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ARTICLE INFO ABSTRACT

Keywords: Swedish single-family houses equipped with heat pumps could serve as valuable flexible resources to support
Flexibility quantification the power system in situations of severe power shortages. Hence, to quantify the flexibility potential by
Space heating maintaining different temperatures in a multi-room house, a detailed model of a house equipped with a
Heat pumps

variable speed heat pump is developed. In this study, flexibility is defined as a reduction in the electric power
consumption of a heat pump, relative to the electric power consumption when maintaining 20 °C throughout
the house.

A flexibility of 100% is provided for 5 h, when all rooms reduce thermal comfort equally to about 16 °C,
at an outdoor temperature of —5 °C. The same flexibility can also be provided by heating only a smaller area,
such as a better insulated bedroom, which is 8% of the total floor area, to 17.5 °C, while ensuring that the
temperatures in the other rooms do not fall below 10 °C. After the first five hours, the flexibility decreases
from 100% to 47% and 57%, respectively, in the above cases, for as long as the flexibility required. The impact
of offering various levels of flexibility in relation to thermal comfort is demonstrated and quantified in this

Multi-room house

article.

1. Introduction

In Sweden, winter represents a critical period for the power system
as it is sometimes operated nearly close to its limits. Colder weather
conditions coupled with a loss of a major power plant or cyber attacks
on the control system of power plants and transmission systems could
lead to severe power deficit conditions [1].

To prevent a collapse of the power system during such power-deficit
situations, the available electric power could be rationed [2]. In such a
scenario, identifying the loads with the high electric power consump-
tion, as well as the loads that could contribute to resilience, helps net-
work operators take suitable actions in case of dramatic power-deficit
situations.

Electric energy consumption is the highest in the residential and
service sector in Sweden [3]. Furthermore, in the residential sector, the
electric energy consumption is the highest in single-family houses [4].
About 65% of these houses use electricity for heating [5], with the
majority equipped with heat pumps. In houses equipped with heat
pumps, about 50% of this consumption is attributed to space and water
heating [6]. Furthermore, energy efficiency measures are an important
ongoing process with a significant impact on the power system. One im-
portant process is that, fixed-speed heat pumps are being replaced with
new variable speed heat pumps, which have high controllability. Thus,
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single-family houses equipped with variable speed heat pumps could
serve as valuable resources to reduce the electric power consumption
during severe power shortage situations.

The flexibility potential of space heating in about a million Swedish
single-family houses equipped with heat pumps, to support the power
system during severe power deficit conditions is quantified in [7].
A potential of 1.6 GW is estimated at —5 °C outdoor temperature,
with the consequence of compromising thermal comfort. In [7], the
indoor temperature is reduced to the same value throughout a house.
Ref. [7] also contained interviews from households revealing that the
respondents had different temperature preferences for different rooms.
The potential for load reduction while maintaining different indoor
temperatures in various rooms of a house is yet to be investigated.

Johnson et al. [8] deals with the modelling of heat pumps and a
physics-based multi-zone model of a building to generate the profiles
of electric power consumption by heat pumps. In [8], heat pumps
are of the traditional fixed-speed type, which were fully dominating
half a decade ago. However, today, as mentioned above, variable-
speed heat pumps are becoming dominant. Khatibi et al. [9] presents
a hierarchical model-based scheme to offer flexibility, considering a
multi-zone building model to control temperatures in different zones
of a building. In this article, an air-to-air heat pump is used. It would
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Table 1
Summary of literature review undertaken.

Reference Thermal model of building Heat pump model
[8] 2R3C model-floor, walls and roof Empirical
[9] Grey box X

[10] Grey box x

[11] Grey box X

[12] IDA ICE X

[13] TRANSYS Empirical
[14] Carnot tool box Empirical
[15] Grey box X

[16] Grey box X

[17] Grey box X

[18] Each zone- 3R1C model X

be interesting to study heat pumps with water-based heating systems
which are typical in Sweden.

Golmohamadi et al. [10] involves modelling and temperature con-
trol in multiple rooms according to occupancy, to optimise the electric
power consumption of a heat pump. Golmohamadi et al. [11] also deals
with unlocking the flexibility potential based on occupancy, by ac-
counting for thermal dynamics in multiple rooms of a Danish test house,
using an economic model predictive control. The flexibility potential
in a single family house in Norway is investigated by modelling and
controlling temperatures in multiple rooms, using predictive rule-based
control in [12]. The annual savings in electric energy using a heat pump
compared to the boiler system is quantified by simulating a terraced
house in Wales with multiple temperature zones in article [13]. In the
above articles, a buffer tank is used in space heating, which is typically
absent in Swedish single-family houses. Thus, the impact on thermal
comfort will be more noticeable in Swedish single-family houses, which
requires further investigation. Furthermore, the heat pump models
incorporated in these studies are not dealt in detail.

Hua et al. [14] presents an integrated demand response method,
to reduce operational cost by selecting various indoor temperature set
points for different rooms, for a space heating system involving an
air source heat pump and district heating in an educational building.
Articles [15,16] deal with the operational optimisation of a heat pump,
battery, and rooftop solar to reduce peak electricity demand and op-
erational costs, while ensuring thermal comfort in different rooms of
a building, respectively. Frahm et al. [17] presents a multizone price
storage control, to reduce the operating cost of a space heating system
equipped with a heat pump, by accounting for the thermal satisfaction
of the occupants, without the need for a building model. Verdugo
et al. [18] deals with controlling temperatures in different rooms with
the objective of reducing operational costs for a microgrid involving
heat pumps and battery storages. In the articles dealt with above, even
though buildings with multiple rooms are modelled, heat pump models
are not dealt with in detail and lack the information on operational
limitations. Incorporating these limitations is an important aspect, as it
has an impact on the electric power consumption by heat pumps under
various operating conditions.

A summary of the literature review is presented in Table 1. In
these articles, the thermal models of multi-room houses are not fully
transparent and reproducible. For example, in [14], the thermal model
of the house is not described in detail. In Refs. [12,18] the values
of the thermal mass associated with the different components of the
building are missing. Articles [9-11,15-17] use grey box modelling to
identify building parameters. Thus, the models presented are not fully
transparent and reproducible. Furthermore, the heat pump models in-
corporated in these studies [8-18] are either empirical or not described
and lack information on operating limitations under various operating
conditions.

Missing in the scientific literature is a detailed model of a multi-
room house equipped with a variable-speed heat pump. In addition,
all the above articles deal with either reducing the operational cost
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or with flexibility studies for normal demand side management. They
do not deal with supporting a power system with severe power deficit
conditions, which then leaves a research gap to fill.

In this study, flexibility is defined as a reduction in the electric
power consumption of a heat pump, relative to the electric power
consumption while maintaining 20 °C in a house. Thus, with this
background, the main contributions of this article are as follows.

» Quantification and comparison of the flexibility potential by
maintaining different indoor temperatures in various rooms of a
house, to support the power system during severe power deficit
conditions.

A detailed thermal model of a multi-room house considering
construction materials, infiltration losses and the heat recovery is
presented. Furthermore, the model also includes a detailed model
of an air source heat pump considering the operational limitations
at various operating conditions.

The effectiveness of the proposed space heating controller to
control different temperatures in a multi-room house, at different
conditions is demonstrated.

2. Method
2.1. Air source heat pump model

To estimate the flexibility potential, it is important to know the
performance of a heat pump under various operating conditions. The
performance of heat pump is estimated using the vapour compression
heat pump cycle.

Fig. 1 illustrates a vapour compression heat pump cycle, including
its associated components, along with the corresponding states on a
pressure—enthalpy diagram. The procedure for estimating the power
consumed by the compressor and COP is as follows [7]:

+ The refrigerant mass flow rate i, is determined using

- Vdisprnvol

106 W

where V;, denotes the compressor displacement volume in ( r%/ ),
p, is the refrigerant’s density at suction in %), [ represents
the frequency in (Hz), and #,, is the compressor’s volumetric
efficiency.
Using efficiencies related to energy flows to a compressor [19],
the required electric power input to the compressor can be ex-
pressed as
r(hy — hy)
P, comp = (2)

nisem.speed

Here, h denotes the enthalpy at the state specified by the sub-
script. The term #;5,,, spocq T€fers to the overall isentropic effi-
ciency at various compressor speeds for a given compression ratio
and is evaluated following the approach described in [20].

The coefficient of performance (COP) for a heat pump is expressed
as

1i(hy — h3)

COP = 3

comp

In modern air source heat pumps, the operating range at low
outdoor temperatures is extended and performance is increased by
employing enhanced vapour injection (EVI) technology.

Figs. 2 and 3 illustrate vapour injection in a heat pump and on a
pressure—enthalpy diagram, respectively. In this configuration, vapour
is injected at a temperature that lies between the evaporator and
condenser temperatures. A portion of the condensed refrigerant, with a
mass flow rate 1 after being subcooled in the condenser, is directed to a
heat exchanger. The remaining portion, with a mass flow rate 7, ;, first
passes through an expansion valve and then enters the economiser’s
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Fig. 3. Vapour compression heat pump cycle with vapour injection [22].
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heat exchanger, as illustrated in Fig. 2. Inside the economiser’s heat
exchanger, the heat released by m during sub cooling is transferred
to ri,;. As a result, r;,; is superheated and injected into the compres-
sor through an injection port. Consequently, the compressor performs
compression in two stages. The first stage compresses the superheated
vapour exiting the evaporator. The second stage compresses the in-
jected superheated vapour and the vapour discharged from the first
compression. The different thermodynamic states of the refrigerant are
indicated in both Figs. 2 and 3 in parentheses.

A comprehensive method for estimating the COP of a heat pump
with vapour injection is provided in [23]. The main aspects involved
in modelling such a heat pump are outlined briefly below:

* The mass flow rate of the injected vapour, #,,;, is determined
from the energy balance in the economiser and can be expressed

as

. m(hy_p —hs_y)

Minj = (hs — h3_5) @
Here, h denotes the specific enthalpy at the state indicated by the
subscript.

The specific enthalpy at state 1-2, h,_,, is determined using the
energy balance equation at the compressor’s vapour injection port
and can be expressed as

tity, (Mg — hs) = m(hy_y — hy_5)

tihy_y + iy, s (5)

h =
1-2 (1 + ritg )

The electric power consumption of the compressor is determined
as

m(hy_y — hy_y) + (i + 1, )(hy_y — hy_y)
P, comp = = (6)

Nisent

where 7#;,,,, denotes the isentropic efficiency. Its variation under
different operating conditions is determined as outlined in [20].
The COP of a heat pump is expressed as

(i + i, ;) (hy_y — h3_2))

COP = 7 (@]

comp

2.2. Thermal model of a house with multiple rooms

In [8], as shown in Table 1, a 2R3C model is used to represent each
wall, roof, and floor. In [18], the thermal capacitances of the internal
walls are neglected as the storage capacity is limited due to the high
thermal conductivity. Furthermore, the thermal mass of the external
envelope is combined with the thermal mass of the indoor air to reduce
the number of variables in the model. Finally, each zone is represented
using a 3R1C model.

To better capture the thermal dynamics of the house, the thermal
model used in this study strikes a balance between the detailed ap-
proach in [8] and the simple model in [18]. This is because, in addition
to the building’s thermal model, the study also includes a detailed
model of the heat pump, the design of the indoor temperature con-
troller, and the procedure for estimating the water supply temperature
to the radiators in each zone to meet different heating requirements,
which are missing in the literature. The thermal model adopted in this
study is explained below.

Based on the construction materials of the building, the thermal
resistance and thermal capacitance of the external envelope (external
walls and roof), internal walls and floor are computed. Each compo-
nent of the building (walls, roof, and floor) is composed of several
materials. The total thermal resistance and thermal capacitance of each
component [24] are computed as

n

=_2 J ®
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Fig. 4. Thermal model of one zone in a multi-zone thermal model.

n
Co= 200, Cp t; Ay )
i=1

where x € {external walls, roof, internal walls, floor}, i corresponds to
various materials in each component of the building, ¢; is the thickness
of the material in (m), G; is the thermal conductivity in (%), A, is

the area of the building component in (m?), p; is the density in (%)

and Cp; is the specific heat capacity in (kg;K )

The thermal resistance of the external envelope is obtained from
the parallel combination of the thermal resistances of windows, doors,
external walls, and the roof. The thermal mass of the external envelope
is obtained by summing the associated thermal masses together.

In addition, the heat loss coefficients due to mechanical ventilation

and infiltration [7] are computed as

-1
paircp,air
RL'entilatian,infiltrarion = <W ((1 - ”Uem)l/vemAflaor + I/infilAext)>
10
where, p,;. is the density of air in (%) and C, ;. is the specific heat

capacity of air in KgLK), Nvent 1S the efficiency of the heat recovery
unit, V,,,, and V,,; are the ventilation rates for sanitary ventilation

S-m
and A,,, is the exterior surface area of the building envelope in (m?)
(excluding windows and doors).

The thermal mass of the indoor air including the furnishings [13,
25,26] is computed as

and infiltration, respectively, in (% ) Ajjo0r 18 the heated floor area

Cair =ZM (pair G

p.air

v

room )

(€8]

where, ZM is the zone capacity multiplier factor, which accounts for
the furnishings contributing to the internal thermal mass. V,,,, is the
volume of air in the room in (m?).

Fig. 4 shows the thermal model of one zone in a multi-zone model
of a house. The external envelope and the internal walls are modelled
using a 1R2C network.

The heat loss coefficient due to ventilation and infiltration is mod-
elled as a resistance [24]. The thermal resistances (R, o> Roxt airins
Rint wait airsins - Rioor airin) due to convection and radiation from the
surfaces of walls and floors are also taken into account [24], as seen
in Fig. 4.

2.3. Radiator model

The thermal output from the radiators is modelled as

AT, \"
act > (12)
AT std

Qhem = Qstd <

0O, and AT, represent the total heat output of the radiators and
reference temperature at standard conditions (i.e., at 55 °C supply
temperature, 45 °C return temperature and 20 °C room temperature)
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respectively. The term n refers to the exponent characteristic of the
radiator. Furthermore, AT, is computed as

Tsupp[ y_Tremrn lf Tremrn _Troum < O 7
l "< Tsuppty=Troom ) Tsuppty=Troom
Treturn=Troom
AT, = (13)
Tsupply +Tremrn :
R — Thpom  Otherwise
where, T,,,,, and T,,,,, represent the water supply temperature and

return temperature in the radiators respectively. T,,,, represents the

room temperature.

oom

2.4. Controller design

A closed loop proportional-integral (PI) controller with an anti-wind
up and a feed-forward structure is chosen, to control the main zone’s
indoor temperature. A rule-based control structure is adopted to control
the indoor temperature in the other zones of the building.

The block diagram of the adopted multi-zone temperature controller
structure is shown in Fig. 5. From a simplicity point of view, only two
zones are represented. This structure can be extended to several zones,
with a dedicated PI controller in the main zone.

The design details of the adaptive limiter are shown in Fig. 6. For the
rule-based controller, using the thermal model of the zone presented in
Fig. 4 as a reference, the desired heat is calculated using the estimated
temperatures of the external envelope, internal walls, floor, outdoor
temperature and the desired indoor temperature as

Tamb(t) - Tde:iredroomzp(t)
R

Qheat,zp**(t) = - (

ventilation,in filtration

Teth(t) - Tdesiredroomzp(t)
Rextair,in

Tintl n- Tdesiredroomzp(t)

Rintwal[air,in

4 Tfloor(t) - Tdesiredroomzp(t) )

Rfluomir,in

14

Here, p represents the zone number in the house with multiple zones
with the rule-based controller. The unlimited output from both the
rule-based controller and the PI controller is represented as Qj,y , -

The formulation of the radiator look-up table (LUT) for each zone
is based on the radiator model described in Section 2.3. The LUT is
generated by computing the thermal output of the radiators for various
combinations of water supply and return temperatures, at different in-
door air temperatures. This table is constructed for a fixed temperature
difference between the water supply and the return temperature in the
radiators, indicated by AT.

The radiator LUT provides the required water supply temperature
based on the desired heat value to be delivered and the actual indoor
temperature. Based on the room temperature and the estimated water
supply temperature in each zone, the thermal output considering the
limitations of the radiators in each zone is estimated Q. .,"-

After estimating the temperature of the water supply to the radiators
required in various zones, a maximum value is chosen. Finally, based on
the maximum value of the required supply temperature and the average
value of the return water temperature obtained from different zones,
the required condenser temperature is estimated as

T * =T,
supply

* return,average
Tcand = Treturn,average + P * (15)
—(Tsupply™ =Treturn,average)
1—¢e AT og.cond

AT}og conas 18 the logarithmic temperature difference of the heat
exchanger and is assumed to be 4 K.

Based on the condenser temperature, the desired value of heat con-
sidering the limitations in the radiators and the source temperature of
the heat pump (T,,,..), the heat pump model provides the actual value
of heat delivered, the water supply temperature, power consumption
by the heat pump including the details on additional electric heating
and the speed of the compressor.
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Fig. 6. Adaptive limiter of the proposed multi-zone temperature controller.

3. Case study set up
3.1. Heat pump parameters

Scroll compressors are commonly used in residential applications.
Hence, the compressor in the air source heat pump under study is
assumed to be equipped with ‘ZPV030’ Copeland’s variable speed scroll
compressor, having an electric rating of 3 kW. The compressor displace-
ment volume is 30 ;—“v and the operating envelope is shown in Fig.
7. Refrigerant R410a is used and the rating of the additional electric
heater is 3 kW.

The temperature drop between the outdoor ambient temperature
and the evaporator in the air source heat pump is set to 8 °C [28].

3.2. Building parameters

The floor plan of the house considered for the analysis is based
on a study in [29] and is shown in Fig. 8. The area of all the doors

65 (-15,65) (5.65) (15.69)
60 EVI REQUIRED ?9
QO
055 v
o
L s0 =
(=@
£ |2
o S
345 5
40 =
o | 3
'z 35
S|
Q
2 30
5] B
S (-30,30)
20
10
30 25 20 -15 10 5 0 5 10 15
Evaporating Temperature [°C]
Fig. 7. Compressor operating envelope [27].
Table 2

Area of the windows and type of radiator used in each room of the house
considered for the analysis.

Room Total Radiator type Number
window of radiators
area (m?)

Bedroom 1 3.1 PURMO C 33 400 x 1000 2

Bedroom 2 1.9 PURMO C 33 400 x 1200 1

Bedroom 3 1.9 PURMO C 33 400 x 1200 2

Bath room and laundry 0.3 PURMO C 33 400 x 1000 2

Living room and kitchen 9.18 PURMO C 33 400 x 2000 4

represented is 2.3 m?. The total area dedicated to windows in each
room and the details of the radiators considered for the analysis are
tabulated in Table 2. The ceiling height of the building is 2.5 metres
and the roof area is equal to the total floor area of the house.

The specifications and properties of the construction materials used
in the exterior walls, roof, internal walls and the floor are tabulated in
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Table 3
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Specifications of building construction materials used in various building components [29].

External walls Roof Internal walls Floor
Materials Thickness (m) Materials Thickness (m) Materials Thickness (m) Materials Thickness (m)
Timber stud 0.246 Mineral wool 0.35 Drywall 0.013 Concrete 0.1
Particleboard 0.013 Drywall 0.013 Particleboard 0.070 - -
Drywall 0.013 - - Drywall 0.013 - -

Table 4

Properties of the building’s construction materials considered for the analysis [29].

Material Timber stud Particle board Drywall Mineral wool Concrete
Density (%) 87 600 900 40 2300
Heat capacity (KLK) 961 2300 1100 800 800
Thermal conductivity (%) 0.045 0.14 0.22 0.042 17

b 625 m 2.625 m
4.925 m >le

Bed room 1
with bath room

4

Bed
room 2

Bed _
room 3

Living room and kitchen
ving room and kitche & Bath room and

laundry room

Fig. 8. Floor plan of the house considered for the analysis [29].

Tables 3 and 4, respectively. The thermal resistances for the door and
w

windows are set to 1.4 ( —— ).
m-K

In this study a ventilation rate of 0.35 (#) and an infiltration rate

of 0.6 <ﬁ) are used. Based on Ref. [24], the thermal resistance due to
convection and radiation on the surfaces of the external walls exposed
to outdoor air (R, .,,) is set at 25 (%) The thermal resistance due
to convection and radiation on the surfaces of the walls and the floor
facing the indoor air (Ryaiiairins R fioorair,in) 18 S€t t0 7.7 % [24].

Based on the Ref. [25,26], the zone capacity multiplier factor is
set to 25 for the living room and 15 each for the bedrooms and the
bathroom.

The indoor temperature is set to be 20 °C during normal conditions,
based on a study in [30]. An outdoor ambient temperature of —5 °C is
considered as it is a common winter temperature in southern half of
Sweden, where the electricity demand is typically high.

3.3. Building specifications for the thermal model

Based on the floor plan of the house presented in Fig. 8, five thermal
zones are modelled. Three zones dedicated to three bedrooms and one
each for the living room and the bathroom. The living room is set
to be the main zone as it is larger in area compared to the other
zones, and hence a PI controller is used in this zone to control the
indoor temperature. The indoor temperature in the other four zones
is controlled using rule-based controllers as explained in Section 2.4.

The thermal model of the house with five zones is shown in Fig.
9. The heat output from the radiators is injected into the indoor
temperature node in each zone.

3.4. Case study description

An interview study was conducted by RISE (Research Institutes of
Sweden) with single-family home owners equipped with heat pumps
in [7]. The main aim was to obtain nuanced information regarding
the households’ perspective of offering flexibility by compromising
the thermal comfort to support the power system under severe power
deficit conditions.

The lowest indoor temperature stated in the interviews was 15 °C.
Furthermore, the study revealed that households had different prefer-
ences for indoor temperatures, while offering flexibility to support the
grid in conditions of severe power shortages. Most of the interviewees
preferred to have colder bedrooms and a warmer living room. In
addition, some of them were positive about shutting down the heating
system in storage rooms, garages, and bedrooms while having a warmer
living room.

Thus, the cases for quantifying the flexibility potential considering
multiple rooms in a house are defined based on the interviews described
above [7]. In addition to the interviews, other cases are defined to
obtain insight into the flexibility potential and compare the quantified
flexibility while maintaining various indoor temperatures.

With this background, the cases defined to study the flexibility
potential are listed below.

+ Case 1: Reduction of indoor temperature from 20 °C to 15 °C in
the entire house.

+ Case 2: Maintain 20 °C in the living room and turn off the heating
in the other rooms.

+ Case 3: Reduction of the temperature in Bedroom 2 from 20 °C
to 17.5 °C and in the other rooms, the minimum acceptable
temperature is set to 10 °C.

+ Case 4: Uniform heating of the entire house versus heating a well-
insulated smallest room (Bedroom 2) versus heating a larger room
(Living room), at various temperatures ranging between 19 °C
and 15 °C.

In all cases, a power deficit situation occurs at hour 6.75 in the
power system that is heavily dependent on a reduction in the electric
power consumption. At this time, the indoor temperatures in the house
is reduced to support the power system. Later, at hour 24, the recovery
of the indoor temperatures is initiated as the reserve power plants are
restored.

The case study undertaken is a preprepared resilience action. The
contribution from several such houses has the potential to save the
power system from a disastrous event, where a black-out would be
the alternative. Thus, it is unavoidable that normal indoor temperature
comforts are violated. Such events happen very rarely, but give a
potential of cost savings, since the option is to build out reserve power
generation that, in principle, always is on stand-by.

In this study, flexibility is defined as a reduction in the electric
power consumption of a heat pump, relative to the electric power
consumption while maintaining 20 °C in a house.
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Fig. 9. Thermal model of the house.
3.5. Delimitations Table 5
Comparison of result obtained with data provided in [27].
. NN . 7p
The following are the delimitations of the current study: Compressor model V030
Data Obtained
* The indoor temperature i ndent on several factor h
e .doo : te% pe a.tu e is dependent on severa a.cto s such as Speed (RPM) 3600 3600
solar irradiation, wind speed and activities of residents. These Rated Capacity (kW) @ ARI 3600 RPM 9.7 10.35
aspects are excluded from the thermal model of a house to Electric power input (kW) 2.98 2.94
eliminate uncertainty. In addition, internal and solar heat gains Co-efficient of Performance (COP) 3.25 3.52

are relatively smaller in Swedish residential houses [31].
» Experimental validation of the models developed is not included.

4. Results and discussion

In this study, the main objective is to quantify the flexibility poten-
tial by compromising thermal comfort to various degrees in different
rooms of the house considered for the analysis.

4.1. Heat pump model validation

The heat pump model under study is validated by comparing the
results obtained under the standard air conditioning and refrigeration
institute conditions (ARI), that is, the 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 provided in [27]. The refrigerant
properties at different states are taken from [32].

The results are tabulated in Table 5 and it is seen that the agreement
is good. A discrepancy of 6.7% is observed in the maximum heat deliv-
ered. This might be because heat losses in the evaporator are not taken
into account. However, the results of the electric power consumption
from the model presented agree well with the data provided in [27].

As refrigerant R410a is phased out in the European union, a possible
alternative is refrigerant R32. Under standard ARI conditions, the

developed heat pump model with refrigerant R32 delivers 10.2 kW heat
by consuming 2.86 kW of electric power. Thus, giving a COP of 3.57
at a compressor speed of 3240 RPM. Upon comparing this with the
result in Table 5, it is observed that comparable heating power can
be provided at a lower speed and electric power input when R410a is
replaced by R32. This is in line with the result presented in [33]. Thus,
the heat pump model developed works well.

To further validate the heat pump model under different conditions,
COP of the heat pump under study is compared with the COP of air
source heat pumps with scroll compressors in [34]. The refrigerant
considered in [34] is R32. As witnessed previously, there is only a slight
difference in COP when using R32 and R410a. Thus, for the heat pump
under study, refrigerant R410a is considered.

The COP of the air source heat pump under study with EVI operation
and the COP of air source heat pumps in [34], to deliver water at 55 °C
at various outdoor temperatures is shown in Fig. 10.

It is observed that the COP obtained from the heat pump model in
the current study is well in agreement with the data available in [34].
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Fig. 11. Performance of the air source heat pump at an outdoor ambient
temperature of —5 °C.

4.2. Performance of the air source heat pump under study

The heat delivering capacity of the air source heat pump under
study, at an outdoor ambient temperature of —5 °C, is shown in Fig. 11.
It is observed that as the water supply temperature increases, the heat
delivered and the COP reduces. When the water supply temperature
reaches the value of 46 °C, there is an increase in the heat delivering
capacity and the COP value increases to 2.7. The reason for this is
that to supply higher water temperatures at low outdoor temperatures,
the heat pump must operate with vapour injection, as indicated in the
operating envelope in Fig. 7. As a result, the performance of the heat
pump improved. In addition, it is interesting to note that the minimum
value of heat delivered is higher in comparison to the heat-delivering
capability at low water supply temperatures.

The result on the minimum heat-delivering capability becomes im-
portant in flexibility studies. For instance, if the required heat is lower
than the minimum heat provided by the heat pump, it leads to an on-off
operation, like fixed-speed heat pumps even for a variable-speed heat
pump.

4.3. Case 1: Reduction of indoor temperature from 20 ° C to 15 °C in the
entire house.

With the objective of supporting the power system under severe
power deficit conditions, the indoor temperature is allowed to reduce
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until 15 °C, in the house under study. This case is chosen based on the
lowest acceptable thermal threshold stated in the interviews.

During normal conditions, when the indoor temperature is main-
tained at 20 °C throughout the house, it is observed that around 6 kW
of heat is required. The corresponding electric power consumption is
around 2.3 kW and the required water supply temperature is around
46 °C. This can be observed in Fig. 12(a), Fig. 12(b), Fig. 12(c) and
Fig. 12(d), respectively. The corresponding COP and the speed of the
heat pump are shown in Fig. 12(e).

When supporting the power system by reducing the indoor temper-
ature to 15 °C, it is noticed that there is a period without electric power
consumption for almost 8 h. Here, a flexibility of 100% is offered for a
duration of 8 h.

Later, when the heating is again started to maintain the indoor
temperature at 15 °C, it is observed that the heat pump turns on and off
like a traditional fixed speed heat pump. This is due to the operational
limitations of the heat pump. Observing Fig. 7, it is observed that the
minimum speed of the heat pump corresponding to an evaporating
temperature of —13 °C (the outdoor ambient temperature is —5 °C,
considering 8 °C drop between the evaporator and the source, results in
an evaporating temperature of —13 °C) and the condensing temperature
varying between 33 °C and 36 °C is 1800 RPM. The heat delivered
by the heat pump at this speed is greater than the desired value, and
hence the heat pump behaves like a fixed-speed heat pump for some
time. Here, the average consumption of electric power is 1.0 kW and
the corresponding flexibility is reduced from 100% to 57% to maintain
the indoor temperature at 15 °C.

During the recovery of indoor temperature in all rooms, it is ob-
served that as the heating demand in the rooms increases, additional
electric heating is used, as seen in Figs. 12(b) and 12(c). Consequently,
the electric power consumption also increases and then gradually de-
creases as the target indoor temperature is achieved. In this case, the
peak electric power consumption of 6 kW lasts for a duration of about
8.4 h.

It is interesting to observe that the flexibility of 100% can be
offered for 8 h, with the consequence that the indoor temperature drops
to 15 °C. Later, the flexibility offered gradually reduces to 57% to
maintain the indoor temperature at 15 °C.

4.4. Case 2: Maintaining a warmer living room and turning off the heating
in all the other rooms under study

To support the grid during severe power deficit conditions, the space
heating to all the rooms except for the living room is turned off, based
on the interview results. In this case, the objective is to provide heating
only to the living room to maintain its temperature at 20 °C.

In Fig. 13(b) during normal operating conditions, it is observed
that the heating demand is highest in the living room, followed by
Bedroom 1, Laundry and bathroom, Bedroom 3 and Bedroom 2. It can
be inferred that the higher the heated floor area, the greater the heating
demand. However, although the area of Bedroom 2 and Bedroom 3 is
the same, the heating demand is slightly lower in Bedroom 2. This is
because Bedroom 2 is better insulated as its external wall area is lower
compared to Bedroom 3.

During the flexibility period, when the heating is turned off in all
rooms except the living room, the heating demand in the living room
is observed to gradually increase to maintain the temperature at 20 °C.
This is due to the drop in indoor temperature in the other rooms. As
Bedroom 2 is better insulated, it takes longer for the temperature to
drop compared to the other rooms.

The electric power consumption reduces to 1.2 kW for a duration
of 6 h, which corresponds to a flexibility of about 48%. This value
gradually reduces to about 39% due to the increase in heating demand,
as the temperature is reduced in the other rooms. The average con-
sumption of electric power during the flexibility period is 1.28 kW,
which corresponds to a flexibility of 44%.
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During the recovery period, the peak electric power consumption of
6 kW occurs for a duration of about 4.3 h and gradually reduces as the
target indoor temperatures are achieved.

In this case, a flexibility of 44% is provided during the flexibility
period.

4.5. Case 3: Reduction of the temperature in bedroom 2 from 20 ° C to
17.5 °C and in the other rooms, the minimum acceptable temperature is set
to 10 °C

The indoor temperature of Bedroom 2 is reduced to 17.5 °C from
20 °C and in all other rooms the objective is to maintain a minimum
indoor temperature of 10 °C, to support the power grid with severe
power deficit conditions.

Fig. 14 shows the indoor temperatures, the heating demand in dif-
ferent rooms of the house, followed by the electric power consumption.

During the flexibility period, it is observed that in rooms other than
Bedroom 2, the indoor temperature is not maintained at a minimum
value of 10 °C. This is because the minimum value of the heat delivered
by the heat pump to maintain the indoor temperature at 17.5 °C in
Bedroom 2 is much higher than the desired value (between 0.25 kW
and 0.4 kW). Hence, excess heat is instead delivered to other rooms to
prevent the heat pump from cycling. Thus, the indoor temperatures in
the other rooms are well above the value of 10 °C.

In Fig. 14(c) it is observed that there is a period without electric
power consumption for five hours. Thus, a flexibility of 100% can be
provided for five hours. Later, the flexibility reduces to 57%, as heating
is required to maintain the indoor temperature of Bedroom 2 at 17.5 °C.

During the recovery of indoor temperatures to 20 °C, it is observed
that the peak electric power consumption of 6 kW lasts for a duration
of 7.74 h.

In this case, a flexibility of 100% can be offered for 5 h. After 5 h,
the flexibility offered is reduced to 57%.

4.6. Case 4: Summary of results from uniform heating of the entire house
versus heating a well-insulated smallest room versus heating a larger room,
to various temperatures ranging between 19 ° C and 15 °C

The main objective of this article is to investigate and quantify
the flexibility provided by a house equipped with a heat pump by
maintaining different temperatures in various rooms of the house.
Hence, flexibility is quantified by comparing three scenarios: uniformly
heating the entire house to the same temperature, heating a well-
insulated smallest room, and heating a larger room to various temper-
atures ranging between 19 °C and 15 °C, during the time of resiliency
activation.

The consolidated results of flexibility offered in the above cases
by reducing the indoor temperatures from 20 ° C and keeping them
between 19 °C and 15 °C is shown in Fig. 15. Fig. 15(a) shows
the duration for which a flexibility of 100% can be provided, or, in
other words, the duration without any electric power consumption
due to thermal inertia of the house. As anticipated, the greater the
thermal compromise, the longer the duration for which 100% flexibility
can be provided. It is observed that by only heating a well-insulated
small room, 100% flexibility can be provided for a longer duration
compared to the other two cases. Furthermore, a flexibility of 100%
can be provided for a similar duration while maintaining better thermal
comfort in the well-insulated small room compared to the other two
cases.

For example, a flexibility of 100% is provided for 5 h, with the
consequence that the thermal comfort in all rooms of the house drop to
about 16 °C, at an outdoor temperature of —5 °C. The same flexibility
is provided by heating only a smaller area such as the better insulated
Bedroom 2, which is 8% of the total floor area, to 17.5 °C, while
ensuring that the temperatures in the other rooms do not fall below
14 °C as seen in Fig. 14.
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After some hours (as presented in Fig. 15(a)) the flexibility reduces
from 100%, as the indoor temperatures is to be maintained at specified
minimum values. The change in flexibility from 100% to various values
in different cases is shown in Fig. 15(b). Here, it is observed that the
flexibility level looks the same for different temperature reductions in
the smallest room, which is Bedroom 2. This is because the minimum
value of the heat delivered by the heat pump is much higher than the
desired heating requirements in Bedroom 2, as seen in Section 4.5.
As a result, excess heat is delivered to other rooms. Consequently, the
flexibility levels (electric power reduction) looks the same for various
degrees of thermal compromise in Bedroom 2. For the other cases, it is
inferred that the greater the degree of thermal compromise, the greater
the flexibility provided.

Individual’s preference or acceptance of personal comfort has a
great impact on the flexibility provision from the house. The advantage
of such a flexible resource is that the aggregated flexibility of multiple
houses can be reshaped to a desired profile at the system level.

4.7. Validation of the building’s thermal model

Based on the building parameters described in Section 3.2, the
overall heat transfer coefficient (thermal resistances to outdoor tem-
perature) of the house, including infiltration losses and heat recovery,
is calculated to be 239.23 (% )
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Using the overall heat transfer coefficient, the heat required to
maintain an indoor temperature of 20 °C at an outdoor ambient tem-
perature of —5 ° C is estimated to be 5.98 kW. Here, the proportion
of heat losses due to mechanical ventilation including heat recovery in
each room can be calculated using (10), by neglecting infiltration. This
is estimated to be 537 W, which is about 9% of the total heat demand
in the house.

When 20 °C is maintained throughout the house, there is no heat
transfer between adjacent rooms. Thus, the heat requirement in each
room can be estimated by calculating the heat transfer coefficient of
each room with respect to the outdoor temperature. For each room this
can be calculated by determining the thermal equivalent of the parallel
combination of (RUenrilation,infiltration) with (Rair,ext + Rext + Rext air,in)‘
These values are estimated to be 1.02 kW, 0.42 kW and 0.65 kW
for Bedroom-1, Bedroom-2, and Bedroom-3, respectively. Furthermore,
for the living room followed by the laundry and bathroom, the heat
requirements are estimated to be 3.23 kW and 0.67 kW, respectively.
The total heat requirement in the house under study would be the
summation of the heat requirement in each room and is estimated to
be 5.99 kW. The total heat requirement and the heat requirement in
each room to maintain 20 °C at an outdoor ambient temperature of
—5 °C are well matched with the values obtained in the above three
case studies, as seen in Figs. 12(b), 13(b) and 14(b). Thus, the thermal
model of the house works as desired.

4.8. Simulation set up, solver specification and performance parameters

The developed model was simulated in MATLAB Simulink using an
automatic solver and a 30-second time step. The computation time for
each simulation is 39.3 s. The computer used for simulation is equipped
with 64 GB RAM, Intel® Core™ i9-10900 CPU @ 2.80 GHz, 10 cores.

5. Conclusion

This article demonstrated the ability of single-family houses
equipped with heat pumps to be used as flexible resources to support
the power system in situations of severe power shortages.

In order to investigate the flexibility potential of maintaining dif-
ferent temperatures in various rooms of a house, a detailed model of
a multi-room Swedish single-family house equipped with a variable-
speed heat pump was developed. The model also includes the space
heating controller to control the temperatures in different rooms of a
house.

An initial indoor temperature of 20 °C is considered for the analysis
in all rooms and an outdoor ambient temperature of —5 °C. In this
study, flexibility is defined as a reduction in the electric power con-
sumption of a heat pump, relative to the electric power consumption
while maintaining 20 °C in a house.

A flexibility of 100% is provided for 5 h, when all rooms reduce
thermal comfort equally to about 16 °C, at an outdoor temperature
of —5 °C. The same flexibility can also be provided by heating only
a smaller area, such as a better insulated bedroom, which is 8% of
the total floor area, to 17.5 °C, while ensuring that the temperatures
in the other rooms do not fall below 10 °C. After the first five hours,
the flexibility decreases from 100% to 47% and 57%, respectively, in
the above cases, for as long as the flexibility required. The impact of
offering various levels of flexibility in relation to thermal comfort is
demonstrated and quantified in this article.
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