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Abstract 

In the past years Heat Pumps (HPs) have experienced significant growth rates, and this 

electrification of residential heating could contribute to decarbonizing the energy sector in many 

countries, as well as provide flexibility potential to the grid. However, the widespread use of HPs, 

substituting fuel boilers, could lead to grid congestion problems, particularly at the low voltage 

(LV) level since the distribution equipment may not be adequately dimensioned. This thesis will 

present a co-simulation environment which uses the Functional Mock-up Interface (FMI) standard 

within a Python framework. Two case studies are presented, one in Spain and one in Sweden, 

representing the southern and northern European climates. Two newly developed variable speed 

air-to-water and air-to-air HP models, which account for the degradation of performance due to 

cycling conditions, interact dynamically with residential building models implemented in TRNSYS, 

with stochastic three minutes time-step demand profiles. The building models are each wrapped 

into a Functional-Mock-up Unit (FMU) and the corresponding electric loads are evaluated in the 

CIGRE LV benchmark grid, with the Python based power-flow analysis tool PandaPower. 

The design and validation of a complex network, which integrates controllable loads such as HPs, 

Distributed Energy Sources (DERs), and active power electronics, becomes challenging and 

experimental data is not easily obtained for such large scales. Therefore, simulation-based 

approaches are possibly an appropriate tool to support the development of innovative grids, 

however such systems require integrated models to represent all key element, namely energy 

markets, grid equipment, communication and control devices, and each connected building. The 

co-simulation framework presented in this thesis allows for the coordination and synchronization 

of multiple specialized tools for each element with high resolution domestic load profiles, which 

capture short term power spikes that are otherwise attenuated. In addition to the general feasibility 

of the proposed framework for simulation-based assessment of complex grids, the capacity of an 

urban and a rural LV grid to accommodate increasing penetration rates of HPs is evaluated. To 

this end, a set of key performance indicators that can be useful to the Distribution System Operator 

(DSO) are used: the minimum and maximum observed nodal voltages, the voltage-drop across the 

feeder, and the peak transformer loading. 

The results show that the sensitivity of the LV feeder to a high level of integration of domestic 

HPs is dependent on geographical location, the HP technology, and the energy density along the 

feeder. This work confirms that rural feeders are more at risk of breaching the minimum acceptable 

voltage levels, due to the long distances between delivery points. In the Swedish case the 

transformer is overloaded, while in Spain it remains within acceptable levels. Finally, HPs can 

increase or decrease the transformer load, depending on which conventional heating technology 

was previously commonly used in the region under investigation. 
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1 Introduction 

Reducing Green House Gas (GHG) emissions while preserving the quality of the energy supply is 

a major challenge in the energy sector today. As buildings represent approximately 33% of the 

global primary energy use, coordinating the energy supply and demand profiles in this field could 

have a significant impact on GHG reduction as well as potentially provide flexibility to an energy 

system [1], [2]. Two main strategies are adopted when tackling the energy consumption in the 

residential sector; the first involves reducing the energy consumption by means of highly efficient 

materials and technologies, and the second aims at increasing the generation of electricity from 

renewable sources for self-consumption. Heat Pumps (HPs) have been found to support both 

strategies, as they provide heat with less primary energy as compared to fossil-fuel fired boilers and 

provide a link between the heat and electricity domains, thereby providing an opportunity to use 

self-generated renewable energies to meet the Heating, Ventilation and Cooling (HVAC) loads. 

Moreover, HVAC and Domestic Hot Water (DHW) loads can partly be shifted in time and as 

such HPs can help decouple the electricity consumption required for these loads from the 

heating/cooling demand of the building, thereby providing potential flexibility and supporting 

higher penetration rates of Distributed Energy Resources (DERs) in the grid.  

 Motivation 

Over the past years HPs experienced significant growth rates, and this trend of substitution of the 

conventional fossil-fuel based boilers could contribute to decarbonizing the energy sector in many 

countries. However, the widespread use of HPs could possibly lead to grid congestions, particularly 

at the low voltage (LV) level since the distribution equipment may not be adequately dimensioned 

for higher consumption peaks. As long as the HP and DER penetration rates are low the 

conventional distribution network can still function without important reinforcement investments. 

However, as the penetration rate increases, there is a greater risk of voltage deviations from the 

permitted voltage range (±10% of the rated voltage according to EN 50160), as well as local 

overloads of the grid equipment, especially of the power cables and transformers [3]–[8]. To allow 

a further electrification of the residential heat sector while guaranteeing a stable operation of the 

grid, various solutions have been offered: 

• Investment in additional low voltage equipment, such as new transformers and cables. Such 

investments are considered cost-intensive, especially in the LV grid which involves 

underground cables. 

• Investment in automation devices that allows to use the currently installed equipment more 

efficiently, by means of controllable loads and power electronics. 
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• Investment in DERs for self-consumption and/or grid generation support 

When planning a distribution grid, the leading design factor is the expected peak load which defines 

the magnitude of the power flows to be accommodated by the grid components. One method to size 

a system according to the number of connected buildings is the Velander method, which relates the 

expected peak power of a certain customer type to the total annual electricity consumption of a group 

of customers [9]. This method might be appropriate for a conventional grid with a power flow in a 

single direction, however it is difficult to forecast the necessary level of grid enhancement for the bi-

directional grids with increasing electrical demand and a supply from fluctuating DERs. As such, 

Distribution System Operators (DSOs) face a new challenge and need to identify innovative design 

methods and standards for a reliable and stable power supply. The design and validation of such 

increasingly complex networks is challenging, especially since experimental data is not easily obtained 

for such large scales. Therefore, simulation-based approaches are possibly an appropriate tool to 

support the development of innovative grids [10]. The simulation of such complexity calls for 

integrated models that can link specialized tools for each key element of the LV grid, namely the 

energy market, the communication and control devices, the LV distribution grid equipment, and each 

connected building with its unique energy profile [11].  

 Objectives 

The aim of this thesis is to identify the level of risk of grid instability in the LV network, with 

increasing penetration rates of HPs. This thesis also aims to introduce a co-simulation platform 

that allows for a high definition analysis of the interaction between building systems and the LV 

grid. 

Major tasks undertaken in this research: 

• Selecting appropriate software for building simulation and power-flow analysis and 

combining them in a co-simulation platform.  

• Developing representative models of the HP, the building and the LV grid. 

• Evaluating the interaction between a building cluster and the LV grid in terms of voltage 

deviation and transformer overload. 

• Exploring the economic impact of large-scale HP penetration rates on private customers, 

energy market corporations, and public authorities. 
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 Scope & Structure of the Thesis 

The electricity grid involves many domains, as can be seen in Figure 1. This thesis will focus on 

the power system, and even more specifically on the LV grid at the feeder level and each unique 

consumer in it. 

 
Figure 1:Technical and economic subsystems with which the electrical system of a single residence interacts [12] 

This thesis will not expand into the field of demand side management and optimization of supply and 

demand for flexibility purposes, however it will present a platform that will allow for communication 

and optimization strategies to be tested via co-simulation. In section 1 are presented the main drivers 

for the research of the interaction between HPs and the LV grid, and its relevance in the fields of 

buildings and energy. The following section 2 provides an overview of the two main elements 

involved in this research - HPs and the LV grid – their technical characteristics, the key performance 

indicators, and the modelling methods adopted to date. This section also describes various approaches 

adopted so far in the investigation of the interaction between HPs and the LV grid, and the economic 

implication of increasing HP penetration rates. The specific methodology for component modelling 

chosen for this thesis is defined in section 3, which also includes the description of two case studies 

that are used to demonstrate the capacity of the co-simulation platform and assess the impact of 

increasing HP penetration rates. The grid power flow results are presented and analysed in section 4 

which are followed by conclusions in section 5. 



P a g e  | 4 

 

 

2 Literature Review 

The HP market experienced significant growth rates and has obtained a noteworthy share of heat 

supply systems [6]. It has been suggested that they can play a major role in reducing the energy 

consumption and de-carbonizing  the heating sector, by linking the electric and the thermal energy 

domains [3], [13], [14]. Moreover, HP operation could potentially provide ancillary services to the 

grid such as voltage control, congestion management and provision of spinning/non-spinning 

reserves, to allow a stable and cost-efficient operation of the electric grid [15]. However, a high 

penetration rate of residential HPs might increase the peak electric demand and thereby cause 

stress on many levels of the grid. The following will provide an overview of HPs and LV grids, as 

well as the interaction between them in terms of a single building and a building cluster. 

 Heat Pumps 

The following section will provide basic information about HP operating principles, electrical 

characteristics, and control strategies, as well as methods for modelling a HP. 

 Technical Characteristics 

A basic vapour compression HP cycle is composed of two heat exchangers (one acting as an 

evaporator and another as a condenser), a compressor, and an expansion valve (Figure 2).  

 
Figure 2: Basic heat pump system cycle 

A fluid will absorb heat from a low temperature renewable heat source (ambient air, ground, water), 

and transfer it to a heat sink (air, water) to be used for space heating and/or domestic hot water. In 

such HPs the heat source is used to evaporate a stream of liquid refrigerant at low pressure. The 

refrigerant vapour is then compressed, leading to a high pressure and high temperature state. The 



5 | P a g e  

 

  

accumulated heat is transferred to the heat sink, and the now liquid refrigerant is expanded back to a 

low-pressure level and the cycle is repeated. In residential applications, depending on the source and 

sink temperatures, relatively little additional energy is needed for the electrical compressor.  

In residential buildings, the type of heat sink is linked to the type of heating distribution and storage 

system. Water is used for radiator or floor heating systems and the preparation of DHW, whereas air 

is mostly used in ventilation and heat recovery applications. The temperature of the fluid that needs 

to be provided by the HP differs depending on the requirements of the heat sink. Depending on the 

building physics, common highest temperatures are needed for the preparation of DHW (up to 65 °C) 

followed by radiator heating (up to 55 °C), ventilation (up to 40 °C) and floor heating (up to 35 °C) 

[13]. 

The annual performance of a HP system is influenced by how the HP is designed to supply the 

variable heat demand. Fixed speed HP units are operated in on/off cycles, whereas variable speed 

HPs with an inverter control use a continuous regulation of the compressor speed over a wide 

operational range. It can be observed that inverter power control is capable of reaching the 

temperature set-point more rapidly than an on/off HP, and has a more accurate temperature control, 

therefore obtaining a more stable comfort level (Figure 3). The appliances equipped with this 

technology are more efficient and have lower energy consumption [16].  

 
Figure 3: Temperature and compressor speed profiles for a HP with and without an inverter control (cooling 

mode) [17] 

The efficiency of the HP can be significantly influenced by cycling due to partial loads or defrost 

operation, and by stand-by power consumption, which can lead to a performance reduction of 5-30% 
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[3], [18]–[21]. Defrost cycling occurs as a precaution in order to safeguard the heat pump from frost 

accumulation on the evaporator heat exchanger. Depending on the outdoor air humidity, the frost 

can already occur as the temperature go below 7°C [20].  

The reversible air-to-air HP technology type dominates the European market, followed by air-to-

water heating, reversible units and sanitary hot water units (Figure 4). This is the case in Sweden and 

Spain which are the third and fourth largest HP markets in Europe, respectively (Figure 5)[22].  

 
Figure 4: Units sold by type [22] 

 

 
Figure 5: Units sold by country [22] 

The evolution from air-to-air to air-to-water systems, which presents more opportunities in terms of 



7 | P a g e  

 

  

the flexibility offered by the connected thermal water tank have been investigated [23] and might be 

increasingly installed in newly constructed buildings, or as a retrofit option in buildings that previously 

were designed for hydronic boiler systems.  

However, this trend of substitution of gas boilers for space heating and DHW needs to be 

supported by an adequate control strategy, as the starting current of heat pumps after switch-off 

or blackouts can be higher than in steady operation and problematic to the electricity grid[3], [17], 

[24]. 

 Key Performance Indicators 

The performance of HPs  in buildings is affected by a large number of factors, such as[17]: 

• Climate - annual heating and cooling demand and maximum peak loads. 

• Temperatures of the heat source and temperature setpoints of the heat distribution system.  

• Auxiliary energy consumption - pumps, fans, supplementary heat for hybrid system etc. 

• Technical standard of the HPs and the refrigerants. 

• Sizing of the heat pump – designed to supply the full heat demand or just a portion of it, and 

the operating characteristics of the HP. 

• Control system. 

The most common indicators for the performance of a HP (in heating mode) are the heat output of 

the condenser (𝑄), the electric input (𝑃), and the Coefficient of Performance (𝐶𝑂𝑃). The 𝐶𝑂𝑃 which 

now ranges between 3.2 and 5.2 depending on the technology [13], is the ratio: 

𝐶𝑂𝑃 =
𝑄

𝑃
(2.1) 

To evaluate the full load performance of the HP based on the rated performance, usually provided 

by the manufacturer, [20], [25] suggests correlations similar to the following equation: 

1

𝐶𝑂𝑃
=  

𝑃𝑟𝑎𝑡

𝑄𝑟𝑎𝑡
∗ (1 + 𝐵1 ∗ ∆𝑇 +  𝐵2 ∗ ∆𝑇2) (2.2) 

The value of ∆𝑇 is influenced by the temperature at the inlet of the evaporator (𝑇𝑖𝑛,𝑒𝑣) and 

condenser (𝑇𝑖𝑛,𝑐𝑜𝑛): 

∆𝑇 =  
𝑇𝑖𝑛,𝑒𝑣 + 273.15

𝑇𝑖𝑛,𝑐𝑜𝑛 + 273.15
 −  

𝑇𝑖𝑛,𝑒𝑣,𝑟𝑎𝑡 + 273.15

𝑇𝑖𝑛,𝑐𝑜𝑛,𝑟𝑎𝑡 + 273.15
(2.3) 
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The parameters B1 and B2 are determined by the least square method using manufacturer data. 

Two sets of parameters are calculated for below and above the frost limit temperature, since 

frosting on the evaporator affects the performance and thereby the slopes of the performance 

curve. 

As mentioned previously, the efficiency of the heat pump depends on the operating conditions 

and compressor technology, that dictate the performance in part-load conditions. The efficiency 

of the heat pump at part-load can be described by plotting the Part Load Ratio (PLR) versus the 

Part Load Factor (PLF). The PLR is calculated as the ratio of the actual building heating/cooling 

load to the full-load rated capacity of the HP.  

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 = 𝑃𝐿𝑅 =  
𝑄𝑐𝑦𝑐

𝑄𝑟𝑎𝑡

(2.4) 

Where 𝑄𝑐𝑦𝑐 is the heating or cooling demand at a certain time, and 𝑄𝑟𝑎𝑡 is the rated capacity at 

full-load. The PLF is correlated to the PLR as such: 

𝑃𝐿𝐹 =  
𝐶𝑂𝑃𝑐𝑦𝑐

𝐶𝑂𝑃𝑟𝑎𝑡
=  

𝑄𝑐𝑦𝑐 𝑃𝑐𝑦𝑐⁄

𝑄𝑟𝑎𝑡 𝑃𝑟𝑎𝑡⁄
=  

𝑃𝐿𝑅

𝑃𝑐𝑦𝑐 𝑃𝑟𝑎𝑡⁄
(2.5) 

In the case of a fixed speed HP [26] further develops this equation assuming a linear relation 

between the part-load Power Ratio and PLR:  

𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =
𝑃𝑐𝑦𝑐

𝑃𝑟𝑎𝑡
= 𝑎 ∗ 𝑃𝐿𝑅 + 𝑏 (2.6) 

This approach suggests that a single part-load test is sufficient to calculate the linear correlation 

between the part-load power ratio and PLR and, consequently, the PLF. A similar linear correlation 

is defined by [20], which simplifies and eliminates the need for experimenting, where 𝑎  is equal to 

1 and 𝑏 is the standby power fraction defined as: 

𝑏 =  
𝑃𝑠𝑏

𝑃𝑟𝑎𝑡

(2.7) 

Where 𝑃𝑠𝑏 is the standby power input, and 𝑃𝑟𝑎𝑡 is the total power input of the HP, including 

compressor and fans consumption.  

In the case of a variable speed compressor, the performance will often be defined by a minimum 

PLR above which it modulates the COP, and below which it will operate as a fixed speed On/Off 

HP [20], [25]. A simple linear correlation between the point at nominal frequency and the point at 
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minimum frequency (minimum PLR) is suggested by [20][26], allowing to characterize the 

correlation between PLF and PLR by utilizing only three test points: one full load test at the 

maximum frequency, one full load test at the minimum frequency, one on/off test at the minimum 

frequency. Additionally, [20] suggests that two COP curves are to be developed at each side of the 

frost temperature limit of the HP, both for the full-load and partial load performance evaluation.  

In the case of part-load the degradation due to cycling can be accounted for through a degradation 

coefficient (𝐶𝑑). However [18] compared several of the generalized approaches to define the 

correlation between the PLR and the PLF with default degradation coefficients (UNI 10963, EN-

14825 and EN-14511) and found them to be insufficient for characterizing the dynamic 

performance of a heat-pump. Therefore [27] presents three common methods to characterize the 

start-up behaviour of HPs: 

𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙:   
�̇�𝑐𝑦𝑐𝑙𝑒

�̇�𝑠𝑡

= 1 − exp [
−𝑡

𝜏
] (2.8) 

Where �̇�𝑐𝑦𝑐𝑙𝑒 and �̇�𝑠𝑡 are the dynamic heating thermal power and the steady state thermal power, 

respectively, t is time and 𝜏 is a time constant representing the time after start-up that it takes the 

HP to reach 63.2% of steady state capacity. 

𝑆𝑖𝑔𝑚𝑜𝑖𝑑:    
�̇�𝑐𝑦𝑐𝑙𝑒

�̇�𝑠𝑡

=
1

1 + exp [
𝑡50 − 𝑡

𝑠 ]
(2.9) 

Where 𝑠 is a term related to the slope of the sigmoid and 𝑡50 represents the time after start-up that 

it takes the HP to reach 50% of steady state capacity. 

𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙:     
�̇�𝑐𝑦𝑐𝑙𝑒

�̇�𝑠𝑡

=  𝑏6𝑡6 +  𝑏5𝑡5 + 𝑏4𝑡4 +  𝑏3𝑡3 +  𝑏2𝑡2 +  𝑏1𝑡 (2.10)    

Where 𝑏6 to 𝑏1 are polynomial fitted coefficients. These methods are then extended to the 

degradation coefficient: 

𝐶𝑑,   𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 =  𝑡𝑠𝑡 − ∫ 1 − exp [
−𝑡

𝜏
] 𝑑𝑡

𝑡𝑠𝑡

𝑡0

(2.11) 

𝐶𝑑,   𝑠𝑖𝑔𝑚𝑜𝑖𝑑 =  𝑡𝑠𝑡 − ∫
1

1 + exp [
𝑡50 − 𝑡

𝑠 ]
𝑑𝑡

𝑡𝑠𝑡

𝑡0

(2.12) 

𝐶𝑑,   𝑝𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙 =  𝑡𝑠𝑡 − ∫ (𝑏6𝑡6 + 𝑏5𝑡5 + 𝑏4𝑡4 +  𝑏3𝑡3 +  𝑏2𝑡2 + 𝑏1𝑡)𝑑𝑡
𝑡𝑠𝑡

𝑡0

(2.13) 
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 Modelling 

Heat pump models are often categorized depending on the physical approach [28]: 

• Thermodynamic/physical approach - based on the geometry of the heat pump and general 

physics laws (heat and mass transfer) 

• Black box approach - in which empirical correlations determine heat pump performances as 

a function of the conditions of use (outdoor and indoor temperatures, power demands, etc.) 

• Grey box approach - which is at the intersection of the two above-mentioned approaches. 

Another type of classification is according to the performance indicators: 

• Rated performances - calculate the performances of the system for points based on 

temperatures and for full-load and steady-state operation. Some models are based on the 

typically available manufacturer published data with an equation obtained using the least 

square fit method [16], [20].  

• Quasi-static - this approach considers time as a sequence of steady states. During a sequence, 

the dynamics of the system response must be faster than the dynamics of the disturbances. 

For instance, hourly time step simulation considers that the operating conditions (like the 

outside temperature) does not change a lot compared to the heat pump performances during 

the hourly cycle. The heat demands are averaged on one hour and the performances are 

adjusted in function of sink temperature and PLF. The behaviour of the heat pump is 

assimilated to steady-state snapshots. This approach is used to model fixed and dual speed 

compressor models in DOE-2, using degradation coefficients to account for reductions in 

efficiency due to cycling [29]. EnergyPlus approximates a VSHP using a multispeed model 

that allows up to 4 discrete compressor speeds. [30] 

• Dynamic - these models calculate heat rate and electric power at any instant of the simulation, 

so that the transient phases and the steady states are both simulated. Some of these models 

are physical, based on differential physic laws and [31] describe extensively a white box 

physical system of equations to model the condenser, evaporator and compressor. Others are 

empirical, based on equations with one, or several, time constants to represent the transient 

phases. Models for ductless mini-split and multi-split systems are very rare, and most models 

found in literature are based on experimental empirical data [29], [32]. 
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 Electricity Grid 

The electrical grid could be divided into the subsystems of electric power generation, transmission, 

distribution and utilization. Each subsystem operates at different voltage levels with transformers 

linking between them and adjusting the voltage according to set requirement. The energy is 

generated in large power plants connected to a high voltage (HV) transmission grid which is 

followed by the distribution grid. The electrical distribution grids can be divided into Medium 

Voltage (MV) and Low Voltage (LV) levels. Typical voltage levels in Europe are 10kV or 20kV for 

the MV grid and 0.4kV for the LV grid [33]. Essentially, buildings are the last element of the 

electricity distribution system and therefore their impact is most significant and visible on the level 

of LV networks and MV grids[34]. Therefore, the following section will focus on the LV grid 

system and on the LV feeder level, as it is the subject of concern when discussing high penetration 

rates of HPs in the residential sector. 

 Technical Characteristics 

The majority of LV grids have a radial topology, with a number of feeders starting from an LV 

busbars connected to a MV/LV substation (also called “secondary substation”) [33], [35]. 

Traditionally, the LV distribution network was planned and built for a unidirectional power-flow 

from the secondary substation to the customers. As such, the LV grid was considered passive and 

little voltage control or measurements were performed in this subsystem. The grid would be 

dimensioned to deal with a peak load, while maintaining a sufficient voltage level at the customer 

delivery points. 

Urban and rural LV grids have different characteristics and therefore experience different risks [8]: 

• Rural grids are characterized by small (yet often oversized) transformers, and overhead lines 

with limited cross sections which cover large areas. They usually have long feeders, which 

experience a higher voltage drop across the lines compared to urban feeders. In a residential 

rural grid there is a risk of lack of load diversity, which in turn can increase the risk of 

undervoltage for simultaneous domestic loads, or overvoltage at delivery points of DERs.   

• Urban networks are characterized by large transformers, and underground cables with large 

cross section and short distances. The impact that loads and DERs have on the voltage profile 

throughout the feeder is less severe than in rural distribution networks, however there is a risk 

of undervoltage if the aggregated loads are too high, as well as a risk of overloading the 

transformer. 

There is a great diversity of distribution grids and DSOs and there is a great need for a consolidated 

representative test system that would facilitate the analysis and validation of innovative grid 

development methods and techniques [36]–[39]. In literature can be found some tentative 
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benchmarks, which are especially difficult to obtain for the LV grid as the level of control and 

monitoring is lower than in the higher voltage levels [39]. In Figure 6 is presented an attempt to 

consolidate the information from many LV grid studies [6], [8], [46], [35], [38], [40]–[45] and identify 

the typical attributes of the LV grid at the feeder level.  It can be noted that the average number of 

residences per LV feeder is approximately 24. It should be mentioned that these many studies do not 

always specify: 

• Grid type (urban or rural)  

• Exact number of customers per feeders 

• Length of the feeder or average distance between delivery points 

• Building typology 

Therefore, the concatenation of the data from these various studies can only provide a very rough 

estimate. 

 
Figure 6: Aggregation of typical values of the number of customers per LV feeder. The median is denoted “x” in 

the box. The box is defined by the 25th and 75th, the whiskers are the maximum and minimum values 

 Key Performance Indicators 

In terms of the LV grid structure and reliability, DSOs indicators can be [47]: 

• LV consumers per area. 

• LV circuit length per LV consumer. 
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• LV circuit length per area of distribution. 

• LV underground cable ratio. 

• Number of LV consumers (residential and commercial) per MV/LV substation. 

• Area per MV/LV substation. 

• Capacity of MV/LV substations per consumer. 

• Area covered per capacity of MV/LV substation. 

As for design indicators, DSOs might define the grid in terms of: 

• Typical MV/LV substation transformer capacity in an urban/rural area 

• Average number of MV/LV substations per feeder in urban/rural areas 

• Voltage levels 

• Automation equipment and degree of automation 

• Transformer flow bandwidth (difference between maximum and minimum loading) 

Significant indicators of the grid stability are: 

• Voltage difference across the feeder (between the first and last connected consumer). 

• Voltage deviation from the nominal voltage at the feeder delivery points. 

• Thermal overloading of the lines. 

• Load overload of the transformer. 

• Voltage level sensitivity to power draw of over 1kW at a node. 

The main two constraints that usually limit the distribution feeders are the maximum/minimum 

admissible voltage and currents [33], [39]. 

 Modelling 

The modelling of a LV energy system can be characterized by three different approaches: 

1. Building model focused - in this approach, the energy demand is generally generated from a 

detailed building simulation and described in hourly load profiles over a year. Following this, 

the energy system is simulated separately (post-processing) using the building simulation 

output as a grid input, hindering a possible feedback from the system to the buildings. 
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2. Grid model focused - A set of grid models are described in detail while the loads are generally 

generated in pre-processing or obtained from measurements and assumed to be fixed. No 

building energy system models are included. 

3. Multi domain focused - a co-simulation platform including multiple simulation platforms 

from different domains is developed in order to model the interaction of a building cluster 

and the LV grid, while not compromising/simplifying either component. Co-simulation can 

be implemented using different strategies, either using an ad-hoc interconnection for the 

interaction between two specific tools, or a general standardized co-simulation method.    

Traditionally, interactions are addressed by using method 1 or 2 and simulating the subsystem of 

interest in detail, while simplifying the remaining domains. Such approaches can lack the level of detail 

in presenting the characteristics of the overall system, which can lead to incorrect results since 

underlying interactions are disregarded. For example, analysing the grid solely from the electric 

perspective will lead to missing how HP efficiency and indoor comfort will be affected by potential 

grid-driven HP control strategies. Oppositely, if the focus is only on HP efficiency, without 

considering the characteristics and expectations of the future electric system, then the results might 

lead to considerable costs and waste of resources in the power system. Hence, a holistic perspective 

using a multi domain focused approach is required to design, analyse and operate future energy 

systems [4]. 

In the field of LV energy systems the main co-simulation tools identified are BCVTB [48]–[50], 

MOSAIK [12], [51] , Multienergy System Cosimulator (MESCOS) which is based on Dymola [52], 

GridLab [53], [54], OpenDSS [51] and the Modelica library - Integrated District Energy Assessment 

by Simulation (IDEAS) [55], [56]. In parallel to these tools has been developed the Functional Mock-

up Interfaces (FMI) standard which is a tool independent industry standard, meant to support both 

model exchange and co-simulation of dynamic models. The co-simulation section of the FMI 

standard defines the interfaces for inter-operation, covering all stages of the co-simulation process 

including initialization, configuration and access, modification and manipulation. This standard has 

been used in a few district simulations, combining various tools such as PowerFactory [8], Modelica, 

Pypower and PyCity [11] Mosaik, EnergyPlus and CityGML [57] Mosaik, Matlab/Simulink and 

PowerFactory [58], [59].  

More details about the main tools considered for this thesis can be found in the section - Appendix 

III: Co-simulation Tools. 
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 Interaction Between Heat Pumps and the Electricity Grid 

The interest in characterizing the interaction between HPs and the grid is driven by the desire to: 

• Quantify the electrical demand increase related to the electrification of HVAC and the 

ramifications in terms of grid reinforcement. 

• Quantify the flexibility potential of heat pumps in terms of the opportunity to exchange it as 

a commodity in the electrical system and electricity markets. In order to harness the energy 

flexibility potential of HPs in buildings, the electrical grid needs estimates of the available 

energy flexibility at an aggregated level which can be small subsystems within a distribution 

grid and/or entire grids. However, the aggregated energy flexibility is not identical to the sum 

of the energy flexibility of individual buildings within a cluster [60]. The flexibility potential of 

HPs can be evaluated in terms of load-shifting [13], peak-shaving, and increasing renewable 

energy penetration rates [6]. 

The impact of a high penetration rate of HPs on the grid depends greatly on the operating control 

strategy. Increasing the electrification of the heating sector with HPs can either increase the risk of 

voltage deviation and line or transformer overload [61], or provide means for voltage control [6], [13], 

congestion management, frequency regulation [62], and grid flexibility. The most common objectives 

of the controller are to maintain the thermal comfort of the building occupants at: 

• Minimum cost of operation  

• Maximum efficiency of the system  

• Maximum self-consumption of electricity generated locally 

• Maximum benefits for the power system 

These objectives will sometimes conflict with each other. For example, if the goal is to reduce direct 

cost of energy consumption of the private consumer then the control signal could rely on a tariff that 

offers cheaper electricity at certain times and the HP would turn off to avoid peak-tariff and 

subsequently switch-on at the end of the peak period. While such a control scheme might present 

direct energy-cost savings to the individual consumer, on an aggregated level such a phenomenon 

could result in a loss of load diversity and research in this field found that there is a risk to depress 

feeder voltage and possibility even voltage collapse. The subsequent grid reinforcement would be 

costly and bring indirect cost both to the DSO and the consumer [6]. Additionally, for HPs to be 

considered and option as an energy reserve, a large number would need to be aggregated and 

meticulously controlled as to supply a stable minimum reserve capacity. The coordination of such a 

pool could be challenging, and the first element at risk was identified as the LV grid [3], however field 
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tests that validate possible control strategies have been limited so far. 

In terms of HP penetration rates and grid limitations, an analysis performed on a rural Belgian feeder 

by [42] concluded that overloading and voltage issues occur at penetration rates above 30%. Another 

study of the UK grid [3] found that if the coincidence factor of existing loads on the network is 0.7, 

then assuming a worst-case scenario the network could accommodate an additional electric load 

equivalent to a 20% penetration of heat pumps. The UK study estimated that the 20% penetration 

rate was only limited by the LV substation transformer, which was the only elements to be overloaded 

as the HP penetration rates increase beyond that level, and cables were not close to exceeding their 

standard limit. For example, with a 50% penetration of heat pumps, the highest loading of a line was 

32%. As for voltage drop, beyond 37% penetration, the steady-state voltage at the most remote 

terminal dropped below 0.95 p.u., given a normal load diversity, and it was therefore concluded that 

the generic UK network tested could accommodate a HP penetration up to 50%. Another analysis 

of the impact of a HP penetration rate of 20% in the UK grid showed that the maximum demand (in 

the evening) would increase by 14% with a maximum ramp rate of 6%. The same study found that 

the UK grid is not affected much by a 20% penetration of HPs, however found noteworthy that the 

daily load profile is slightly altered as a morning peak develops [63]. A study of three rural grids in 

Austria found that with a HP penetration level of 50%, the average minimum voltage would decrease 

between 0.5 to 2 p.u. (exceeding the ±0.07 or ±0.1 limits), while the line loading maxima would 

increase between up to 10% [7] and the same increase of line loading is found in [64].  

A study by [5] also identifies the first critical element to be the transformer, as heating loads are less 

diverse than other appliances (increase and decrease similarly according to external temperature, rather 

than occupant appliance stock level and/or occupant behaviour) and therefore constitute a greater 

challenge for elements that are designed for a higher load diversity. However, the study by [7], found 

that the median coincidence factor of heat driven-heat pumps was slightly below 0.2 which would 

mean that the occurrence of all heat pump being on at the same time is rather low. The loss of load 

diversity in electrical heating is also observed by [15] which notes that in the case of demand side 

management which aims to shift loads based on time-of-use (TOU) tariffs, the peak demand during 

off-peak tariff periods was approximately 50% higher than normal. The transformer loading problem 

is discussed in [11], where a solution is proposed by introducing a new type of control strategy. Instead 

of purely heat-driven or price-driven control strategies, a grid-driven control strategy could reduce the 

transformer flow bandwidth (difference between minimum and maximum load) by 40%.  

A HP technology that could support such grid-driven operation is the "Smart Grid Ready" interface 

which has been developed by the German Heat Pump Association (BWP) and heat pump 
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manufacturers and is available for over 1000 heat pump models in Germany. It offers the possibility 

to trigger four different operation states: "off", "normal operation", "recommended on", "forced on", 

which each represent a different load-shifting strategy. For example, such controls could trigger the 

activation or deactivation of the heat pump in order to overheating a thermal storage device and/or 

the building thermal mass (walls, floors etc.) [16]. This technology was found to enable a smoother 

load profile of individual residences, thereby reducing the transformer overload risks. It was also noted 

that in terms of HP technologies, problems arise at lower penetration levels for Air Source Heat 

Pumps (ASHP) in comparison with Ground Source Heat Pumps (GSHP). 

An additional technological solution for HPs, that would mitigate the stress on the grid, is found in 

[65] which tests a new prototypical Variable Speed Heat Pump (VSHP) with an internal back-to-back 

converter which, with an adequate control strategy, could be controlled to compensate for 

asymmetrical loading of the 3-phases of the power distribution system. It is suggested that by 

improving the symmetry of the 3-phases, the voltage quality would improve for all customers in the 

network and increase the feasibility of higher heat pump penetration rates. Another suggestion by [64] 

is to integrate voltage dependent droop control into the heat pumps, for voltage regulation. Applying 

a droop-control to HPs implies changing the operation point of the HP at certain times, 

corresponding to an external signal, from what it would be if in heat-driven operation. 

The opportunity of increasing self-consumption of local DERs is demonstrated in [66] where the 

share of self-consumption of  household rises from less than 40% to almost approximately 60% in 

December with an appropriate control of the HP. 

 Economic Implications 

The main stakeholders impacted by the interaction between HPs and the electricity grid should be 

identified in order to assess the control strategies and goals which are compatible/conflicting and 

weight the advantages/disadvantages of increasing HP penetration rates. Within the scope of this 

thesis, the main parties involved are: 

1- Government and public authorities  

2- Distribution System Operators 

3- Energy Retailers 

4- Aggregators 

5- Consumers 

These key actors have interest in different aspects related to HP interactions with the grid, and 
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therefore the economic implications will be defined on an international/national level (government 

and public authorities), on the corporation/organization level (DSO, energy retailer, aggregators), and 

on the private/household level (consumers). An emphasis will be made on the possible grid flexibility 

that HPs can offer to the electricity grid and on its significance for each stakeholder. 

 National / International Level 

In many countries heat pumps are seen as a way to increase energy efficiency and to reduce CO2 

emissions. Energy efficiency is a national advantage as it can reduce energy imports and increase 

national energy independence. Reducing CO2 and other Greenhouse Gas (GHG) emissions is 

considered beneficial in terms of increased health levels of the population as well as reduced 

environmental pollution, which both are within the domain of responsibility of public authorities 

and have been associated with negative economic repercussions and expenses [67]–[69]. One of 

the strategies to quantify and monetize a reduction in CO2 emissions is the “Low-Carbon 

Economy”. The EU has set a goal to reduce CO2 and GHG emissions by 80% by year 2050 

(counting from 1990), estimating that buildings can cut their emissions by almost 90%. The 

measures to achieve this goal described as; passive housing technologies in new buildings, 

refurbishing old buildings, and substituting fossil-fuels with electricity and renewables for heating, 

cooling and cooking [70]. A government or public authority which wants to comply with these 

goals consents to setting regulations and policies that provide an advantage for energy efficiency 

and “clean” energy consumption; to increase the production and use of renewable energy and shift 

some parts of the energy load to periods with a higher production from such sources. On a very 

aggregated level, this can partly be supported by the operation of domestic HPs, encouraged 

through policies, incentives and taxation rates for producers, distributers or consumers. Examples 

of financially based policies that encourage the increased penetration of HPs are [17]: 

• In Finland there is financial support (max 20 %) for the renovation investments as well as income 

tax reduction for labor costs. 

• In France an income-tax credit permits to deduce from an individual tax return a percentage of 

the investments made in different sustainable development installations. For geothermal heat 

pump, the tax credit was of 40% in 2010, and 36% in 2011. For air-to-water HPs, the tax credit 

was of 40% to 22% were available. The government also allows “eco” loans at 0% interest for 

ecological installations – for example for the drilling costs incurred for geothermal heat pump. 

Renovation work can also benefit from the loan but only if there is a substantial energy saving 

with the new equipment. Additionally, the VAT is reduced from 19.6% to 5.5% for heat pumps 

installations. 
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• In the Netherlands the installation of HPs systems in homes is calculated in the Energy 

Performance Index, a standard to which newly built homes in the Netherlands have to comply. 

HPs in the Netherlands in existing homes are also subsidized on a per investment basis and the 

amount of money that can be claimed is approximately €5000 for water-to-water heat pumps and 

€2000 for air-to-water heat pumps. 

• Denmark, banned the use of oil and gas fired boilers as new heating installations [65], encouraging 

the shift to heat pumps or the connection to District Heating (DH). 

• In Spain there is an effort to increase geothermal HP installations. At the moment this market is 

still very small however some Spanish regions are subsiding up to 20% of the total cost of 

geothermal heat pumps. 

• In Sweden, where direct electric heating represented approximately 70% of the residential heating 

systems in year 2001, the government actively tried to reduce the electrical peak loads and energy 

consumption during the heating season, by applying a number of measures. For example, during 

the period between 2006 and 2010 the homeowners could have been refunded with up to 30% 

of their conversion costs, when converting from direct electric to alternative heating systems. The 

financial support from the government was attributed 34% of the energy saving achieved [71], 

and the shift to heat pumps has been regarded as a success. Heat pumps have been partially 

credited for the reduction by 35% of electricity and 97% of oil used for heating and DHW, since 

the mid 1980s. It is also attributed part of the credit for the reduction by 91% of CO2 emissions 

generated from residential heating, since 1990 [72]. 

 Corporation/Organization Level 

Many different corporations and organizations are involved in the many subsystems of the energy 

market, including DSOs, energy retailers, energy generators, energy equipment and tool 

manufacturers (grid equipment, communication devices, controllers, power electronic devices, 

etc.), and the relatively new actor – the “aggregator”. A suggested market overview of the 

interaction between these “actors” is presented in [73]  

1. Distribution System Operators 

The electrification of HPs, with no global strategy might cause a stress on the grid which will 

require DSOs to reinforce the currently used equipment. The general cost depends on location 

and industry agreements, but a general estimate is proposed in terms of the following 

parameters[74]: 

• Reinforcement of underground cables (UG) due to violation of thermal/current limit 

(overload) or violation of voltage limit. The cable cost ranges between 69.5 – 95.0 €k/km. 
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• Reinforcement of overhead lines (OH) due to violation of thermal/current limit (overload) 

violation of voltage limit. The cost of these cables can range between 32.8 – 65.0 €k/km. 

• Reinforcement of ground mounted transformer (GMT) due to violation of thermal limit 

(overload). The cost of this equipment can range between 14.0 – 33.8 €k. 

• Reinforcement of pole mounted transformer due (PMT) to violation of thermal limit 

(overload). The cost of this equipment is around 3.4 €k. 

An increase stress can either cause the equipment to fail completely or to shorten their lifetime and 

hasten their replacement.[75]. In a scenario from the study about the electric vehicles it was found 

that the integration of 24 EVs called first for a voltage reinforcement of underground cables at the 3rd 

year after installation. As the number of EVs was increased, it also became necessary to reinforce the 

transformer. Towards the end of the 25-year period under evaluation, current reinforcement of 

underground cables was also required as their thermal limits were exceeded. Although HPs present a 

different load magnitude than EVs, their integration would probably require a similar timeline in terms 

of which equipment would need to be reinforced first. 

An example of evaluation the cost of grid reinforcement as a consequence of HP installation in 10 

million households in the UK is provided in [24] where is assumed that HPs could increase the LV 

load by roughly 50%. The total cost of reinforcing the LV grid was divided in the following 

components: 

• Cable replacement: the reinforced grid would require a reinforcement of ideally 30% (but 

more probably 50%) of the feeder cable leading from the transformer to the consumers. It 

was noted the new cable portion of the feeder would be connected near the transformer 

portion, as to not disturb or have to interact with each individual household.  

• LV substation reinforcement: it was estimated that approximately 40% of the transformers 

are operating well below their maximum capacity. Hence it was estimated that only 

approximately 50% of the transformers, mostly in urban spaces, would need to be upgraded. 

• Traffic management and street work cost: it was estimated that that the cost related to the 

field work (such as digging trenches for underground cables) would be approximately an 

additional 10% of the installation cost. 

• Asset replacement: it is reported that most LV cables have been under only little thermal 

stress. Therefore, even if the calculated grid reinforcement due to high HP penetration cost 
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would be lower if the cables were scheduled to replaced anyway, it cannot be assumed that 

this is the case. 

Including reinforcements to the higher voltage levels, staff and overhead, the grid reinforcement was 

estimated to cost approximately ₤2000 (€2247) per converted house.  

These costs might be mitigated by the opportunity of flexibility offered  to DSOs by HPs to manage 

congestion in a line or a transformer. The quantification of the payback resulting from the coordinated 

modulation of the HP loads allows the activation of the flexibility without creating congestions further 

in time. A DSO could also rely on this service for balancing purposes [25]. The flexibility opportunity 

offered by high HP penetration rates was estimated for the U.S. by the Rocky Mountain Institute [76] 

which extrapolated to the entire U.S findings from an analysis of the market (in collaboration with 

local utilities) in four states and found that the potential grid-level cost savings from the flexibility 

offered by a high deployment and control of electrical HVAC and DHW is significant and that about 

8% of U.S. peak demand could be reduced while maintaining comfort and service quality. It was 

stated that in the residential sector alone a widespread implementation of demand flexibility could 

save 10–15% of potential grid costs for DSOs in the U.S. Of these savings, most come from avoided 

investment in generation, transmission, and distribution equipment (approximately 69%). Controlling 

the timing of the energy demands to optimize hourly energy prices can provide additional savings of 

about 23%, while providing ancillary services to the grid could represent a revenue which can mount 

up to 8% of the total net savings offered by demand flexibility. 

2. Electricity retailer  

The electricity retailer could use the flexibility offered by HPs either to balance its portfolio as a 

balance-responsible party or to adjust its consumption according to day-ahead spot market prices. 

In the electricity market, deviations from the agreements with the DSO, incur economic penalties 

based on an imbalance tariff [25] which could be mitigated with HP control strategies.  

3. Electricity Equipment Manufacturers and Vendors 

The new service of HP flexibility would support the market of power electronics and “Smart Grid 

Ready” technologies. The capacity to extract financial benefit from the flexibility service; either 

from the DSO which would save money on grid reinforcement, or the individual consumer which 

would make money by selling flexibility, could probably encourage a profitable expansion of such 

tools.  
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4. The “Aggregator”  

The concept revolves around the idea of aggregating multiple willing building owners/occupants 

to contract their flexibility potential with utilities. This role is of special interest in the context of 

HPs as the individual residence cannot offer much flexibility, and only becomes relevant when 

aggregated on a higher level. The aggregator would control and coordinate residential heat pumps 

to offer a direct control flexibility services to a utility/DSO company. The service could consists 

of a power modulation, upward or downward, that is activated for a chosen time over a fixed 

number of periods. The service modulation can be relative to an optimized baseline that minimizes 

the energy costs and after it is activated it should be followed by strategy to constrain the rebound 

effect. Results from previous investigations of this concept show that with a set of one hundred 

heat pumps, a load aggregator could offer modulation amplitudes of up to 138 kW upward and up 

to 51 kW for downward modulation. These values strongly depend on the proposed flexibility 

service and control strategy, as they could decrease down to 2.6 kW and 0.4 kW, respectively, if 

no rebound effect was allowed [25]. 

 Private/Household Level 

Many studies have found that domestic HPs can represent energy and consequently cost savings 

for the private consumer. For example a study by [77] in cold climates demonstrated that even in 

sub-zero temperatures, some of the HPs could operate with a COP greater than 1, thereby 

requiring less energy than most heating technology. Moreover, the study stated that the billing 

analysis showed that even in colder climates such as the Northwest region of the USA the HPs 

could provide savings of more than 5,000 kWh/yr. 

In terms of flexibility potential, either the building owner or the building occupant who pays for 

the electricity, could benefit by directly selling flexibility, responding to a signal sent by the DSO 

or the aggregator.    
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3 Methodology & Case Studies 

Two case studies are presented in this thesis in order to evaluate the impact of high penetration of 

VSHPs in different locations with inherently different climates. The first case represents a South 

European climate and is based in the area of Terrassa (Catalunya, Spain), and the second case 

represents a North European cold climate and is based in Stockholm (Sweden). The case studies 

are simulated for five days with a time step of three minutes. The first two days serve the purpose 

of initializing the state of variables and are discarded from the analysis which focuses on the three 

subsequent days. According to the Joint Research Center (JRC) of the European Commission, the 

main load in an average European residence is heating. This is definitely true in the Swedish case, 

while in the Mediterranean climate of Spain the heating and cooling loads are relatively balanced, 

however heating is still dominant [78], [79]. Therefore, this study shall focus on heating, yet a 

cooling scenario will be offered for the Spanish case. The chosen simulation days represent a 

coldest/hottest sequence, and therefore a worst-case scenario in terms of heating/cooling loads. 

 Heat Pump Model 

As previously mentioned in section 2.1.1 there are numerous HP technologies, and for the scope of 

this thesis the VSHP was selected as they are a mature technology and higher performing than fixed 

speed compressors, and are more likely to dominate future HP installations. Since dynamic models 

of VSHP are scarce and often neglect to capture part-load efficiency degradation and cycling start-up 

losses, this thesis uses two newly developed models; a Variable Speed Air-to-Water Heat Pump (VS 

AWHP) and a Variable Speed Air-to-Air Heat Pump (VS AAHP). In all cases the VSHP is heat 

driven, meaning that its priority is maintaining the comfort of the occupants, regardless of time-of-

use electricity tariffs or other more complex control strategies. 

It should be noted that the difference in sink fluid can have a notable influence on the performance 

characteristics of the VSHP. As the VS AWHP often utilizes an intermediary water tank it has a higher 

inertia capacity than the VS AAHP with heat supplied directly to the room air. Although both 

technologies suffer from a lower heat output after start-up, and consequently a lower COP, the VS 

AAHP can experience a high power draw at start-up [3], [32] which can be less significant in the case 

of the VS AWHP [21], [80]. Therefore, although the two black-box VSHP models used in this thesis 

were developed differently, the significant characteristics of each technology seem to be addressed 

adequately, as will be detailed in the following sections.  

 Variable Speed Air-to-Water Heat Pump 

The choice of an air-to-water system in the Spanish case study is explained in [81] as the only realistic 

choice for a hydronic system that is to supply DHW as well. With an air-to-air HP there is no option 
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to supply DHW. A ground-source HP was also discarded, as the actual building is located in an urban 

environment and comprises of 16 individual residences with independent heating and cooling system. 

The reason is that the possibility of drilling 1 to 16 separate vertical boreholes to service this building 

was assumed to be unrealistic, while combining all the residences into single load with a central heating 

system would not represent accurately the building stock in Spain. It was also considered a good 

option as it could possibly replace hydronic boiler with radiator systems which are the dominant 

technology found in Spain [82]–[84] and can serve both space heating and DHW. 

The VS AWHP was developed by [85] and is based on available manufacturer data (outdoor unit: 

HITACHI Yutaki-S-Combi RAS-4WHVNPE, indoor unit: RWD-4.0NWE). In order to account for 

part-load performance and cycling degradation the PLF equation developed by [27] is used and the 

PLF-PLR curve is obtained with the available part-load data using a quadratic fit method. This curve 

is used when conditions are above the minimum PLR limit of the heat pump, below which the VS 

AWHP resorts to an on/off operation.  

 Variable Speed Air-to-Air Heat Pump 

The VS ASHP is used in the Swedish case where it is the prevalent installed technology [72], [86] 

and where the dominating conventional heating system is electrical. The VS AAHP model was 

developed based on experimental results [32]. An approach similar to [87] was used, where each 

observation (at one-minute data interval) was aggregated into bins according to outdoor 

temperature (2.5 °C each) and frequency (5 hz each).  Keeping only the data with a degree of 

confidence of 95%, the mean value of power input and heat output within each bin served as the 

basis for fitted performance curves by means of 2nd order polynomial regression. In Figure 7 are 

compared the resulting performance curves for selected frequencies (i.e. H30 is the performance 

at 30 Hz) with the measured data at that frequency (e.g. H30_m). 

These curves are used for interpolation of the steady-state and part-load performance of the black 

box VS AAHP model written in python, which was validated by comparing the resulting heat output, 

frequency, supply air temperature, and power input with the measured data. A performance file is 

created with the parameters: 

• Frequency [Hz]: 0, 30, 50, 52.5, 70, 90, 110 

• Tin [°C]: 18, 21, 24 

• Tout [°C]: -25, -20, -15, -10, -5, 0, 5, 10, 15 
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Figure 7: Performance curve for part-load conditions; interpolated curves by polynomial regression (solid lines) 

vs. measured performance curves (dashed lined). 

This file is used to interpolate for the part-load Capacity Ratio and Power Ratio for the conditions at 

each time-step. Then an additional algorithm is used in order to mimic the dynamic behaviour of the 

VS AAHP in cycling conditions. First the typical behaviour within a total defrost cycle is defined in 

terms of the duration of the cycle (t_cycle), the duration of defrost (t_duration), and the time for 

recovery after start-up (t_recovery) (Figure 8). 

 
Figure 8: Typical defrost cycle [32] 
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For a dynamic start-up model as is sought in this case, the efficiency degradation under cyclic 

conditions can be expressed in several ways (section 2.1.2) and in this model a penalty factor with an 

exponential expression was found to be sufficient for mimicking the reduced efficiency and lower 

heat output at the condenser after start-up [32].  

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 1 − exp (
(−(𝑡 + 𝜏)

𝜏
(3.1)

�̇�𝑐𝑦𝑐 = 𝑅𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑥 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 𝑥 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (3.2)
 

The penalty factor gets closer to 1 as “ t ” (current time step) increases after defrost. The penalty 

factor regulates the heat output for all time steps between 0 and “t_recovery” minutes after defrost. 

In Figure 9 can be seen an extract of the collected data (2 days) that was used for the validation of 

the model, where the VS AAHP operated in defrost cycling mode due to the low outdoor 

temperature (Tout) which remained below 0 °C, and tried to maintain the indoor temperature 

(Tin) at the setpoint of 21 °C. The resulting heat output of the model (q_interp) follows the trend 

of the heat output on the air side of the condenser (q_air) which was found to represent more 

accurately the heat output after cycling [32]. The corresponding air supply temperature 

(Tsup_interp) corresponds well the measured data (Tsup_meas). It should be mentioned that the 

specific VS AAHP model tested contains a self-learning algorithm of its own which is not publicly 

available and makes it difficult to mimic exactly the time gap between each defrost cycle. Therefore, 

keeping in mind the scope and objective of this thesis, the time gap between each defrost cycle 

has been simplified and is taken as the average defrost cycling time. An analysis of the data also 

clearly denoted that the VS AAHP did not operate in frequencies below 25 Hz and as such, the 

modelled HP will shut-off if the load is too low and will start-up again once the heating load is 

sufficiently high. 

The power draw by the compressor during the recovery period is higher than what it would be for 

the same temperature conditions in steady state operation. In Figure 10 can be seen the measured 

power input during one test cycle (p_meausred) and the modelled power input (p_interp). The exact 

period between each cycle, as well as the exact recovery period after start-up could not be exactly 

reproduced, as the tested VS AAHP has an internal self-learning algorithm and other control strategies 

that are not publicly available, and have not all been identified. Therefore, the average cycle period 

and recovery period have been assumed for this model, and the general trend and profile 

characteristics have been mimicked to a level that satisfies the purpose of this thesis, which aims 

mostly to capture the peak power draw after start-up. 
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Figure 9: Model validation; heat output measured on the condenser air side (q_air) and refrigerant side (q_ref) 

vs. modelled heat output (q_interp) (top), supply air temperature measured (Tsup_meas) vs. modelled 

(Tsup_interp) at measured outdoor temperature (Tout) and indoor temperature (Tin) (bottom) 

 
Figure 10: Power profile in defrost-cycling operation conditions 

Since it would be inaccurate to model all residences with the same VS AAHP, three slightly different 

models have been created, altering the time the heat pump is in defrost (t_duration) and the total 

defrost cycle (t_cycle) that are depicted in Figure 8. The difference in the three VS AAHP is given in 

Table 1, where “HP_6” represents the average values found during the experiments. The models for 

HP_3 and HP_9 remain within the boundaries of the experiment results, as the manufacturer limits 

“t_duration” to a maximum of 10 minutes. 

Table 1: VS AAHP models 

 HP_3 HP_6 HP_9 

t_duration (minutes) 3 6 9 

t_cycle (minutes) 90 150 210 

The time it takes to recover (t_recovery) is constant for all three models and corresponds to the 

average value of 30 minutes. 



P a g e  | 28 

 

 

 Building Model 

The building simulation software TRNSYS is used to model the building system. The following 

will describe the characteristics of the two residential models used in this thesis.  

 Building Envelope 

Two validated residential models are used, which represents the common building stock that is 

above 20 years old and would probably need to be re-furbished if they were to meet the new and 

more stringent energy standards in the EU. The residence in Terrassa was built to meet the 

standards from the 1980s (NRE – AT- 87[88]). The typical Swedish residence represents the 

building stock of the 1980s and is an adaptation of a previously validated model of a single-family 

house in Canada. Adopting the Canadian model for Sweden was possible due to the great 

resemblance in floor area and insulation levels of the typical 1980s single house built in Montreal 

according to the Canadian Single-Detached and Double/Row Housing Database (CSDDRD)[89], 

and the single-family residence building stock in the 1980s in Sweden described in EU Building 

Database[90].  The main building properties can be found in Table 2, and more details for the 

Terrassa and Montreal residences can be found in [91] and [92], [93], respectively. 

Table 2: Key Building Envelope Properties 

Parameter Unit Cold Climate Mediterranean 

Climate 

Location - Stockholm (Sweden) Terrassa (Spain) 

Building date - 1980-1990 1991 – 2007 

Floor area m2 210 108.5 

Roof U-value W/m2K 0.208 0.546 

Wall U-value W/m2K 0.358 0.6 

Windows U-value W/m2K 2.53 2.5 to 5.7 

Infiltration n50 1/h 4.4 3.0 

 HVAC  

In order to assess the impact of an increasing penetration rate of HPs, two heating systems are 

modelled for each climate. A base-case model represents the conventional heating system used in 

Terrassa and in Stockholm in the 1980s-1990s, and a second model has an integrated VSHP. While 

the base case in Terrassa has a conventional hydronic boiler system, in Sweden an direct electrical 

heating system is modelled. This is because this technology dominated the space heating market 

for single-family residence and in 2001 approximately 70% of the Swedish single family residences 

had electric space heating systems, of which, around 34% were heated by direct-acting electricity 
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and water-based electric heating [71]. Between 2010-2018 the percent of newly installed heat 

pumps replacing or complementing direct electric heating is between 21% to 25% [94]. 

Table 3: HVAC system of the case studies 

 Cold Climate Mediterranean Climate 

Base-case 

 

Electric resistance heater 

 

Natural gas boiler 

Heat Pump Variable speed 

air-to-air heat pump 

+ 

Back-up electric resistance heaters 

Variable speed 

air-to-water heat pump 

+ 

Fan coils 

Setpoints Heating: 20.5-21°C 

Cooling: - 

Heating: 20°C + night setback to 18°C 

Cooling: 25°C 

 Occupancy and Electrical Appliances 

Residential energy consumption profiles are difficult to predict for several reasons: occupant 

behaviour can vary widely, privacy issues limit the access to individual household energy data, and 

usually the detailed metering of end-uses consumption are costly. The importance of the demand 

side modelling is particularly high when evaluating the peak consumption of an aggregated building 

cluster, upon which relies the design the LV grid. Common methods to size distribution grids are 

the Velander formula and methods based on simultaneity and coincidence factors. These methods 

are considered reliable when the individual loads are relatively homogeneous, (e.g. all residential), 

and the number of residences is large enough (about 200 connections). Concerns exist about the 

reliability of this method for feeders serving smaller cluster, such as 20-60 residences[95].  

In terms of modelling load profiles, the high importance of load diversity is highlighted in [7] 

where the load profiles used had a high coincidence factor and consequently the base case rural 

Austrian grid modelled suffered from a voltage deviation violation (below 0.9 p.u.), even before 

adding HPs.  

As this thesis focuses on the LV feeder, it was chosen to use 25 stochastic profiles developed by 

[81], [96] which represent homes of 1, 2, 3 or 4 residents, and have 3 different appliance stock 

levels. The proportions of residences with 1, 2, 3 or 4 occupants on a LV feeder is weighted 

according to the statistical data provided in Table 4. 

Table 4: Percent share of residences in building stock occupied by 1,2,3, and 4 people [90] 

Country/Occupants 1 2 3 4 

Spain (%) 24.6 30.6 21.1 17.8 

Sweden (%) 39.9 32.8 10.2 12.1 

A sample of 12 stochastic profiles is presented in Figure 11, which highlights the importance of unique 
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profiles and their impact on the total load profile, which is the sum of the loads of the dwellings 

grouped together (also called the aggregated load).  It should be kept in mind that the individual peak 

diminishes as the building cluster increases, i.e. when more residence are considered, the peak load 

per customer is lower [95]. The time-step resolution is also an important factor in the simulation of 

the interaction between a residence and the LV grid. A study by [97] presents that the peak load 

difference between hourly data and 12-minute, 5-minute, and 1-minute data is 17%, 73%, and 69%, 

respectively. The percent difference between the peak heating demand [W] for a 3 minutes profile 

resolution compared to 7 minutes, 15 minutes, and 60 minutes profiles was found to be 53%, 91% 

and 98%, respectively [81]. As such it can be said that hourly data can reflect well the overall trend, 

however it tends to smoothen the load profile and fails to capture the magnitude of the “peaks” and 

“valleys” of the individual electricity demand, which is of special interest for network operators [34]. 

The platform presented in this work is therefore of particular interest as it uses relatively high-

resolution profiles of 3 minutes. 

 

Figure 11: Representative 12 stochastic profiles of one day. The  first number of the model number represents the 

number of occupants, the second is the appliance stock level and two last numbers correspond to a unique 

identifier (i.e 2411 has 2 occupants and an appliances level of 4) 

 Low Voltage Grid Model 

Rather than evaluating entire networks with many feeders, a LV feeder was evaluated individually. 

This choice follows previous research that has found that most challenges experienced in low-

voltage networks relate to the individual feeders due to the radial topology [74].  The following 
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section will describe in more detail about the performance indicators evaluated and the 

characteristics of each tested feeder modelled, both for rural and urban environments as they are 

subject to different challenges. A power flow analysis of the feeder will allow to evaluate if the 

voltage deviation at the first and last nodes on the feeder remain within an allowable range of 

± 7% of the nominal voltage [33], [41] , the voltage drop between the first and last nodes of the 

feeder, as well as the voltage sensitivity to a power change in either of the feeder extremities will 

be compared, similarly to the approach adopted in [33]. The maximum transformer loading will 

be evaluated to see if it surpasses the maximum of 80% of its capacity [34], as well as the magnitude 

of the daily power gap between peak and valley draws at the transformer. 

A residential LV network is modelled in PandaPower [98] based on the CIGRE LV grid 

benchmark [36]. A schematic diagram of the distribution network is presented in Figure 12, where 

the MV/LV transformer with a capacity of 20/0.4 kV is followed by a busbar, from which a typical 

feeder supplies 5 clusters of buildings (R11, R15 to R18) and an additional aggregated load (R1) 

which has a magnitude almost equivalent to total load on the benchmark feeder. 

 
Figure 12: Topology of CIGRE European LV distribution network benchmark [36] 

The base case total number of residences on one feeder is taken as 25, which is within the range 

proposed by numerous LV case studies and benchmark networks [8], [35], [37], [38], [40]–[43]. The 

load R1, which is located on the bus-bar right after the transformer, and not on the typical feeder, will 

represent an additional feeder, so that the residential transformer serves two identical feeders for a 
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total of 50 LV consumers, which is in accordance with the value found in a survey of 79 of the 190 

largest DSOs in Europe [37]. The 25 profiles for the base case are described in Table 5, where the 

first number of the model number represents the number of occupants, the second is the appliance 

stock level and two last numbers correspond to a unique identifier (i.e 1411 and 1416 are two different 

profiles with one occupant and an appliances level of 4). The models are chosen to represent the 

typical share of occupancy in households in the building stocks of Spain and Sweden (previously given 

in Table 4) and randomly distributed amongst the 5 building clusters of the CIGRE grid (Table 6).  

The range of peak power of 25 single household models are shown in Figure 13 where the appliance 

loads are within a range between 2.6-6.8 kW and 2.1-6.6 kW in the Spanish and Swedish cases, 

respectively. The addition of a HP increases the household loads, to a range of 4.0-7.1 kW and 6.5 10 

kW in the Spanish and Swedish cases, respectively. These values are within the range found in 

Mediterranean networks and in Northern networks [34], [47], [74], [99]. A power factor of 0.95 is 

used, as prescribed by CIGRE and also found in other studies such as [100]. 

Table 5: Load profiles 

Occupants 1 2 3 4 1 2 3 4 

Number of dwellings 6 8 6 5 9 9 3 4 

Country Spain Sweden 

Model Number 

1411 2411 3411 4411 1411 2411 3411 4411 

1311 2311 3311 4311 1311 2311 3311 4311 

1211 2211 3211 4211 1211 2211 3211 4211 

1416 2416 3416 4416 1416 2416 
 

4416 

1316 2316 3316 4316 1316 2316 
  

1216 2216 3216 
 

1216 2216 
  

 
2442 

  
1442 2442 

  

 
2342 

  
1342 2342 

  

    
1242 2242 

  

The range of peak power of 25 single household models are shown in Figure 13 where the appliance 

loads are within a range between 2.6-6.8 kW and 2.1-6.6 kW in the Spanish and Swedish cases, 

respectively. The addition of a HP increases the household loads, to a range of 4.0-7.1 kW and 

6.5-10 kW in the Spanish and Swedish cases, respectively. These values are within the range found in 

Mediterranean networks and in Northern European networks [34], [47], [74], [99]. A power factor of 

0.95 is used, as prescribed by CIGRE and also found in other studies such as [100]. 
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Table 6: Model distribution within the building clusters of the grid 

Cluster name R11 R15 R16 R17 R18 R11 R15 R16 R17 R18 

Number of buildings 1 11 4 3 6 1 11 4 3 6 

Country Spain Sweden 

 

 

 

 

 

Model Number 

 

 

 

  

4411 4311 4416 3216 4316 4411 4311 4416 2411 3211 
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The range also concords with the Spanish regulation for the minimum distribution grid design value 

for residential peak consumption of 5.75 kW without electric heating and with electric heating and 

cooling as 9.2 kW [95]. However, in terms of Europe, various studies have described different design 

values, for example, the Velander methods assumes a values of 3.6 kW [95], and a tested German grid 

in a study by [6] indicates a design value per house (including heat pump) of 3.3 kW and assumes a 

5.6 kW residential load as the ‘worst case’ scenario design value.  

 
Figure 13: Peak appliance load of households per occupancy level and location (e.g. SWD_4 and SPN_2 signify the 

Swedish models with 4 occupants and the Spanish model with 2 occupants, respectively) 
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Typically, rural grids are characterized by longer distances between the loads and a lower energy 

density while urban grids are much denser. A sensitivity analysis will be performed by changing the 

distance between the grid nodes; the base case will remain as defined by the CIGRE benchmark, and 

the energy density will be increased for urban cases and decreased for a worst-case scenario rural grid. 

The base case feeder lengths are similar to the LV circuit length per LV customer values provided in 

the “Distribution system operators observatory” report  [47] which presented an average of 27 m and 

4 m, for the rural and urban cases respectively. In the urban worst-case scenario the number of LV 

customers on a feeder is increase to 50, for a total of 100 customers for the MV/LV transformer,  in 

accordance with the same report which represents 74.8% of the total consumers in the EU, and 

matches the maximum number found in other previous research [37], [38], [101]. The properties of 

each tested grid are found in Table 7, where “Smax” corresponds to the peak apparent power if all 

residences would experience a peak at the same time (coincidence factor =1), and “So” is the actual 

peak load on the transformer with individual stochastic profiles. Both values correspond only to the 

appliance loads, without the heating load from the boiler/direct electric resistance/heat pump. The 

values for R_BC, R_WC, and U_BC are the same because they have the same number of customers, 

and same residential models. 

Table 7: Feeder characteristics 

Grid Type Rural 

Base Case 

(R_BC) 

Rural 

Worst Case 

(R_WC) 

Urban 

Base Case 

(U_BC) 

Urban 

Worst Case 

(U_WC) 

LV feeder - Total length [m] 570 990 106 106 

Number of customers per feeder 25 25 25 50 

LV feeder length per customer 

[m/customer] 

22.8 39.6 4.24 2.12 

Smax [kVA] 117.3 117.3 117.3 234.5 

So [kVA] 33.6 33.6 33.6 67.24 

Energy density [kVA/m] 0.06 0.03 0.32 0.63 

 

As the Rural Base-Case (R_BC) is the closest to the CIGRE benchmark LV feeder, it is considered 

the base case from which are developed all the other three scenarios. The energy density which is 

defined in this case as the peak apparent power load over the total feeder length (kVA/m) in the 

Rural Worst-Case (R_WC) is half R_BC, while the Urban Base-Case (U_BC) and Urban Worst-

Case (U_WC) have an energy density 6 and 10 times larger than R_BC.   
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 PyPower Validation 

The CIGRE residential LV grid is modelled in PandaPower [102] (see Appendix I: CIGRE 

European Residential LV for more details of the model) and validated by comparing static power 

flow results provided by the benchmark. The resulting PandaPower voltage in the residential section 

of the grid match very well with the benchmark (Figure 14), with an average difference of 0.95%. The 

line current does not match as well (Figure 15) and the average difference is 14.91% 

 
Figure 14: Voltage validation 

 
Figure 15: Current validation 

According to the CIGRE benchmark the connection of single-phase consumers makes the European 

LV distribution networks inherently unbalanced. However, effort is made to reduce the unbalance 

and the resulting power flow demonstrates that the system is actually quite balanced. The calculation 

of the apparent power in a three-phase system (Figure 16) is performed differently, depending on the 
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balance of the system. 

 
Figure 16: Three phase voltage and current diagram 

In a three-phase balanced system the instantaneous values for voltage and current are [103]: 

𝑢𝐴(𝑡) =  √2𝑉 sin(𝜔𝑡)

𝑢𝐵(𝑡) =  √2𝑉 sin(𝜔𝑡 − 120°)

𝑢𝐶(𝑡) =  √2𝑉 sin(𝜔𝑡 + 120°)

𝑢𝐴(𝑡) +  𝑢𝐵(𝑡) +  𝑢𝐶(𝑡) = 0 (3.3)

 

𝑖𝐴(𝑡) =  √2 𝐼 𝑠𝑖𝑛(𝜔𝑡 − 𝜙)

𝑖𝐵(𝑡) =  √2 𝐼 𝑠𝑖𝑛(𝜔𝑡 − 120° − 𝜙)

𝑖𝐶(𝑡) =  √2𝐼 𝑠𝑖𝑛(𝜔𝑡 + 120° − 𝜙)

𝑖𝐴(𝑡) + 𝑖𝐵(𝑡) + 𝑖𝐶(𝑡) = 0 (3.4)

 

 

𝑝3𝜙(𝑡) = 𝑝(𝑡) = 𝑢𝐴𝑖𝐴 +  𝑢𝐵𝑖𝐵  + 𝑢𝐶𝑖𝐶  =  𝑝𝐴 +  𝑝𝐵 +  𝑝𝐶

𝑝𝐴(𝑡) =  𝑉 𝐼 𝑐𝑜𝑠𝜙{1 − 𝑐𝑜𝑠2𝜔𝑡} −  𝑉 𝐼 𝑠𝑖𝑛𝜙𝑠𝑖𝑛2𝜔𝑡

𝑝𝐵(𝑡) =  𝑉 𝐼 𝑐𝑜𝑠𝜙{1 − 𝑐𝑜𝑠 (2𝜔𝑡 − 120°} −  𝑉 𝐼 𝑠𝑖𝑛𝜙𝑠𝑖𝑛 (2𝜔𝑡 − 120°)

𝑝𝐶(𝑡) =  𝑉 𝐼 𝑐𝑜𝑠𝜙{1 − 𝑐𝑜𝑠 (2𝜔𝑡 + 120°} −  𝑉 𝐼𝑠𝑖𝑛𝜙𝑠𝑖 𝑛(2𝜔𝑡 + 120°) (3.5)

 

In the case of a balanced system, many terms in equations (3.3) cancel each other and it can be 

simplified into:  

𝑝3𝜙(𝑡) = 𝑝(𝑡) =  3𝑉𝐼𝑐𝑜𝑠𝜙 (3.6) 

Equation (3.4) indicates that for balanced three-phase system, the total instantaneous power is equal 

to the real power or average active power (P), which is constant. The total reactive power can be 

similarly defined as: 

𝑄 = 𝑄𝐴 +  𝑄𝐵 + 𝑄𝐶 =  3𝑉𝐼𝑠𝑖𝑛𝜙 (3.7) 
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Where 𝑉 and I are the voltage and current magnitudes, respectively, and are the same for all three 

phases. The line-to-line voltage is: 

𝑉𝐿𝐿 = 𝑉𝐴𝐵 =  𝑉𝐵𝐶 =  𝑉𝐶𝐴    

𝑉𝑁𝑒𝑢𝑡𝑟𝑎𝑙 =  0 (3.8) 

The line current is: 

𝐼 = 𝐼𝐴 =  𝐼𝐵 =  𝐼𝐶  

𝐼𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 0 (3.9) 
 

For a three-phase, three-wire balanced system, the effective apparent power is found after 

calculating effective voltage and current as: 

𝑉𝑒 = √
𝑉𝐴𝐵

2 + 𝑉𝐵𝐶
2 + 𝑉𝐶𝐴

2

9
=

𝑉𝐿𝐿

√3
(3.10) 

𝐼𝑒 = √
𝐼𝐴

2 + 𝐼𝐵
2 + 𝐼𝐶

2

3
= 𝐼 (3.11) 

And therefore, the apparent power can then be calculated as: 

𝑆𝑒 = 𝑆 = 3𝑉𝑒𝐼𝑒 = √3𝑉𝐿𝐿𝐼 (3.12) 

In the unbalanced system there is a current “leak” and 𝐼𝑁𝑒𝑢𝑡𝑟𝑎𝑙 ≠ 0, and therefore the apparent 

power cannot be calculated as described above as √3𝑉𝐿𝐿𝐼 , and the full equation that accounts for 

each phase and the neutral needs to be used, where: 

𝑉𝑒 = √
𝑉𝐴

2 + 𝑉𝐵
2 + 𝑉𝐶

2

3
(3.13) 

𝐼𝑒 = √
𝐼𝐴

2 + 𝐼𝐵
2 + 𝐼𝐶

2 + 𝐼𝑁
2

3
= 𝐼 (3.14) 

While both CIGRE and PyPower use the apparent power input load to calculate the supplied 

voltage and current, PyPower assumes a fully balanced system [102], while CIGRE accounts for 

the slight unbalance. This can explain the discrepancy in the current calculation, where in the 

balanced system there is no current “leak” to the neutral and therefore the phase current values 

are higher than in the unbalanced system. Assuming a balanced three phase system has been done 

in other studies of the LV grid and LV feeders, such as the “Grid Impact studies of electric vehicles 

– Reinforcement costs in LV grids” performed by the Danish Energy Association and leading 
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energy companies Iberdrola, EDF, ENEL, and RWE [74]. Therefore, although the line-current 

results for the power flow are different than the CIGRE benchmark, they are still valid for this 

analysis. 

 Co-simulation 

The initial goals for the co-simulation platform in this work were: 

1. Link to the software TRNSYS, which is a trusted tool by researchers in the building simulation 

field with multiple validated models of building archetypes in different climates. 

2. Prioritize open-source platforms/freeware which increases the possibility for multiple users 

to install and use it. 

3. Explore the FMI standard which might allow for future exchange of models between peers 

without compromising intellectual property and confidentiality agreements. 

There are a few co-simulation projects with TRNSYS, mostly using an ad-hoc created link with a 

specific single tool. A common environment linked to TRNSYS in a co-simulation platform is 

MATLAB, which comprises numerous toolboxes that enables testing of advanced optimization 

strategies, as well as a link to Simulink. A description of the interchangeability of models between 

TRNSYS and MATLAB/Simulink is given in [104], and examples for testing model predictive control 

strategies can be found in [105] or for genetic algorithm optimization [106]. The use of FMI to couple 

TRNSYS with other tools was made easier with the FMI compliant wrapper developed by [107], 

which enables the wrapping of a TRNSYS model into a FMU. This TRNSYS FMU wrapper is used 

within the dedicated co-simulation framework FUMOLA (developed on top of the Ptolemy II 

simulation environment and the FMI++ Library) which serves as the master and provides the 

synchronization algorithm. Within FUMOLA the TRNSYS FMU is capable of exchange with 

MATLAB/Simulink [108], [109], EnergyPlus, Dymola-Modelica & PowerFactory-DIGSILENT 

[110], [111]. FUMOLA could have been a good option, however it called for the installation of 

additional tools and platforms and was more complicated to debug as the code is not as easily 

accessible as open-source Python packages, and therefore was discarded. It should be noted that an 

additional limitation was imposed by the TRNSYS-FMU wrapper which was designed at the time for 

TRNSYS17 which has a x32 architecture and therefore is incompatible with some co-simulation 

platforms that are based on a x64 architecture.  

The choice of the tool for modelling the LV grid and performing the power flow analysis was based 
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on goal #2, as the trusted and well-established tool DIGSILENT was discarded since it is not free. 

The grid modelling Mosaik platform seemed promising as it is free and based on python script (which 

is a high-level language and therefore considered more accessible and easy to understand for a wider 

public). Mosaik has previously been coupled with other tools such as OMNeT++ (communications 

tool) via direct co-simulation [51] or with PowerFactory, Matlab and OpenModelica via FMI [58], 

[112] . As Mosaik is Python based it uses PyPower functions to perform power-flow analysis and can 

use FMI compliant packages such as PyFMI [113] and FMpy[114] for co-simulation with an FMU.  

However, although this option offered many advantages, such as a graphic interface and grid analysis 

tools, it also had a small additional step in term of synchronization; mosaik manages simulation time 

as integers while FMI sees time as floats - so a float "step factor" needed to be introduced that 

translates a mosaik-time integer into a FMI-time float. Therefore, it was decided to use Python script 

to directly write a master algorithm which would coordinate the exchange between the Python based 

VS AAHP model, the TRNSYS FMUs, and the PyPower based grid model previously describe in 

sections 3.1, 0 and  3.3, respectively. The capacity to combine directly Pypower and PyFMI to simulate 

an urban energy system with FMU wrapped building models has previously been demonstrated in 

[11] and the specific framework developed for this work portrayed in Figure 17. 

 
Figure 17: LV network co-simulation framework 
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4 Results & Discussion 

The main results for the loads, voltage levels and transformer loading for the all scenarios (Table 

8) will be provided in the following section 

Table 8: Simulated Scenarios 

Sensitivity analysis Scenario Nomenclature 

HP penetration rates 

Rural Base Case  - no HPs HP_0 

Rural Base Case  - 30% HPs HP_30 

Rural Base Case - 60% HPs HP_60 

Rural Base Case  - 100% HPs HP_100 

Energy density 

Rural Base Case - 100% HPs R_BC 

Rural Worst Case  - 100% HPs R_WC 

Urban Base Case - 100% HPs U_BC 

Urban Worst Case - 100% HPs U_WC 

First will be assessed the impact of increasing HP installations on the feeder, and then a sensitivity 

analysis to feeder energy density is provided for the scenario where heat pumps dominate the entire 

residential system, in order to evaluate which parts would be most at risk and which variables have 

most impact in such a case. In the following analysis all comparisons will be evaluated in terms of 

percent difference, calculated as: 

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
‖𝑁2 − 𝑁1‖

𝑁2 + 𝑁1

2

𝑥 100 (4.1) 

 Increasing Heat Pump Penetration Rates 

The use of HPs in 0%, 30%, 60%, and 100% of the connected household is evaluated in terms of 

the impact on voltage levels and transformer loading. 

1. Voltage 

The voltage deviation of the first node R2 (“V2”) and last node R18 (“V18”) on the feeder (as 

depicted in the CIGRE model in Figure 12), are shown for the Spanish case in Figure 18 and for 

the Swedish case in Figure 19. The rural base case (R_BC) is shown as it is more sensitive to voltage 

deviation than the urban case. It can be seen that in the Spanish case the additional HPs cause the 

electrical load to increase and therefore the voltage levels in both V2 and V18 drops more 

significantly. It can also be noted that the voltage levels are less constant (less stable) as the HP 

level increases, however they remain in all scenarios above the lower limit of 0.93 p.u.. 
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Figure 18: Impact of HPs on the voltage across the feeder in the Spanish rural base case scenario 

 
Figure 19: Impact of HPs on the voltage across the feeder in the Swedish rural base case scenario 

In the Swedish case an opposite trend can be seen, and as the HP level increases, so does the stability 

of the voltage, and the voltage drop both at V2 and V18 decreases. Although V2 stays within allowable 

limits in all cases, the voltage level in V18 is only acceptable in the case of 100% HP heating (HP_100). 

In all cases, since the grid is dominated by loads, and has no integrated DERs, then there is a notable 

undervoltage tendency. The different trend between the voltage drop increase or decrease with 

increasing HP levels in the two case studies can be due to the difference in the heating load, in the 

heating technology being replaced and in the HP technology being installed.  

2. Transformer 

The maximum transformer loading is considered in this thesis as 80% of the rated capacity. The 

transformer loading over the three analysed days with different level of integration of HPs can be 

seen in Figure 20 for the Spanish case, and Figure 21 for the Swedish case. The rural base case is 

shown in order to be consistent with the previous voltage analysis and because it has the same 

load profile (same number of residences per cluster) as the urban base case. It can be seen in the 
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Spanish case that in a purely residential system with only conventional natural gas boilers (HP_0) 

the only load on the LV feeder is the electric appliances, which reaches a maximum of 12% of the 

transformer capacity. As the HP penetration rate increases from, the peak load increase from 12% 

to 14%, 19% and 25% for the HP_30, HP_60, and HP_100 scenarios, respectively (percent 

difference is 17%, 45% and 70%).  

 
Figure 20: Impact of HPs on the transformer in the Spanish rural base case scenario 

However, in all cases the transformer is far from being overloaded, which concords with the base 

assumption that in most rural cases the transformer is oversized and is not at risk, and that voltage 

drops are the main challenge. 

In the Swedish case can be seen the opposite situation, where the conventional heating system is direct 

electric heating then the scenario with no HPs (HP_0) has the highest transformer loading and is in 

fact almost constantly near the maximum allowed capacity. It should be mentioned however that a 

series of worst-case coldest days was chosen and therefore, these results represent the highest 

transformer loading that would occur during the year. In such a case the higher COP of the HP helps 

reduce the peak load of 110% of the transformer capacity in the HP_0 case to 98%, 90%, and 66% 

for HP_30, HP_60 and HP_100, respectively (difference of 11%, 20% and 50%). This trend was 

anticipated by the Swedish government and is the main reason for its active support of new and 

retrofit installations of HPs. 
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Figure 21: Impact of HPs on the transformer load in the Swedish rural base case scenario 

The difference between the profiles of the Spanish and Swedish cases could be due the heating load 

difference. As can be seen from the daily transformer loading profiles of Spain (Figure 22) and Sweden 

(Figure 23), the first case has an outdoor temperatures (Tout) oscillating between 0-10°C and the load 

spikes do not all correspond with the temperature profile. In Figure 24 can be seen a snapshot of 

some of the monitored parameters for the Spanish HP_100 scenario, where the HP often turns off 

due to low loads, and the low constant power draw during the day is due to electric appliances 

(additional snapshots of the results can be found in Appendix IV: Simulation Results). 

 
Figure 22: Daily transformer loading in the Spanish R_BC case study 

In the Swedish case the transformer loading can be said to be inversely correlated to the outdoor 

weather, as the load increases when the temperature decreases and vice versa. There is a constant 

heating load and the small sudden cyclic spikes in the transformer loading, that are more prominent 

as the HP penetration level increases, are not from low-load cycling but rather from the HP cycling 
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operation in defrost mode. These spikes might be more moderate in reality, where the pool of heat-

driven heat pumps include of a wider variety of HP technologies (differing in cycling behaviour, heat 

sink, cycling duration, and power draw magnitude). 

 
Figure 23: Daily transformer loading in the Swedish R_BC case study 

 
Figure 24:  Two households  in the Spanish HP_100 scenario - indoor temperature (Tin4211, Tin3411 [°C]), 

appliance loads (app4211, app3411[W]), and HP power draw (php4211, php3411[W]). 

In both case studies, the maximum load on the transformer changes significantly with increasing HP 

loads. The additional HPs cause the daily peak loading in the Spanish case to go up from an average 
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of 11.5% of the transformer capacity, to 13.6%, 16.9% and 22.3% (HP_30, HP_60 and HP100, 

respectively), while the minimum loading remains constant in all cases, at 1% of the transformer 

capacity (Table 9). On the other hand, the substitution of direct electric heating by HPs in the Swedish 

case reduces the peak loading, as the average daily peak load passes from 93.4% of the transformer 

capacity (HP_0), to 43.2% loading (HP_100)( Table 10). 

Table 9: Defining values of the transformer loading in the Spanish case study 

Spanish case study Tout 

[°C] 

HP_100 

[%Load] 

HP_60 

[%Load] 

HP_30 

[%Load] 

HP_0 

[%Load] 

Daily average Max 9.8 22.3 16.9 13.6 11.5 

Min 0.9 1.0 1.0 1.0 1.0 

Average 5.0 7.8 5.4 4.0 2.7 

Median 4.8 6.9 5.0 3.6 2.1 

Table 10: Defining values of the transformer loading in the Swedish case study 

Swedish case study Tout [°C] HP_100 

[%Load] 

HP_60 

[%Load] 

HP_30 

[%Load] 

HP_0 

[%Load] 

Daily average Max -3.7 43.2 64.1 77.9 93.4 

Min -13.6 5.7 24.1 36.7 48.0 

Average -9.6 18.3 40.5 58.5 74.6 

Median -9.6 17.6 39.7 58.2 74.6 

Differently than in the Spanish case, in the Swedish case the minimum transformer loading is not 

constant in all scenarios and passes from 48.0% (HP_0) to 5.7% (HP_100). This change could be 

because in the Swedish case simulated some heating is always required.  

The aging of the transformer is accelerated when it is repeatedly overloaded and the daily Overload 

Ratio (OR) is calculated in this thesis as the time the load exceeds 80% of the transformer capacity 

over the total analysed time. It is noteworthy that the Spanish case does not suffer from overloading 

while in the Swedish case the highest occurrence of overloading occurs in the HP_0 scenario, implying 

that it would accelerate the aging of the transformer more than the scenarios with HPs (Table 11). 

Table 11: Overloading of the transformer over the three day period 

  HP_100  HP_60  HP_30  HP_0  

Overload 

ratio 

Spain 0.000 0.000 0.000 0.000 

Sweden 0.000 0.003 0.066 0.401 

In Figure 25 can be found a graphical representation of the defining characteristics of the Spanish and 

Swedish scenarios, over the entire three days. 
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Figure 25: Transformer maximum, minimum, average and median loading % with increasing HP loads. 

It can be seen that the loading peak and valleys is influenced, as expected, by the heating load and by 

the conventional heating system which is being replaced by the HP. 

 Spain: 100% Heat Pumps 

The following will present the sensitivity of the grid to different energy density ratios, with a 

penetration rate of heat pumps of 100%. The comparison for the cluster aggregated loads is done 

between the U_BC and U_WC as both rural cases have the same load profile as the U_BC. The 

voltage is presented for R_BC and R_WC as the rural scenarios are more at risk in terms of voltage 

drop. The urban cases (U_BC and U_WC) are compared for the sensitivity analysis of the 

transformer as this element is more at risk in environments with higher density ratios.  

1. Loads 

The aggregated loads of each cluster of building is depicted in Figure 26, where the highest 

apparent power of 28.9 kVA (S15_BC) and 52.61 kVA (S15_WC) occurs in the largest cluster of 

dewllings (R15), while the lowest occurs at the cluster of a single residence (R11), with 6.73 kVA 

(S11_BC) and 8.3 kVA (S11_WC).   
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Figure 26: Aggregated load of each building cluster for the Spanish U_BC and U_WC scenarios in winter 

The stochasticity of the profiles plays an important role in the final peak power of the welling clusters, 

as in U_BC the single residence (R11) has the highest peak per customer of 6.73 kVA, and the cluster 

of 11 residences (R15) has the lowest peak per customer of 2.63 kVA. It is also interesting to see the 

difference between clusters R17 and R16, which in the base case include 3 and 4 residences, 

respectively, as the median load increases by 0.77 kVA, and the peak load by 8.2 kVA.  

Table 12: Spain - Peak per customer for each building cluster 
 

U_BC U_WC 

Dwelling cluster R11 R15 R16 R17 R18 R11 R15 R16 R17 R18 

Number of residences 1 11 4 3 6 2 22 8 6 12 

Peak per residence [kVA] 6.73 2.63 4.23 2.88 3.08 4.15 2.39 3.58 2.70 2.60 

When evaluating the change in load between U_BC and the U_WC scenarios, the single residence 

cluster (R11) experiences both the smallest and the biggest percent change of the building clusters, 

where the percent difference between the maximum load is only 21% and the median load is 121%. 

The largest cluster of building on the other hand does not show such an extreme behaviour and both 

the maximum and median values have a percent difference of 58% and 56%, respectively (Table 13). 
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Table 13: Spanish dwelling cluster load [kVA]- difference between the U_BC and U_WC cases 

Load Scenario R11 R15 R16 R17 R18 

Maximum 
U_BC 6.73 28.94 16.91 8.63 18.49 

U_WC 8.30 52.61 28.60 16.18 31.23 

Percent difference  21% 58% 51% 61% 51% 

Average 
U_BC 0.96 8.80 3.26 1.96 4.44 

U_WC 1.68 16.82 6.57 4.67 9.11 

Percent difference  54% 63% 67% 82% 69% 

Median 
U_BC 0.35 8.47 2.42 1.65 2.71 

U_WC 1.44 15.13 5.79 3.76 7.83 

Percent difference  121% 56% 82% 78% 97% 

Minimum 
U_BC 0.10 1.05 0.40 0.29 0.58 

U_WC 0.19 2.13 0.78 0.58 1.16 

Percent difference  63% 68% 64% 68% 67% 

The cooling scenario presents a similar trend, however the magnitude of the loads is slightly lower 

(Figure 27), where the highest load occurs at the biggest dwelling cluster (R15) with 42.3 kVA, which 

is lower than the winter peak by 10.3 kVA.  

 
Figure 27: Aggregated load of each building cluster for the Spanish U_BC and U_WC scenarios in summer 
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2. Voltage 

The voltage deviation of the first (R2) and last feeder (R18) nodes are show in Figure 28. 

 
Figure 28: Voltage at the first node (V2) and the last node (V18) of the Spanish feeder in winter 

As expected, the highest voltage deviation occurs at V18 and is most significant in the rural cases due 

to the longer cable distances. In both R_BC and R_WC the minimum voltage goes down to 0.978 

p.u. and 0.964 p.u., respectively, and does not breach the standard limit of ±7% of the nominal voltage 

(1.07 or 0.93 p.u.). The resulting voltage at the first node hardly deviates from the nominal value and 

does not seem at risk. The same trend can be found in the summer case, however the minimum 

voltage at V18 is 0.971 p.u., which slightly less extreme than in winter (Figure 29). 

 
Figure 29: Voltage at the first node (V2) and the last node (V18) of the Spanish feeder in summer 
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The voltage drop across the feeder is calculated as: 

𝐹𝑒𝑒𝑑𝑒𝑟 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝 =  𝑉2 − 𝑉18 (4.2) 

The maximum voltage drop across the feeder in the winter case is of 0.014 p.u. (2.8 V) and 0.026 p.u. 

(5.3 V) in R_BC and R_WC, respectively. In the summer the voltage drop reaches 0.011 p.u. (2.6 V) 

and 0.021 p.u. (4.7 V) in R_BC and R_WC, respectively. 

The correlation between the voltage level and the load, during the three winter simulation days, are 

depicted for R_BC first feeder load (R11) in Figure 30 and the last feeder load (R18) in Figure 31. 

The rural base case is presented as it is the closest representation of the benchmark CIGRE LV grid. 

 
Figure 30: Correlation between voltage (V11) and load (S11) in the Spanish R_BC and R_WC grid 

 at the first load node (R11) 

 
Figure 31: Correlation between voltage (V18) and load (S18) in the Spanish R_BC and R_WC grid 

 at the last load node (R18) 
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Along the three days analysed the load oscillated and the maximum ramping in apparent power 

identified between two timesteps in R_BC is 1.3 kW/min and 3.5 kW/min in R11 and R18, 

respectively. The maximum difference between two timesteps in terms of voltage is found to be 0.005 

p.u. (1.08 V) and 0.01 p.u. (2.34 V) for R11 and R18, respectively. It can be seen from the preceding 

figures that the influence of the load on the voltage is stronger in the last feeder node, and this 

sensitivity is very important in the R_WC scenario, where the load ramp rate is the same as R_BC but 

the maximum absolute change of voltage over a timestep is 0.007 p.u. (1.64 V) and 0.017 p.u. (3.91 V) 

for R11 and R18, respectively. The maximum voltage sensitivity to a power change is experienced at 

the last load node R18 with a value of -0.62 V/kW for R_BC and -1.03 V/kW in R_WC. The values 

are negative, signifying that a rise in power at the node will decrease the voltage level at the feeder. 

3. Transformer 

The transformer loading profile is depicted in Figure 32 and it is clear that the distance between 

the delivery point does not impact much the transformer load. As such, although the feeder cable 

length per customer in scenarios R_BC, R_WC, U_BC are 22.8, 39.6 and 4.24 (m/customer), 

respectively, the transformer load is almost the same. On the other hand, in U_WC, where the 

total feeder length is the same than U_BC, but the number of customers is doubled (for a total of 

100 household connected to the transformer), then the load on the transformer increases 

considerably from 24.9% of the transformer capacity to 50.2%. 

 
Figure 32: Spanish transformer load sensitivity to the energy density in winter 

It should be noted that in the Spanish case, even in the U_WC scenario the maximum loading of the 

transformer is 50.2%, which means that even with a 100% HP penetration rate, the transformer does 

not seem at risk if 80% is considered the maximum allowed loading of the transformer [34].  A similar 
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trend occurs in the summer scenario, where even in the U_WC scenario the maximum loading of the 

transformer reaches 40.27% of the transformer capacity (Figure 33). 

 
Figure 33: Daily transformer loading in summer 

The gap between the maximum and minimum loading of the transformer are shown in Figure 34. 

Only the urban scenarios are depicted as both rural transformers have the same load as U_BC. 

Although the magnitude is different between U_BC and U_WC, the percent difference between the 

maximum and minimum values is 185% in both cases. 

 
Figure 34: Spanish urban grid - transformer loading peaks and valleys over the three-day period 

The overload ratio of the transformer over the three-day period in U_BC and U_WC is 0, signifying 

that the load in both cases does not cause much threat to the aging of the transformer. 
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 Sweden: 100% Heat Pumps 

1. Loads 

The aggregated loads of each cluster of building is depicted in Figure 35, where the highest 

apparent power load of 65.50 kVA (S15_BC) and 139.59 kVA (S15_WC) occurs for the largest 

cluster of buildings (R15), while the lowest occurs at the single residence connection point (R11), 

with 8.75 kVA (S11_BC) and 15.35 kVA (S11_WC).   

 
Figure 35: Aggregated load of each building cluster for the Swedish urban base-case (BC) and worst-case (WC) 

scenarios 

As in the Spanish case, the coincidence factor plays an important role in the actual peak power, as the 

single residence (R11) has the highest peak per customer (8.75 kVA) and the cluster of 11 residences 

(R15) has the lowest peak per customer (5.95 kVA).  

Table 14: Sweden - Peak per customer for each building cluster 
 

U_BC U_WC 

Name of cluster R11 R15 R16 R17 R18 R11 R15 R16 R17 R18 

Number of residences 1 11 4 3 6 2 22 8 6 12 

Peak per residence 8.75 5.95 7.93 6.79 6.64 7.67 6.35 6.31 6.53 6.07 

In this case the percent change in load between scenarios U_BC and U_WC at the single residence 

(R11) does not change as extremely as in the Spanish case. The greatest difference between the 

scenarios occurs in cluster R17 where the minimum values changes from 0.59 kVA to 2.07 kVA 

(Table 15).   
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Table 15: Swedish dwelling cluster load [kVA]  - difference between the U_BC and U_WC cases 

  R11 R15 R16 R17 R18 

Maximum Load U_BC 8.7 65.5 31.7 20.4 39.9 

Maximum Load U_WC 15.35 139.59 50.45 39.16 72.88 

Percent Difference 55% 72% 46% 63% 59% 

Average Load U_BC 1.73 19.81 7.79 5.15 10.58 

Avergae Load U_WC 3.63 39.51 15.03 10.69 21.27 

Percent Difference 71% 66% 63% 70% 67% 

Median Load U_BC 1.27 18.41 7.82 4.81 9.79 

Median Load U_WC 3.41 36.76 14.81 9.67 19.82 

Percent Difference 91% 67% 62% 67% 68% 

Minimum Load U_BC 0.14 4.72 0.97 0.59 1.92 

Minimum Load U_WC 0.29 9.51 3.41 2.07 5.18 

Percent Difference 72% 67% 111% 112% 92% 

2. Voltage 

The voltage deviation of the first and last feeder nodes are show in Figure 36. As in the Spanish 

case, the highest voltage deviation occurs at the last node on the feeder (R18) and is most 

significant in the rural cases due to the longer cable distances. 

 
Figure 36: Voltage at the first node (V2) and the last node (V18) of the Swedish feeder 

It can be seen that in R_BC the minimum voltage does not go below the standard limit 0f ±7% of 

the nominal voltage, however it approaches and reaches a minimum of 0.945 p.u.. In the case of 

R_WC, extending the distance between the delivery points causes the voltage to go well below the 
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allowed limit, reaching a minimum of 0.907 p.u.. The voltage drop across the feeder (V2-V18) reaches 

a peak of 0.033 p.u. (7.59 V) and 0.064 p.u. (14.72 V) in R_BC and R_WC, respectively. 

The correlation between the voltage level and the load are depicted for the first load node (R11) in 

Figure 37 and the last load node (R18) in Figure 38. 

 
Figure 37: Correlation between voltage (V11) and load (S11) in the Swedish R_BC and R_WC grid 

 at the first load node (R11) 

 

Figure 38: Correlation between voltage (V18) and load (S18) in the Swedish R_BC and R_WC grid 

 at the last load node (R18) 

Along the three days analysed the load profile of R_BC reached a peak ramp rate of apparent power 

of 1.16 kW/min and 3.01 kW/min in R11 and R18, respectively. The maximum difference of voltage 
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over one timestep in R_BC is 2.08V (R11) and 3.79V (R18), and in R_WC is 3.21V (R_11) 6.65V 

(R_18). As in the Spanish case, the maximum sensitivity to a power change over a 3-minute timestep 

occurs at the last load node R18 with a value of -0.84 V/kW in R_BC and -1.43 V/kW in R_WC. 

The values are negative, signifying that a rise in power at the node will decrease the voltage level at 

the feeder. The voltage sensitivity range of -0.6·10-4 to -0.3·10-4 p.u./kW is similar to the range found 

in the study of an LV grid by [33]. 

3. Transformer 

The transformer loading profile is depicted in Figure 39 and the same indifference to cable length 

as in the Spanish case is observed. In the U_BC scenario occurs a peak loading of 64.3% of the 

transformer capacity, which is still below the maximum allowed capacity, and this peak coincides 

with the lowest outdoor temperature period of the simulation; where the VS AAHP is not capable 

of meeting the entire heating load and therefore the additional back-up resistance heating also 

operates and increases significantly the power draw. The same phenomenon occurs in the U_WC 

scenario, in which case the transformer is overloaded and reaches a peak loading of 131.5% of its 

capacity.  

 
Figure 39: Swedish transformer load sensitivity to the energy density 

It should be mentioned that using a heat pump with a higher capacity could have reduced the use of 

the auxiliary heaters, however since heat pumps tend to perform less well as the temperatures decrease 

it can be expected that the auxiliary heaters could still be needed when the outdoor temperature are 

especially low (in this case when it goes below -10 °C). 

The gap between the maximum and minimum loading of the transformer are shown in Figure 40. 
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Figure 40: Swedish urban grid - transformer loading peaks and valleys 

Although the magnitudes changes between U_BC and U_WC, the percent difference between the 

maximum and minimum values are the same (175%) in both cases. 

The overload ratio of the transformer is 0 in the U_BC case, as the loading remain below 80% of the 

transformer capacity, and goes up to 0.019 in the U_WC case, implying that the increase number of 

customers in this scenario might cause an acceleration of the aging of the transformer. 
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5 Conclusions 

The following will discuss the most important findings of this work, its limitations and interesting 

future research directions. 

 Main Points of Interest 

As single buildings, in general, will only marginally influence the state of the electrical grid, and 

therefore an analysis on the LV feeder level and the MV/LV transformer secondary substation 

performed in this work is of importance to many stakeholders in the energy field. This research 

direction is especially relevant for the evaluation of the potential of heat pumps for Demand Side 

Management (DSM), for the strategic integration of DERs, and for assessment of demand and 

supply flexibility opportunities. 

1. Co-simulation 

• The proposed co-simulation platform took advantage of established domain-specific simulators; 

TRNSYS for building simulation, and Pypower for grid modelling and power-flow simulations.  

• The co-simulation environment is tested with two case studies and the results seem plausible and 

coherent with research in this field. 

• Co-simulation supports the use of high-resolution data. 

2. Household Loads 

• The aggregated loads of individual households with high-resolution unique profiles is shown in 

this work. 

• It is observed in Figure 41 that the peak load per household with increasing aggregation levels 

(SPN and SWD represent the Spanish and Swedish case studies, respectively) follows a typical 

trend similar to the Velander load aggregation method (VL_NoElec, VL_Elec1, VL_Elec2 

represent calculations for a house without electric heating, a cottage with electric heating and a 

large house with electric heating, respectively) and the Spanish regulation Simultaneity Factor (SF) 

methods (SF_NoElec and SF_Elec, represent a house without and with electric HVAC, 

respectively). For more detail about these methods see “Appendix II: Coincidence Factor”. It 

should be noted that the curves of all the case studies of this thesis are less smooth for 3 and 4 

aggregated households because at these levels the influence of the single residence on the peak is 
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higher. For example, if a cluster of 3 households includes an “outlier” profile with relatively high 

appliance loads, it will accordingly have a higher load per customer than what would be expected 

on average. With higher levels of aggregation, the coincidence factor tends to be lower and the 

balance between the household power draws tend to smoothen out “outlier” profiles. 

 
Figure 41: Peak load per household for increasing number of households considered 

• The subject of methods for aggregating domestic load profiles (using individual stochastic profiles 

or using coincidence or simultaneity factor equations) is indirectly approached in this work. It can 

be seen in Figure 42 that the resulting maximum cluster loads (Smax) in this work, occurring if all 

households within a cluster have a peak at the same time (coincidence factor =1), do not exactly 

match the maximum loads described in CIGRE, or earlier work by Pathanassiou [35] on which 

the CIGRE LV grid is based. It should be noted that although not commonly occurring in reality, 

Smax represents an extreme case which could occur occasionally for special events, described in 

terms of the social random factor in [34] that alters the typical daily load profile of a household 

and increase/decrease the coincidence factor of certain appliances (e.g. FIFA World Cup 

championship). The resulting actual peak power of the building clusters (So) and the maximum 

possible peak power (Smax) for R_BC and U_WC scenarios for the Spanish and Swedish case 

studies are presented in Table 16. The focus on these two scenarios is because the grid 

configuration of R_BC is closest to the original benchmark, while U_WC has the highest loads. 

From the comparison between the results of this thesis and the benchmarks described by CIGRE 

and Pathanassiou et al. the method employed for representing the load diversity and coincidence 

factor could have a significant influence on the simulation. However, the gap can also be due to 

the fact that CIGRE presents a static model with pre-defined residential loads which are not 

detailed in term of building typology, envelope, and HVAC systems, and most probably differ 

from the models used in thesis. It is noteworthy to mention also that typical load profiles differ 

according to socio-geographical conditions and as CIGRE offers a general European benchmark, 

the surrounding environment is unknown and might be another source for the difference in the 
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loads 

 
Figure 42: Cluster of aggreagated household loads - Smax [kVA] 

It should be mentioned that in the following table can also be seen the difference bentweeen the two 

benchmarks by CIGRE and Pathanassiou et al., where R11, R16, and R18 are identical but the CIGRE 

R15 is slighlty lower and R17 is much higher than in the benchmark of Pathanassiou et al. Additionally, 

the number of residences per cluster is not described in the CIGRE benchmark, and neither are the 

So values, while in Pathanassiou et al.  R15 and R18 are only described as apartment buildings, without 

mentioning the number of customers. 

Table 16: Peak load of building clusters 

  R11 R15 R16 R17 R18 

Spain R_BC Number of houses 1 11 4 3 6 

So 6.7 28.9 16.9 8.6 18.5 

Smax 6.7 55.8 21.4 16.4 28.2 

Sweden R_BC Number of houses 1 11 4 3 6 

So 8.7 65.5 31.7 20.4 39.9 

Smax 8.7 90.4 33.8 25.8 47.6 

Spain U_WC Number of houses 2 22 8 6 12 

So 8.3 52.6 28.6 16.2 31.2 

Smax 13.7 124.0 42.0 35.1 62.8 

Sweden U_WC Number of houses 2 22 8 6 12 

So 15.3 139.6 50.5 39.2 72.9 

Smax 15.9 179.9 64.4 52.0 100.5 

Pathanassiou Number of houses 1 - 4 1 - 

So 5.7 57.0 25.0 5.7 25.0 

Smax 15.0 72.0 55.0 15.0 47.0 

CIGRE Number of houses - - - - - 

So - - - - - 

Smax 15.0 52.0 55.0 35.0 47.0 
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3. Voltage 

• This work confirms that rural LV feeders are more prone to voltage drop and deviation due to 

the longer feeder cables, as was found in [46]. 

• The minimum voltage levels do decrease when the additional HP load are added to the grid, 

however it seems that the breaching of the allowable deviation of ±7% from the nominal is more 

prominent in colder climates where the heating load, and consequently the HP power draw, is 

greater. From all the scenarios with 100% HPs, only the Swedish rural worst-case scenario 

exceeded the acceptable voltage range. It should be kept in mind that these results are valid for 

the benchmark simulated, and could be different for a specific real grid with different 

configurations and cables. 

• The characteristic power draw in cycling operation portrayed by the VS AAHP model developed 

in this work can have a considerable effect on the voltage levels and peak power loading of the 

transformer and should not be neglected in studies about the interaction between HPs and the 

LV electric grid. 

• The HPs in this work are heat driven and therefore the sudden hikes in power consumption as 

they turn on only occurs in low-load of defrost cycling conditions, however it could hinder more 

complex grid driven tariff-based control strategies if all HPs are designed to turn off during high 

tariffs and back on as soon as the tariffs are low. Therefore, a coordination between the HP would 

be suggested in order to protect the grid equipment and prolong its lifetime.  

• The effects of local DERs to balance the undervoltage should be further explored using the co-

simulation platform presented in this work. 

4. Transformer Loading 

• The risk for the transformer is dependent on the heating load the HPs are to supply and the 

energy density of the feeder. In all Spanish scenarios, the heating and cooling loads are manageable 

by the HP and both the rural and urban grids can accommodate a penetration rate of 100% HPs. 

In the Swedish case the complete switch to HPs reduced the peak transformer loading and the 

urban worst-case scenario is the only tested grid to suffer from transformer overload. 

• In cases where the HPs replace conventional electric resistance heaters, the load on the 

transformer is reduced. On the other hand, in cases where the HPs replace a non-electric based 

heating system, the load on the transformer will increase. 
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 Limitations of this Study 

• In this work each residence is simulated individually, however each model represented the same 

building typology and orientation. 

• The appliance profiles used were developed for a Mediterranean climate and were also applied in 

the Swedish case, since the overall magnitudes seemed to match satisfactorily and due to lack of 

access to validated Swedish high-resolution stochastic profiles (3 minutes time-step, 4 levels of 

occupancy, 3 levels of appliance stock). However, the daily profile in Northern climates is 

different and future research should aim to apply the appropriate profiles for each location 

investigated. 

• In previous studies it is mentioned that line overload due to current and thermal limits of the 

cables is less significant than voltage deviation and transformer overload [74]. Therefore, this 

study did not focus on this aspect, but future studies should include them in order to have a wider 

understanding of all risk that might occur with a higher electrical load on the LV grid.  

• In this study a single heat pump model was used in each country and although the VS AAHP 

model was modified, it does not represent accurately a reality where within a cluster of households 

would be installed various HP technologies and the heating power draw curve might be smoother. 

In Figure 43 can be seen the difference in profiles if the simulation of the Swedish URB_BC is 

simulated with only one HP model or with three slightly different models (as done in this thesis). 

 
Figure 43: Transformer loading when using a single HP or using three HPs models with different cycling periods 
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• In a next step, strategies that would permit to coordinate the power draw of the HPs in order to 

achieve peak shaving (see example in Figure 44) or load shifting should be tested within the co-

simulation framework described in this work.  

 
Figure 44: Coordinating HPs for peak shaving (left) and load shifting (right) for reduced transformer stress [33] 

The use of Python should facilitate the application of more complex control strategies, and FMI 

will enable the bidirectional interaction between building and grid elements. 

• Various stakeholders have been identified and the possible economic implications have been 

described qualitatively in section 2.4, however a quantitative assessment which would evaluate, 

within a 25 year period, when the grid equipment would need to be reinforced/replaced and its 

actual cost would considerably improve the insight into the financial ramifications.
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Appendix I: CIGRE European Residential LV Grid  

CIGRE and PyPower LV Residential Grid 

The following provides the main elements of the European residential LV feeder benchmark 

described in CIGRE and modelled in Pypower. The transformer is described in Figure 45, the 

input loads are provided in Figure 46, and the cables information and model are found in Figure 

47 and Figure 48. 

 

Figure 45: Transformer - CIGRE data and PyPower model 

 

 

 

Figure 46: Loads - CIGRE data and PyPower model 
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Figure 47: Geometry of underground lines - CIGRE data and PyPower model 

 

Figure 48: Lines - CIGRE data and Pypower model 
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CIGRE Power Flow Results 

 
Figure 49: CIGRE power flow results I 
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Figure 50: CIGRE power flow results II 
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Appendix II: Coincidence Factor 

There are several approaches to estimate the coincident peak load for an aggregated cluster of 

dwellings, such as the use of coincidence or simultaneity factors, the Velander's formula, and 

procedure based on statistical analysis [95]. 

Coincidence Factor 

The coincident factor (𝑐) is defined as the coincident peak demand 𝑃𝑚𝑎𝑥(𝑛) of a group of 

customers within a specified period to the sum of their individual maximum demands within the 

same period and can be between 0 and 1 [115]. If assuming that all customers have the same peak 

demand (𝑃max 1) , or that an average per customer is applied, then the coincidence factor can be 

calculated as: 

𝑐 =  
𝑃𝑚𝑎𝑥(𝑛)

𝑛 ∙ 𝑃max 1
=  

𝑃0

𝑃max 1
+ (1 −  

𝑃0

𝑃max 1
) ∙

1

√𝑛
 =  

𝑐∞ + (1 − 𝑐∞)

√𝑛
 (𝐴. 1) 

The factor 𝑐∞ depends on the electrification level of the households. 

The coincidence peak demand of a group of similar customers can then be calculated with the 

simple equation: 

𝑃𝑚𝑎𝑥(𝑛) = 𝑛 ∙ 𝑐 ∙ 𝑃max 1 (𝐴. 2) 

In Figure 51 can be seen that the peak load per customer calculation as the aggregation level 

increases is influenced by the coincidence factor 

 
Figure 51: Peak load contribution per customer as the aggregation level increases for different coincidence 

factors [115] 
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Velander’s Formula 

Velander’s formula is widely used in Scandinavia and it used to calculate the maximum demand 

per customer 𝑃max 1 based on the annual energy consumption: 

𝑃max 1 =  𝑘1 ∙ 𝐸 +  𝑘2 ∙ √𝐸 (𝐴. 3) 

Where the factors 𝑘1 and 𝑘2 are empirical coefficients and some sample values can be found in 

[95], [115] . The coincidence peak demand of 𝑛 customers can be calculated as: 

𝑃𝑚𝑎𝑥(𝑛) = 𝑛 ∙ 𝑘1 ∙ 𝐸 +  𝑘2 ∙ √𝑛 ∙ 𝐸 (𝐴. 4) 

The factors used in thesis are given in Table 17, and E is assumed to be approximately 16,500 

kWh/(m2y) [95]. 

Table 17: Sample Velander's coefficients [95] 

 

Simultaneity Factor 

According to the Spanish regulation for designing the distribution grid the following equation is 

to be used to calculate 𝑃𝑚𝑎𝑥(𝑛) of an aggregated cluster of dwellings: 

𝑃𝑚𝑎𝑥(𝑛) = 𝑃𝑚𝑎𝑥,𝑟𝑒𝑓 ∙ 𝑆𝐹(𝑛) (𝐴. 5) 

Where 𝑃𝑚𝑎𝑥,𝑟𝑒𝑓 is the reference power load and is assumed to be 5.75 kW for a residence without 

electric heating/cooling and 9.2 kW for a residence with electric heating/cooling. The Simultaneity 

Factor (𝑆𝐹) depends on 𝑛 and the values are given in Table 18: 

Table 18: Simultaneity Factor for calculating the peak demand of an aggregated cluster of dwellings in Spain 

[95] 
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CIGRE Load Coincidence Factor 

The coincidence factor (𝑐) is a function of the 𝑛 and the calculation of an equivalent apparent 

power load 𝑆𝑚𝑎𝑥(𝑛) can be performed by summing the individual loads 𝑆𝑖 , and multiplying by 

the coincidence factor, as in the following equation[36]: 

𝑆𝑚𝑎𝑥(𝑛) = 𝑐 ∑ 𝑆𝑖

𝑛

𝑖=1

(𝐴. 6) 

Where 𝑐 = 0.6(1 + 1 𝑛⁄ ). 

For the power flow calculation the aggregated residence cluster will have an equivalent power 

factor (𝑝𝑓) which is calculated as: 

𝑝𝑓𝑒𝑞 =
𝑃𝑒𝑞

√𝑃𝑒𝑞
2 +  𝑄𝑒𝑞

2
(𝐴. 7) 

Where 𝑃𝑒𝑞 and 𝑄𝑒𝑞 are the equivalent active and reactive power of the aggregated cluster and are 

calculated as: 

𝑃𝑒𝑞 =  ∑(𝑆𝑖 ∙ 𝑝𝑓𝑖)

𝑛

𝑖=1

(𝐴. 8) 

𝑄𝑒𝑞 = ∑ 𝑆𝑖 ∙ sin (arccos(𝑝𝑓𝑖))

𝑛

𝑖=1

(𝐴. 9) 



77 | P a g e  

 

 

Appendix III: Co-simulation Tools 

The main tools and platforms that have been examined for the co-simulation environment of this 

thesis are described in the following sections. 

Functional Mock-up Interface 

Functional Mock-up Interface (FMI) is a general standard that supports both model exchange and 

co-simulation. A simulation model that complies with the FMI standard is wrapped in a Functional 

Mock-up Unit (FMU). The FMI for Co-Simulation (FMI-CS) assumes that the FMU includes a 

solver and thus may independently simulate when called. FMI for Model Exchange (FMI-ME), on 

the other hand, expects the master algorithm to solve the simulation model provided by the FMU.  

The FMU is distributed as a zip-folder that contains the following main elements [116]: 

• modelDescription.xml file: An XML file contains the definition of all the main variables in 

the FMU such as time step, input and outputs, as well as the capacity of the FMU to handle 

advanced algorithms such as variable communication time-steps, signal extrapolation, or 

others. 

• Binaries folder: All needed model equations or the access to co-simulation tools are provided 

with a small set of easy to use C functions. These C functions can either be provided in source 

and/or binary form and implementing the actual interface (as C API). 

• Resources: Further data can be included in the FMU zip file, especially a model icon (bitmap 

file), documentation files, maps and tables needed by the FMU, and/or all object libraries or 

dynamic link libraries that are utilized.  

To facilitate the handling of FMUs, the FMI++ toolbox [117] has been developed . Opensource tools 

that facilitate the use of CS and ME with FMI have been developed by [107] and are freely distributed 

to the public as FMU wrappers, as well as Python packages that can be used to communicate with a 

Python based script “Master Algorithm”  (Table 19). 

Table 19: Free FMU wrappers for simulation tool for energy networks 

Tool Website Last updated 

PowerFactory https://sourceforge.net/projects/powerfactory-fmu/ 17 Aug 2018 

Matlab https://sourceforge.net/projects/matlab-fmu/ 19 Jul 2018 

TRNSYS https://sourceforge.net/projects/trnsys-fmu/ 08 Feb 2018 

FMpy https://pypi.org/project/fmpy/ 4 Sep 2018 

PyFMI https://pypi.org/project/PyFMI/ 14 Mar 2017 
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Mosaik 

Mosaik is a co-simulation framework that is designed for a flexible integration and co-simulation 

of existing simulators for “Smart Grid” scenarios[118]. As such Mosaik was developed to be 

capable of synchronizing and managing the data exchange between multiple individual simulators. 

Although mosaik is written in Python 3, its simulator API is anguage agnostic and therefore can 

interact with a simulator written in Python 2, Java, C, matlab, etc. 

These design goals are achieved via two Application Programming Interfaces (API): 

• The Component-API allows integration of simulators via description of the accessible data 

and a set of interface functions. The API has been ported to different programming 

languages to provide a broad user support.  

• The Scenario-API provides a set of functions to establish data flow connections between 

simulators and execute the co-simulation. The execution is managed by a discretely timed 

scheduling algorithm using the simulation library SimPy.  

Mosaik is able to handle simulators with different step sizes, which can also change during the 

simulation. It can also track the dependencies between the simulators and synchronize them or let 

them perform in parallel. Along with the co-simulation capacity of Mosaik, it has integrated simulators 

for household, photovoltaics, a power flow tool (Pypower), and a monitoring and analysis tool. The 

use of Mosaik with FMI has been enabled via the FMI++ library that serves as intermediary, and 

Mosaik serves as the “Master Algorithm” and synchronizer[112]. 

 
Figure 52: Mapping the functions and interaction between the SimAPI and FMI[112] 
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FUMOLA & Ptolemy II 

FUMOLA is specifically designed to support the use of FMI standards (Widl et al. 2015b). 

FUMOLA is developed on top of the Ptolemy II simulation environment (Eker et al. 2003) and 

the FMI++ Library and allows to couple FMUs for both ME and CS within the same model. 

Ptolemy II is a generic framework for modelling and simulating the interplay of concurrent 

processes and offers a graphical user interface which allows the user to easily see the objects, links 

and controls employed in the simulation (Figure 53). 

 
Figure 53: Visual rendition of co-simulation in Ptolemy II graphical interface [110] 

The functionalities provided of FMI++ and Ptolemy II can be grouped into three layers which are 

depicted in Figure 54, where it can be seen that the FMUs can be used as a simulation component 

controlled by a master algorithm implemented in Ptolemy II. 

 
Figure 54: Schematic of software layers and their purpose within the simulation environment [110] 
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Appendix IV: Simulation Results 

Modelling of the Variable Speed Air-to-Air Heat Pump 

 
Figure 55: HP measured data and model comparison - January 27th 

 
Figure 56: HP data and model comparison - February 24th 

 
Figure 57: HP data and model comparison - February 27th 

 

Figure 58: : HP measured data and model comparison - April 3-4 
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Co-simulation Output Graphs 

The following figures represent a sample of the graphical output of the simulation, used to verify 

that the models are functional and the outputs make sense. The data monitored and presented in 

the following figures is the outdoor temperature (Tout4411), the indoor temperature (Tin4211, 

Tin3311), appliance loads (app4211, app331), HP power draw (php4211, php3411 [W]) and supply 

air temperature (Tsup4211, Tsup3411[°C]), auxiliary heaters (aux4211 [W]) and direct electric 

heaters (bb3311). 

The Swedish R_BC scenarios HP_0, HP_30, and HP_100 can be seen in Figure 59, Figure 60, and 

Figure 61, respectively. The outdoor temperature oscillates between 0°C and -20°C, requiring the VS 

AAHP or the direct electric heating system to be constantly on.  It can also be seen that the profile of 

the heat-driven heating devices, either direct electric heating of HP vary slightly between the models, 

however they are in essence rather similar as they all depend on the outdoor temperature, than the 

appliance loads, while the appliances load profiles changes allot between the profiles as it depends on 

occupant behaviour. 

 
Figure 59: Two households in the Swedish HP_0 scenario 

It can be seen in the following two figures, that include models with HPs, that the defrost mode 
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cycling forces the auxiliary back-up direct electricity heaters to operate in order to maintain the 

temperature above the setpoint temperature.  

The defrost cycling and low-load cycling triggers the constant switching between the HP and auxiliary 

heating devices cause to indoor temperature of the household with a VS AAHP (4211) to oscillate 

more than the indoor temperature of the household with the direct electric heating system with a PID 

controller (3311).  

 

Figure 60: Two households in the Swedish HP_30 scenario 
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Figure 61: Two households in the Swedish HP_100 scenario 

In Figure 62 can be seen a sample output graph of the Spanish cooling scenario, where the 

temperatures are maintained within the allowable bandwith of 23-25°C, meaning that if the indoor 

temperature approaches 25°C the HP will gradually work to cool down the temperature, and inversely 

when the indoor temperature reaches 23°C the HP cooling load is considered to small and the VS 

AWHP will stop. It 
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Figure 62: Two households in the Spanish R_BC Cooling scenario 

Daily Transformer Loading 

Table 20: Spain - Daily transformer loading in terms of % of capacity 

Spanish 

Case study 

 Tout 

[°C] 

HP_100 

[%capacity] 

HP_60 

[%capacity] 

HP_30 

[%capacity] 

HP_0 

[%capacity] 

Day 1 Max 9.5 22.6 16.6 14.2 12.1 

Min 0.0 1.0 1.0 1.0 1.0 

Gap 9.5 21.7 15.7 13.3 11.1 

Average 4.2 7.9 5.5 4.0 2.7 

Median 4.7 6.9 4.9 3.5 2.2 

Day 2 Max 7.5 19.2 14.9 12.3 11.0 

Min 1.6 1.0 1.0 1.0 1.0 

Gap 5.9 18.2 14.0 11.3 10.1 
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Average 4.8 8.0 5.6 4.1 2.8 

Median 4.8 6.9 5.2 4.0 2.1 

Day 3 Max 12.4 25.1 19.0 14.3 11.4 

Min 1.2 1.0 1.0 1.0 1.0 

Gap 11.2 24.1 18.0 13.3 10.5 

Average 6.0 7.7 5.2 3.7 2.5 

Median 4.9 7.0 4.8 3.5 2.0 

 

Table 21: Sweden - Daily transformer loading in terms of % of capacity 

Swedish 

Case study 

 Tout 

[°C] 

HP_100 

[%capacity] 

HP_60 

[%capacity] 

HP_30 

[%capacity] 

HP_0 

[%capacity] 

Day 1 Max -7.9 36.0 53.8 71.4 89.4 

Min -12.2 4.3 32.0 49.7 64.7 

Gap 4.3 31.7 21.9 21.8 24.7 

Average -9.4 18.2 42.6 62.4 80.2 

Median -8.8 17.6 42.0 62.6 80.5 

Day 2 Max 1.9 27.7 48.7 64.0 80.9 

Min -8.7 5.0 12.7 18.4 23.7 

Gap 10.6 22.7 36.1 45.6 57.3 

Average -3.5 12.5 31.4 46.6 60.1 

Median -3.1 12.1 31.4 46.5 59.4 

Day 3 Max -5.1 65.7 89.7 98.4 110.0 

Min -19.9 7.7 27.7 42.0 55.5 

Gap 14.7 58.0 62.0 56.3 54.5 

Average -15.9 24.1 47.3 66.4 83.5 

Median -16.8 23.0 45.6 65.4 83.8 

 


