy sources have been considered based on existing system 

configurations (step 3). Also, energy storage has been integrated by the application of an 

Aquifer Thermal Energy Storage (ATES) system (step 4). Finally, efficient use of fossil energy 

has been considered because a heat pump in combination with a condensing boiler (HP 

hybrid) is currently favored in the Netherlands.    

Table 3: Selected scenarios for evaluation based on ‘all-electric’ systems and the 5-step method 

Literature 
review 

Selection 
scenarios

Evaluate 
scenarios

Detail analysis 
of one 

scenario
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5-step method Step 1 Step 2 Step 3 / Step 4 / Step 5 

Scenario Input data Insulation level Energy source System 

Base case Actual 

demand data  

Label E Natural gas Individual condensing 

boiler  

1 Real data 

calculation 

High (label A) Ground, 

vertical heat 

exchanger 

(VGHX)  

Individual ground 

source heat pump 

(GSHP) 

2 Real data 

calculation 

Medium (label B) Ambient air Air source heat pump 

(ASHP) 

3 Real data 

calculation 

Medium (label B) Collective 

ATES 

Collective ground source 

heat pump (GSHP) 

4 Real data 

calculation 

Medium (label B) Collective 

ATES 

Individual ground 

source heat pump 

(GSHP) 

5 Real data 

calculation 

Medium (label B) Electrical 

network 

Individual infrared 

panels (IR) 

6 Real data 

calculation 

Medium (label B) Ambient air 

/natural gas 

Individual air source 

heat pump / condensing 

boiler (HP hybrid) 

 

To find the most promising scenario, a comparison process has been performed (Figure 

6). Each scenario is first evaluated on their performance. Each outcome has been compared 

to find the most promising scenario. The comparison criteria are described in Paragraph 2.2.  

The selected transition scenarios have been evaluated on district level using a case study 

(see Chapter 3). The literature study has shown that electrification of the heating demand 

has a significant impact on the electrical grid, especially on the low-voltage network. 

Therefore, to evaluate the actual effects of the transition scenarios on the low-voltage 

network, two specific feeder-transformer clusters of the case study have been investigated (see 

Paragraph 3.2).  
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Figure 6: Applied comparison process of transition scenarios to find the most promising 

scenario.  
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2.1.1 Base case 

The first step of the evaluation has been establishing the current situation, which is called 

the base case. Figure 7 shows an overall view of the steps that are taken to establishing the 

base case.  
 

 
Figure 7: Overall view of the steps that are taken to establishing the base case 

 
The base case consists of three stages: (a) data gathering using databases and necessary 

information sources; (b) data processing by merging of knowledge and situation dependent 

information; and (c) determination of the base case energy demand, CO2 emission, electrical 

capacity, and energy-related costs with the processed data. These values have been used as 

a reference for the transition scenarios. 
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(a) Information gathering using databases 
 

Demographic data: demographic data has been used to identify the type of 

persons by age and family composition.  Also, the movement of user groups can 

have an important effect on energy demand in the coming decades. Therefore, the 

prediction of age groups by the municipality Breda has been used together with 

information provided by Statistics Netherlands (CBS).  

Building characteristics per address: The Dutch registration of addresses and 

building (BAG) has been used [61] to identify building characteristics per address, 

such as year of construction, intended use, usable area, and usage status. To have 

some insight on the energy performance of the buildings, a database of energy labels 

has also been consulted [62], which is managed by The Netherlands Enterprise 

Agency (RVO). Per address an energy label is given and the status of the label. For 

non-registered building information of the district, such as deviating installations 

and building extensions, visual inspection has been performed. If there was a 

deviation, it has been corrected.  

Energy consumption of the dwellings: The most favorable approach is to 

collect energy consumption data at each building in the district itself. However, 

because of multiple reasons, this is mostly not possible. Therefore, the public 

available individual consumption profiles provided by DSO Liander (Liander 

profiles) has been taken as reference for similar dwellings in this study. The Liander 

profiles consist of electricity profiles in Wh/(15 minutes) and natural gas profiles in 

m3/h. The Liander profiles have been gathered by smart meters (in the year 2013) 

in different types of dwellings at various locations in the Netherlands. The case 

study area owned DSO, Enexis has also provided publicly available aggregated 

consumption data for the particular neighborhood. This data consists of annual 

natural gas and electricity consumption per zip code.   

Information on local electricity network: Apart from demand profiles, 

information gathering on the local electrical network is also of interest as many of 

the energy transition scenarios result in a growth of electrical load. The data on the 

local electrical network which are the characteristics of network components, such 

as cables, transformers, and building connections were collected using data provided 

by Enexis.  
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On-site measurements: Because this research considers the user demand & 

behavior, the electrical load at specific transformers has been measured to get 

insight into the current network usage & behavior. The measurement was 

performed by Enexis from January 1st until 6th of March 2019. The data consists of 

15-minute resolution.  

 
(b) Information processing 

After the data gathering, the next stage is to process the collected data. The available 

energy data in combination with the building information has been processed separately for 

natural gas and electricity for each dwelling in the chosen case study clusters. An assumption 

has been made that each dwelling uses a condensing boiler on natural gas for space heating 

and hot tap water. Multiple Liander profiles have been adjusted to meet the actual annual 

consumption per zip code. The adjustment has been made by dividing the total energy 

consumption (natural gas or electricity) per profile by each data point. Subsequently, each 

data point has been multiplied with the required actual annual energy consumption. In 

Appendix 4 an overview is given with the used and adjusted Liander profiles.  

To manage graphically the data from the buildings and electrical network, Graphical 

Information System (GIS) have been used in combination with the free and open source 

software package QGIS [63]. With QGIS it is possible to load different databases, such as 

BAG, to a graphical map. In this way, information can easily be combined and processed. 

GIS software package, such as QGIS, offers the possibility to perform multiple calculations 

with the loaded databases. In this research, QGIS has been used to graphically read out the 

data and to generate an image of the dwellings connected to the electrical cables and 

transformer of the chosen clusters. The graphical overview has been used to investigate which 

dwellings correspond to the feeders and transformer. 

 

(c) Processed information for the base-case 

The processed data consists of 4 major sections, namely, energy demand, annual CO2 

emissions, an overview of the electrical capacity and energy-related costs.  

Energy demand: The energy demand has been calculated using the (adjusted) 
Liander natural gas and electricity profiles. For the natural gas profiles, it has been 
assumed that hot tap water (HTW) is 375 m3 and cooking 31 m3, which is based on 
the report of [64]. By subtracting the HTW and cooking consumption of the total 
natural gas consumption, the consumption for heating has been obtained.  
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CO2 emission: The CO2 emission has been calculated by multiplying the annual 
energy demand with the carbon factor for natural gas and electricity. For natural 
gas, the CO2 factor of 1.78 Nm3 has been used, which is published in NEN 
7125:2017 [65]. In this study, it is assumed that Nm3 natural gas is equal to m3 

natural gas. The used carbon factor for electricity holds 0.49 kg/kWh (NEN 
7215:2017). This result contains the total annual CO2 emission in kilograms for 
natural gas, electricity, and the sum of those two. 

Electrical capacity: The measured data of specific transformers has been used to 
identify the current maximum electrical load. The identified maximum electrical 
load values of the measured clusters have been compared with the used Liander 
electricity profiles and the Nederlandse Energie Data Uitwisseling (NEDU) 2019 
aggregated electricity profile. The comparison has been done by linear regression 
(enter method) using the software SPSS (SPSS Inc., Chicago, IL, USA).  

Energy-related costs: Besides the energy transition is a technical challenge, it is also 
a socio-economic challenge. To consider economic aspects, a database of related 
costs has been generated. This database includes all possible costs for energy supply 
in dwellings, for the base case and energy transition scenarios at the district level. 
For dwellings, the costs are the annual energy costs, investments retrofit and 
heating supply, depreciation heating supply, and maintenance. Increasing the 
capacity of the electrical network are direct costs for the DSO and indirect costs for 
the dwellings. Indication of the current annual energy-related costs has been 
accomplished by multiplying the energy demand and dwelling characteristics with 
the costs database as can be seen in Appendix 5. A total cost of ownership (TCO) 
over 15 and 30 years has been calculated (without inflation) to observe the scenario 
value over time. To summarize, energy-related costs contain the following costs per 
dwelling (Table 4): 

  

https://www.thesaurus.com/browse/observe


 

 29 

Table 4: Costs summary 

Base case   Additional costs for scenarios 

Annual costs: 
natural gas consumption; 
electricity consumption; 
connection fee natural gas; 
connection fee electricity; 
maintenance condensing boiler; 
depreciation condensing boiler; 
 

total energy costs (sum of all costs). 

Annual costs: 
maintenance HP (boiler);  
depreciation HP (boiler);  
usage ATES; 
usage collective HP; 
 
Investments: 
improvement insulation (to label A); 
improvement insulation (to label B); 
ground source heat pump inclusive vertical 
ground heat exchanger; 
ground source heat pump exclusive vertical 
ground heat exchanger; 
connection collective GSHP per dwelling; 
connection ATES per dwelling; 
air source heat pump; 
HP boiler for HTW; 
infrared panels; 
hybrid heat pump; 
replacement electric transformer; 
replacement of electric cables in the ground; 
 
total investment costs. 
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2.1.2 Energy transition scenarios 

As mentioned in Table 3, multiple energy transition scenarios have been considered. Each 

energy transition scenario is compared and starts with the processed information of the base 

case. The applied evaluation method per transition scenario is described below. 

Scenario 1: High insulated dwellings with individual ground source heat pump 

     This scenario takes into account an all-electric system with high insulated houses and 

individual GSHPs for heating. The HTW and cooking demand are fulfilled by electrical 

equipment. An overall view of the evaluation process of the scenario is shown in Figure 8.  
 

 
Figure 8: Overall view of the evaluation process scenario 1 ‘High insulated dwellings with 

ground source heat pump (GSHP)’. 
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An overview of the calculation process is given in Figure 8 (yellow box). In this scenario, 

the current energy label of the houses (E) is improved to label (A). With this improvement 

of the insulation, a reduction of 40% can be achieved on heating energy demand. The electric 

energy consumption per dwelling includes the GSHP consumption for heating (Econs,HP) and 

the other electricity consumptions by the user (Econs,user), as given in Eq. (1). Econs,user consists 

of the electric energy consumption profile of the base case, average annual consumption for 

HTW, and average annual consumption of electric cooking. The detailed calculation steps of 

energy consumption of this scenario are presented in Appendix 6. 

 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑢𝑢𝑐𝑐𝑢𝑢𝑢𝑢 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻  (1) 
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Scenario 2: Medium insulated dwellings with individual air source heat pump 

Individual ASHP has been used as the second scenario with medium insulated (Label B) 

houses because they are gaining popularity and already used in the Netherlands as an 

alternative for condensing boilers and for cooling applications. An overall view of the 

evaluation process of this scenario is shown in Figure 9. 
 

 
Figure 9: Overall view of the evaluation process scenario 2 ‘Medium insulated dwellings with   

              individual air source heat pump (ASHP)’. 
 

Almost the same calculation strategy as scenario 1 has been used (yellow box in Figure 

9) in this scenario. However, some changes have been done such as the inclusion of defrost 

cycles to integrate outside air as the energy source. Other than that, in this scenario, the 

energy label is improved to label B with a 27% heating energy demand reduction for the 

dwellings. The additional calculation steps used in this scenario are presented in Appendix 7. 
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Scenario 3: Medium insulated dwellings with collective ground source heat pump 

A collective HP system is known by some advantages compared with individual HP 

systems, such as peak shaving, possible higher efficiency, and less maintenance/more 

unburdening for the user. Following these advantages, a collective scenario has been evaluated 

as scenario 3. An overall view of the evaluation process of this scenario is shown in Figure 

10.  
 

 
Figure 10: Overall view of the evaluation process scenario ‘Medium insulated dwellings with 

collective ground source heat pump (GSHP)’. 
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Figure 10 (yellow box) shows an overview of the performed calculation of the collective 

GSHP with aquifer thermal energy storage, which almost meets the same calculation strategy 

as the individual GSHP (Appendix 6). However, the sum of all the natural gas profiles of the 

dwellings has been used as one single demand profile in this calculation. The current energy 

label of the houses (E) is improved to label (B), which means a reduction of 27% on heating 

energy demand. It is assumed that the HP has its own electric cable to the transformer. 

Distribution losses of 10% are included in this calculation along with heating demand 

reduction due to energy label improvement. In Appendix 8 the relevant input values are 

discussed. 
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Scenario 4: Medium insulated dwellings with collective thermal energy storage 

and individual ground source heat pump 

By application of collective Aquifer Thermal Energy Storage (ATES) with an individual 

ground source heat pump GSHP for each dwelling, costs can be reduced in comparison with 

individual heat pump systems without a collective energy source. An overall view of the 

evaluation process of this scenario is shown in Figure 11.  
 

 
Figure 11: Overall view of the evaluation process scenario ‘Medium insulated dwelling with 

collective aquifer thermal energy storage and (ATES) individual ground source heat pump’. 
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The same calculation strategy as scenario 1 (individual GSHP) has been used (yellow box 

Figure 11). However, the heating energy demand is reduced with 27% (to label B) in 

comparison with scenario 1, which is 40% (label A).  The other related input values are 

presented in Appendix 8. 
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Scenario 5: Medium insulated dwellings with individual infrared heating 

Another possible energy scenario is the application of infrared heating (IR) as the main 

heating system. The HTW demand is then provided by an individual system, such as an 

electrical (HP) boiler or electric instant geyser. Figure 12 shows the evaluation process of the 

scenario.  
 

 
Figure 12: Overall view of the evaluation process scenario ‘Medium insulated dwellings with    

               infrared (IR) heating  

 
Figure 12 (yellow box) shows an overview of the performed calculation. For this scenario,  

energy demand profile of an infrared heated dwelling has been used with onsite measurements.  
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Scenario 6: Medium insulated dwelling with a hybrid air source heat pump 

With an HP hybrid system (gas + electricity), the current heating system can most of 

the time be maintained, which is mainly with a condensing boiler for room heating and HTW. 

It is argued that an HP hybrid system is an intermediate step to a full transformation of 

electric HP system. An overall view of the evaluation process of this scenario is shown in 

Figure 13. 
 

 
Figure 13: Overall view of the evaluation process scenario ‘Medium insulated dwellings with    

              individual hybrid air source heat pump (ASHP). 
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Basically, the calculation strategy is similar to the individual ASHP case. However, some 

adjustments have been made to meet the combination with a condensing boiler. This result 

in the calculation method as shown in Figure 13 (yellow box). The current energy label of 

the houses (E) is improved to label (A). With this improvement of the insulation, a reduction 

of 40% can be achieved on heating energy demand. In Appendix 9 the changes that have 

been done compared with the ASHP calculation is described in detail.  

2.2 Most promising scenario  

After comparison of the evaluated scenarios, the most promising scenario has been 

selected. This selection has been done by choosing the scenario with the lowest impact on the 

LV-network in combination with the lowest CO2 emission. To confirm if the selected scenario 

still meets the low impact on the LV-network, a sensitivity analysis has been performed. 

Table 5 represents the input parameters used for the sensitivity analysis. 

 

Table 5: Range of input values for sensitivity analysis 

Parameter Range input value deviation 

Energy saving of dwellings for energy label 20% until 60% (interval of 5%) 

Heating curve -20% until 20% (each set temperature)  

Mean supply temperature (Tc) 0 until 14°C (interval of 2°C) 

Exergy factor (ηEX) 0.2 until 0.6 (interval of 0.05) 
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3 Case study description  

3.1 District Princenhage 

3.1.1 Short history 

For this research, the district Princenhage of the city Breda has been selected. 

Princenhage is a former municipality of 264 Ha that is annexed by Breda in 1942. Traces of 

the formerly independent municipality can be recognized by the historical village center with 

its former town hall, market square, and church. The former village was a gateway between 

Breda and the cities Antwerpen and Bergen op Zoom. Princenhage expands significantly by 

new construction projects after 1970, which led to spatial and social integration with Breda. 

Three-quarters of the dwellings are built in this period [66][67].  

3.1.2 Urban development 

The urban development is shown in Figure 14. The various residential neighborhoods, 

built after 1942 on the original agricultural grounds directly behind the village center, have 

their own character. Because the village at the time on the north and west side bordered on 

the outskirts, the agricultural character of the village is preserved and was in the 1950s and 

1960s restricted Princenhage's growth along the existing roads. This changed after 1970. More 

than three-quarters of the current houses in Princenhage were built after 1970. Based on the 

urban plan “Heilaar 1971” the village is extended to the north. This northern part is sober in 

design, with companies along the street “Ettensebaan” and a residential area with the same 

parcel depth. Between the residential blocks, public green is applied. On a larger scale, the 

expansions were in a westerly direction. The districts West I and II date from the 70s and 

80s and have been planned in predominantly low-rise in two layers with a hood. Based on 

their construction years the dwellings were built with no or low amount of insulation 

measures. The subdivision of West I is strictly ordered, with building blocks with a clear 

distinction between front and back sides. West II has a less tight separation pattern. 

Characteristic of the eastern extensions is the unity in architecture and urban design detailing 

and the presence of large inner areas. The edges of  Princenhage are original a ribbon. This 

makes a transition to the adjacent residential areas. 

The area between Ettensebaan, Heilaarstraat, and Liesboslaan is built on with healthcare 

institutions. Despite the large-scale, there is still some connection with Princenhage. In the 
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original green structure of the street, Haagweg is the cemetery Zuylen. This cemetery has a 

function for the whole of Breda. At the western edge of the plan area, is the transition area 

between the district and the A16 national road the northern part of this western edge are 

large-scale buildings, offices and a hotel. In the southern part, there is space for (office) 

buildings in a park-like environment. This building will be the entrance of the city should 

accentuate more. The remainder of this western edge has a green and park-like appearance. 
 

 
Figure 14: An urban plan of the district Princenhage [67]. 

3.1.3 Demographic statistics 

In this paragraph, the demographic statistics are divided into three themes, namely 

buildings, inhabitants, and energy. Comparison with national demographic statistics of other 

districts shows that there is a decent agreement with Princenhage. 
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Buildings 

As can be seen in Table 6, terraced houses share the highest part of the present houses 

and apartments as second highest. Also, can be seen that there are 655 companies active in 

the district, which is much higher than the average of 116 over all the districts in the 

Netherlands. In Figure 15 a comparison is made between several housing characteristics of 

Princenhage and the mean values of all the districts in the Netherlands. It is observed that 

the Princenhage is close to the mean values. Therefore, Princenhage represents a general 

neighborhood in the Netherlands. 

 

Table 6: Demographic statistics of houses and companies in Princenhage [68]. 

Houses total 3846 

     Terraced 51% 

     Detached 7% 

     Semi-detached 4% 

     Apartments 24% 

     Others 4% 

Companies  655  

 

 
Figure 15: Comparison of some house characteristics between Princenhage and the mean 

value of all Dutch districts year 2017 [69]. 

Inhabitants  

Table 7 shows that the distribution of sexes is close to the average in the Netherlands. In 

addition, Figure 16 shows a comparison of the age distribution in Princenhage with the mean 
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of Dutch districts. In comparison, the inhabitants of Princenhage are younger than average 

and the largest group is 25-65. It is predicted by the local government that the number will 

grow to 9.281 in the year 2032 [81]. 
 

Table 7: distribution of sexes Princenhage versus national average [69]. 

Princenhage   National average 

Inhabitants total  8.816  

Male 49% 51% 

Female 51% 49% 

 

 
Figure 16: Comparison of the age distribution in Princenhage with the mean of Dutch 

districts [69]. 

Energy 

Princenhage has two energy networks, namely gas- and electricity. In the future maybe 

it will be possible to connect to the district heating network of the power station 

Geertruidenbergse. All the buildings are connected to the electrical grid and 94% is connected 

to the gas network. The company Enexis manages and maintains both networks. As can be 

seen in Figure 17 and Figure 18, the mean gas and electricity consumption is a bit higher in 

comparison with the mean of Dutch districts.  
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Figure 17 : Comparison of mean gas consumption per house type in Princenhage with the 

mean of Dutch districts [69]. 

 

 
Figure 18: Comparison of mean electricity consumption per house type in Princenhage with 

the mean of Dutch districts [69]. 

3.2 Chosen clusters 

To choose the clusters, the low voltage network (LV) of Princenhage is investigated. The 

LV network includes multiple radial networks (see Figure 19) of the DSO Enexis. At radial 

networks, the transformer is situated in the center of the buildings, where the cables can be 
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in every direction. At malfunction, there is no fault reserve with radial networks. Each 

transformer in Princenhage is interconnected, which is fed by the medium-voltage (MV) 

network. Some transformers feed also buildings of the other districts or feed only one building 

(mostly companies).  

 
Figure 19: Overview of the LV networks in Princenhage (each color represent a radial 

network). 
 

A decision has been made in this work to only evaluate dwellings in the district. Therefore, 

two radial networks with only dwellings connected have been selected. The selected two 

clusters are described below. 

3.2.1 Cluster 1 

Cluster 1 is chosen because of the mix of semi-detached and terraced (in total 77), which 

are all privately owned. There are 40 semi-detached houses that are built in 1976. The usable 

area varying between 103 and 138 m2 (some has extensions). The number of terraced-middle 

houses is 27 and 10 terraced-end (built in 1975-1976). There is a small variation in the usable 

area, which is 113 until 115 m2. But there is one terraced-end house with 141 m2. As far as 

it has been recorded, in some houses of the cluster, there are insulation measures applied, 

such as double glazing. From visual inspection, it is known that 6 dwellings have PV panels 

and 2 houses have air condition or ASHP. As can be seen in Figure 20, all the houses are 

connected to a 250 kVA transformer (black square) by feeders of 128 kW, namely feeder 1 

(pink), feeder 2 (grey), feeder 3 (red), and feeder 4 (yellow).  
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Figure 20: GIS image of cluster 1 with feeder 1 (pink), feeder 2 (grey), feeder 3 (red), feeder 

4 (yellow), and the connected transformer (black square) 

 

3.2.2 Cluster 2 

Only terraced houses are found in cluster 2, which counts in total 146. It has 104 terraced-

middle and 42 terraced-end houses that are built during 1975-1976. There is a mix of private 

and free sector rental owned houses. The usable area varying between 115 and 136 m2 (some 

has extensions). From the energy label database, there can be seen that free sector rental 

houses have a registered energy label C or D. Which indicate some insulation measures are 

applied. For most of the privately owned houses, the energy label is automatically generated 

to label E. From visual inspection it is known that 3 houses have PV panels and 1 house has 

air condition or ASHP. As can be seen in Figure 21, all the dwellings are connected to a 250 

kVA transformer (black square) by 4 cables of 128 kW and 1 cable of 86 kW (feeder 2), 

namely feeder 1 (pink), feeder 2 (purple), feeder 3 (green), feeder 4 (blue), and feeder 5 

(brown).  



 

 47 

 

 
Figure 21: GIS image of cluster 2 with feeder 1 (pink), feeder 2 (purple), feeder 3 (green), 

feeder 4 (blue), feeder 5 (brown), and connected transformer (black square) 
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4 Results and discussion  

In this section, the elaboration of the strategy is shown and discussed by the base case, 

scenarios, and most promising scenario. Thereafter, the strategy itself is argued. 

4.1 Base case  

The base case consists of 3 steps. Data collection, data process and processed data 

presentation as energy demand, CO2 emissions, electrical capacity, and energy-related 

costs. For the selected two clusters of dwellings, the processed data for the base case is 

discussed below.  

4.1.1 Energy demand  

Cluster 1 consists of 77 dwellings and cluster 2 consists of 146 dwellings. For these 

dwellings, first, an energy profile was assigned using the Liander profiles. Then the 

collective on-site measurements of the transformer for each of these building clusters has 

been compared with the collective sum of each assigned Liander profile to the dwellings. 

Linear regression analysis is used to investigate the match between both the measurement 

and the Liander profiles and NEDU profile (Table 8). NEDU profile has also been used 

for the comparison, because, the profile gives the index for the average energy use of a 

general dwelling in the Netherlands.  

As Figure 22 and Figure 23 shows, the sum of the Liander electricity profiles results in 

significant higher peaks compared with the measurement, especially between 16:00 and 20:00.  

Despite the high peaks, an acceptable agreement with the measurement is found (R2 value of 

0.679 and 0.752), as can be seen in Table 8. However, a comparison of the measurement with 

the NEDU profile results in a much higher R2 value of 0.856 (cluster 1) and 0.917 (cluster 2).  
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Figure 22: Electrical load profiles cluster 1 of transformer measurement, sum Liander 

profiles, and NEDU profile, from Monday 14th until Sunday 20th of January 2019. 
 

 
Figure 23: Electrical load profiles cluster 2 of transformer measurement, sum Liander 

profiles, and NEDU profile, from Monday 14th until Sunday 20th of January 2019. 

 

Table 8: Result Linear Regression analysis of electrical load profiles 

Measurement Liander profiles NEDU 2019 

Measurement Cluster 1 R2 = 0.679 R2 = 0.856 

Measurement Cluster 2 R2 = 0.752 R2 = 0.917 

 

It was not possible to compare the gas consumption with measurements. Therefore, a 

comparison is made with the NEDU profile of the same year (2013). Because gas consumption 

is strongly dependent on the outside climate conditions.  
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Figure 24 and Figure 25 shows the natural gas consumption profiles of Liander and NEDU 

profile at cluster level, at the coldest week of 2013. The Liander profiles show significantly 

higher natural gas consumption during the day.  

Similar to the electricity profiles, a Linear regression analysis is used to investigate the 

match between the Liander profiles and NEDU profile (Table 9) during the whole year 

2013. A significant match is found at both cluster- and feeder level.  
 

 
Figure 24: Natural gas consumption profiles of Liander profiles and NEDU cluster 1, from 

Monday 14th until Sunday 20th of January 2013. 
 

 
Figure 25: Natural gas consumption profiles of Liander profiles and NEDU cluster 2, from 

Monday 14th until Sunday 20th of January 2013. 
 

Table 9: Result Linear Regression analysis of natural gas consumption profiles 

Liander profiles cluster 1 NEDU Liander profiles cluster 2 NEDU  

Group of dwellings 
Transformer   

R2 = 0.744 Group of dwellings 
Transformer   

R2 = 0.726 

Group of dwellings Feeder 1  R2 = 0.721 Group of dwellings Feeder 1  R2 = 0.695 

Group of dwellings Feeder 2  R2 = 0.723 Group of dwellings Feeder 2  R2 = 0.703 

Group of dwellings Feeder 3  R2 = 0.711 Group of dwellings Feeder 3  R2 = 0.706 

Group of dwellings Feeder 4  R2 = 0.728 Group of dwellings Feeder 4  R2 = 0.724 

  Group of dwellings Feeder 5  R2 = 0.720 
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The significant higher consumption during the day of both electricity and natural gas 

Liander profiles can be explained by several limitations. The chosen Linder profiles limit 

results of the base case to the conditions of 2013, such as temperatures and consumption. In 

addition, at the Enexis aggregated consumption data, annual consumption data of 2 Zip codes 

(out of the 17) were not available. In both cases, an assumption was made. This assumption 

may have limited the adjustment of the Liander profiles to the actual annual consumption. 

Furthermore, because the number of Liander profiles were not sufficient for all individual 

dwellings of both clusters it was not possible to assign a unique Liander profile per dwelling. 

Therefore, multiple houses were assigned with the same Liander profile. This limitation 

resulted in amplifying the electrical load at peak moments. It is also argued that the Liander 

profiles consist of more electric cooking behavior in comparison with the base case. Because 

validation of the gas consumption behavior was not possible by measurements, it is also 

unknown if this amplification applies to Liander natural gas profiles. Therefore, the NEDU 

profile 2013 is used as a comparison. But the NEDU profile is limited because it is based on 

the standard profile temperature of climate conditions in the period from 1988 to 2007. This 

may explain the lower peaks of the NEDU profile in  Figure 24 and Figure 25 because the 

winter of 2013 was colder in comparison. 

The high level of agreement of the transformer measurement with NEDU profiles may 

indicate that when considering a decent number of dwellings together, the actual behavior is 

almost in line with the national mean electrical behavior. However, with only 2 months of 

measurement, no hard conclusions can be made.  

After fitting the data set with the dwellings and calculating the errors, it can be argued 

that the selected Liander profiles can be used as the corresponding demand profiles of the 

case study buildings. However, the significant peak load differences must be mentioned in the 

evaluation of the electric capacity, as can be seen in Table 11. Therefore, there can be argued 

that the linear regression test is not suitable to test differences at the peak load. Sufficient 

agreements are found (R2 > 0.7), but significantly higher peaks are detected. Only if the R2 

is close to 1, the same level of peak load can be expected (as in the case of the NEDU profile).  

4.1.2 The CO2 emission of the base case 

Table 10 shows the calculated CO2 emission in kilograms of the base case. It a complex 

process to evaluate the real CO2 emissions because a validated manner is unidentified. 

Determination of a realistic carbon factor is challenging by the fluctuating mix of energy 

https://www.thesaurus.com/browse/adequate
https://www.thesaurus.com/browse/unidentified
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resources in energy flows, such as the electric network. Therefore, it is argued that this result 

can only be used as an indicator for comparison with the other scenarios.  
 

Table 10: Result CO2 emission of the base case 

 Cluster 1 Cluster 2 

Total CO2 emission [kg/year] 455,533  618,610 

Mean CO2 emission [kg/year] per dwelling 5,916  4,237 

4.1.3 Electrical capacity 

To evaluate the available electric capacity, the highest electrical load in time is subtracted 

from the electric capacity of each feeder or transformer (Table 11). For the calculation, the 

power factor of the transformer is taken as 1. No exceedance of the electric capacity is 

observed. The measured maximum electrical load is significantly lower compared with the 

sum of Liander profiles. Therefore, in the actual situation, this results in more available 

capacity for electrification without replacing components, such as transformers and cables. 

Note that in Table 11 the measurements are available only at the transformer level and not 

at the feeder level.    

 
Table 11: Evaluation available electric capacity [kW] of base case . 

 Nr. 
dwellings 

Capacity 
(X) [kW] 

Max. load 
measurement 
(Y1) [kW]  

Available 
capacity  
(X-Y1)[kW] 

Max. load 
sum Liander 
(Y2) [kW] 

Available 
capacity  
(X-Y2) [kW] 

Cluster 1       

Transformer 77 250 86 164 107 143 

Feeder 1 19 128   28 100 

Feeder 2 20 128   36 92 

Feeder 3 17 128   24 104 

Feeder 4 21 128   33 95 

Cluster 2       

Transformer 146 250 111 139 162 88 

Feeder 1 18 128   20 108 

Feeder 2 25 86   29 57 

Feeder 3 20 128   27 101 

Feeder 4 42 128   44 84 

Feeder 5 41 128   50 75 
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4.1.4 Energy-related costs 

The calculated energy-related costs of the base case are shown in Table 12. The costs 

included in the costs database are mainly averaged or assumed numbers. The actual costs 

may differ because of the different market prices. Also, at the total costs of ownership (TCO) 

calculation over 15 and 30 years, inflation is neglected. Besides the effect of inflation, with 

the current development of energy-related prices in the Netherlands, it is difficult to predict 

easily. Therefore, this result can be used only as a comparison parameter with other scenarios 

to indicate possible financial differences.  
 

Table 12: Result of energy-related costs of the base case 

 Cluster 1 Cluster 2 

Total annual energy related costs  € 255,896 € 374,743 

Mean annual costs per dwelling € 3,323 € 2,567 

Mean TCO over 15 years per dwelling € 49,850 € 38,501 

Mean TCO over 30 years per dwelling € 99,699 € 77,001 

4.2 Scenarios 

4.2.1 Energy demand 

Figure 26 shows the annual energy demand in GJ of the base case in comparison with the 

scenarios. For the base case and Hybrid scenario, the gas demand in m3 is converted to GJ 

(multiplied with 0.03528 based on GCV of natural gas) and illustrated in a stacked bar in 

Figure 26.    
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Figure 26: Comparison of annual energy demand [GJ] of base case with the scenarios  

 

Calculation of the scenarios, energy demand faced several limitations. Each calculation 

has been done with methods found in literature and practical knowledge. However, none of 

these calculation methods are sufficiently verified and input values validated for a high level 

of reliability. In addition, each scenario is dependent on the system implementation, especially 

at scenario 3 (collective GSHP) and scenario 5 (HP hybrid). Both systems have many 

different conditions, designs, and settings, which affect the performances. 

 

To gain more insights on the behavior of an IR-panel installed dwelling (Scenario 5), an 

experiment has been performed for three months from 19-12-2018 until 01-03-2019. This is 

done at a medium insulated corner terraced dwelling (built in 1975) in the district 

Princenhage (case study). The dwelling has a total of 4.5 kW of IR panels installed. HTW is 

prepared by a solar collector system with a 120-liter storage tank in combination with an 

electric instant geyser of 11 kW (activates if the temperature in the storage tank is not above 

44°C). Setup of the experiment is described in Appendix 11. The performed comfort study in 

this IR-panels installed house showed a comfort level that is slightly too cold (PMV between 

-1.5 and 0) during the occupation (Appendix 12). Figure 27 shows the total electrical power 

load of the dwelling in the coldest period of the measurement, with the lowest mean 

temperature of -3.2 °C on the 21st of January.   
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Figure 27: Total electrical load profile of the experiment house during the coldest period of 

the measurement (Monday 18th until Thursday 24th of January). 
 

By analyzing the behavior patterns of the measured data a single IR demand profile for 

the year 2013 was developed. Table 13  shows the applied conditions of the profile. The 

conditions are mostly dependent on the outside temperature. However, the measurement 

showed that high wind speeds (≥ 9 m/s) negatively affects the preferred amount of IR heating. 

The measurement also showed that in the night IR heating mostly is used if the outside 

temperature was below 0°C (as can be seen in Figure 27). The generated profile has been 

used to replace the Liander natural gas profiles to calculate the energy consumption of 

Scenario 5.  

A diversity factor of 0.8 has been used on the outcome of the load demand because 80% 

simultaneous use is assumed.   
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Table 13: Conditions of the generated single IR demand profile. 

Outside temperature 
range (°C) 

Power load (kW) 
Day (06:00-00:00) 

Power load (kW) 
Night (00:00-06:00) 

13 ≤ T < 18 1.0  

9 ≤ T < 13 2.0  

5 ≤ T < 9 2.75  

0 ≤ T < 5 3.5  

-5 ≤ T < 0 4.25 1.5 

-10 ≤ T < -5 5.0 2.0 

-15 ≤ T < -10  2.75 

Wind speed (m/s)   

W ≥ 9  1.0 (add on T)  

 

Sufficient evaluating of the IR scenario on large scale was not possible. The measurement 

shows that an IR based system highly depends on the user presence. Because knowledge of 

only one dwelling is available, no conclusions can be given about large scale applications. 

However, the measurement showed high electrical load at moments with low outside 

temperatures, and without user presence. This will indicate that IR heating is used to 

maintain the temperature of the building, which is inefficient. Further research is needed to 

investigate this phenomenon.   
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4.2.2 CO2 emissions 

The annual CO2 emission of the base case in comparison with the scenarios are shown in 

Figure 28.   
 

 
Figure 28: Annual CO2 emission [kg] of the base case in comparison with scenarios. 

 

Figure 29 shows the percentage of CO2 differences in comparison with the base case. The 

most CO2 saving is found at scenario 1 and scenario 6. Scenario 5 (IR) results in more CO2 

emissions.   
 

 
Figure 29: CO2 differences [%] in comparison with the base case, per scenario. A negative 

difference means lower than the base case. 

 

Results of the CO2 saving are highly dependent on the used CO2 factors. In this research 

CO2 factors of NEN 7215:2017 are used, which are also used by calculations software that is 

required by the Dutch government. However, the website of “co2emissiefactoren” argues 

(based on literature) that the factors are different and depends on the percentage of 

sustainable energy in the ‘grey’ (100% fossil fuel based) natural gas and electricity [70].   
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Besides the CO2 factors, it is argued that the most CO2 saving of Figure 29 is obtained 

by the applied energy saving. In the case of scenario 1 (GSHP), the high CO2 saving is 

therefore explained by both a high level of insulation and efficient heating system. Because 

natural gas has a much better CO2 ratio compares to electricity, it was expected that scenario 

6 (HP hybrid) result in high CO2 saving. In the same way, the growth in CO2 emission is 

explained in scenario 5 (IR). Because IR heating results in higher consumption of electricity 

in comparison with an HP. 

4.2.3 Electrical capacity 

Figure 30 shows the maximal electrical load at cluster level of both the base case and the 

six scenarios. Only scenario 5 (IR) of cluster 1 exceeds the capacity of the transformer. In the 

case of cluster 2, only the base case and scenario 1 (GSHP) stays within the capacity of the 

transformer. It is argued by the DSO that replacement of transformers until 630 kW will not 

result in major issues. Therefore, large and costly changes are required in the case of scenario 

5 (IR) because of the calculated maximum load of ±700 kW (at cluster 2). 

The maximal electrical load of both the base case and the six scenarios at the feeders are 

shown in Figure 31 and Figure 32. At cluster 1, no exceedance of the feeder capacity is found. 

In the case of cluster 2, however, it is expected that cable replacement is needed with scenario 

5 (IR). The possible exceedance of feeder 4 and 5 can be explained by the relatively higher 

number of connected dwellings (42 and 41), which is twice than the other feeders. Therefore, 

it can be argued that possible exceedance can be detected at only evaluating the capacity 

and number of connected dwellings.  

As shown in Figure 30, no major advantage is found at the transformer for the collective 

heating system. However, an advantage is seen at the electric cables (Figure 31 and Figure 

32). In both clusters, the collective system results in the lowest electrical load at the cable. 

This can be explained by the fact that the collective HP is directly connected with the 

transformer, by a new electric cable. For collective systems, it is argued that advantages can 

be found in peak saving of the thermal load and possible higher efficiency. However, it is 

noticed that the possible advantages are canceled out by the distribution losses and higher 

supply temperatures. This raise of heat demand will, therefore, result in higher CO2 emission. 

Another focus point is the possible financial advantage of collective systems. Because by 

large-scale approach, costs can be saved. However, the financial feasibility of collective 

systems depends strongly on several practical factors and are not encountered in this research.      
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Figure 30: Maximal power load [kW] at transformer per scenario. The dashed line is the 

maximal capacity of the current transformer. 
 

 
Figure 31: Maximal power load [kW] at each feeder of cluster 1, per scenario. The dashed 

line is the maximal capacity of the current feeders 
 

 
Figure 32: Maximal power load [kW] at each feeder of cluster 2, per scenario. The dashed 

line is the maximal capacity of the current feeders. 

4.2.4 Energy-related costs 

Total Cost of Ownership (TCO) over 15 and 30 years per scenario is shown in Figure 33 
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TCO over 15 years. Over 30 years, the lowest TCO is at the scenario collective HP. In the 

case of cluster 2, for both 15 and 30 years, the lowest TCO is found at the base case.  

If the TCO is determined with knowledge and care, it will provide insight into the 

feasibility of the scenarios. Besides the technical feasibility, financial feasibility is a major 

aspect of a successful realization. However, in this research, the TCO is limited to a general 

indication of the financial aspect.  

For both clusters, a larger capacity transformer is needed or advised, especially at cluster 

2. It is argued by the DSO that replacement of a transformer until 630 kW will not result in 

major costs if space is available (costs indication of €5000). However, if a new transformer 

(completely new location) is required a costs indication of €50,000-90,000 applies.  
 

 
Figure 33: Total Cost of Ownership (TCO) per scenario of cluster 1, with fixed prices. 

 

 
Figure 34: Total Cost of Ownership (TCO) per scenario of cluster 2, with fixed prices. 
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4.3 Most promising scenario 

Based on the results shown in Figure 29, Figure 30, Figure 31, and Figure 32, Scenario 1 

(individual GSHP) is selected as the best promising scenario. Because scenario 1 has the 

highest CO2 saving and lowest electrical load well below the maximal capacity of the feeders 

for both clusters.   

4.3.1 Sensitivity analysis 

To discover which parameters have the most influence on the electrical load of GSHPs, a 

sensitivity analysis has been performed. Table 14 shows the range of input values used for 

the sensitivity analysis. 
 

Table 14: Range of input values for sensitivity analysis on electrical load of GSHP scenario. 

Parameter Default input 

value 

Range input value 

Energy saving  40% 20% until 60% (interval of 5%) 

Heating curve 20°C until 35°C -20% until 20% (each set temperature)  

Mean supply temperature 

vertical ground heat 

exchanger (Tc) 

10 °C 0 until 14°C (interval of 2°C) 

Exergy factor GSHP (ηEX) 0.4 0.2 until 0.6 (interval of 0.05) 
 

Figure 35, Figure 36, and Figure 37 show that the exergy factor (ηEX) has significantly 

the highest influence, at both clusters. This can be explained by the direct connection with 

the COP of the HP. Also, the other parameters have a significant impact on the electrical 

load. 
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Figure 35: Sensitivity analysis of the GSHP scenario on the electrical load at the transformer 

(cluster 1). 
 

 
Figure 36: Sensitivity analysis of the GSHP scenario on the electrical load at the transformer 

(cluster 2). 

 

 
Figure 37: Sensitivity analysis of the GSHP scenario on the electrical load at feeder 5 

(cluster 2). 
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In figure 37, the sensitivity analysis for feeder 5 was specifically shown because of the 

highest calculated feeder load. No exceedances of the maximal capacity of the feeders are 

found. Which implies the same conclusion for the other feeders with equivalent capacity.   

 

Based on the sensitivity analysis the GSHP scenario will only result in the replacement 

of the transformers at both clusters. However, it is advised to discuss with the DSO if cable 

replacement at feeder 4 and 5 of cluster 2 is required. Because the DSO can and should 

simulate the scenario in detail including the Power Quality aspects, which are discussed in 

the literature review (Appendix 3).  

 

4.3.2 Comparison with an actual pilot project with individual GSHP  

To understand the actual electrical load variation of individual GSHP in high insulated 

dwellings, actual electrical load profiles has been analyzed. 

The HP profiles are obtained at a pilot project of Enexis in 2017, which is called ‘Jouw 

Energie Moment 2.0’ (JEM2). The goal of this project was to investigate the potential of 

flexible electricity rates. At the location Meulenspie, 39 dwellings of the type terraced, semi-

detached, and detached (built in 2012), were measured. Low energy loss has been achieved, 

among other things, by triple glazing, high level of insulation, and air heat recovery. Floor 

heating/cooling is applied in the whole dwelling for low-temperature distribution. At the 

measurement each dwelling was equipped with (1) GSHP (Alpha Inotec WZS41 H/K and 

WZS61 H/K) with individual vertical ground-coupled heat exchanger, for heating, cooling, 

and HTW (190-liter storage tank); The measurement of the obtained JEM HP consumption 

profiles was done in 2017.  (2) solar panels; (3) Tesla Powerwall battery; and (4) own designed 

algorithm to control the equipment. It is unknown which heat pump and when the heat pump 

is controlled by the algorithm.  

The heat pumps were measured with a time interval of 15 minutes. After analyzing the 

data, 31 usable consumption (hereby called JEM2) profiles have been obtained. The JEM2 

profiles are corrected for missing or unusual data points. The number of missing data points 

per JEM2 profile has been documented in Appendix 9 (Table 23). For each JEM2 profile, the 

dwelling type and user-related information are unknown.     

Figure 38 shows the collective maximum electrical load variation of the dwellings in 

different building group levels. For example, using JEM dwellings, when the GSHPs are 

installed in 5 dwellings the collective maximum is 1.64 kW. When GSHPs are installed in 10 

dwellings the collective maximum is 1.53 kW. If the individual maximum values are calculated 
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for these two cases, for 5 houses it is 2.0 kW and for 10 houses it is 2.0 kW. The collective 

maximum is lower than the sum of individual maximums. Because in reality, the highest 

demands do not occur at the same time. Hence, when comparing the collective maximum and 

sum of individual maximum electricity demands, for 5 GSHP installed houses a difference of 

0.36 kW is found and for 25 houses a difference of 0.68 kW was calculated. The difference 

has also been calculated with the case study scenario 1 and 2 electrical load profiles. Figure 

38 illustrates the collective maximum for both JEM data and case study data. The figure 

clearly indicates how the collective maximum electricity demand reduces with a number of 

houses. Please note that the case study results are not comparable in magnitude with JEM 

data.  

By observing the JEM data, the maximum load is mainly found at HTW preparation, which 

is not considered in the case study data. Also, the maximum heat capacity and efficiency of 

the HP differs between de JEM and case study data.    

However, both provide similar patterns of collective maximum demand variation with a 

number of houses.  

 

 
Figure 38: Mean electrical load GSHP per dwelling at different number of JEM2 and 

scenario 1 profiles. 
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4.4 Proposed Strategy 

The major objective of this research was to investigate the proposed strategy that is based 

on the 5-step method and considers the existing situation of a district suitable to present 

reliable effects of multiple energy transition scenarios to realize a more sustainable gasless 

district.  

4.4.1 5-step method 

Application of the 5-step method was a major concern of this proposed strategy. Based 

on the results, first considering the user demand & behavior (1st step of the 5-steps) provides 

useful insights and information to the dwellings’ energy consumption. Especially, considering 

the autonomous behavior of the occupant is necessary for electrical load assumptions. Figure 

39 shows a comparison of the maximum of the mean electrical load per dwelling with network 

design values of the base case [71]. Maximum mean load for each cluster: 
 

∑ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑀𝑀𝑒𝑒𝑀𝑀𝑒𝑒𝑒𝑒 𝑒𝑒𝑙𝑙𝑀𝑀𝑙𝑙 𝑒𝑒𝑒𝑒𝑀𝑀𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑁𝑁
1

𝑁𝑁
 

 

Where N; is the total number of dwellings of de cluster. For both clusters, the mean electrical 

load is lower than the designed lower boundary of the network. Especially cluster 2 is 

significantly lower with a 0.44 kW difference. A difference with the design load can also be 

found at the heat pump scenarios. It is argued by the DSO Enexis that the mean of maximum 

electrical load will be 3 kW. As can be seen in Figure 40, only scenario 1 (ASHP) is nearly 

or exceed the design load. However, as noticed at the base case in this study and in literature, 

autonomous behavior is averaged out at a large number of dwellings. Therefore, it is 

important to consider which level and what number of dwellings’ user demand & behavior 

has a significant influence.    

Based on the results, reduction of the energy demand (2nd step of the 5-steps) is necessary 

to successfully implement the considered scenarios. Because the necessary efficiency of HPs 

and IR heating is dependent on low-temperature heating and low transmission losses, which 

is realizable with low energy demand. The relatively high CO2 reduction of scenario 6 (HP 

hybrid) implies that reducing the energy demand outweighs applying sustainable energy 

sources first. Applying sustainable energy sources is the 3rd step of the 5-steps. 

Consideration of energy exchange and storage (4th Step of the 5-steps) is done by 

evaluating scenarios with ATES and heat pump systems with enough buffer capacity. 
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Sufficient buffer capacity will result in better performing HP systems. The disadvantage is 

the required space, which creates a challenge for small dwellings.  

Evaluating alternatives that still use fossil fuels (5th Step of the 5-steps) will not fit in 

most sustainable objectives. However, the results show that a hybrid system is worthy to 

consider, especially as a bridging scenario to a fully sustainable alternative.   
 

 
Figure 39: Comparison maximum of the mean electrical load per dwelling with network 

design values of the base case, with an error bar of total 0.5 kW 

 

 
Figure 40: Comparison maximum of the mean electrical load per dwelling of heat pump 

scenarios with heat pump design load, with an error bar of total 0.5 kW 
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4.4.2 Existing situation  

This research showed that knowledge of the existing situation is essential to make grounded 

statements about the outcomes.  

The Dutch LV network is not uniformly designed and may have influences of local factors 

(such as PV parks). Especially for capacity determination, in-depth analysis of the local LV 

network is mandatory. The research found in the literature study argues that capacity 

problems are expected with all-electric solutions. However, the local LV design determines if 

capacity problems will occur. In the case study Princenhage, the LV network is designed in 

the past with some extra capacity margin (stated by the DSO Enexis).   

The dwellings characteristics of the selected clusters are examined to endeavor to the 

existing situation. The information is used to make better assumptions of the maximal energy 

demand/load. For example, a dwelling that has normally energy label F, but by applying 

insulation measures, is considered as label C. Then, it is expected that the energy demand 

will be lower and lower supply temperatures can be used. However, if the same dwelling adds 

an extension of 20 m2 (more space to heat), the energy demand will be the same or higher 

despite the insulation measures.    

4.4.3 Scenarios 

As stated in the introduction, the energy transition of a district needs customization. 

Therefore, (almost) every possible scenario should be considered in the process of achieving 

sustainable gasless districts. By calculating each of these scenarios until a sufficient level, best 

performing scenario(s) can be selected. However, the used calculation methods should be 

verified, and input values should be validated.    
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5 Conclusions and recommendations 

In this study, a strategy is proposed in realizing a sustainable gasless district in the 

Netherlands. The main objective of this research is to evaluate if the proposed strategy is 

suitable to present reliable effects of multiple energy transition scenarios. First, a literature 

review is conducted to gain knowledge of technical problems at heating energy systems. 

Secondly, multiple transition scenarios are selected based on several criteria (such as the 5-

step method) and further evaluated. Finally, after comparing the scenarios, the most 

promising scenario is selected and further explored and compared with a real pilot project. 

This chapter contains answers to the research questions and recommendations for further 

studies. 

5.1 Answers to the research questions 

The main research question: Is a strategy that is based on the 5-step method and 

considers the existing situation of a district suitable to present reliable effects of multiple 
energy transition scenarios to realize a more sustainable and gasless district? 

 

The proposed strategy, as discussed in this research, is promising to present reliable effects 

multiple energy transition scenarios. The 5-step method and considering the existing situation 

overcome the lack of technical feasibility, which is found at other transition models. The 5-

step method support in selecting and evaluating (more) sustainable gasless scenarios by 

considering first user demand & behavior in addition to technical aspects. Because an accurate 

prediction of user demand is not possible, actual energy demand profiles are used. This 

research has shown that user behavior has a significant influence on the base case and 

scenarios. Therefore, considering user behavior is mandatory to present reliable effects of 

multiple energy transition scenarios.        

Considering the existing situation, such as the energy infrastructure and building related 

aspects, adds more reliability to the investigated effects. The reported capacity problems of 

heat pump systems in the literature review are not observed in this study to the same extent. 

It is observed that electric capacity is strongly depended on the number and type of dwellings 

connected to the feeder. Detailed information of the electrical network support in finding 

possible capacity bottlenecks. For example, the high number of connected dwellings to feeder 

4 and 5 of cluster 2. Therefore, considering the existing situation is also needed in presenting 

reliable effects of multiple energy transition scenarios.     
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However, the strategy asks for more elaboration than performed in this study to offer a 

fully reliable evaluation of the energy transition scenarios. Furthermore, the strategy and the 

used calculation methods should be verified and validated.   

 

Sub-question 1: What are the technical problems of electrically driven heating energy 

systems at district level?   

 

Large scale penetration of electrically driven heating energy systems at district level may 

result in multiple issues for LV networks. These issues can be divided into capacity and power 

quality related issues. Electrification of the heating demand leads to higher electrical load, 

where the Dutch network is not designed for. Adjustment or replacement results in unwanted 

implications, such as higher costs. However, the present calculations on the LV network 

determine if issues are expected. 

 

Sub-question 2: How can different user behavior related to energy usage be included in 

the strategy in a valid way? 
 

User aspects that are related to energy usage can be included by using the local energy 

data and field measurement data. Significant differences are found between the 

measured/calculated maximal electrical load and maximum design load of the network at 

both the base case and heat pump scenarios. At the base case, the difference in load is between 

7% and 58% for cluster 1 and cluster 2 with the lower value of the design load. In de case of 

the heat pump scenarios, the difference in load is between 6% and 73%. This variation in 

electrical load shows the added value of the 1st step of the 5-step method which is considering 

and investigating user demand & behavior. This work and dwelling cluster analysis can be 

further elaborated and evaluated as future work according to the age factor, the number of 

people in a dwelling, and daily routine of the users. 

 

Sub-question 3: Is there an advantage of a small collective heating energy system 

compared with individual systems? 
 

An advantage of collective HP system (compared with individual systems) is found at the 

LV network if the collective HP is fed with a new direct connection with the transformer. 

Then, there will be no additional load on the existing feeders which are already connected to 

the dwellings. For example, in scenario 2 (individual ASHP), the electricity load has been 
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increased in cluster 1 and cluster 2 from 31 kW and 71 kW after introducing the heat pumps. 

Another advantage observed in the collective system is the resulted collective peak demand 

is lower in comparison with individual systems. At the transformer, the maximal electrical 

load of the collective system is 65 kW (cluster 1) and 107 kW (cluster 2) lower when compared 

with the individual case.  

5.2 Recommendations 

Energy transition of the existing district is not only about the described (technical) 

alternatives for the heating demand. The proposed strategy is intended as the start of a full 

district transition strategy. The following recommendations are to improve the strategy: 

 
- Evaluate electrical load with a low number of dwellings by using the actual energy 

demand profiles of the district. Is there a significant effect of user behavior? 
- Measure also each cable at the transformer to evaluate individual load on the feeders.  
- Study and/or include the influence of HTW usage on the electrical load at district 

level. 
- Practical concerns of possible alternatives should be integrated into the strategy. For 

example, is it possible to construct an Aquifer Thermal Energy Storage (ATES) or 
Vertical Ground Heat Exchanger (VGHX), with respect to the ground and space.  

- Besides the selected all-electric solutions, other solutions should be considered in the 
strategy, such as district heating. 

- Verify and validate calculation methods of the considered scenarios. 
- Integration effects of future or another type of occupants. Change the energy demand 

by another type of users, such as other age groups.  
- The practical impact of PV panels and EV at district level should be investigated 

and integrated into the strategy. As found in the performed literature study, PV 
panels and EV have a significant effect on the LV network. 

- Establish and monitor projects that transform an existing district (or a part of it) to 
more sustainable and gasless. It is important that the obtained data in pilot projects 
are published. In this way, the strategy can be validated.  

- Investigate the maximal electrical load per dwelling of a scenario, with respect to the 
quantity. For example, how much electrical load can be expected with 10 or with 100 
dwellings with ASHP? With this knowledge, the impact of all-electric solutions on 
the LV network can easily be evaluated. On this moment, a tool is designed by the 
DSO Enexis to fit this purpose (see Figure 41). Based on the actual energy 
consumption and applied conversion, the electrical load per address is determined for 
a number of scenarios.   
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Figure 41: A tool of the DSO Enexis, to evaluate all-electric solutions (including PV and 

EV) at district level. 
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Appendices 

5.3 Appendix 1: TPES distribution in the Netherlands 

In 2016, the total primary energy supply (TPES) of the Netherlands is mostly provided 

by natural gas, petroleum, coal, nuclear energy, and waste. As can be seen in Figure 42, 

natural gas and oil share the highest amount, which implies that the Netherlands still mostly 

rely on fossil fuels [72]. However, it must be noted that the total final consumption (TFC) is 

approximately 58% of the TPES, which means that 42% is lost through energy conversion, 

distribution losses, and as raw materials for products [73]. When distributing the TPES in 

sectors, the industry has the largest share with 59% and secondly the energy supply sector 

with 16% (see Figure 43 [74]. In 2016, 5.9% of the TFC in the Netherlands was from renewable 

sources (wind, solar, biomass, geothermal, ground source, and heat from outside air). Biomass 

has the largest share (63%) [75]. Compared to the TPES, energy from renewable sources is 

beneath 4%. 
 

 
Figure 42: Dutch total primary energy supply (TPES) by energy carrier of the year 

2016 [72], [73]. 
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Figure 43: Dutch total final consumption (TFC) by sectors of the year 2016 [74].  
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5.4 Appendix 2: Regional strategy ‘Energietransitie Rekenmodellen’ 

An overview is given of an energy transition strategy on region level by using different sources 

and calculation models (see Figure 44).    

Process steps regional energy strategy 

 
Collect information 

Source  Explanation 
CBS in uw buurt Open data of (mean) statistics of multiple themes at 

different detail levels 
Energieinbeeld  Graphical insight in the consumed and produced energy 

per province, municipality, neighborhood, and postal code 
area. Based on the data from the network operators.  

NEA (national energy atlas) A GIS interface with multiple open data statistics and 
technical potential overviews 

NOM kansenkaart Graphical overview of potential Zero-energy building 
renovation based on open data.  

Thermogis Provide a graphical overview geothermal potential 
Warmte(koude)atlas  A GIS interface with multiple open data statistics and 

technical potential overviews 
Model   
CEGOIA A model that uses open data and own created technical 

scenarios to calculate the costs of the different energy 
scenarios over a period. The existing networks are 
neglected in de model. 

ETA A GIS interface with multiple open data statistics and 
technical potential overviews. The possibility to add own 
information, scenarios and create results overviews.   

Pico A GIS interface with multiple open data statistics and 
technical potential overviews. Also, the possibility to 
calculate different scenarios.   

Transform A platform to perform simulation- and optimization 
studies to identify potential measures and make them 
visible.  

Vesta A model that calculates different buildings and area 
measures to reduce energy consumption and CO2-
emission. The model uses open data and the results of 
specific research.  
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Explore spatial plans 

Source Explanation  

Ruimtelijkeplannen.nl Graphic overview of spatial planning 

Municipality and Provinces  Specific documents 

 

Energy analyses and effect on social costs and benefits 

Holistic approach Heat issue (vision-strategy) Heat issue (detailing) 

Dido CEGOIA Chess 

Energietransitiemodel Energietransitiemodel Heat 

Gebiedsmodel  Powerfys ETA 

Opera  Vesta  

 ETA  

Impact on the grid  Impact on the electricity 
market 

3D visualization 
measures 

Cegrid Competes Win3D 

DSSM Dido Woonconnect 

Gebiedsmodel DSSM  

ITSF Powerfys  

MKBINS   

 

 
Figure 44: Existing transition models used in the Netherlands. 
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5.5 Appendix 3: A literature review 

Because on this moment electricity is the most commonly used energy carrier as an 

alternative for gas heating systems, a literature study is carried out to provide an insight in 

the technical impact of integrating a massive amount of electric heat pumps on the low-

voltage grid (LV). Besides heat pumps (HP), the impact of photovoltaics (PV) panels, and 

electric vehicles (EV) are also considered. Because of the low expected implementation 

percentage, combined heat and power (CHP) devices are not studied. The majority of the 

literature has been selected by using a combination of the following keywords: heat pump, 

grid impact, low-voltage grid, PV. The literature is also restricted by publishing the year 

2008 and younger. 

Introduction 

First, it is important to identify the current structure of the electricity network. In a 

nutshell, Transmission System Operators are responsible for transportation of electricity from 

the power plants to the local level using fixed infrastructure (HV/MV) and Distribution 

network operators (DSO’s) maintain and extend the electrical grid (LV) to the end customers. 

On the generation side, previously, large scale generation units such as coal/gas-fired power 

plants are connected to the HV network and the power flow is considered unidirectional from 

the power plants to the demand. However, with the penetration of smaller-scale renewable 

energy sources (PV, wind) to the electricity grid which is usually being connected at a medium 

and low voltage level, the power flow has become bidirectional. An overview of distribution 

networks of DSO’s is shown in Figure 45. The interest of this project is on the DSOs, since, 

they are responsible for the LV grid and the end customers.    

In the traditional unidirectional system, the balancing of demand and supply is not 

considered a major issue. However, with the bidirectional energy systems where the power 

output is dependent on the weather conditions, balancing the supply and demand is 

considered a challenge. Nonetheless, the security of supply and quality of service are the core 

responsibilities of DSOs. To fulfill these responsibilities, the DSO must guarantee enough 

capacity in the infrastructure to serve the customers. 
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Figure 45: Overview of the distribution network of DSO's [76]. 

Effect of the energy transition on low voltage network 

Electrification of demand is gaining large ground with the energy transition. This 

electrification and the increasing stochastic renewable energy generation have a huge impact 

on the LV grid. In the past, the LV grid is dimensioned using traditional methods and 

historical data. The capacity of the LV grid infrastructure is determined by the capacity of 

the transformers, feeders, and building connection [19]. Every customer is connected to a 

transformer by a feeder. The combination of cable material, diameter, and length determines 

the transport capacity of the feeders. The capacity of the AC transformer is fixed by the 

manufacturer. As stated in the Dutch law, the power factor of a transformer should be higher 

than 0.85. The research of [32] shows that this requirement is usually achieved. Generally, 

the sum of the maximal capacity of the building connections is much higher than the capacity 

of the feeder. Because it is expected that individual maximum demand will shift in time in 

the same period. A coincidence factor is used to determine the maximum load on a feeder or 

transformer:   

 

𝐶𝐶𝑙𝑙𝑀𝑀𝐶𝐶𝑒𝑒𝑀𝑀𝑙𝑙𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒 𝑓𝑓𝑀𝑀𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒 [−] =  
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑒𝑒𝑀𝑀𝑀𝑀𝐶𝐶𝑙𝑙 𝑙𝑙𝑓𝑓 𝑀𝑀 𝑐𝑐𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑀𝑀

𝑐𝑐𝑀𝑀𝑀𝑀 𝑙𝑙𝑓𝑓 𝑒𝑒ℎ𝑒𝑒 𝑀𝑀𝐶𝐶𝑙𝑙𝑀𝑀𝑖𝑖𝑀𝑀𝑙𝑙𝑀𝑀𝑀𝑀𝑒𝑒 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑒𝑒𝑀𝑀𝑀𝑀𝐶𝐶𝑙𝑙𝑐𝑐 = 0 ≤ 𝑀𝑀 ≥ 1               (16) 

 

Another way to tackle the coincidence is by using a fixed mean maximum load per 

residence. By reason of a coincidence factor of 0.2 or a maximum load of 1.2 – 2 kW per 

residence, which is observed in practice, DSOs execute feeders and especially transformers 

with a lower capacity [71][14]. In this way, material and construction costs are saved. 

However, with the electrification of demand and renewable energy penetration these 

traditional dimensioning of the LV energy infrastructure may not be sufficient. Other than 

that, the adequacy of the existing grid for the future variations remains in a highly unclear 
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state. In the past, DSOs did not consider high penetration of high current devices with 

simultaneous behavior, such as HP, PV, and EV. The authors of [20] argue that transformers 

are the first barrier in growing of the load and simultaneously behavior. Table 15 shows the 

reported capacity related aspects in the literature. The following sections discuss the effect of 

integration of HP, PV, and EV on the low voltage grid separately. 

 

Table 15: Capacity related aspects that are mentioned in the found literature by penetration 

of HP, PV, and EV devices. 

Reported aspects HP PV EV Literature 

General capacity 
problems 

x x x [14],[15],[16],[17],[18],[19],[20],[21],[22],[23],[24] 

Coincidence factor x   [25],[26],[27],[28] 

ADMD x   [28],[14] 

Electrical resistant 
element 

x   [17],[25],[28],[14] 

Heat pumps (HP) 

As shown in the simulation study of [15] and [16], the growing penetration of HP will 

result in capacity (thermal) issues for feeders and transformers. The authors of [15] found 

that a penetration level of 40% air source heat pumps (ASHP) in the specific case study 

already result in capacity problems. In the case of ground source heat pumps (GSHP) is the 

exceedance at 50%. The simulation studies of [17] and [18] found that integration of more 

than 30% of ASHP resulted in overloading, especially in large rural Belgium feeders. van 

Lumig [20] argues that 15-20% heat pump implementation results in load problems for 

transformers. As can be noticed in the HP load curves of [25], HPs has a high coincidence 

factor. The problem of a high coincidence factor is shown in the study of [26], which simulated 

the moment after a blackout on a cold winter day (black start). Electricity consumption of 

almost three times the maximum load is observed. Data of 696 domestic heat pumps in Great 

Britain is used to aggregated load profile by [27]. They found that the highest peak of the 

heat pumps is in the morning. The peak during the highest peak of domestic electricity 

consumption in the evening is much lower. This is also observed in the field study of [28]. In 

addition, the After Diversity Maximum Demand (ADMD) for the population of heat pumps, 

is calculated as 1.7 kW (external temperature = -0.3 °C). ADMD compensate for the 

coincident peak load an electrical grid is expected to experience over its lifetime and by itself 

is an overestimation of typical demand. They also showed that the ADMD significantly 

increased at a low number of customers, with a mean peak of 4 kW. After 40 customers, 
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ADMD falls to 2.0 kW and after 100, to 1.8 kW. In a Dutch field study of 32 nearly zero 

energy residences, they found a peak load of 2.7 kW at -6.5 ℃ [14]. The authors argue that 

the peak load will be higher at colder winters in the Netherlands. They also found that the 

HPs were not 100% simultaneity active in the winter period, which was expected. The field 

measurement of [28] in the Netherlands reported an ADMD of around 2 kW (mean external 

temperature of -10 °C). HPs of the measurement possessed an electrical resistant element in 

the heat pump as a back-up. They observed that the highest peak (6 kW) on the coldest day 

was performed by a back-up element. The study of [17] described also that electrical resistant 

element has a significant impact. In the research of [25] different load curves for three building 

types are made. These curves show that the dimension of the HP and insulation level is 

important for the behavior of the back-up element. Badly insulated and small dimensioned 

HP will result in higher energy demand and peak. In a typical ASHP system, the electrical 

element automatically starts after four hours continuous running of the HP at an outside 

temperature below -5 °C. Therefore, [28] argues that there should be extra capacity available 

on the feeder and transformer for the electrical element. However, in the field study of [14] 

the extra electrical heating did not turn on simultaneously.     

Photovoltaic cells (PV) 

Many of the PV developments are taking place at the individual household level which 

results in high uncertainty in power flows and directly affects the LV grid. During the winter 

periods where the daylight is at a low level, it is usually observed, the power output of PV is 

lower than the electricity consumption of the buildings [19]. However, capacity problems by 

PV will occur if the generation amply exceeds the electricity consumption. In this case, 

voltage problems are the first concerns for PV, as described by [20]. In a Dutch field study 

of 32 nearly zero energy residences [14], in one instance a maximum feed-in peak of 6.3 kW 

is measured from PV panels, which is much higher than the measured conventional peak load 

(1,1 kW). This feed-in peak is also higher than the measured HP peak demand of 2.7 kW. In 

another simulation and measurement study of a Dutch residential area, major overloading is 

found at the transformer (220%) and a number of feeders when every dwelling is equipped 

with 5.5 kWp PV panels [21].         

Electric vehicle (EV) 

The stochastic load associated with EVs, whose adoption is also uncertain, leads to 

adequacy issues of the network. The review study of [20] state that with the existing Dutch 

low-voltage grids, only 12% of the dwellings can charge their EV with 3 kVA without creating 

problems on the transformers. For the medium-voltage grid, the number holds 13-35% 
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maximum penetration. The research of [22] predict with implantation of 13% EVs (in 2030), 

17% of the transformers and 4% of de feeders will be critically overloaded. In a Dutch 

neighborhood, a stress test is performed with 8 EVs and 7 PHEVs with three fast chargers 

[23]. A significant rise is measured in peak consumption (up to 2.2 times higher). They 

conclude that an EV penetration of 15-20% (with one fast charger) can lead to the capacity 

limit of this network.    

Combination 

Adding to the uncertain generation of PV, the stochastic loads from HPs and EVs, the effect 

on the LV grid is explicit. The study [24] discusses the impact of a combination of HP, EV, 

and PV in a residential area. A combination of 100% HP and 20% EV resulted (in the winter) 

in almost 120% transformer loading, which is critical. With 100% HP and 50% EV the 

transformer capacity estimated to be doubled. On the other hand, the study also showed, by 

using demand response (DR) measures, 100% of HP and EV can be realized without changing 

the transformer. However, in both cases, the feeders become the next limitation. 

Power quality 

The definition of power quality (PQ) is to maintain the near sinusoidal waveform of power 

distribution bus voltages and currents at the rated magnitude and frequency [77]. 

Disturbances of the PQ depend on amplitude or frequency or on both. Furthermore, the 

duration of the disturbances can divide into short, medium, and long types. Several different 

disturbances are known, which are described in [77] and [78]. In the Netherlands, disturbances 

on the public electricity grid are permitted up to a limit as described in the Dutch grid code 

and the norm NEN-EN 50160:2010 [79]. Exceeding the limits result in grid failures, damage 

at equipment (shorten lifespan), higher energy consumption, lower higher maintained costs, 

and chance on fines. Multiple studies showed that growing penetration of HP, PV, and EV 

result in disturbances outside the limit on the low-voltage grid. In Table 16 an overview is 

given of disturbances that are found in the literature which are connected to the growing 

impact of HP, PV, and EV. The devices are marked with an ‘x’ if they cause the disturbance 

in a significant amount. Next, the major reported problems of each device are described.  
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Table 16: Type of disturbances that are mentioned as a possible problem in the 

found literature by penetration of HP, PV, and EV devices 

Disturbances HP PV EV Literature 

Under-voltage  x  x [29],[30],[31],[15],[16],[32],[33],[34],[23],[35], 

[36],[37]   

Over-voltage  x  [30],[31],[38],[39],[15],[16],[32],[33],[34]    

Voltage/Current 

unbalance 

x x x [31],[38],[40],[41],[42],[43],[14],[23] 

Harmonics x x x [44],[38],[45],[33],[46],[47],[48] 

Flicker  x  [49],[50]     

 

Under- / over-voltage  

Under- / overvoltage voltage (Un) are drop and increase of voltage levels of a particular 

bus with respect to standard bus voltage [77]. These are very common types of disturbances 

and may occur for short, medium or long period. In the Dutch grid code, a distinction is 

made between slow and quick voltage variation. For example, for slow variations in a low-

voltage grid, the voltage should stay between 207 and 253 volt for 95% of the 10-minute 

average values during one week [79]. Effect of exceeding the limits increase the amount of 

reactive power drawn or deliver by a system, insulation problems, and voltage stability, which 

result in a malfunction of feeders and equipment.  As can be seen in Table 16, penetration of 

the energy consumers HP and EV result in under-voltage and the generation devices PV in 

over-voltage. The effect of each energy system is discussed below in detail. 

Heat pump  

In the literature, it describes a short voltage drop with the operation of HPs [29]. They 

showed that a high current flow occurs at the start of the compressor motor (twice as the 

normal running current). This phenomenon results in a significant voltage drop. If multiple 

heat pumps start at the same time, the voltage drop will increase. The study of [29] concludes 

that at 20% HP penetration the transient voltage drops exceed statutory limits, even with 

soft-starters. Also, the authors found that transient disturbances can be reduced by switching 

the HPs on all phases simultaneously instead of on one phase.  Under-voltage through high 

penetration of HP is also observed at normal running time. The research of [30] showed 

penetration of 30% violate the minimal voltage limit allowed according to EN 50160. In a 

simulation study of [15], HPs produced voltage problems in about 53% of the feeders and 

72% of the transformers. Thermal and under-voltage issues occurred already at early 
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penetration levels (20–50%). The simulation study of [16] and [34] also reported that growing 

penetration of HP will result in capacity (thermal) and under voltage issues.  

(PH)EVs 

Research of [80] shows that (Plug-In Hybrid) Electric Vehicles have a significant effect 

on under-voltage disturbance. This is because a substantial amount of power is needed to 

charge them in a short period of time. Uncontrolled charging may result in significant 

problems on the low-voltage grid [81]. In the study of [35] and [36] a penetration level of 20-

40% is found to reach the limit for safe charge operation. In a stress test with 8 EVs and 7 

PHEVs with three fast chargers, a significant voltage drop of 17 Volt is measured [23]. 

Although this is a significant amount, it stays between the limit of 21 Volt (209 Volt). 

However, this test shows that an increase of EV will result in exceeding the limit. A 

simulations study of a real (small) Danish low voltage grid with an EV at each dwelling 

showed that reactive power control (RPC) is necessary to maintain the voltages within the 

limits at the end of the lines [37]. However, over-voltage can also appear if EVs are used as 

a power supply (Vehicle-to-Grid). 

PV 

A review paper [38] state that a high level of PV penetration can inject power to the low-

voltage grid that can affect the voltage level and protection setting of the distribution system. 

Voltage fluctuation and voltage unbalance may arise by the intermittent nature of PV. 

However, in a simulation study of a typical (small) LV grid in Germany, it was observed the 

PV penetration did not violate the voltage limits [32]. Another study [31] showed that rural 

and urban feeders of a Belgium low-voltage grid may also be able to handle high PV 

penetration levels without violating the limits. However, semi-urban and the city feeders may 

experience power quality issues at very high PV penetration levels, such as over-voltage and 

unbalance. 

A Monte Carlo-based simulation study of two real UK LV networks showed that over-

voltage start to occur an average of 40% penetration by longer or heavily loaded feeders [39].  

No issues occurred at small feeders, which have number customers less than 35 and length 

less than 1 km. In addition, [39] argues that hourly and half-hourly PV approaches can 

significantly underestimate voltage issues. In another study of the same author, voltage issues 

occurred in 47% of the 128 residential analyzed feeders [15].  

Combination HP and PV 

 The effect of over-voltage of PV can be used to solve/limit the under-voltage issues of 

HP, which may result in a higher penetration of HP. The research of [30] and [34] showed 
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that the effect of this combination is minimal through the mismatch of demand and 

generation. Because under-voltage will likely occur in the morning and evening by HPs.       

Voltage/Current unbalance 

Unbalance is the deviation of phase voltages and phase currents from their rated values 

with respect to magnitude [77]. Effect of unbalance is mal-operation of equipment, mal-

operation of measuring instruments, may cause excessive drawl of reactive power, and 

shortening of the life span of different appliances. Voltage unbalances can be measured by 

the Voltage Unbalance Factor (VUF), which is the ratio between negative sequence and 

positive sequence voltage components [77]. Commonly, low demand heat pumps (<3.5 kW), 

domestic PV inverters, and EV chargers in the Netherlands are mostly single phase connected.    

HP 

At a high penetration of single-phase HPs, a voltage unbalance can be expected. If 

multiple HPs running at the same time and phase, high voltage unbalances can be observed, 

as shown in the study of [41]. A Dutch field study showed that connecting HPs symmetrical 

over the three phases is truly important [14]. A network failure appeared because one phase 

had a current of 250 Ampere and the other two phases only 30 Ampere.   

PV 

The research of [40] states that voltage unbalance because of PV installations is a growing 

power quality concern. In the same study, simulation is performed of single-phase PV systems 

connected to a rural secondary radial distribution network. They conclude that a 5% 

penetration level of large single-phase systems (up to 15 kW) is permissible with respect to 

voltage unbalance. However, using smaller installations (approximately 5 kW) a penetration 

level of 15% is achievable without unbalancing problems. Another study showed that rural 

and urban feeders of a Belgium low-voltage grid may be able to handle high PV penetration 

levels. However, semi-urban and the city feeders may experience unbalance issues at very 

high PV penetration levels [31]. Tang et al. [43] showed that central planned PV installations 

have less impact on the unbalance than non-central planned. Also, they show that increasing 

cable length has much more effect at non-central planned PV.   

EV 

Three different central charging infrastructures (site A, B, and C) are measured in the 

study of [42]. They found that all single phase EVs of site A and B use the same phase 

conductor for charging, which resulted in a high voltage unbalance. Accepted unbalance factor 

is measured at site C because of the used three-phase chargers. A stress test of 15 EVs in a 
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single street showed a significant unbalance in all four feeders [23]. This unbalance resulted 

in overloading of certain phases, while other phases still have capacity left.   

Harmonics 

It is assumed that a pure polyphase system has a pure sinusoidal AC and voltage 

waveforms of a single frequency. However, this purity deviates because real voltage and 

current waveforms are distorted, which is called non-sinusoidal waveforms. The non-

sinusoidal waveform is shaped with the combination of many sine waves of different 

frequencies (harmonics). Therefore, actual power system signals have a fundamental 

component plus harmonic components [77]. The effect of a high number of harmonics can be 

due to poor functioning of the system, premature aging of equipment, reduced performance 

of energy generation and transport. 

Heat pump 

By examining an HP trial, [44] observed that HPs exported a large amount of 3rd, 5th 

and 7th harmonic (low order) currents. They argue that low-order harmonics will sum within 

the feeder and give harmonic voltage exceeding’s. Six different HPs are analyzed on their 

harmonic behavior at the research of [47]. They conclude that at lower input power levels 

some of the inverter‐driven heat‐pumps produce high harmonic current levels.     

PV 

In field measurement and simulation study of a 20 kWp PV plant in Greece, the 3rd order 

of current (I3) and voltage (V3) harmonic appeared [45]. The generated I3 is observed to flow 

to the transformer and V3 appears at the side of the loads. Also, the generated 5th and 7th 

order harmonic current cause a slight rise in the corresponding currents at the transformer. 

However, no harmonic limits by the standards are violated. Because the investigated LV grid 

had already 5th and 7th order harmonic currents. Therefore, the increase in harmonic currents 

by the PV plant is negligible. The study of [82] also confirmed that the harmonics produced 

by PV inverters are negligible.   

EV        

In the study of the three different central charging infrastructures (Site A, B, and C), low 

harmonics  (3 until 13) are dominant [42]. The limits of site B and C are exceeded on 3rd (site 

B) and on 11th and 13th (site C). They conclude that for site A the maximum magnitude 

depends on the type of EVs and for site B and C the number of connected EVs.      
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Flicker 

The study of an area with high penetration of PV concluded that no higher flicker levels 

are caused by PV systems [49]. A higher PV penetration, however, can change this 

statement but is not expected. Measurement in a German case study with 535.5 kWp 

installed photovoltaic (PV) capacity resulted in no flicker requirement violation [50].     

Summary of findings and research gap 

The impact of HP, PV, and EV on the low-voltage grid can be divided into capacity and 

power quality aspects. The capacity of the grid infrastructure is especially determined by the 

capacity of the transformers and feeders, in which the transformer is considered as the first 

barrier. The high load and simultaneity behavior of HP and EV are the major reasons for 

capacity issues. The Dutch grid is not constructed to withstand this type of loads. Multiple 

studies conclude that in general, a penetration of more than 20% of HP and 13% of EV in 

residential areas will give network adequacy issues especially because the combination of HP 

and EV result in quick overloading.    

In terms of power quality, at large scale implementation of HP, PV, and EV, five major 

PQ issues are found to be important by the literature, namely under-voltage, over-voltage, 

harmonics, voltage/current unbalance, and flicker. Under-voltage issues are mainly found at 

the penetration of HP and EV. In contradiction, large scale PV results in over-voltage and 

possible flicker issues. Harmonics issues are primarily observed at HP and EV applications. 

The voltage/current unbalance is related to the way of connection to the feeder (one or three 

phases). The high amount of one phase connection of HP, PV or EV resulted in unbalancing 

issues. 

However, for both capacity and power quality studies, simulation is mostly used with 

multiple assumptions and without consideration of variances.  There is a lack of knowledge 

about the real load and behavior of HP and EV on large scale penetration levels because most 

of the studies are limited to simulation. The assumptions made about the load and behavior 

have a significant impact on the results of these simulation studies. The simultaneity factor 

is one of the most complex aspects because it is related to settings and behavior. A wrong 

assumption of the simultaneity factor will result in possible superfluous costs. Kolenc et al. 

[51] argue due to the stochastic nature of the LV networks due to HP, EV, and PV, network 

planning should not be based on the assumption of the worst possible load but on the 

probabilities of occurrences. Also, existing grid structures are simulated without consideration 

of variances in energy consumption or network configuration. This shortage results in the 
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limited generalization of the results. Especially for PQ issues, the local PQ and specific 

behavior of devices are important for reliable conclusions. If simulation is used, it is important 

to consider which time-interval is required. Because time intervals larger than 10 minutes 

lead to inaccurate results, especially in peak load and PQ investigations [39][52][53]. 

Therefore, Bottrell et al. [44] states, if these technologies cause power quality problems on 

LV feeders, the causes cannot be simply answered.  
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5.6 Appendix 4: Used Liander profiles 

Table 17: Used Liander natural gas consumption profiles per cable. 

Cluster 1 (77 dwellings)  Liander customers profiles  

 Original Total: 19 

Cable 1 (19 dwellings) Original  10, 11, 14, 35, 37, 38, 41, 51 

 Adjusted 1, 8, 42, 44, 46, 52, 62, 63, 65, 73, 76 

Cable 2 (20 dwellings) Original  10, 11, 14, 29, 32, 34, 35, 41, 53, 77 

 Adjusted 8, 22, 30, 44 (2x), 50, 51, 59, 63, 66 

Cable 3 (17 dwellings) Original  11, 14, 34, 37, 38, 41, 53, 64, 73 

 Adjusted 22, 30, 39, 44, 50, 59, 65, 69 

Cable 4 (21 dwellings) Original  32, 34, 53, 61 

 Adjusted 1, 35, 37, 38, 40, 44, 47, 49, 50, 51, 52, 62, 64, 
66, 76, 79, 80 

Cluster 2 (146 dwellings)   

 Original Total: 38 

Cable 1 (18 dwellings) Original  5, 8, 10, 24, 34, 41, 51, 57, 59, 61, 66, 73 

 Adjusted 15, 16, 21, 22, 39, 50 

Cable 2 (25 dwellings) Original  5, 9, 11, 15, 16, 21, 22, 24, 28, 30, 34, 39, 41, 
45, 50, 51, 57, 59, 64, 66, 73, 78 

 Adjusted 13, 53, 65 

Cable 3 (20 dwellings) Original  9, 28 (2x), 30, 34 (2x), 37, 45, 50, 51, 65, 67, 
73, 78 

 Adjusted 16, 24, 53, 57, 59, 61 

Cable 4 (42 dwellings) Original  1, 5, 8, 9, 10, 11, 14, 15, 16, 22, 24, 29, 34, 37, 
41, 45, 46, 51, 53, 55, 57, 62, 65, 66, 67, 72, 
73, 77 

 Adjusted 13, 15, 21, 28, 30, 39, 43, 44, 50, 59, 64, 69, 
74, 78 

Cable 5 (41 dwellings) Original  1, 5, 8, 9, 10, 11, 14, 21, 24, 29, 34, 37, 41, 44, 
45, 46, 50, 53, 55, 57, 59, 65, 66, 67, 73, 77  

 Adjusted 13, 15, 16, 22, 28, 30, 39, 40, 43, 51, 64, 69, 
72, 74, 78 
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Table 18: Used Liander electricity consumption profiles per cable. 

Cluster 1 (77 dwellings)  Liander customers profiles 

 Original Total: 27 

Cable 1 (19 dwellings) Original  1, 10, 11, 35, 38, 41, 42, 44, 46, 51, 52, 65 

 Adjusted 8, 14, 37, 58, 62, 73, 76 

Cable 2 (20 dwellings) Original  10, 11, 22, 27, 29, 32, 34, 35, 41, 44 (2x), 50, 
51, 53, 58, 77 

 Adjusted 8, 14, 36, 66 

Cable 3 (17 dwellings) Original  11, 22, 23, 27, 34, 37, 38, 39, 41, 44, 55 

 Adjusted 14, 36, 50, 53, 64, 73 

Cable 4 (21 dwellings) Original  1, 27, 32, 35, 38, 44, 51, 52, 61, 79 

 Adjusted 34, 36, 37, 49, 50, 53, 58, 62, 64, 66, 76 

Cluster 2 (146 dwellings)   

 Original Total: 38 

Cable 1 (18 dwellings) Original  5, 10, 13, 15, 16, 20, 23, 24, 41, 66 

 Adjusted 8, 22, 27, 34, 39, 51, 61, 73 

Cable 2 (25 dwellings) Original  5, 13, 14, 15, 16, 20, 24, 28, 34, 37, 39, 41, 45, 
50, 51, 57, 64, 66, 78 

 Adjusted 11, 22, 52, 61, 65, 73 

Cable 3 (20 dwellings) Original  13, 15, 16, 20, 23, 28, 34, 37, 45, 51, 65, 67, 78 

 Adjusted 8, 22, 27, 36, 53, 61, 64 

Cable 4 (42 dwellings) Original  5, 13, 15 (2x), 16, 20, 23, 24, 28, 29, 35, 37, 41, 
42, 44, 45, 46, 49, 50, 51, 57 (2x), 64, 66, 72, 
77, 78 

 Adjusted 2, 8, 10, 11, 14, 17, 22, 27, 34, 36, 39, 43, 53, 
65, 73 

Cable 5 (41 dwellings) Original  5, 8, 11, 14, 15, 20, 22, 23, 24, 27, 28, 29, 34, 
36, 37, 39, 41, 42, 44, 45, 46, 50, 51, 53, 57, 64, 
65, 66, 67, 72, 73, 77, 78 

 Adjusted 2, 10, 13, 16, 17, 35, 43, 49 
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5.7 Appendix 5: Used energy-related costs and investments 

Item Costs (€) Unit Source 

Annual costs of natural gas 0.79 m3 Link (digital) 

Annual costs connection natural gas 171 year Link (digital) 

Annual costs of electricity 0.23 kWh Link (digital) 

Annual costs connection electricity 230 year Link (digital) 

Annual Service costs condensing 

boiler 

115 year Link (digital) 

Annual Service costs heat pump 65.4 year Link (digital) 

Ground source heat pump incl. 

VGHX  

11,450 Unit Link (digital) 

Ground source heat pump excl. 

VGHX   

9,000 Unit Link (digital) 

Air source heat pump  9,395 Unit Link (digital) 

Improvement insulation (to label B) 5,000 Unit Link (digital) 

Improvement insulation (to label A) 25,000 Unit Link (digital) 

Heat pump boiler for HTW 2,500 Unit Link (digital) 

IR panels  2,250 dwelling Own calculation 

based on web shop 

prices --> 5.7 kW 

/ 10 panels   

Replacement electric cables in 

ground  

150 meter DSO Enexis 

Hybrid heat pump 3,300 Unit Link (digital) 

Construction connection ATES 10,000 Unit Link (digital) 

Annual costs ATES 257.4 year Link (digital) 

Annual costs collective HP 312 year Link (digital) 

 

https://www.milieucentraal.nl/energie-besparen/snel-besparen/grip-op-je-energierekening/energierekening-2019/
https://www.enexis.nl/consument/aansluiting-en-meter/tarief/maandelijkse-netwerkkosten?stap=Welke%20tarieven%20zoekt%20u_1
https://goedkopeenergieengas.nl/energie/prijs-elektriciteit/
https://www.enexis.nl/consument/aansluiting-en-meter/tarief/maandelijkse-netwerkkosten?stap=Welke%20tarieven%20zoekt%20u_2_1
https://www.homedeal.nl/cv-ketel/cv-ketel-onderhoud/
https://www.kemkens.nl/page/311/onderhoud-tarieven/
https://kostenwarmtepomp.nl/brine-water/
http://www.viessmann.com/web/netherlands/nl_tdis.nsf/39085ab6c8b4f206c1257195003fd054/5f36ac4c3d9d8882c12573750052f55d/$FILE/Compactprijslijst_8-2015_NL.pdf
https://www.mensonides.nl/webshop/duurzaam-wonen/lucht-water-warmtepomp/alpha-innotec-alira-lucht-water-warmtepomp-lwdv/
https://www.verbeterjehuis.nl/
https://www.verbeterjehuis.nl/
https://www.vakhandeljanssen.nl/warmtepompen/warmtepompboilers205516/sanistage-dsw300s-warmtepompboiler-300l-30kw
https://www.cvtotaal.nl/techneco-elga-warmtepomp.html
https://www.vakbladwarmtepompen.nl/projecten/nieuws/2018/04/kosten-aardgasvrije-warmteconcepten-101173
https://www.lente-akkoord.nl/wp-content/uploads/2010/05/artikel-financiering-warmtepompen.pdf
https://www.lente-akkoord.nl/wp-content/uploads/2018/03/kosten-aardgasvrije-warmteconcepten.pdf
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5.8 Appendix 6: Calculation steps scenario 1  

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑢𝑢𝑐𝑐𝑢𝑢𝑢𝑢 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻  (1) 
 

Econs,user consists of the electric energy consumption profile of the base case, average 

annual consumption for HTW, and an average annual consumption of electric cooking [64]. 

The consumption for annual cooking is calculated to be 200 kWh and annual HTW to be 

784.5 kWh (with SPF of 2) per dwelling. 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑢𝑢𝑐𝑐𝑢𝑢𝑢𝑢 =  𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑝𝑝𝑢𝑢𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢 + 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑒𝑒𝑙𝑙𝑙𝑙𝑐𝑐𝑀𝑀𝐶𝐶𝑐𝑐   (2) 

 

 Calculation of GSHP consumption has been done by dividing the building heating 

demand (BHD) with the coefficient of performance (COP) for each hour, as given in Eq. (3): 

 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻 = 𝐵𝐵𝐻𝐻𝐵𝐵
𝐶𝐶𝐶𝐶𝐻𝐻

   (3) 
 

To include the individual behavior and energy saving by insulation measures, the BHD 

of the base case (natural gas profiles) has been adjusted, as specified in Eq. (4): 

 

𝐵𝐵𝐻𝐻𝐵𝐵 =  (𝐺𝐺𝐺𝐺𝐴𝐴 ∗  𝜂𝜂𝑐𝑐𝑐𝑐) ∗ 9.769  (4) 

 

Where; GPA is the adjusted natural gas profiles,  ηcb is the efficiency of the condensing 

boiler and 9.769 is the conversion factor of m3 natural gas to kWh. To obtain the adjusted 

natural gas profiles (GPA), first, the peak consumption by HTW (mainly showering) has been 

filtered out. This is based on the fact that HPs do not directly deliver HTW (in comparison 

with condensing boilers) but by a preheated boiler. Second, gas consumption has been reduced 

by the application of insulation measures to a high level. Research of Majcen at al. showed 

actual energy savings differs based on energy labels [54]. For this scenario it is assumed that 

the current energy label E will be changed to energy label A. Based on the report of Majcen 

at al., for this energy label change, an energy demand reduction of 40% can be achieved. 

Therefore, this change is implemented in the energy demand. Finally, GPA has been filtered 

on expected heating hours, which is assumed to be ≤ 16°C outside temperature. 

The efficiency of the condensing boiler (ηcb) has been used to obtain the actual energy 

demand that is without the influence of the delivering device. Based on the measurements of 

[83], an efficiency of 90% has been used. To convert natural gas m3 to kWh, 9.769 has been 

used that is based on the gross calorific value (GCV) of natural gas (35,17 MJ).  
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To integrate the efficiency of the GSHP, the COP is defined as below: 

 

𝐶𝐶𝐶𝐶𝐺𝐺 = 𝐶𝐶𝐶𝐶𝐺𝐺𝑢𝑢𝑒𝑒 ∗ 𝐺𝐺𝑃𝑃𝑃𝑃  (5) 

Where; 𝐶𝐶𝐶𝐶𝐺𝐺𝑢𝑢𝑒𝑒 is the COP at full load that is corrected by the exergy efficiency and PLF 

is the partial load factor. 𝐶𝐶𝐶𝐶𝐺𝐺𝑢𝑢𝑒𝑒 is defined in Eq. (6) [84].  

 
𝐶𝐶𝐶𝐶𝐺𝐺𝑢𝑢𝑒𝑒 = 𝑇𝑇𝐻𝐻

𝑇𝑇𝐻𝐻−𝑇𝑇𝐶𝐶
∗  𝜂𝜂𝐸𝐸𝐸𝐸  (6) 

 
This constant is called the exergy efficiency (ηEX), which is mostly based on a reference 

HP. For this calculation, a ηEX of 0.45 has been used. The assumption of this value is built 

on the measurement of [85] and given COP of the ground source heat pump Alpha Inotec 

WZS41H/K (from the ηEX is calculated).  

The supply temperature TH  has been determined by the given heating curve (Figure 1), 

which is based on floor heating supply. By the interpolation function (interp1) of the software 

package MATLAB, the supply temperature has been determined between and outside the 

given points.  

 
Figure 46: Heating curve GSHP based on floor heating 
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The source temperature TC  has been fixed on 10 °C, which is assumed to be the mean 

temperature of the vertical ground heat exchanger. 

Partial load operation strongly affects heat pump performance by the on/off behavior at 

low load conditions [86][87]. The effect of the thermal load is taken into account with the 

partial load factor (PLF). Some research shows that by an inverter-driven heat pump the 

PLF will slowly increase until 30% of the maximal load, as can be seen in Figure 47. Below 

30%, the inverter-driven heat pump will show on/off behavior [88][89]. 
 

 
Figure 47: Curves PLF-CR for On-Off and Inverter-driven heat pumps [88].  

 

In this scenario, an inverter-driven heat pump has been assumed that maintains a steady 

PLF until 30%. Using enough buffer capacity (±300 liter), it is expected that the PLF will 

be slightly lower below 30%. Therefore, the PLF is given by Eq. (7): 

 

𝐺𝐺𝑃𝑃𝑃𝑃 =  �  1 
0.95

 𝑝𝑝𝑝𝑝     𝐻𝐻𝑃𝑃𝑃𝑃 ≥0.3
 𝑝𝑝𝑝𝑝     𝐻𝐻𝑃𝑃𝑃𝑃 <0.3   (7) 

 

The ratio between the thermal energy supplied in 1h (BHD) and the maximum thermal 

energy which could be supplied at the same time step (BHDmax), is the part load ratio 

(PLR): 

𝐺𝐺𝑃𝑃𝑃𝑃 = 𝐵𝐵𝐻𝐻𝐵𝐵
 

𝐵𝐵𝐻𝐻𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚
   (8) 
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5.9 Appendix 7: Calculation steps scenario 2 

In this section, first the addition of the defrost cycles is explained and second, the other input 

values used has been explained in-detail for scenario 2. 

Defrost cycles  

Because the HP uses the outside air as an energy source, some extra aspect must be 

considered, namely the defrost cycles. When an ASHP delivers heat, frost can occur on the 

outdoor heat exchanger (evaporator) coil surfaces. This phenomenon happens if the surface 

temperature is both below the freezing point of water and the dew point of the moist air. 

This frost significantly influences the performance and lifetime of the ASHP. Therefore, 

periodic defrosting is essential, which is mostly done by the defrost method reverse-cycle 

defrost [90]. At this method, the refrigerant flow is reversed and hot gas from the compressor 

flows through the outdoor coil melting the frost. It implies a drop in heating capacity because 

throughout the cycle no space heating is provided. Energy consumption is increased because 

the energy that is taken (from inside the building) for the defrost cycle must be compensated 

afterward. Field trials showed an average duration of 0.075 h with one or two cycles per hour 

[86]. To integrate the effect of the defrost cycle, Eq. (9) has been extended with defrost 

operations (DOF):  

𝐶𝐶𝐶𝐶𝐺𝐺 = 𝐶𝐶𝐶𝐶𝐺𝐺𝑢𝑢𝑒𝑒 ∗ 𝐺𝐺𝑃𝑃𝑃𝑃 ∗ 𝐵𝐵𝐶𝐶𝑃𝑃   (9) 

 

DOF is a function of climatic severity factor (CSF): 

 

𝐵𝐵𝐶𝐶𝑃𝑃 = 1 − 𝛾𝛾ℎ ∗ 𝐶𝐶𝐶𝐶𝑃𝑃  (10) 

 

The parameter γh is used to compensate for the unit characteristics, mainly on the heat 

exchanger design and on the defrost system performance. However, in this research unit 

characteristics are unknown and therefore γh has been assumed on 0.1. As proposed in the 

research of [86], the formulation of CSF is the following: 

 

𝐶𝐶𝐶𝐶𝑃𝑃(𝐻𝐻, 𝑒𝑒ℎ) = 𝐶𝐶𝐶𝐶𝑃𝑃(𝐻𝐻) ∗ 𝐶𝐶𝐶𝐶𝑃𝑃(𝑒𝑒ℎ)           (11) 

 

𝐶𝐶𝐶𝐶𝑃𝑃(𝐻𝐻) = �

       1                     if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 ≤  𝐻𝐻𝑑𝑑𝑢𝑢𝑝𝑝            
𝑇𝑇𝑡𝑡ℎ − 𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡
𝑇𝑇𝑡𝑡ℎ−𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑

           if    𝐻𝐻𝑑𝑑𝑢𝑢𝑝𝑝 <  𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 < 𝐻𝐻𝑜𝑜ℎ
0                     if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 >  𝐻𝐻𝑜𝑜ℎ

  (12) 
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𝐶𝐶𝐶𝐶𝑃𝑃(𝑒𝑒ℎ) = �
0           if   𝑒𝑒ℎ𝑐𝑐𝑢𝑢𝑜𝑜 ≤  𝑒𝑒ℎ𝑜𝑜ℎ         

𝑢𝑢ℎ𝑜𝑜𝑜𝑜𝑡𝑡 − 𝑢𝑢ℎ𝑡𝑡ℎ
100−𝑢𝑢ℎ𝑡𝑡ℎ

    if   𝑒𝑒ℎ𝑐𝑐𝑢𝑢𝑜𝑜 >  𝑒𝑒ℎ𝑜𝑜ℎ
  (13) 

Based on the findings of [86] and practical insights, the thresholds for temperature (Tth) 

and relative humidity (rhth) has been set on 3°C and 80%. The temperature -5°C has been 

set as the maximum level of frost accumulation (Tdef). However, the conditions for frost 

formation is strongly coupled with the thermal load. Namely, the lower the thermal load, the 

higher the coil temperature, the lower the probability of frost formation. 

Changed input values for scenario 2 

The changed input values are shown in Table 19. 
 

Table 19: Changed input values in calculation ASHP in comparison with individual GSHP 

Input parameter  Value(s) Comment 

GPA (reduction consumption) 27% Medium insulation is set on label B. The 

reduction is subtracted by the report of 

[91].  

TH Heating curve  

radiator  

Lower insulation level requires higher 

supply temperatures. See Figure 48 for 

the heating curve.    

Tc Outside T For ASHP the source temperature is 

depending on the outside temperature.  

ηEX 0.4274 Gained by measurement of an Alpha 

Innotec LWDV heat pump (Appendix 6). 
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Figure 48: Heating curve ASHP based on radiator heating 
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5.10 Appendix 8: Calculation steps scenario 3 and 4 

Relevant values used for calculation of scenario 3 and 4 
 

Table 20: Changed input values in calculation collective GSHP in comparison with    

       individual GSHP scenario. 

Input parameter  Value(s) Comment 

GPA (reduction consumption) 27% Medium insulation is set on label B. The 

reduction is subtracted by the report of 

[91].  

TH  (only scenario 3) 55°C The assumption that a fixed temperature 

of 50°C (5°C distribution loss) always be 

offered to the dwelling.   

Tc 13°C Constant temperature supply of the 

aquifer thermal energy storage (ATES).  

ηEX (only scenario 3) 0.6 Based on the research of [92]. 
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5.11 Appendix 9: Calculation steps scenario 6 

Adjustments made in scenario 6 in comparison with ASHP calculation 

The first adjustment is splitting of GPA in demand for the condensing boiler and ASHP. 

The cleavage has been done by the following conditions:  

 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻 = �
    0              if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 <  4°𝐶𝐶                  
𝐵𝐵𝐻𝐻𝐵𝐵
𝐶𝐶𝐶𝐶𝐻𝐻

          if    4°𝐶𝐶 ≤ 𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 ≤  16°𝐶𝐶
 0              if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 >  16°𝐶𝐶

  (14) 

 

𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐 = �
  𝐺𝐺𝐺𝐺𝐴𝐴            if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 <  4°𝐶𝐶                  

0              if    4°𝐶𝐶 ≤ 𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 ≤  16°𝐶𝐶
 𝐺𝐺𝐺𝐺𝐴𝐴            if    𝐻𝐻𝑐𝑐𝑢𝑢𝑜𝑜 >  16°𝐶𝐶

  (15) 

  

After the split, Econ,HP  has been corrected for the consumption peaks by HTW. In 

deviation on the other calculations, the maximum gas consumption of 0.5573 m3/hour has 

been used. Because it is expected that until an outside temperature of 4°C, the maximal 

thermal demand will be 4.95 kW.     

The second adjustment has been the calculation of natural gas consumption. To calculate 

the total annual natural gas consumption, annual consumption of HTW and cooking (375 + 

31 m3)  is added to Gcon,cp. Because Gcon,cp consists besides heating also out HTW and cooking 

consumption, the added consumption (375 + 31 m3) has been multiplied with the time factor 

of the ASHP. For example, the HP is used for 50% of GPA,  375 + 31 m3 is then multiplied 

with 0.5. 

Removing of the DOF factor in the COP calculation has been the third adjustment. It is 

expected that no frost occurs until an outside temperature of 4°C.      

The last adjustment has been using a different heating curve, as can be seen in Figure 49. 

This adjustment has been made because of the higher expected temperatures.   
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Figure 49: Heating curve hybrid ASHP based on radiator heating 
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5.12 Appendix 10: Measurement Innotec LWDV heat pump  

Setup experiment 

An Alpha Innotec LWDV heat pump was measured in Didam from 9th of January 2019 

until February 2019 by the company Nathan. This HP is especially designed to replace a 

condensing boiler without major modifications. This is possible because a supply temperature 

of 70 °C can be delivered, which means that the existing radiators can be maintained. The 

dwelling is a terraced-end type and constructed in the year 1978. Several insulations measures 

are done, namely HR++ glazing, room insulation (U-value of 0.9), and façade insulation with 

unknown U-value. The family consists of a married couple with two children of 8 and 10 

years old.   

The COP values of 31 days have been collected. These values are used to examine the exergy 

factor of the HP by using the programmed heating curve (Figure 48) and mean outside 

temperatures, which is measured by the nearest KNMI weather station Deelen. An average 

energy factor of 0.4274 has been found (see Table 21). The calculation (MATLAB) script can 

be seen below. 

 

Table 21: Input and output values exergy factor calculation 

Mean daily outside 
temperature 

Measured daily 
COP 

Calculated ηEX 

1 2.84 0.3671 

5.8 3.33 0.3727 

6.6 3.35 0.3735 

8.1 3.51 0.3805 

3.9 3.01 0.3834 

5.3 3.24 0.3889 

5.7 3.8 0.4150 

2.4 3.4 0.4216 

-1.4 2.95 0.4232 

-1.7 2.96 0.4238 

-3.2 2.91 0.4265 

-3.7 2.7 0.4273 

-2.6 2.82 0.4317 

-1.6 2.94 0.4350 
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-4 2.76 0.4358 

-1.1 2.88 0.4369 

6.3 3.89 0.4390 

0.1 3.2 0.4393 

-0.9 3.05 0.4397 

0.9 3.11 0.4404 

1 3.09 0.4406 

0.7 3.34 0.4412 

1.6 3.33 0.4437 

3.4 3.65 0.4441 

4.6 3.44 0.4470 

7.6 4.23 0.4512 

7.6 4.12 0.4521 

8.3 4.25 0.4531 

6.2 3.74 0.4532 

3.6 3.62 0.4602 

3.4 3.45 0.4619 

 

MATLAB code 

load heating_curve.mat; 
load t_knmi_Deelen 
load COP_exp 
  
%supply temp based on heating curve 
ST=interp1(heating_curve(:,1),heating_curve(:,2),t_knmi_Deelen,'spline','extrap');   
ST_K=ST+273.15;                     % to Kelvin 
t_knmi_K=t_knmi_Deelen+273.15;      % to Kelvin 
COP_t = (ST_K./(ST_K - t_knmi_K));   % Calculation theoretical COP 
Exergy_factor = COP_exp./COP_t;  % Exergy factor 
M_x = mean(x);       % Subtract mean Exergy factor 
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5.13 Appendix 11: Measurement setup infrared heated dwelling  

Reason measurement  

The reason to measure is to gain insight into the electrical load/behavior of an 'all-electric' 

home with IR panels. The data will also be used to generate a consumption profile for the 

scenario analysis. 

Dwelling 

A corner house from 1975 and 125 m2 floor area. Inhabited by a couple with two small 

children. In 2015, the heat loss was tackled by installing roof insulation and a new insulated 

sliding door. 

Existing installation 

Infrared panels 

In the dwelling several on/off IR panels are used as main heating (see map). The panels are 

individually controlled via a thermostat (Salus 091FLRF). They are connected to the existing 

junction box or via plug (bathroom). The IR panels are (probably) not connected separately 

to a group. 

Solar panels 

There are 20 solar panels (Solar Frontier SF170-S) placed on the southwest-oriented roof with 

a yield of approximately 3400 Wp. The panels are connected to an inverter (max. 3 kW AC 

output), which is then connected to a separate group in the meter cupboard. 

Hot tap water 

Solar collector 

There is a solar water heater system (120 liters) with two collectors on the southwest-oriented 

roof (Nefit SolarLine installation set 120). This system is only for the shower facility (with 

water-saving shower head). 

Electric Geyser  

If the supply temperature of the solar water heater is lower than 45 degrees, the flow-through 

device (brand Clage) will be switched on. The flow-through device is connected by means of 

a Perilex plug. This system is only for the shower facility (with water-saving shower head). 
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Electric Close-in boiler 

An electric close-in boiler is available as hot water supply in the kitchen. 

Induction cooker 

In the kitchen, there is an induction cooker that is connected to the same group as the electric 

flow device. A priority relay gives the induction hob priority to prevent overload. 

Electric meter 

In the house, there is an analog meter with a connection value of 3x25 Ampere. 
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5.13.1 Locations measurement devices 

 

IR panel ceiling 
1200*600 mm 
1100 Watt 
 
 

IR panel wall  
In stucco 
630 Watt 
 
 
 

Induction cooker 
3-fase 

 

 

Close-in boiler 
 

 

IR panel ceiling 
600*600 mm 
550 Watt 

 

 

 

IR panel wall 
480 Watt 
 

Solar boiler  
120 liter 
 
Not measured 

 

Electric geyser 
11 – 13,6 kW 
3-phase 

 

 

Inverter PV 
Max. 3 kW 

Not functioning  

 

 

Analogue electricity 
meter  
 
 
 

Measurement 

poles (green dot) 

 

 



 

 109 

5.14 Appendix 12: comfort study infrared heated dwelling 

To gain insights about the thermal comfort in an IR heated dwelling, a measurement has 

been performed from 20-12-2018 until 22-01-2019. Also, a survey has been conducted at the 

start of the measurement. The measurement has been done at a medium insulated corner 

terraced dwelling (built in 1975) in the district Princenhage (case study). The dwelling has a 

total of 4.5 kW of IR panels installed. The dwelling is occupied by a family of two adults and 

two kids.  

Measurement set-up 

There has been measured at two locations in the living room, (1) at the sofa, see Figure 

1, and (2) between the sofa/tv and kitchen, see Figure 2. The air temperature (NTC 0.05 

°C), global radiation temperature, relative humidity (HC101 sensor), and airspeed 

(SensoAnemo 5150NSF) have been measured each minute. The data have been logged by 

Squirrel model 2020-2F8 (sofa) and model 2020-1F8 (next to the TV). The outside 

temperature was between -9.1 °C and 12.8 °C, with a mean temperature of 4.6 °C (KNMI 

weather station Gilze Rijen).   

 

          

               

  

Figure 51: Position of measurement pole, 

at height ±1.7 meter 

Figure 50: Position of measurement pole, 

at height ±1.1 meter 
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Setup survey 

At the start of the measurement, two different surveys about the general thermal comfort 

have been held at both adults. The used survey (in Dutch) can be found at paragraph 1.1.7.   

Setup data analysis  

The Predicted Mean Vote (PMV) and the Predicted Percentage of Dissatisfied (PPD) 

according to Fanger have been used for thermal comfort indication. By a MATLAB script, 

the PMV and PPD have been calculated for both locations. At the sofa, a metabolic rate of 

60 W/m2 (seated relaxed) have been taken and at the other location 70 W/m2 (standing at 

rest). Next, for both locations, a clo value of 1 and external work of 0 W/m2 has been taken.   

The average value over 15 minutes has been chosen to limit the data points in time.     

Results  

 
Figure 52: Box and whisker plot (24-hour range) of the measured PMV at the sofa. 

 
Figure 53: Box and whisker plot (24-hour range) of the measured PMV between TV and 

kitchen. 
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Figure 54: Box and whisker plot (24-hour range) of the measured PPD at the sofa. 

 

 
Figure 55: Box and whisker plot (24-hour range) of the measured PPD between TV and 

kitchen. 

 

Table 22: Results survey thermal comfort 

 Male Female 

Age  31-40 31-40 

Level of temperature satisfaction   

[very high (3) until very low (-3)] 
2 2 

Measures/devices used for comfort  Curtains Window 
Outside door 
Door hallway 

Direct control IR panels 
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Table 2: Results survey indoor climate and air quality 

 Male  Female  

Age  31-40  31-40  

Comfort      

Experience temperature  Winter  Summer  Winter  Summer  

uncomfortable (1) until comfortable (7) 6 7 6 7 

Too cold(1) until too hot (7) 5 4 1 1 

Varying (1) until to stable (7) 4 7 7 7 

Experience air quality      

Dry (1) until to humid (7) 4 5 4 4 

Stuffy (1) until to fresh (7) 6 5 6 5 

Unpleasant (1) until to pleasant (7) 6 5 7 7 

Smelly (1) until to odorless (7) 6 5 7 7 

Ventilation   

Opening ventilation facilities in the winter  

During presence (0 until 100%) Air vents 
100% 

Air vents 
100% 

Windows 
50% 

Door 40% 
Air vents 

10% 

Windows 
50% 
Door 
100% 

 
During absence (0 until 100%) Air vents 

100% 
Air vents 

100% 
0% 0% 

Ventilation facilities  

Reasons to open ventilation facilities  

During presence Fresh air  Fresh air 

During absence Fresh air Fresh air 

Reasons to close ventilation facilities  

During presence air draft Enough fresh air  

During absence air draft burglary protection 

Nuisance from ventilation system  

Air draft [none (1) until too highly (7)] 3 2 

Noise [none (1) until too highly (7)] 1 1 

Adjustability climate system  

Level of influence on climate system  

Temperature [no control (1) until to full control (7)] 5 7 

Ventilation [no control (1) until to full control (7)] 4 7 

Health aspects   

In average hot or cold? [cold (1) until hot (7)] 5 4 

Generally suffer from respiratory tract? no no 
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Ccomplaints due to air quality I Kids I Kids 

Headache [little (1) until too much (7)] 1 1 1 1 

Fatigue [little (1) until too much (7)] 1 1 1 1 

Cough [little (1) until too much (7)] 1 1 1 1 

Dry eyes [little (1) until too much (7)] 1 1 1 1 

Cleanliness   

Cleanliness of dwelling  

[Insufficient (1) until sufficient (7)] 

3 3 

 

Discussion  

For both locations shows Figure 3 and 4 that during the day and evening (on average) a 

low level of cold is experienced, especially at the sofa which have an IR panel directly above. 

In the case of the PPD (Figure 5 and 6), the same trend can be seen. This can be explained 

by the higher air and temperature draft to do the small distance from the large glass external 

door in comparison with the other location. The airspeed was in average 65% higher at the 

sofa. Draft is experienced by the occupants because of taken measures, such as closing curtains 

and putting towels between the door and floor. The highest discomfort and dissatisfaction 

can be seen during the night and at some single moments during the day. Most of the time, 

the IR panels are off during the night and sometimes during the day because of absence. Also, 

there is a low air temperature of 19 °C maintained. This may explain the higher PMV and 

PPD values. From the surveys, there can be seen that the two adults experience a sufficient 

level of comfort. Only the female seems to experience colder in comparison with the male. 

More research must be done to validate the findings of this study.   

Conclusion 

Based on the measurement and surveys in the described dwelling, there can be concluded 

that a sufficient level of comfort (PMV between -1.5 and 0) can be reached with IR heating 

during the winter. However, discomfort will occur at air and temperature drafts to do bad 

airtightness and low-temperature surfaces (such as large glazing areas). Discomfort will also 

occur if IR heating is off or at places that are not in range of the IR panel (such as corners 

of the room and under tables).  
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Used surveys 
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5.15 Appendix 13: Missing data points JEM HP consumption profiles 

 

Table 23: Missing data points and hours per 365 days count applied HP profiles (year 2017) 

Profiles 123 124 125 126 128 129 132 133 135 136 137 

Points  57 17 20 149 22 19 252 16 28 42 26 

Hours 14.25 4.25 5 37.25 5.5 4.75 63 4 7 10.5 6.5 

Profiles 138 139 140 141 143 145 146 147 148 149 150 

Points  699 44 21 23 39 19 49 20 64 30 356 

Hours 147.25 11 5.25 5.75 9.75 4.75 12.25 5 16 7.5 89 

Profiles 151 152 153 155 156 158 159 169 170   

Points  24 22 20 16 52 19 39 16 19   

Hours 6 5.5 5 4 13 4.75 9.75 4 4.75   

 

 

 


