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 A B S T R A C T

To estimate the potential to reinforce resilience in a power system under severe power deficit conditions, 
this study investigates the flexibility of space and water heating systems equipped with heat pumps in 
approximately one million single-family houses. The main contribution lies in the quantification of available 
power and corresponding duration of reduced power linked to the thermal comfort consequence of these 
resilience efforts. In this context, an integrated physics-based model is developed that involves a heat pump 
with space and water heating systems. For the power system with a dimensioning fault of 1.45 GW, the 
flexibility levels found range between 2.1 GW and 0.5 GW, at outdoor temperatures ranging between −10 ◦C 
and 10 ◦C respectively. An example result is that the power system can be relieved with 2.1 GW for 5 h and 
0.8 GW for the next 12 h, with a consequence of the indoor and water temperatures dropping from 20 ◦C and 
55 ◦C, to 15 ◦C and 44 ◦C, respectively at −10 ◦C outdoor temperature. Furthermore, the average electric power 
consumption increases to 2.9 GW during the recovery of indoor temperatures over 24 h. Finally, a modified 
Nordic-32 bus system with a large share of renewable power installations is proposed. In this system, the 
role of flexibility is demonstrated in limiting the instantaneous frequency deviation during the loss of a major 
generation. Thus, this study clearly shows the potential of single-family houses to reinforce resilience for a 
duration ranging from seconds to several hours.
1. Introduction

A future renewable power system is expected to have a production 
mix that mainly comprises hydro, wind, and solar power installations. 
To meet the ever-growing electricity demand, the share of wind and 
solar power installations is expected to increase. Thus, the percentage 
of plannable power is lower, especially during windy or sunny weather 
conditions. Furthermore, the amount of plannable power from hydro-
electric plants in areas with geographical possibilities could be limited 
by operational constraints [1]. For example, a dry season followed by 
long periods of cold weather could lead to periods of low levels of 
hydro reservoirs. The possibilities of importing power from surrounding 
regions might be limited due to similar prevailing weather conditions 
or the loss of major transmission lines, for a duration in the range of 
several hours. During such a scenario, the lack of preparedness for a 
major power crisis can lead to blackouts, for example, the Texas power 
outage in 2021 [2]. An alternative way to strengthen resilience during 
such severe power deficit conditions is to use the existing heat pump 
pool as a flexible resource.

Taking Sweden as an example, the total consumption of electric 
energy is highest in single-family homes in the residential sector [3,4]. 

∗ Corresponding author.
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Furthermore, about half of the electric energy in these houses is used 
for space and water heating [5]. In most single-family houses, hydronic 
heat pumps are used to provide space and water heating, since water-
based heating with radiators is the most common solution. Typically, 
there is no storage tank for space heating. In addition, increasing 
emphasis on energy efficiency measures will result in the replacement 
of fixed-speed heat pumps (FSHP) by inverter-driven variable-speed 
heat pumps (VSHP). In this context, the main aim of this article 
is to quantify the flexibility of space and water heating systems in 
single-family houses, equipped with VSHPs.

The performance of a heat pump is indicated by the coefficient of 
performance (COP). It is the ratio of heat delivered to the amount 
of electricity consumed. COP is a key parameter in the literature for 
estimating electricity consumption [6].

There are a number of valuable scientific contributions on using 
heat pumps as a flexible load. For instance, [7,8] deals with the 
quantification of the flexibility of heat pumps. Refs. [9,10] involve 
the investigation of heat pumps as flexible resources. In these articles, 
explicit mathematical models of COP or the heat pump are missing to 
estimate electricity consumption under various operating conditions.
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 Nomenclature
 ℎ𝑥 Enthalpy in a given state x.  
 𝑚̇ Mass flow rate of the refrigerant that 

undergoes subcooling in the economiser.
 

 𝑚̇𝑖𝑛𝑗 Mass flow rate of the injected refrigerant 
vapour.

 

 𝑃𝑐𝑜𝑚𝑝 Electric power consumed by the heat pump 
compressor.

 

 𝑄ℎ𝑒𝑎𝑡 Actual value of the heat delivered considering 
the limitations in the radiators and the heat 
pump.

 

 𝑄ℎ𝑒𝑎𝑡
∗ Reference value of the heat considering 

limitations in heat emitters.
 

 𝑄ℎ𝑒𝑎𝑡
∗∗ Reference value of the desired heat.  

 𝑇𝑐𝑜𝑛𝑑 ∗ Estimated condenser temperature of the heat 
pump.

 

 𝑇𝑟𝑒𝑡𝑢𝑟𝑛 Water return temperature.  
 𝑇𝑟𝑜𝑜𝑚 Room temperature.  
 𝑇𝑟𝑜𝑜𝑚∗ Room temperature reference.  
 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 Source temperature of the heat pump.  
 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 Water supply temperature.  
 𝑇𝑤𝑎𝑡𝑒𝑟 Water temperature in the domestic hot water 

tank.
 

 𝑇𝑤𝑎𝑡𝑒𝑟
∗ Water temperature reference.  

 𝑇𝑤𝑎𝑡𝑒𝑟,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 Average water temperature in the location 
where the hot water coil is placed inside the 
domestic hot water tank.

 

 𝑇̂𝑟𝑒𝑡𝑢𝑟𝑛 ∗ Estimated value of the return temperature in 
the heat emitters.

 

 𝑇̂𝑠𝑢𝑝𝑝𝑙𝑦 ∗ Estimated value of the desired supply 
temperature in the heat emitters.

 

 𝑈𝑣𝑎𝑙𝑢𝑒 Heat transfer coefficient of the house.  
 𝜂𝑖𝑠𝑒𝑛𝑡 Isentropic efficiency.  

Articles [11–14] deal with frequency support from heat pumps. 
In [12,14], the operation of the on–off heat pump is considered and 
the electric power consumption of the heat pumps is constant. Fur-
thermore, in articles [11,13], COP is assumed to be a constant value. 
Consequently, the flexibility potential cannot be adequately estimated 
as the COP changes under different operating conditions.

There are valuable articles on the use of heat pumps for demand-
side management and primary frequency support. For example, ar-
ticles [15–19] involve demand-side management using heat pumps. 
Ref. [20] deals with the flexibility assessment of a residential heat 
pump pool and [21] with the primary frequency support of heat pumps. 
In articles [15–21], the empirical formulas used for the estimation of 
COP differ from one article to another, indicating the limitation to 
specific heat pumps when using empirical modelling.

Article [22] deals with the enhancement of energy flexibility in 
residential buildings using VSHPs. These heat pumps are typical ones 
used in single-family houses. Ref. [23] uses a heat pump as a resource 
for demand response. In these articles, black boxes are used to estimate 
COP and electricity consumption, respectively.

Refs. [24,25] deal with grid frequency regulation through a VSHP. 
Here, COP models are data-driven.

The cost savings utilising thermal flexibility in residential buildings 
equipped with VSHPs is shown in [26]. Ref. [27] analyses the demand 
response potential of heat pumps in the German energy system. In these 
articles, the COP is obtained from the data sheet of the respective heat 
pumps under specific conditions only.

Articles [22–27] are unfortunately system-specific and it is challeng-
ing to adapt the model for different types of heat pumps.

In summary, lacking in the scientific literature [7–27], has been an 
effort to construct a reproducible and adaptable physics-based model of 
a heat pump considering operational limitations, to estimate electricity 
consumption under various conditions. Furthermore, data-driven or 
black-box models used are data-intensive and quite challenging to 
adapt if the conditions vary. Thus, the models presented in [7–27] are 
2 
system-specific and cannot be used for any heat pump by changing the 
desired parameters as in the case of a physics-based model.

Today, the operation of heat pumps at low source temperatures 
and the heat delivery capability are improved using vapour injection 
technology [28]. Neglecting these aspects can result in inaccuracies in 
flexibility quantification. Furthermore, the heat pumps dealt with in 
the above literature, excluding [22], do not represent the typical heat 
pump setup used in single-family houses. In addition, most of the above 
articles lack a physics-based model of a domestic hot water tank with 
stratification, heated by circulating hot water through a coil placed 
inside the tank — with some exceptions, such as Ref. [18]. Methods for 
estimating water supply temperatures for space and water heating are 
largely missing. Article [20] is an exception, which presents empirical 
models for only space heating. However, the corresponding information 
on indoor temperature is missing. Finally, all of the above studies focus 
on supporting the power system during normal conditions and not 
during emergency periods that lead to severe power deficit conditions.

The following are the limitations identified based on the review of 
previous work carried out.

• The literature lacks a reproducible and adaptable physics-based 
model of a variable-speed heat pump to estimate electric power 
consumption under various operating conditions. Furthermore, 
the operation of heat pumps at low source temperatures using 
vapour injection technology is often overlooked in the literature.

• Most studies do not reflect the typical setup in Swedish single-
family houses, where a heat pump is used for both space and 
water heating without a storage tank for space heating.

• Methods for estimating water supply temperatures for space and 
water heating are largely missing.

• Existing studies rarely include physics-based models of domestic 
hot water tanks, including thermal stratification, where heating 
is carried out by circulating hot water through a coil inside the 
tank.

With this background, the main contributions of this paper are as 
follows.

• A reproducible and adaptable physics-based model of a variable-
speed heat pump with vapour injection is developed.

• A physics-based model of a space and water heating system with a 
heat pump is presented. The system has no storage tank for space 
heating and has priority set for water heating.

• Controllers for space and water heating systems that involve dy-
namic estimation of the water supply temperatures are proposed 
to meet different heating requirements under various operating 
conditions.

• A physics-based model of a domestic hot water tank with thermal 
stratification is developed, where the heating is performed by 
passing hot water through the coil placed in the tank.

The additional contributions apart from addressing the limitations 
are as follows.

• For outdoor ambient temperatures ranging from −10 ◦C to 10 ◦C, 
flexibility is quantified in terms of instantaneous power reduction 
and the corresponding duration with respect to normal condi-
tions. The reduction in electric energy during the flexibility period 
and the net reduction in electric energy considering the recovery 
period with respect to the normal condition is also quantified.

– For space heating, in addition to the use of the heat transfer 
coefficient and the thermal mass of the house, heat losses 
due to infiltration and natural ventilation are included. The 
heat recovery of the heat loss from ventilation is also taken 
into account.



S.K. Nalini Ramakrishna et al. Energy Conversion and Management: X 29 (2026) 101570 
– Inclusion of single-family houses with different thermal 
properties, equipped with different types of heat pumps, to 
obtain a comprehensive understanding of the electric power 
consumption of heating systems.

• Quantification of performance comparison between a FSHP and 
an VSHP. In addition, the performance difference of a physics-
based model of a VSHP is quantified with empirical models.

• Quantification of the importance of planning for a recovery pe-
riod, in order to not cause ’follow-up problems’.

• A modified Nordic-32 bus system is proposed with a large share 
of renewable power installations. In this system, the role of 
flexibility is demonstrated in limiting the instantaneous frequency 
deviation during the loss of a major generation.

2. Methods

2.1. Representation of heating system in single-family houses equipped with 
a heat pump

A heat pump providing both space and water heating is shown in 
Fig.  1. The heat delivered is used to heat water, which in turn is used 
for either space or water heating, with a priority set for the latter. If 
the heat delivered is insufficient to provide space heating, additional 
heating will be provided by the electric heater present before the three-
way valve. However, for water heating, the electric heater inside the 
water tank sometimes provides additional heating.

2.2. Physics based heat pump modelling and operation

Enhanced Vapour Injection (EVI) technology in heat pumps has 
gained attention in recent years, with the objective of improving the 
performance, especially in cold climates. Thus, it is important to con-
sider this new feature in studies related to electricity consumption.

The operating region (safe operating conditions) and the COP of a 
heat pump are increased by incorporating vapour injection in the heat 
pump cycle. This technology is known as EVI. The representation of 
vapour injection in a heat pump and in a pressure enthalpy diagram is 
shown in Figs.  1 and 2, respectively.

Here, the vapour is injected at an intermediate temperature between 
the evaporator and the condenser temperatures. A part of the lique-
fied refrigerant with an amount ‘𝑚̇’ after subcooling in the condenser 
flows into a heat exchanger. The other part of the refrigerant with 
an amount ‘𝑚̇𝑖𝑛𝑗 ’ initially flows through an expansion valve and then 
enters the heat exchanger of the economiser as shown in Fig.  1. In 
the heat exchanger of the economiser, the heat released by ‘𝑚̇’ during 
subcooling is absorbed by ‘𝑚̇𝑖𝑛𝑗 ’. Subsequently, as ‘𝑚̇𝑖𝑛𝑗 ’ is superheated, 
it is injected into the compressor through an injection port. Thus, the 
compressor will compress the vapour twice. The first compression is the 
compression of the superheated vapour at the outlet of the evaporator. 
The second compression is the compression of the sum of superheated 
injected vapour and the vapour compressed from the first compression. 
The various states of a refrigerant are shown both in Fig.  1 and in Fig. 
2 within the brackets.

The detailed procedure for estimating the COP of a heat pump with 
vapour injection is presented in [30]. The key aspects in modelling a 
heat pump with vapour injection are briefly dealt with below:

• The mass flow rate of the injected vapour ‘𝑚̇𝑖𝑛𝑗 ’ is calculated based 
on the energy balance equation in the economiser and is given by 

𝑚̇𝑖𝑛𝑗 =
𝑚̇(ℎ3−2 − ℎ3−1)
(ℎ5 − ℎ3−2)

(1)

Here, ‘ℎ’ represents the specific enthalpy in a state indicated in 
the subscript.
3 
Fig. 1. Heating system in typical single family houses. 3-way valve helps in 
directing the heating to either the water tank or radiators. TL represents the 
temperature in 10 different portions of the tank.

• The specific enthalpy at state 1–2, ‘ℎ1−2’ is obtained by using the 
energy balance equation at vapour injection port of the compres-
sor and is given by 
𝑚̇𝑖𝑛𝑗 (ℎ1−2 − ℎ5) = 𝑚̇(ℎ2−1 − ℎ1−2)

ℎ1−2 =
𝑚̇ℎ2−1 + 𝑚̇𝑖𝑛𝑗ℎ5

(𝑚̇ + 𝑚̇𝑖𝑛𝑗 )
(2)

• The electric power consumed by the compressor is found as 

𝑃𝑐𝑜𝑚𝑝 =
𝑚̇(ℎ2−1 − ℎ1−1) + (𝑚̇ + 𝑚̇𝑖𝑛𝑗 )(ℎ2−2 − ℎ1−2)

𝜂𝑖𝑠𝑒𝑛𝑡
(3)

where, 𝜂𝑖𝑠𝑒𝑛𝑡 is the isentropic efficiency. The variation in isen-
tropic efficiency during various operating conditions is obtained 
as described in [31].
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Fig. 2. Vapour compression heat pump cycle with vapour injection [29].

• The COP of a heat pump is expressed as 

𝐶𝑂𝑃 =
(𝑚̇ + 𝑚̇𝑖𝑛𝑗 )(ℎ2−2 − ℎ3−2)

𝑃𝑐𝑜𝑚𝑝
(4)

2.3. Indoor temperature estimation

The natural ventilation rate is the continuous air exchange rate of 
the indoor air with the outdoor air, to ensure good indoor air quality. 
Infiltration corresponds to air leakage into or out of a building through 
cracks, gaps, and openings in the building envelope [32]. As warm 
indoor air is exchanged with cold outdoor air, there is heat loss both 
due to natural ventilation and infiltration. If natural ventilation is 
controlled, then some amount of ventilation heat loss can be recovered 
through a heat recovery unit.

With this context, the detailed procedure for estimating indoor 
temperature is described in [6]. A brief summary of the procedure is 
listed below.

• The heat transfer coefficient of a house’s envelope ‘𝑈𝑣𝑎𝑙𝑢𝑒’, based 
on the construction materials is obtained. This is followed by the 
calculation of heat loss due to infiltration and natural ventilation. 
The heat recovery of ventilation losses by a heat recovery unit is 
also taken into account. Finally, considering all these aspects of 
heat losses, the total heat transfer coefficient is determined. The 
reciprocal of the total heat transfer coefficient gives the value of 
the thermal resistance of the house.

• The thermal mass of the house is determined on the basis of the 
value of the time constant obtained for typical houses.

• Finally, indoor temperature is estimated using a
resistance–capacitance network. Here, the resistance corresponds 
to the thermal resistance and the capacitance to correspond to 
the thermal mass of the house. The inputs to this model are the 
heat provided by the heat pump via heat emitters modelled as a 
current source. Another input is the outdoor ambient temperature 
modelled as a voltage source.

• The water heated by the heat pump is supplied to the heat 
emitters, i.e., radiators or floor heating. Based on the indoor 
temperature, followed by the supply and return temperature of 
water in the heat emitters, the thermal output is computed.

2.4. Water temperature estimation in a domestic hot water tank considering 
stratification

The domestic hot water tank is stratified. The control action for 
the water heating by the heat pump depends on the location of the 
4 
temperature sensor in the tank. Hence, to estimate the temperature at 
different locations in the hot water tank, the water tank is assumed to 
be divided into 10 equal volumes, which would be further referred to 
as layers in this article. This is shown in Fig.  1.

In the domestic hot water tank, the temperature sensor is assumed 
to be placed in layer 2. The electric heater and the hot water coil 
are assumed to be present in layer 3 and between layers 6 and 9 
respectively. The water heated by the heat pump is passed through 
the coil immersed in the tank. The heat released by the coil is used 
to heat the water in the tank. Hot water is extracted from the top and 
is replaced by an equal volume of cold water at the bottom of the tank.

The temperature of the water at different locations is estimated 
through a state–space model, considering heating from the hot water 
coil and the electric heater. Furthermore, heat transfer between dif-
ferent layers due to conduction, hot water extraction, and inversion 
mixing is also taken into account. In addition, heat loss from the tank 
to the surrounding in which it is placed is also considered. The de-
tailed mathematical model for estimating the temperature at different 
locations in the tank is described in [33].

2.5. Physics-based model for estimating the electricity consumption by heat 
pumps in single-family houses

The integrated physics-based model that involve the heat pump, 
space and water heating systems, to estimate the electric power con-
sumption, is shown in Fig.  3.

Depending on whether the heat pump provides space or water heat-
ing, the difference between the actual and reference temperature values 
is fed into the appropriate PI controller. The controller provides an 
estimate of heat ‘𝑄ℎ𝑒𝑎𝑡

∗∗’ required to maintain the desired temperature.
Since the control action for water heating is based on the location 

of the temperature sensor, the temperature of the water in layer 2, 
‘𝑇𝑤𝑎𝑡𝑒𝑟,𝑇𝐿𝑝’ is considered. The detailed procedure for designing the space 
and water heating controller is described in [30].

The thermal output from the heat emitters at different water sup-
ply and return temperatures, during various indoor temperatures, are 
implemented in look-up tables. These tables provide estimates of water 
supply and return temperatures, at a specific indoor temperature ‘𝑇𝑟𝑜𝑜𝑚’ 
to deliver the desired heat value ‘𝑄ℎ𝑒𝑎𝑡

∗∗’. If there is any limitation 
in the heat delivering capability of the heat emitters, ‘𝑄ℎ𝑒𝑎𝑡

∗∗’ would 
be limited. The heat provided by the heat emitters considering the 
limitation is represented by ‘𝑄ℎ𝑒𝑎𝑡

∗’.
A similar procedure is adopted to obtain the estimates of the supply 

and return temperature of water in the hot water coil to deliver the 
desired value of heat. As the hot water coil is placed between layers 
6 and 9, an average value of water temperature ‘𝑇𝑤𝑎𝑡𝑒𝑟,𝑎𝑣𝑒𝑟𝑎𝑔𝑒’ is taken 
into account in the respective layers.

Based on the estimated supply temperature of the water obtained 
from a specific lookup table and the actual return temperature of the 
water, the required condenser temperature is estimated. Furthermore, 
using the estimated condenser temperature, the source temperature 
‘𝑇𝑠𝑜𝑢𝑟𝑐𝑒’ of the heat pump and the heat demanded ‘𝑄ℎ𝑒𝑎𝑡

∗’, the heat 
pump model provides the heat output ‘𝑄ℎ𝑒𝑎𝑡’, the corresponding com-
pressor speed, and information on the actual consumption of electric 
power by the heat pump, including the use of direct electric heating.

3. Parameter description

3.1. Heat pump parameters

Scroll compressors are commonly used in residential applications. 
Hence, the compressor in a heat pump is assumed to be equipped 
with a ‘ZPV030’ Copeland’s variable speed scroll compressor, having 
an electrical rating of 3 kW. The compressor displacement volume is 
30 

(

cc
)

 and the operating envelope is shown in Fig.  4. The refrigerant 
rev
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Fig. 3. Integrated physics-based model for estimating the electricity consump-
tion in heating systems [30].

Fig. 4. Compressor operating envelope [28].

Table 1
Temperature drop between source and evaporator.
 Type of heat pump Source temperature Temperature drop (◦ C) 
 Ground source Ground 10  
 Air to water Outdoor ambient air 8  
 Exhaust air Indoor air 20  

‘R410a’ is used. The rating of the electric heater present before the 
3-way valve in Fig.  1 is 3 kW.

Based on the Refs. [34,35], the temperature drop set between the 
source and the evaporator is shown in Table  1. The ground temperature 
is chosen to be 10 ◦C.

3.2. Building parameters

The heat transfer coefficient ‘𝑈𝑣𝑎𝑙𝑢𝑒’ of single-family houses in Swe-
den, according to the year of construction, is obtained from Ref. [36]. 
Following a conservative approach, houses constructed before 1961 are 
excluded as the source for heating is very mixed. For example, they 
could be heated with wood, oil, direct electric heating, or heat pumps, 
and thus the source of the heating is unclear.
5 
The thermal properties of the houses together with the type of heat 
pump, the type of heat emitter, and the number of houses considered 
for the analysis are shown in Table  2. In this study a natural ventilation 
rate of 0.35 

(

l
s⋅m2

)

 is used.
The southern half of Sweden is chosen as the geographical bound-

ary, as most of the inhabitants live in this region [37]. The average 
size of a Swedish single-family houses is 122 m2 [38] and the same is 
considered. The indoor temperature is set to be 20 ◦C [39].

3.3. Parameters of the domestic hot water tank

The thermal and physical properties of the hot water tank used in 
this study are shown in Table  3 [41]. Based on [42], a heat transfer 
coefficient of 450 W

m2K  is used for the water coil. Furthermore, consid-
ering a coil of 35 m length with an external diameter of 0.03 m, the 
heat transfer coefficient of 1484 WK  is obtained for the water coil.

The average domestic hot water consumption profile for a day, 
based on time diaries is obtained from [43], which describes the 
hot water consumption profiles in Swedish single-family houses. The 
average number of people living in Swedish single-family houses is 
2.7 [44] and the same is considered for the analysis.

3.4. Modified Nordic-32 bus system

The original Nordic-32 bus system [45,46] is a fictitious system with 
similarities to the actual Swedish power system. Furthermore, this is a 
downscaled version of the actual Swedish power system. It is important 
to mention that this system is heavily loaded, as it was primarily 
designed to study voltage instability. As one of the objectives of this 
article is to study frequency support, using flexibility from single-family 
house heating systems, the loading is taken to be 70% of the original 
case (7.74 GW). Furthermore, the water time constant in the hydro 
turbine governor models is set to 1.5 s, which is typical in Sweden [47] 
(In the original system, this value was 1 s).

A future case with an almost sustainable power production is con-
sidered. Thus, fossil fuel and nuclear power plants in the central and 
southern regions have been replaced by wind power plants except for 
generator G15. This is shown in Fig.  5. The models ‘REGCBU1’ and 
‘REECDU1’ are used for the converter and electrical control modules 
in the wind power plants. The parameter settings of these models are 
based on the typical range given in [48]. Active power support from 
wind power plants to arrest the initial frequency fall is not taken into 
account as they cause a second frequency drop [49]. Thus, wind power 
plants provide only reactive power support during disturbances [50] 
and no active power support is assumed.

Furthermore, to account for the impact of the increase in power-
electronic interface loads, the load characteristics are changed to 
60% constant power load and 40% constant current load for active 
power (originally constant current). The load characteristics for reac-
tive power are changed to 60% constant power load and 40% constant 
impedance load (Originally constant impedance). Finally, the rating of 
the G8 hydro generator is changed to 1000 MVA, with active power 
scheduled at 950 MW, and it is the loss of this unit that is investigated.

3.5. Case study description

In the current study, the flexibility is quantified for outdoor ambient 
temperatures varying between −10 ◦C and 10 ◦C, as this represents typ-
ical autumn–winter–spring situations in the Nordics [51]. The indoor 
temperature and the water temperature in the tank are set to be 20 ◦C 
and 55 ◦C respectively, during normal conditions.

The interview study revealing the willingness of residents to com-
promise thermal comfort in the event of a major power crisis to avoid 
blackouts exists [6]. Thus, based on the interviews, the flexibility 
potential is estimated by reducing the indoor temperature from 20 ◦C 
to 18 ◦C, 17 ◦C, 16 ◦C and 15 ◦C respectively. Correspondingly, the 
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Table 2
Parameters considered for thermal modelling of building [36,37,40].
 Year of
construction

𝑈𝑣𝑎𝑙𝑢𝑒
( W
m2K

)
Time constant
(Hours)

Infiltration
( 𝑙
s m2 )

Efficiency of Heat
recovery

Heat emitter Type of
heat pump

Number of
houses (in Million)

 

 1961–1975 1.4 34.0 0.00 0.00 Radiators Ground 
source

0.4455  

 1976–1985 0.9 38.0a 0.60 0.60 Radiators Air to water 0.2743  
 1986–1995 0.9 42.0a 0.00 0.60 Radiators Air to water 0.1474  
 1996–2009 0.8 48.0a 0.00 0.00 Floor heating Exhaust air 0.1056  
 2010-beyond 0.7 53.0 0.80 0.00 Floor heating Exhaust air 0.1122  
a Interpolated.
Table 3
Parameters of domestic hot water tank model [33].
 Parameter Value  
 Volume 180 L  
 Heat conduction co-efficient of tank per layer (𝑈𝑖) 0.187 W

K
 

 Electric heater 3000 W  
 Thermal conductivity of water (𝐾𝑖) 2.21W

K
 

 Specific heat capacity of water (𝐶𝑝) 4180 J
Kg K

 
 Heat transfer coefficient of the water coil (𝑈𝑤𝑎𝑡𝑒𝑟𝑐𝑜𝑖𝑙) 1484 W

K
 

Fig. 5. Modified Nordic-32 bus system.

water temperature in the tank is reduced from 55 ◦C to 50 ◦C, 48 ◦C, 
46 ◦C, and 44 ◦C respectively.

A range of minimum acceptable temperatures for space and water 
heating is used, as opposed to a single value. This helps in obtaining a 
range of flexibility levels as opposed to a single value.

At hour 6.75, an event occurs in the power system that requires 
emergency power support, and thus the reference temperatures for 
space and water heating are reduced to support the grid. The recovery 
period begins at hour 24 and the objective is to recover the indoor 
temperature within a period of 24 h.

The set-point changes for space and water heating are realistic 
control implementations. For instance, there are companies already in 
operation such as NGENIC and Tibber which helps in reducing the 
6 
electricity consumption based on hourly electricity prices using heat 
pumps for numerous customers.

3.6. Delimitations

The following are the delimitations of the current study:

• The thermal thresholds for quantifying flexibility is based on 
qualitative interviews conducted in the southern half of Sweden. 
This study provided a deep understanding of the thermal com-
fort of households and their perspectives on offering flexibility. 
Consequently, statistical generalisations are not possible using a 
quantitative method such as survey [6].

• With the objective of keeping the result derivation ’clear and 
easily reproducible,’ in light of detailed knowledge, deterministic 
models are used to quantify the aggregated flexibility of a mil-
lion houses. However, it is important to state that five different 
typical houses equipped with different types of heat pump are 
considered. Furthermore, a range of minimum acceptable indoor 
temperatures stated in interviews is used for flexibility quantifi-
cation. This helps in obtaining a range of flexibility levels as 
opposed to a single value.
Using the available data on thermal thresholds and typical ther-
mal properties of houses for simulations, can help reflect common 
operating conditions during different degrees of thermal compro-
mise at various outdoor ambient temperatures. Hence, employing 
a deterministic approach in this case is beneficial.

• Experimental validation of the models developed is not included.

4. Terms used for flexibility quantification

Flexibility is quantified in terms of an instantaneous reduction in 
power and the corresponding duration with respect to normal condi-
tions. A reduction in electric energy during the flexibility period and a 
net reduction in electric energy considering the recovery period with 
respect to the normal condition are also quantified. This is shown in 
Fig.  6. The period of time during which the temperatures start to reset 
to normal conditions is referred to as the recovery period.

5. Results and discussion

5.1. Heat pump

The heat pump model is validated by comparing the results obtained 
under standard air conditioning and refrigeration institute conditions 
i.e., 7.2 ◦C evaporator temperature, 54.4 ◦C condenser temperature, 
with super heating of 11 ◦C and sub-cooling of 8.3 ◦C, with the data 
given in [28].

The results are tabulated in Table  4 and the agreement is good. 
A discrepancy of 6.7% is observed in the heat delivered. This might 
be because the heat losses in the evaporator are not accounted for. 
However, the results of the electric power consumption from the model 
presented agree well with the data provided in [28].

The performance of an air source heat pump during EVI operation 
is shown in Fig.  7. Higher condenser temperatures can be achieved 
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Fig. 6. Terms used for flexibility quantification.

Table 4
Comparison of result obtained with data provided in [28].
 Compressor model ZPV030

 Given Obtained 
 Speed (RPM) 3600 3600  
 Rated Capacity (kW) @ ARI 3600 RPM 9.7 10.35  
 Electric power input (kW) 2.98 2.94  
 COP (W/W) 3.25 3.52  

Fig. 7. Condenser temperature as a function COP and outdoor ambient 
temperature for an air source heat pump with EVI technology.

with this mode, in particular at low ambient temperatures as opposed 
to operating in the non-EVI mode [6]. The water supply temperature 
depends on whether the heat pump provides space or water heating. 
Furthermore, in space heating, it depends on the type of heating, 
that is, floor heating or radiator heating. This means that the con-
denser temperature should be higher than the desired water supply 
temperature.

As the outdoor ambient temperature falls, the COP also reduces 
accordingly, resulting in an increase in the electric power consumption. 
This is important since, typically it is under very cold conditions that 
the power system could be operated with small margins.

From the representation point of view, water supply temperatures of 
60 ◦C, 45 ◦C and 30 ◦C are selected. The COP as a function of the heat 
delivered and outdoor ambient temperature, during above conditions is 
shown in Fig.  8. The heat delivering capacity increases with an increase 
in the outdoor ambient temperature. Furthermore, for a given outdoor 
ambient temperature, the heat delivering capability increases when the 
water supply temperature is reduced.
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5.2. Performance comparison between a fixed speed and a variable speed, 
air to water heat pump

A house constructed during 1976–1985 with the properties dis-
cussed in Table  2, is equipped with an FSHP dealt with in [15], in one 
case. In the second case, it is assumed that the same house is equipped 
with a VSHP, discussed in Section 5.1. An outdoor ambient temperature 
of −10 ◦C is assumed.

The performance comparison between an FSHP and an VSHP, when 
the reference indoor temperature is at 20 ◦C and when changed to 
17 ◦C, is shown in Fig.  9. Fig.  9(a) and 9(d) show that the indoor 
temperature can be accurately maintained at 20 ◦C, when equipped 
with a VSHP rather than an FSHP. This is because the heat delivered by 
a VSHP can be modulated according to the requirements by modulating 
the speed of the heat pump. As a result, the heat pump does not need 
to be turned on and off, as in the case of a FSHP. This can be observed 
in Fig.  9(b), 9(e) and 9(c), 9(f). As a result, although the temperature 
of the water supplied is the same in both cases, the average electric 
power consumption is 19% higher in FSHP compared to VSHP.

When the reference value of the indoor temperature is changed to 
17◦ C, the electrical power consumption of both heat pumps is zero, 
until the indoor temperature reaches close to the reference value. In 
case of a VSHP, the electric power consumption reduces as the indoor 
temperature reduces. However, this is not the case for an FSHP. The 
electric power consumption remains the same as while maintaining the 
indoor temperature at 20 ◦C. This comparison shows that flexibility 
quantification in terms of power would be higher for FSHPs compared 
to VSHPs.

Thus, a very important conclusion is that since VSHPs are expected 
to take over in the future, the flexibility potential will be overestimated 
if FSHPs are used in these types of study.

5.3. Flexibility analysis of a typical house constructed during 1976–1985 at 
an outdoor ambient temperature of −10 ◦C

The thermodynamics in the house while providing flexibility, by 
reducing the indoor temperature to 17 ◦C and the water temperature 
in the tank to 48 ◦C is shown in Fig.  10. Before changing the reference 
temperatures, it is observed in Fig.  10(b), that the indoor temperature 
is not exactly maintained at 20 ◦C, although a VSHP is used. This is 
because the VSHP can only provide space or water heating at a time. 
When the VSHP is in water heating mode, there is a slight drop in 
indoor temperature compared to the reference value, and this is seen in 
Figs.  10(a), 10(b), and 10(c). In Fig.  10(c), it is observed that there is 
a spike in the condenser temperature, supply, and return temperature 
of water during the water heating mode, as higher temperatures are 
required for heat transfer.

Furthermore, it is observed that the water temperature in the tank 
is not uniform as a stratified model of a domestic hot water tank is 
considered. All layers in the tank follow a similar trend except for the 
temperature in layer ‘TL-10’, since cold water enters this layer every 
time hot water is extracted. Additionally, there is no heating element 
in this layer. The period of time during which there is no withdrawal of 
hot water (at night between 0 and 4 h), temperature ‘TL-10’ increases 
mainly because of heat transfer from the top layers in the tank, and 
accordingly the temperature of the water in the top layers reduces.

When the reference temperature of space and water heating is 
reduced at hour 6.75, there is no electric power consumption for nearly 
3.2 h, due to the thermal inertia of the building and the hot water 
tank. This can be seen in Fig.  10(d). Furthermore, it is observed that 
there is no water heating provided as the temperature in layer ‘TL-
2’ is above the reference temperature, although the temperature of 
water is lower in the subsequent layers. This shows the significance 
of using a stratified model for a domestic hot water tank in flexibility 
studies. Thus, the house provides a flexibility of 2.68 kW, in terms of 
an instantaneous reduction in power for nearly 3.2 h.
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Fig. 8.  Heat delivering capability of an air source heat pump with EVI technology, while supplying water at 60 ◦C, 45 ◦C and 30 ◦C.
Fig. 9.  Performance comparison between a fixed and a variable speed heat pump.
Fig. 10.  Thermodynamics in the house constructed during 1976–1985 equipped with the air-source heat pump with vapour injection technology, at an outdoor 
ambient temperature of −10 ◦C.
After 3.2 h, the VSHP starts again to maintain the temperature at 
the reference level. It is observed that the supply temperature of the 
water is reduced when the reference temperatures for space and water 
heating are reduced. Furthermore, in Fig.  10(e), it is seen that COP 
8 
reduces with increasing condenser temperature because the compressor 
has to do more work and this is evident especially during water heating. 
The speed of the VSHP corresponding to the COP is shown in Fig.  10(f). 
Compared to the normal condition, the electric energy consumption is 
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Fig. 11. Comparison of COP, heat delivered and electricity consumption by the heat pump in the study with [19,20].
20 kWh lower during the flexibility period starting from hour 6.75 until 
hour 24.

An important aspect to account for is the power needed to restore 
the situation to the ‘fully normal state. During the recovery period, if 
the objective is to limit electric power and energy consumption, while 
restoring the indoor temperature to 20 ◦C, the reference temperature 
should preferably be increased in steps. The reason is that, at an 
outdoor ambient temperature of −10 ◦C, the heat delivering capability 
is lower, as seen in Fig.  8. Thus, if there is a higher heating requirement, 
additional electric heating must be used. However, despite gradually 
increasing the reference temperature, additional electric heating is used 
as seen in Fig.  10(d). However, in this case, the peak value of the 
power consumed is lower, compared to the case when the reference 
temperature is increased directly to 20 ◦C.

Until the beginning of the recovery period, the electric energy con-
sumption is 20 kWh lower compared to the normal condition. During 
the recovery period, the electric energy consumption is 16.48 kWh 
higher than in normal condition. Thus, the net reduction is around 
3.5 kWh.

In the above case, if the reference temperature is directly increased 
to 20 ◦C, an additional electric energy of 11.5 kWh occurs with respect 
to the normal condition and instead of energy savings, energy loss is 
obtained.

The reference temperature for water heating is not increased in steps 
because the heating energy requirements are not as high compared to 
space heating.

5.4. Comparison of the heat pump’s performance in the current study with 
empirical models of variable speed heat pumps

Fig.  11(a) and 11(c) show the comparison of COP and electric 
power consumption of the air to water VSHP studied in Section 5.3 
(excluding the recovery period) with respect to the empirical models 
described in [19,20]. Empirical models are based on outdoor ambient 
temperatures and water supply temperatures. However, it should be 
noted that the heat pump parameters described in Section 3.1 are 
missing in empirical models.

It is observed that the COP obtained from [20], matches well with 
the current study, as opposed to the COP obtained from [19]. However, 
while looking at the electric power consumed, it is observed that the 
actual consumption in [20] is lower compared to the current study, as 
the heat delivering capability at an outdoor ambient temperature of 
−10 ◦C is limited to 4.5 kW. This can be seen in Fig.  11(b) and 11(c). 
The reason for the limitation in the heat delivering capability [20] and 
the COP values obtained from the empirical models used in [19,20] are 
unknown.

Thus, using physics-based models makes flexibility quantification 
clear and transparent as opposed to empirical modelling.
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5.5. Flexibility quantification

Flexibility is analysed and quantified for all houses described in 
Section 3.2, by reducing the temperatures of space and water heating. 
The quantification of flexibility at the individual house level is shown 
in Table  5. As expected, the flexibility potential in terms of power is 
observed to be higher in houses that are less energy efficient. Among 
the houses constructed during 1996 and 2010, the latter has a high 
value of flexible power due to high infiltration loss. Also, among the 
houses constructed during 1961 and 1976, the latter has a high value 
of flexible power, as it is equipped with an air-to-water heat pump, 
which is less efficient compared to the ground source heat pump.

In all the categories of houses under study, a positive net reduction 
in electric energy is witnessed. The reduction in electric energy during 
the flexibility period increases with an increase in the degree of thermal 
compromise. However, the net reduction in electric energy depends 
on the electric energy consumption during the recovery period. In 
the case of houses, where the utilisation of direct electric heating is 
lower during the recovery period, the net reduction in electric energy 
increases with a higher compromise in thermal comfort, for instance, in 
houses constructed during 1986–2009. In contrast, if there is a higher 
utilisation of direct electric heating, for instance, in houses constructed 
during 1976, the net reduction in electric energy decreases with an 
increase in the compromise of thermal comfort. Thus, the net reduction 
in electric energy in a specific house category during different degrees 
of thermal compromise varies from case to case.

The average electric power consumption on a system level, during 
pre-flexibility, flexibility and the recovery period, respectively, for two 
example cases with respect to the normal condition, at an outdoor 
ambient temperature of −10 ◦C is shown in Fig.  12. During the flexi-
bility period, the average consumption is obtained from the instant the 
electric power consumption starts until the end of the recovery period. 
The average consumption is considered due to the aggregation effect of 
one million houses. These plots serve as valuable information for power 
balancing.

As anticipated, it is observed that the duration of time without 
electric power consumption increases with an increase in the reduction 
of temperatures for space and water heating. The same holds true 
when considering the total reduction in electric power consumption 
while offering flexibility. The average consumption of electric power 
during the recovery period increases in cases with a higher reduction 
in temperature during the flexibility period. This is because the amount 
of work done by the heat pump, when increasing the indoor and 
water temperatures to the set reference temperatures within a period 
of 24 h, is higher in the above case. However, flexibility in terms 
of an instantaneous reduction in power is the same in all cases and 
is independent of the reference temperatures set for space and water 
heating during the flexibility period.

5.6. Mathematical validation of the models developed

For mathematical validation of the models developed, the results 
obtained from Sections 5.2 and 5.3 will be used as a basis for comparing 
the thermal model of the house and the thermal model of the domestic 
hot water tank.
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Table 5
Flexibility quantification in the houses under study.
 Construction
year of house

Electric energy reduction (kWh) including recovery period,
at an outdoor ambient temperature of −10 ◦C

Flexibility
(kW)

 

 SH:18 ◦C,
WH: 50 ◦C

SH:17 ◦C,
WH: 48 ◦C

SH:16 ◦C,
WH: 46 ◦C

SH:15 ◦C,
WH: 44 ◦C

 

 1961–1975 3.9 6.1 5.9 6.1 1.8  
 1976–1985 3.8 3.5 2.8 0.7 2.7  
 1986–1995 4.0 6.1 7.3 8.2 1.6  
 1996–2009 0.8 1.5 2.3 3.0 1.0  
 2010- beyond 1.3 2.4 2.8 0.7 1.6  
Fig. 12. Electricity consumption during different set point temperatures at 
an outdoor ambient temperature of −10 ◦C. (SH:Space heating, WH: Water 
heating).

5.6.1. Validation of the thermal model of the house
The total 𝑈𝑣𝑎𝑙𝑢𝑒 of the house considering infiltration, natural venti-

lation, and heat recovery is estimated at 227.93 WK . Hence, to maintain 
an indoor temperature of 20 ◦C and 17 ◦C, at an outdoor ambient 
temperature of −10 ◦C, the heat requirement is 6.8 kW and 6.15 kW, 
respectively. This matches well with the result presented in Fig.  9(d) 
and 9(e).

Furthermore, the empirical model defined in [20] to estimate the 
temperature of the water supply in the radiators is given by 

𝑇𝑠𝑒𝑡,𝑠𝑢𝑝𝑝𝑙𝑦 = 36.67 − 0.78 𝑇𝑎𝑚𝑏 − 0.0040 𝑇 2
𝑎𝑚𝑏 (5)

Here, 𝑇𝑎𝑚𝑏 refers to the outdoor ambient temperature. According to 
this empirical model, the water supply temperature is 44 ◦C and this 
matches well with the simulation results obtained in Fig.  9(f). Thus, the 
thermal model of the house works as expected.
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5.6.2. Validation of the domestic hot water tank
The time constant of the domestic hot water tank, considering the 

thermal mass of water and the thermal resistance of the tank in Table 
3 is estimated to be 111.76 h. As discussed in Section 5.3, there is no 
water heating or water withdrawal between 0.2 and 4 h, and the indoor 
temperature is near 20 ◦C. During this period, using Newton’s law of 
cooling, the average temperature of the water is estimated to fall from 
initial 51.3 ◦C to 50.25 ◦C. Comparing this result with Fig.  10(a), it is 
observed that the hand calculations match with the simulation results. 
Thus, the model works as intended.

5.7. Flexibility quantification during different conditions

The results from flexibility analysis with respect to the normal 
case, for different temperatures set for space and water heating are 
consolidated and shown in Fig.  13.

In Fig.  13(a), it is seen that during the normal case, the electric 
energy consumption for space and water heating is reduced with in-
creasing outdoor ambient temperature. Consequently, the amount of 
flexibility that can be offered in terms of instantaneous reduction in 
power is reduced.

As explained earlier, the reduction in electric energy during the 
flexibility period increases with an increase in the degree of thermal 
compromise. At the system level, this also holds for the net reduction 
in electric energy, including the recovery period. This is observed in 
Fig.  13(b).

The duration of time without electric power consumption during 
the flexibility period, for various degrees of thermal compromise, at 
outdoor ambient temperatures ranging between −10 ◦C and 10 ◦C 
is shown in Fig.  13(c). The flexibility in terms of an instantaneous 
reduction in electric power is also shown in this figure. It is observed 
that the flexibility in terms of an instantaneous reduction in electric 
power is independent of the degree of thermal compromise. However, 
the duration for which this flexibility can be offered increases with an 
increase in the degree of thermal compromise.

According to data in [52] and Fig.  13(c), it is inferred that from the 
perspective of endurance and flexibility volume, single-family houses 
in Sweden have the potential to act as virtual power plants for a short 
period.

5.8. The role of flexibility in limiting the instantaneous frequency deviation 
during loss of a major generating unit

The instantaneous value of the flexibility potential, at an outdoor 
ambient temperature of −10 ◦C, is estimated to be 2.1 GW. This is 
obtained by summing up the total flexibility from the houses built after 
the 1960’s in the southern half of Sweden, representing 54% of the total 
single-family houses.

As the Nordic-32 bus system is a down-scaled version of the actual 
Swedish power system, the flexibility also needs to be scaled down 
accordingly. The peak demand in Sweden during the years 2022–2023 
was 25 GW and the peak load in the modified Nordic-32 bus system 
is 7.74 GW. The corresponding flexibility level for this modified test 
system would be approximately 650 MW, which is about 8.4% of the 
total load in the system.
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Fig. 13. Consolidated results from flexibility analysis. (SH:Space heating, WH: 
Water heating).

In the modified Nordic-32 bus system explained in Section 3.4, 
during the loss of the generating unit G8, producing 950 MW, the 
frequency deviation reaches below 48 Hz as seen in Fig.  14. To study 
the impact of flexibility in improving frequency nadir, it is assumed 
that local frequency sensors with a filter time constant of 0.1 𝑠𝑒𝑐

𝑟𝑎𝑑  are 
present in all heat pumps. The heat pumps are disconnected from the 
power supply when a frequency of 49.5 Hz is sensed. The impact 
of flexibility at different levels, ranging from 50% to 100% on the 
frequency nadir, is shown in Fig.  14. It is observed that by using at least 
70% of the estimated flexibility, it is possible to limit the frequency 
nadir to stay above 48.8 Hz, else the under-frequency load shedding 
scheme is triggered. 70% of the estimated flexibility corresponds to 
about 5.9% of the total load in the system.

For comparison, a case where wind turbines are assigned to cover 
90% flexibility is also included in Fig.  14, it is assumed that wind 
conditions allow this. Active power support (power shaping) from 
wind power plants during the loss of a major generating unit is based 
11 
Fig. 14. Impact of flexibility on frequency nadir.

on articles [53,54]. Compared to normal operating conditions, active 
power support of about 600 MW is considered for 5 s. Later, active 
power production gradually decreased to −200 MW in 20 s, compared 
to normal operating conditions.

In Fig.  14, it is quite clear that the active power support of the wind 
power plants is for the initial 14 s of the disturbance period. Thus, the 
instantaneous frequency deviation is limited to 49 Hz as in the case 
with provision of 90% flexibility from the buildings.

However, after sometime since the turbines have to recover the 
rotational energy borrowed from the grid, there is a 800 MW deficit 
that must be found during the first minute, which is not the case with 
the buildings. Consequently, a second frequency drop is observed, as 
demonstrated in [49]. Furthermore, the steady-state frequency devia-
tion with active power support from houses equipped with heat pumps 
is lower compared to active power support from wind power plants. 
This is observed in Fig.  14.

In the future, one could also imagine that wind turbines operated 
at over-speed and thus could emit this ‘over-speed energy’ during 
approximately 20 s. Another possibility, in a future with a very large 
number of wind turbines, could be operating wind turbines with de-
rated power prepared to take on a power deficit condition, but the 
energy loss for continuously providing this possibility would be very 
high.

5.9. Future work

Two valuable further efforts for future work are

• Experimental validation of the proposed integrated model that 
involves a heat pump, a space and water heating system in a 
real house. This helps in providing deeper insights that are not 
captured by simulations.

• Employing stochastic models to quantify flexibility in one million 
houses, to account for the uncertainty in the buildings’ ther-
mal properties and indoor temperature set points based on the 
occupants behaviour.

6. Conclusion

In this article, large scale power grid resilience reinforcement from 
single-family houses equipped with heat pumps, to a transmission 
grid encountering disruptive events is studied. A flexible physics-based 
model of a heat pump is developed to obtain the electricity con-
sumption under various operating conditions considering operational 
limitations. This is a reproducible and adaptable physics-based model 
that is not data-demanding and can be conveniently adapted to any 
operational condition. In addition, an integrated model is developed 
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that involves detailed representations of the heat pump, space heating, 
and water heating to estimate the consumption of electricity under 
various operating conditions.

It is shown that the flexibility potential will be overestimated if 
fixed-speed heat pumps are used in these types of studies. In addition to 
this, it is also shown that using physics-based models makes flexibility 
quantification transparent and clear compared to empirical models. 
Furthermore, this study reveals that slow recovery aids in energy 
savings by gradually increasing the reference temperature for space 
heating, to minimise the use of direct electric heating.

The houses built after the 1960s in the southern half of Sweden, 
representing 54% of the total single-family houses, are considered 
for the analysis. For the power system with a dimensioning fault 
of 1.45 GW, the flexibility level found range between 2.1 GW and 
0.5 GW, for outdoor ambient temperatures varying between −10 ◦C 
and 10 ◦C respectively. These estimates are independent of the degree 
of thermal compromise. However, the duration for which the above 
flexibility values can be provided is dependent on the degree of thermal 
compromise.

By reducing indoor and water temperatures from 20 ◦C and 55 ◦C, 
to 15 ◦C and 44 ◦C, the power system can be relieved with 2.1 GW for 
5 h and 0.8 GW for the next 12 h, at −10 ◦C outdoor temperature. As a 
consequence of offering flexibility, the average electric power consump-
tion increases to 2.9 GW during the recovery of indoor temperatures 
over 24 h.

The quantification of electric power consumption as a function of 
time serves as a valuable information for power balance. Furthermore, 
it is shown that during the loss of a major generation in a system with 
a high share of renewable power installations, active control of heating 
systems equipped with heat pumps provides a great flexibility, helping 
to prevent the frequency nadir becoming too low, causing undesirable 
load disconnections.

Thus, a cluster of single family houses that uses the flexibility 
of heating systems equipped with heat pumps has the potential to 
reinforce resilience in a large-scale power grid for a duration ranging 
from seconds to several hours.
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