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Abstract

To reinforce resilience in power systems during severe power shortage condi-
tions, the flexibility of heat pump-equipped heating systems in single-family
houses is quantified. To quantify this potential, physics-based models involv-
ing a heat pump with space and water heating systems are developed.

The Swedish power system with a maximum consumption of 20-25 GW is
used as a reference case. Houses built after the 1960s in southern Sweden,
representing 54% of the total single-family houses, are considered. The flexi-
bility levels found range between 2.1 and 0.5 GW, for outdoor temperatures
varying between -10°C and 10°C, respectively. These estimates are indepen-
dent of the degree of thermal compromise. However, the duration for which
the above flexibility can be provided is dependent on the degree of thermal
compromise. An example result shows that the power system could be re-
lieved of 2.1 GW for 5 hours and 0.8 GW as long as flexibility is required,
at -10°C outside temperature, with the consequence that indoor and water
temperatures reduce to 15°C and 44°C, from 20°C and 55°C, respectively.

A modified Nordic-32 bus system with a high share of renewable power
installations is proposed. Here, the role of flexibility in limiting the instan-
taneous frequency deviation during the loss of a major generation is demon-
strated.

Thus, the flexibility of heating systems from a group of houses has the
potential to reinforce resilience in a large-scale power grid from seconds to
several hours.

The rebound effect of using flexibility has large negative cold load pick-up
effects while restoring indoor temperatures to normal conditions. Hence, an
adaptive heat pump controller design is proposed to limit this effect. At -
5°C outdoor temperature, approximately 1.9 GW is found to maintain indoor
temperatures at 20°C, in 44% of the houses. The power system could be
relieved of 1.9 GW for 7 hours and 650 MW for the next 10 hours, with



the consequence that the indoor temperatures drop to 15°C. During indoor
temperature recovery to 20°C, over 20 hours using the proposed controller,
the peak rebound power was found to be limited to 2.6 GW compared to 3.9
GW using the standard controller.

Keywords: heat pumps, flexibility, space heating, water heating, multi-
room house, rebound power, cold load pick-up effects
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CHAPTER 1

Introduction

1.1 Background

In order to reduce greenhouse gas emissions, conventional fossil fuel-based
power plants are today being replaced by renewable power plants. In addition,
electricity demand is increasing due to the electrification of the industrial and
transportation sectors. Hence, to meet this growing demand for clean energy,
the share of renewable power installations is continuously increasing. Conse-
quently, a future renewable-dominated power system would mainly consist of
hydro, wind, and solar power installations. And, with hydro being a limited
resource, the share of non-dispatchable production originally from wind and
solar power will be increasing.

Currently, the power system is being digitalised. Although digitalisation of
the power system has significant advantages, it also increases the risk of cyber
attacks. Furthermore, since solar and wind power plants will most likely dom-
inate the power system, the variability and uncertainty in electricity supply
will increase. Even in areas with geographical possibilities, the amount of con-
trollable power from hydroelectric power plants may be limited by operational
constraints [1]. Consequently, threats to the power system are increasing, as
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envisioned by the International Energy Agency [2].

In northern European countries, winter represents a critical period for the
power system as it is sometimes operated 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 [3]. During such a scenario, the lack of preparedness
for a major power crisis can lead to blackouts, an example being the Texas
power outage in 2021 [4].

To prevent the collapse of the power system during such power deficit situ-
ations, the available electric power could have to be rationed in Sweden [5]. In
such a scenario, identifying the loads with the highest electric power consump-
tion, as well as the loads that could contribute to resilience, would be a key
knowledge for the network operators to take appropriate actions to manage
such dramatic power-deficit situations.

In Sweden, the residential and service sector accounts for the highest total
energy use and electric energy consumption [6]. In the residential sector, the
total consumption of electric energy in single-family houses is approximately
4.5 times higher compared to multifamily buildings [7]. Approximately 1.3
million out of 2 million single-family houses use electricity for heating [8] and
the majority of them are equipped with heat pumps [9]. In these houses, about
50% of the total electricity use is attributed to space heating and water heating
[10]. In addition, energy efficiency measures are an important ongoing process
with a significant impact on the power system. Hence, traditional fixed speed
heat pumps are being replaced with new variable speed heat pumps, which
have high controllability. Thus, a group of single-family houses equipped
with variable speed heat pumps could serve as valuable flexible resources to
reduce the electric power consumption during severe power deficit conditions.
The consequence of this action is a drop in thermal comfort. Of course, this
resource could also be used for traditional demand-side management.

However, using the flexibility of heating systems equipped with heat pumps
to support the grid in severe power deficit conditions will have rebound effects
[11], while restoring thermal comfort. Reference [12] confirms that participa-
tion of thermostatically controlled loads (TCL) in dynamic pricing schemes
leads to cold load pickup effects (CLPU). These effects are typically witnessed
during network restoration after extended periods of outages. CLPU is a phe-
nomenon where loads, typically related to heating, need to consume a power
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higher than the steady-state consumption level [13]. Thus, heat pumps after
providing flexibility during thermal comfort restoration have significant CLPU
effects.

This means that quantifying this flexibility potential with associated re-
bound effects, during various operating conditions, would be a very valuable
information for network operators to make informed decisions during severe
power deficit conditions.

Heating system equipped with heat pumps in single-family houses

In Swedish single-family houses, the heat pump typically provides both space
and water heating. The representation of this heating system is shown in
Figure |L.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 built in the heat pump. In addition, for water
heating, additional heating is sometimes provided by the electric heater inside
the water tank.

1.2 Aim

With this background, the main aim of this thesis is to quantify the load re-
duction potential when using the flexibility of space and water heating systems
equipped with variable speed heat pumps, under various operating conditions.
Secondly, the aim is to reduce the rebound effects of using the flexibility of
heating systems equipped with heat pumps while restoring thermal comfort.
Thirdly, to quantify the thermal comfort impact in relation to the electric
power savings.

1.3 Previous work

To address the stated goals, in this section, a brief review of previous work is
presented.
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Figure 1.1: Heating system in typical Swedish single-family houses.
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Modelling of heat pumps in flexibility studies

A review of the modelling of heat pumps is undertaken in flexibility studies.
Typically, the coeflicient of performance (COP) is a key parameter used in
the literature to estimate the electric power consumption of heat pumps.

The frequency reserve services offered by variable speed hydroni(ﬂ heat
pumps in commercial buildings are investigated in [14]. [15] involves experi-
mental study of demand response from electric and heat pump water heaters.
In articles [14], |15], it is assumed that COP is a constant value. Consequently,
the flexibility potential cannot be adequately estimated as the COP changes
under different operating conditions.

The coordination of small- and large-scale variable speed heat pumps to
provide primary frequency support is dealt with in [16]. Furthermore, the dy-
namic frequency response of domestic fixed speed heat pumps, dedicated for
space heating, is studied in [17]. In [16], |[17], the on-off operation of the heat
pumps is considered and the electric power consumption of the heat pumps
is constant. Consequently, the flexibility potential cannot be adequately esti-
mated as electric power consumption changes under different operating con-
ditions.

[18] deals with demand response by aggregating fixed speed domestic hy-
dronic heat pumps. Here, COP is modelled based on the operation data. [19)
assess domestic fixed speed air source heat pumps as flexible loads, considering
a buffer tank in addition to a domestic hot water tank. [20] involves quantify-
ing flexibility in residential buildings, equipped with heat pumps, considering
significant wind penetration. In articles [19], [20], explicit mathematical mod-
els of COP or the heat pump to estimate the electricity consumption under
various operating conditions are missing.

To provide demand response, the optimal control of solar photovoltaic, fixed
speed air source heat pumps, thermal energy storage, and electric vehicles
in residential buildings, is dealt with in [21]. [22] deals with the flexibility
assessment of a residential heat pump pool with air and ground source heat
pumps. Separate tanks and separate heat pumps are used for space and water
heating in [22] and [21], respectively. Here, COP of heat pumps is obtained
using an empirical formula based on the source and sink temperatures of heat
pumps. The space and water heating setups do not represent the typical setup
in Swedish single-family houses, where a single heat pump is used for both

lwater based heating
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space and water heating, with no storage tank for space heating.

[23] deals with the participation of variable speed heat pump systems and
electric vehicles, to provide flexibility in the electricity markets. In [23], the
COP model is a function of outdoor and indoor temperatures. [24] deals with
demand response from air to water heat pumps and electric vehicles, with
the heat pumps exclusively dedicated to water heating. Here, the COP of
the heat pump is obtained from an empirical formula involving atmospheric
temperature. In articles [23], [24], the empirical expressions that are used to
model COP are system-specific.

[25] deals with primary frequency control in a microgrid using air condition-
ers, electric water heaters, and ground source heat pumps, dedicated solely for
space heating. Here, COP is obtained by empirical fitting. [26] and [27] deals
with the use of a pool of domestic variable speed air to water heat pumps to
reduce peak electricity use. Here, COPs are modelled based on performance
maps provided by the manufacturer in one case and an empirical formula in-
volving outdoor ambient air temperature and supply water temperature in a
latter case. In articles [25]—[27], the empirical expressions that are used to
model COP are system-specific.

[28] deals with the improvement of energy flexibility in residential build-
ings using variable speed air source heat pumps, typically used in Swedish
single-family houses. Here, COP is modelled as a black box based on the
experimental results and performance maps of heat pumps. Articles [29],[30]
deal with grid frequency regulation through a variable speed heat pump. Here,
the actual performance of the heat pump is taken into account by considering
different operating conditions. The COP model is data-driven (based on out-
door ambient temperature and the water supply temperature in the former
and based on the evaporator and condenser temperature in the latter case)
and the values of coefficients in the regression equation are not mentioned. In
articles [28]—[30], the empirical expressions that are used to model COP are
system-specific and data demanding.

Thus, in the articles [14]—[20], the mathematical models for the estimation
of COP are not discussed. Moving to [21]-[30], empirical expressions are used
to estimate the COP. These models are system-specific, data-demanding, and
therefore cannot be used for any heat pump.

In summary, lacking in the scientific literature, has been an effort to con-
struct a reproducible and adaptable physics-based model of a heat pump con-



1.3 Previous work

sidering operational limitations, to estimate the consumption of electric power
under various conditions. In addition, the COP depends on the water supply
temperature. Estimates of these water supply temperatures for space and
water heating to satisfy various heating requirements are missing in the liter-
ature. In recent years, heat pump operation at low source temperatures has
developed and performance has improved using enhanced vapour injection
technology [31] and this is not explicitly considered in the above literature.
Finally, all of the above studies focus on supporting the power system dur-
ing normal conditions and not during emergency periods with severe power
shortages.

The summary of heat pump modelling in flexibility studies is shown in Table

LT

Table 1.1: Summary of modelling heat pumps in flexibility studies.

Reference Heat pump type COP
[14] X Constant
[15] X Constant
|16] X X
|17] X X
[18] Air source Empirical (Explicit model missing)
[19] Air source X
[20] X around 3,5
[21] Air source Empirical
[22] Air source/ Ground source Empirical
[23] X Empirical
[24] Air source Empirical
[25] Ground source Empirical
[26] Air source Empirical
[27] Air source Empirical
[28] Air source Empirical
[29] Air source Empirical
[30] Air source Empirical




Chapter 1 Introduction

Modelling of domestic hot water tank

The domestic hot water tanks in Swedish single-family houses are heated by
passing hot water through a coil placed inside the tank, as seen in Figure
[[I] The water in the tank is stratified, which means that the layer of water
with the highest temperature occupies the highest position, followed by other
layers with temperatures in descending order. Stratification plays a key role
in flexibility studies, as the control action for heating will be based on the
location of the temperature sensor.

[32] deals with the use of residential water heaters for flexibility services.
However, the models of the tank and the heat pump are not in detail. In
addition, the heat pump used is of the fixed speed type and not a variable
speed heat pump.

To obtain demand response from residential electric water heaters, a physics-
based model of an electrically heated domestic hot water tank with stratifica-
tion is modelled in detail in [33]. Reproducing this model provided a higher
water temperature in the bottom portion of the tank compared to the top
portion, which is physically not realisable.

[34] deals with the grey box modelling of an electrically heated domestic
hot water tank considering stratification. Black and grey box models are
system specific and would be challenging to adapt the model if parameters
change. Furthermore, such models are data demanding, and having specific
experimental data is crucial.

Thus, missing in the scientific literature related to flexibility studies [14]-
[30], [32]—[34] with [26] as an exception, is a physics-based model of a domes-
tic hot water tank with stratification, which is heated by passing hot water
through a coil placed in the tank.

Modelling multi-room house equipped with a heat pump

A literature review dealing with thermal modelling of multi-room buildings
equipped with heat pumps is undertaken. This is to investigate and quantify
the flexibility potential considering different indoor temperatures in various
rooms of a house.

Article [35] deals with the modelling of a heat pump and a physics-based
multi-zone model of a building to generate the profiles of electric power con-
sumption by heat pumps. In [35], heat pumps are of the traditional fixed
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speed type, while today, as mentioned earlier, variable speed heat pumps
are becoming dominant. Reference [36] 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, non-hydronic
heating systems are used, as opposed to water-based heating systems which
are typical in Sweden.

Reference [37] involves modelling and temperature control in multiple rooms
according to occupancy, to optimise the electric power consumption of a heat
pump. Article [38] also deals with unlocking the flexibility potential based
on occupancy, by accounting 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 [39]. 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 [40]. In the above articles, a buffer tank
is used in space heating, which is typically absent in Swedish single-family
houses. Furthermore, in these studies, a detailed model of a heat pump is
missing.

Reference [41] 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 [42] and [43] deal with
the operational optimisation of the heat pump, battery, and rooftop solar to
reduce peak electricity demand and operational costs, while ensuring thermal
comfort in different rooms of a building, respectively. Reference [44] presents
a multi-zone 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. Article
[45] 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 despite the
fact that the electric power consumption by heat pumps at various operating
conditions had a significant role in the respective studies.

In the above articles [35]-[45], the thermal models of multi-room houses are
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not fully transparent and reproducible. For example, in article [41], the ther-
mal model of the house is not described in detail. In references [39], [45] the
values of the thermal mass associated with the different components of the
building are missing. Articles [36]—38], [43], [44] use grey box modelling to
identify building parameters. Furthermore, the heat pump models incorpo-
rated in these studies [35]-[45] 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 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.

The summary of modelling a multi-room house equipped with a heat pump
in the above literature is shown in Table [.2l

Table 1.2: Summary of modelling a multi-room house
equipped with a heat pump.

Reference  Thermal model of building Heat pump model
[35) 2R3C model-floor, walls and roof Empirical
[36] Grey box X
137] Grey box X
138 Grey box X
30  IDA ICE X
[40] TRANSYS Empirical
[41] Carnot tool box Empirical
[42] Grey box X
[43] Grey box X
[44] Grey box X
[45] Each zone- 3R1C model X

Reducing the rebound effect of using the flexibility

Heat pump systems after providing flexibility during the indoor temperature
restoration have significant CLPU effects. With this background, previous

10
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work on CLPU effects is presented.

There are several valuable articles dealing with the characterisation of the
CLPU phenomenon to make informed decisions while restoring distribution
feeders after power outages. For example, article [46] presents a method for
evaluating the CLPU effects of heat pumps using multi-state models. Refer-
ence [47] proposes a data-driven approach to estimate CLPU demand at the
feeder level as well as at the customer level. A computationally efficient ana-
lytical method to quantify the CLPU demand is proposed in [48]. A general
load modelling expression to estimate the CLPU demand is presented in [49].
Article [50] demonstrates the consistency of different mathematical models
used to study CLPU effects, through simulations.

There are also beneficial articles on the restoration of load in distribution
systems, involving CLPU loads. For example, reference [51] deals with time-
dependent CLPU effects, by accounting for the operating state evolution of
TCLs. Article [52] deals with minimising the total restoration time, taking
into account the loading limits of the transformer and the CLPU effects. The
significance of including CLPU effects in load restoration actions, leading to
improved reliability of the distribution system, is demonstrated in [53]. Article
[54] proposes a stochastic decision-dependent service restoration, accounting
for the relationship between the duration of the outage and the CLPU effect.
A new variant of the typical CLPU model is proposed in [55]. A multiobjective
algorithm including CLPU effects is presented in [56]. In [57], a data-driven
approach for load restoration is proposed for a system involving distributed
energy resources and CLPU loads. Reference [58] deals with the resilience-
driven restoration scheme using an improved situational awareness tool. This
tool, among many other aspects, includes the estimation of CLPU demand.

In the articles dealt with in [46]—[58], exponential, delayed-exponential and
time-dependent models are used to represent CLPU effects. These models are
based on the fact that fixed speed heat pumps or the on-off type of TCLs is
accounted for, as the CLPU effect is a consequence of losing the load diversity
among TCLs. Today, modern variable speed heat pumps dominate new instal-
lations strongly and will soon dominate accumulated installations. Thus, the
rebound effect following a power system support event using variable speed
heat pumps is yet to be investigated.

Furthermore, in the literature, the focus is mainly on staggered load restora-
tion involving loads with CLPU characteristics, in a distribution network after

11
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power outages. Additionally, the thermal dynamics involving the heat pump
and indoor temperature is rarely addressed in the literature except in [46].
In [46] although the dynamics of indoor temperature is taken into account,
the heat pump model is of fixed speed type and the heat pump model is not
discussed in detail. Consequently, a proposal for a controller to limit rebound
power at the component level of a heat pump, considering the dynamics of
indoor temperature, is missing in the literature today and forms an important
research gap to fill.
The summary of literature review on CLPU effects is shown in Table

12
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Table 1.3: Summary of literature review on CLPU effects.

Limiting rebound

Reference Staggered. load  Indoor temperature TCL .Ino'del Type of offect at a
restoration dynamics description TCL
component level
[46] - v X Heat pump X
[47] - X X X X
[48] - v X Electric heating X
[49] - X X X X
[50] - v X Air conditioner X
[51] v 4 X X X
[52] v X X X X
[53] v v X Air conditioner X
[54] v X X X X
[55] v X X X X
[56] v X X X X
[57] v X X X X
[58] 4 X X X X
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1.4 Identified research gaps

The following are the research gaps identified based on the review of previous
work undertaken in section

L

II.

ITI.

Iv.

VI

VIL

The scientific literature is missing 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.

Studies rarely reflect the typical setup in Swedish single-family houses,
where a heat pump is used for both space heating and water heating
without a storage tank for space heating.

Methods for estimating water supply temperatures for space and water
heating are largely missing. Article [22] is an exception, which presents
empirical models for only space heating. However, the corresponding
information on indoor temperature is missing.

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

A detailed model of a multi-room house equipped with a variable speed
heat pump is missing.

The rebound effect following a power system support event involving
variable speed heat pumps remains an open research area. Furthermore,
the literature lacks control strategies on a component-level, to limit this
effect.

1.5 Contributions

The following are the contributions of this thesis :

L

14

A reproducible and adaptable physics-based model of a variable speed
heat pump is developed, and its performance is demonstrated under
various operating conditions. [see Chapter |5} based on articles I and III]
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II

I11.

IV.

VL

VIL

A variable speed heat pump with vapour injection is modelled, and
its performance is presented under various operating conditions. [see
Chapter @ based on article IV]

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. The effect of setting this priority
on the indoor temperature is also demonstrated. [see Chapter |§| , based
on articles IT and IV]

Controllers for space and water heating systems involving dynamic esti-
mation of the water supply temperatures are proposed to meet different
heating requirements under various operating conditions. [see Chapters
and [6] based on articles I, III and IV]

A physics-based model of a domestic hot water tank with thermal strat-
ification is developed, where the heating is performed by passing hot
water through the coil placed in the tank. In addition, the significance
of using this stratified model in flexibility studies is demonstrated. [see
Chapter @ based on articles IT and IV]

A detailed model of a multi-room house equipped with a variable speed
heat pump is developed. The model also includes a controller to control
the indoor temperatures in different rooms of a house. The ability of
the model to maintain different temperatures in various rooms is demon-
strated. [see Chapter [7| based on article V]

A new heat pump control strategy is proposed to limit the rebound effect
associated with using flexibility and its advantage over the standard
controller is demonstrated. [see Chapter [8] based on article VI]
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CHAPTER 2

Theories and key concepts

This chapter provides an overview of the basic concepts of heat pumps.

2.1 Introduction

Heat pumps are widely adopted for space heating, space cooling, and water
heating applications due to an increasing emphasis on decarbonisation and
energy efficiency.

The main components of a heat pump are an evaporator, a compressor, a
condenser, and an expansion valve. This is shown in Figure [2.1

The operation of a heat pump is based on the vapour compression heat
pump cycle. In this cycle, the refrigerant in the evaporator absorbs heat from
a low temperature source such as outdoor air, ground, or exhaust air. This is
followed by the compressor compressing the refrigerant to a high temperature
and a high pressure, using electric power. Later, the refrigerant releases heat in
the condenser. Finally, the refrigerant undergoes expansion in the expansion
valve and the cycle repeats.

A comprehensive analysis of the vapour compression heat pump cycle is
presented in the following section.

17
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Condenser
[ —— |
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X xpansion Compressor
valve
Evaporator

—1 |

Figure 2.1: Main components in a heat pump.

2.2 Vapour compression heat pump cycle

In the analysis of the vapour compression heat pump cycle, the properties of
the specific internal energy (u), pressure (P) and specific volume (v) of the
refrigerant are significant. In this regard, these properties are combined from
a simplification point of view as follows.

h=u+P-v (2.1)

This property is termed specific enthalpy (k) and has the unit in (i—;)

Pressure-enthalpy diagram

The pressure-enthalpy (P —h) diagram plays an important role in understand-
ing and analysing the vapour compression heat pump cycle. The refrigerant
‘R134a’ is taken as an example and its P — h diagram is shown in Figure

The vapour dome indicated by the black outline filled with green lines rep-
resents the region in which the refrigerant exists as a mixture of vapour and
liquid. The black line on the left-hand side of the vapour dome represents

18
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saturated liquid and that on the right-hand side represents saturated vapour.
The region towards the left and right of the vapour dome indicates the liquid
and vapour states of the refrigerant, respectively. The green lines represent
quality, indicating the percentage of vapour present in the liquid-vapour mix-
ture. The temperature of the refrigerant is indicated by the blue lines. It is
observed that both temperature and pressure are constant inside the vapour
dome.

3 MPa
| MPa
o f :
2 E ; :
3 : : /
& ' i :
200 kPa / / / f
. -/ 20 j f
7 7 7 7 7 7 7
10% 20% 30% 40% 50% 60% 70% 80%
100 kPa : / / / : / :
0 100 E 200 250 350
Enthal, (_K)
nthalpy kg

Figure 2.2: Pressure enthalpy diagram of refrigerant R134a .

In addition to enthalpy, another thermodynamic property of interest in
entropy. It indicates the measure of disorderly behaviour of a substance during
different states or the kinetic energy lost or the energy unavailable to do useful
work (lﬁ—;) In Figure the entropy is represented by the aqua lines.

Given two properties such as pressure and temperature for a refrigerant

19



Chapter 2 Theories and key concepts

outside the vapour dome, other properties can be estimated. These properties

are tabulated for different refrigerants at various states, and these tables are
known as thermodynamic tables.

Thermodynamic analysis of the components in a heat pump

The vapour compression heat pump cycle is shown in Figure The subse-

quent explanation will be based on this figure and 7 corresponds to the mass
flow rate.

To Water
Sub Heat out
A cooling De-sqper
> fe heatlng,

>
Expansion e Isentropic

% valve compression

% ~—Work done by

o the compressor

~

4 1s
‘ Evaporator | ~ Compressor
~
Super heatin;
Heat in p g

in evaporator

A
AL

Outdoor air/ exhaust air/ brine

Enthalpy;

Figure 2.3: Vapour compression heat pump cycle .

e Evaporator: In the evaporator, the refrigerant with low boiling point
absorbs heat from the source in the surrounding medium, until it reaches
the saturated vapour state. This state is represented as ‘ls’ on the
vapour dome. Until this point, the process is isothermal. Practically,
it is challenging to precisely control the state of saturated vapour, and
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hence the refrigerant is slightly superheated. This also ensures that the
refrigerant is completely vaporised.

In the evaporator, there is only heat injection and no work is done.
The state of the refrigerant at the inlet and outlet of the evaporator is
represented by ‘4" and ‘1’, respectively.

Compressor: The superheated refrigerant at the outlet of the evapora-
tor enters the compressor. Here, the refrigerant is compressed to obtain
a high temperature and a high pressure vapour. The compressor per-
forms this operation by consuming electric power. In this stage, there
is only work done and no heat addition. Thus, the process is adiabatic.
The states of the refrigerant at the inlet and outlet of the compressor
are represented by ‘1’ and ‘2’, respectively.

The actual power consumption for this process is indicated by the dot-
ted line connecting states 1 and 2’ as the input electric power should
overcome the mechanical losses, leakage losses, and the motor losses.
The electric power consumed by the compressor is given by

m(hay — hy)

Nisent

Peomp = (2.2)

Here, m;sent represents the overall isentropic efficiency, he and h; rep-
resents the enthalpy of the refrigerant at the outlet and inlet of the

compressor in (%) .

Condenser: High pressure and high temperature refrigerant at the
compressor outlet enter the condenser. In the condenser, the refrigerant
rejects the heat by initially undergoing de-superheating. ‘2s’ represents
the state of a saturated vapour at high pressure and high temperature.
This is followed by heat rejection at constant temperature. This process
occurs when the refrigerant state changes from ‘2s’ to ‘3s’. The state ‘3s’
represents the state of saturated liquid. Furthermore, the refrigerant is
sub-cooled. The condenser does not perform any work and only heat is
rejected. The heat rejected by the condenser is given by

Qout = m(hZ - hB) (23)
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Here, ho and hj3 represent the enthalpy at the inlet and outlet of the
kJ

condenser in Kz
o Expansion valve: The refrigerant enters the expansion valve at state
‘3’ Here, the refrigerant undergoes expansion and enters the evapora-
tor. This process is represented by the line connecting the states 3 and

4. During this process, no heat addition or rejection takes place and no
work is done. This process is adiabatic and isenthalpic i.e., the enthalpy
of the refrigerant remains same at the inlet and outlet of the expan-
sion valve. Again, the refrigerant enters the evaporator and the cycle
continues.

2.3 Vapour compression heat pump cycle with
vapour injection

Enhanced Vapour Injection (EVI) technology in heat pumps has gained at-
tention in recent years, with the objective of improving the performance, es-
pecially in cold climates. Thus, it is important to consider this new feature in
studies related to electric power consumption.

The operation and COP of a heat pump at low source temperatures can be
increased by incorporating vapour injection into the vapour compression heat
pump cycle. This is realised using an economiser, which is a combination
of a heat exchanger and an expansion valve. The representation of vapour
injection with the associated components in a heat pump is shown in Figure
24

The heat pump cycle with vapour injection is similar to the vapour compres-
sion cycle explained in Section with vapour injected at an intermediate
temperature between the evaporator and the condenser.

In a vapour compression heat pump cycle with vapour injection, a part
of the liquefied refrigerant with amount r after sub-cooling in the condenser
flows into the heat exchanger of the economiser. The other part of the refriger-
ant with amount r;,,; initially flows through an expansion valve (undergoing
a reduction in pressure and also temperature) and then enters the heat ex-
changer of the economiser as shown in Figure[2.4] In the heat exchanger of the
economiser, 7 undergoes sub-cooling and the corresponding heat released is
absorbed by 7h;y,;. Subsequently, as 1y, is superheated, it is injected into the
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Figure 2.4: Heat pump with vapour injection technology .
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compressor through an intermediate 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.

Hence, the work performed by the compressor will be higher compared to
the work performed by the compressor in the normal vapour compression
cycle.

2.4 Compressors

The compressor is the heart of a heat pump. The manufacturers provide
operating envelopes, indicating the conditions within which the compressors
can operate safely and performance is guaranteed.

An example operating envelope of a compressor is shown in Figure The
envelope indicates the limitations of the compressor’s operation in terms of
maximum condensing temperature and minimum speed for a given evaporat-
ing temperature. For example, the innermost blue envelope indicates that the
compressor should run at a minimum speed of 900 RPM for a given set of
condenser and evaporator temperatures.

Depending on the speed, there are two types of compressors, fixed speed
and variable speed compressors. In variable speed compressors, the speed is
adjusted to deliver appropriate heat to maintain the temperature set by the
users. However, this is subject to the constraints provided by the operating
envelope of the compressor.

Mass flow rate estimation

The refrigerant mass flow rate <%> is estimated as

. Vdis Ps Ncompnvol
m = —

= (2.4)

Here, Vs is the compressor displacement volume in (;%5), p, is the density
of the refrigerant at suction (%), Neomp is the compressor speed in Hz, and

Mot 18 the volumetric efficiency [62].
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Figure 2.5: An example compressor operating envelope .
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2.5 Performance indicator of heat pumps

Heat delivered
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The performance of a heat pump is indicated in terms of COP. The COP for
any heat pump cycle is given by

(2.5)

The maximum theoretical COP for any heat pump operating between the
source and sink temperatures of T and Ty (both in K), respectively, is for-

(2.6)
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CHAPTER 3

Modelling of heating systems equipped with heat pumps

This chapter describes the mathematical models used to quantify the flexibility
potential of a heating system equipped with a heat pump, typically found in
Swedish single-family houses. It also deals with modelling of a heat pump
controller to limit the rebound effects associated with using flexibility.

3.1 Modelling of heat pumps

The modelling of a heat pump, with and without vapour injection technology,
is dealt with in this section.

The COP of a heat pump at different operating conditions can be estimated
through the analysis of vapour compression heat pump cycle, by using the
thermodynamic tables of refrigerants.

Modelling of heat pumps without vapour injection

The procedure for modelling the heat pump is given below and is based on

Figure [2.3] :

1. The pressure in the evaporator is determined by using information on the
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temperature at which evaporation occurs and the corresponding quality
of saturated vapour.

2. In the evaporator, the increase in refrigerant temperature due to super-
heating is set to 5 K (evaporating temperature + 5 K) as recommended
in Copeland’s application guidelines [63]. The enthalpy ‘h;’ is obtained
using the details of the temperature at which the refrigerant is super-
heated and the pressure in the evaporator. In addition, the entropy and
density of the refrigerant are obtained under the same conditions (state:
1). This is followed by the calculation of the mass flow rate using .

3. As the compression process is assumed to be isentropic, the entropy of
compressed vapour is the same as that of the vapour at the outlet of the
evaporator(state: (1)).

4. The pressure in the condenser is obtained by using information on the
temperature at which condensation occurs and the quality of the satu-
rated liquid.

5. The temperature of the compressed vapour is obtained using the details
of the pressure in the condenser and the entropy of the compressed
vapour.

6. Using the details of the entropy and temperature of the compressed
vapour, the enthalpy ‘ho’ is obtained. The work carried out by the
compressor to perform compression is calculated using .

7. In the condenser, the reduction in refrigerant temperature due to sub-
cooling is set to 5 K (condensing temperature - 5 K), as recommended
in Copeland’s application guidelines [63].

8. The enthalpy ‘h3’ is obtained using the details of the temperature at
which the refrigerant is completely sub-cooled and the pressure in the
condenser .

9. The heat delivered by the condenser and the COP is calculated using

(2.3) and ([2.5)), respectively.

Modelling of heat pumps with vapour injection

The vapour compression heat pump cycle with vapour injection operates at
three pressures corresponding to the pressures of evaporator, vapour injec-
tion, and condenser. The vapour compression heat pump cycle with vapour
injection on a pressure-enthalpy diagram is shown in Figure [3:I] The subse-
quent explanation will be based on figures [2.4]and [3.1] With this background,

28



3.1 Modelling of heat pumps

the procedure used for modelling with appropriate reasoning is listed below

Pressure

Sub cooling in
heat exchanger

Heat delivered by condenser

Sub cooling in

condenser,
T . (2-2)
(3-1) G2 / m R;(z_z).
. ! (2-1)
— : < X 3 Work done by
a-; the compressor
@ 4
4-1) -1 —
|, Temperature difference between T )
the condenser outlet and vapour ».Su.per‘ heating of
injection injection vapour
L» Super heating
Heat absorbed by the evaporator in evaporator
Enthalpy >

Figure 3.1: Vapour compression heat pump cycle with vapour injection \\

1. The enthalpy ‘h;_;’ followed by entropy and density of the refrigerant
are obtained at state 1-1, as described previously. This is followed by
the calculation of mass flow rate using .
2. The temperature of vapour injection line (saturated temperature at an
intermediate pressure) is approximated using the expression

Tinj = 0.8T, + 0.5T,. — 21

(3.1)

The terms T, and T, correspond to evaporator and condenser temper-
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Chapter 8 Modelling of heating systems equipped with heat pumps

10.

11.

30

atures in °F. This is experimentally derived for vapour injection scroll
compressor models by Emerson climate technologies with an accuracy
of £ °5 [61].

From an optimal system performance point of view, a temperature dif-
ference of 5 K is set in the following cases as recommended in Copeland’s
application guidelines [63]:

e Condenser sub-cooling

e The temperature of the sub-cooled liquid at the outlet of economiser’s
heat exchanger (state:(3-1)) and the temperature of vapour injec-
tion line (Tjy;).

e The temperature of vapour injection at the outlet of injection port
(state:5) and the temperature of vapour injection line (Tp;).

. The pressure in the vapour injection line is obtained using the temper-

ature of the vapour injection line (T},;) and the corresponding quality
of the saturated vapour.

The enthalpy ‘hs’ of the superheated vapour to be injected is obtained
using the temperature of injection vapour at the outlet of the injection
port (T;,;+5) and the pressure in the vapour injection line.

The pressure in the condenser is obtained using the details of the tem-
perature in the condenser and the quality of saturated liquid.

The enthalpy ‘hs_»’ at state (3-2), is obtained using the details of the
condenser temperature considering sub-cooling and the pressure in the
condenser.

The enthalpy ‘hs_;1’ at state (3-1) is obtained using the details of the
temperature of the subcooled liquid at the outlet of economiser (T;,,;+5)
and the pressure in the condenser.

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

m(hz—2 — h3—1)
(hs — h3—2)

As the process of compression is isentropic, the entropy of the vapour
from the first compression (state: (2-1)) is the same as that of the vapour
at the outlet of the evaporator (state: (1-1)).

The enthalpy ‘ho_1’ at state (2-1), is obtained using the details of en-
tropy at state (2-1) and the pressure in the vapour injection line.

(3.2)

Minj =



3.2 Thermal modelling of houses

12.

13.

14.

15.

16.

The enthalpy ‘h;_»’ at state (1-2), is obtained by using the energy bal-
ance equation at the vapour injection port of the compressor and is given
by

Minj(h1—2 — hs) = m(ha—1 — h1_2)
mha_1 + Min;hs (3.3)

h _ f—
-2 (e + 1Min;)

The entropy at state (1-2) is obtained using the information of enthalpy
at the same state and pressure corresponding to the vapour injection
line.

The entropy of state (2-2) is equal to the entropy at state (1-2) due to
isentropic compression. The enthalpy at state (2-2) is obtained by using
the details of entropy at the same state and condenser pressure.

The electric power consumed by the compressor is given by

(m(ha—1 — h1-1)) + (11 + 114p;) (ho—g — h1_2))

PCOWL;D - Nisent (34)
The COP of the heat pump is given by
i Nini)(ha_o — ha_
cop — (Tt miing)(ha—s = hs—2)) (35)

Pcomp

3.2 Thermal modelling of houses

The thermal modelling of houses includes the calculation of heat losses due

to infiltration, sanitary ventilation, and the recovery of ventilation heat loss
through a heat recovery unit. In addition, heat input from a specific type of
heat pump is taken into account via heat emitters such as radiators or floor
heaters. Furthermore, heat losses due to conduction based on the construc-

tion materials of a house are also considered. The representation of a house
considered for modelling is shown in Figure [3.2]

e The heat loss due to sanitary ventilation accounting for, heat recovery

from a heat recovery unit and infiltration, Uyent,in i1 in (%) is estimated
as

airC air
Uvent,infil = /)IT% ((1 - nvent)vventAfloor + VinfilAext) (36)
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32

Space heating Ground/Air/

Heated Exhaust-air
fresh air OR Heat
Radiator  Floor pump

Figure 3.2: Representation of a house considered for thermal modelling .

where, pgi- is the density of air in (%) and Cp, qir is the specific heat

capacity of air in (ﬁ), Twent 18 the efficiency of the heat recovery unit,

Vient and Vin gy are ventilation rates for sanitary ventilation and infil-

tration respectively in (ﬁ) Afioor is the heated floor area and Ay
is the external surface area of the building envelope in m?
window and doors). nyent i zero, in the absence of a heat recovery unit.
e The overall heat transfer co-efficient of a house U,yerqn is given by

Uoverall = U’ualueAflooT + Uvent,infil (37)

here U,qiue represents the average heat transfer coefficient of a house’s
envelope per heated floor area, considering all construction materials.

The total thermal resistance Ry erqy is the reciprocal of Uyyerair-

e Based on the time constant 7 in hours and R,yerqn Of a house, the

thermal capacitance, Cyyerqn is obtained as

Coverall = ————3600 (3.8)

overall

o After obtaining Ryperair and Coperair, accounting for the heat from the

heat pump Qpeq: via heat emitters, the thermal model is represented as

a series resistance-capacitance network as shown in Figure [3:3]

(excluding



3.3 Thermal modelling of a multi-room house

Troom  Roverall

Oheat \T/ —— Coverall ——— Tamb

Figure 3.3: Thermal model of a building.

e The outdoor ambient temperature T,,,, is represented as a voltage
source. The voltage across the capacitor represents the indoor tem-
perature Troom. @hrear is modelled as a dependant current source as the
heat requirement changes based on the outdoor ambient temperature
and a set value of indoor temperature.

e Based on the circuit in Figure the indoor temperature is estimated

dTroom 1 T'room(t) - Tamb(t)
= ea t) —
dt Cove'r‘all (Qh t( ) Roverall

as

(3.9)

Thermal modelling of radiators

The thermal output of the radiators is modelled as shown in Figure l66).
The terms Tgyppry and Treryrn Tepresent the temperature of the water sup-
plied and the temperature of the water returned from the radiators, respec-
tively. Qqtq and ATy represent the total heat output of the radiators and
the temperature difference between the radiator and the room under stan-
dard conditions (i.e., at 55°C supply temperature, 45°C return temperature
and 20°C room temperature) respectively. The term ‘n’ refers to the exponent
characteristic of a radiator.

3.3 Thermal modelling of a multi-room house

This section describes the procedure to model a multi-room house. Each com-
ponent of the building (walls, roof and floor) is composed of several materials.
Based on the construction materials of the building, the thermal resistance
and thermal capacitance of the external envelope (external walls and roof), in-
ternal walls and floor are computed. The total thermal resistance and thermal

33



Chapter 8 Modelling of heating systems equipped with heat pumps

T,

return

T,

supply

T room

-7,
return_~ room <0' 7

T supply™ T, room

‘ Yes

TopiT,
Ade =—S"w — Treturn+Tmpply .
ln[w AT, 2 Troom

T, T,

return” £ room |

AT, T
= _—~rad
de Qsta’ I: A Txm:l -~

Figure 3.4: Radiator model.

capacitance of each component are computed as

n ti
fla = ; Gi A,

(3.10)

n
Co=> piCy ti As (3.11)

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 (kgiK .
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 ventilation and infiltration,

including heat recovery, are calculated using (3.6)).
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3.4 Thermal modelling of domestic hot water tank

The thermal mass of the indoor air including the furnishings is computed
as

Cair =ZM (pair Czn eroom) (312)

where, ZM 1is the zone capacity multiplier factor. This accounts for the fur-
nishings contributing to the internal thermal mass. V..o, is the volume of air
in the room in (m3).

Figure [3.5] 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. Thermal resistances (Rgirext, Rewt airin Rtioor airyin,
Rint wall air, in) due to convection and radiation from the surfaces of walls and
floors are also taken into account.

Ventilation and
inflitration losses

Ryentilation, infiltration Indoor air To air node
AN temperature  of the adjacent room

A
1
i
1
i
1

Rint wall air;in Tintl le wall Tint2

| Cintwall ~ Cint w a1[|

External envelope Floor
(walls, windows and roof")

Internal walls

Figure 3.5: Thermal model of one zone in a multi-zone thermal model.

3.4 Thermal modelling of domestic hot water tank

The domestic hot water tank is stratified, which means that the layer of water
with the highest temperature occupies the top position, followed by other
layers with temperatures in descending order. Hot water is drawn from the
top of the tank. As and when hot water is drawn, it is replaced by an equal
amount of cold water from the cold water inlet, typically placed at the bottom
of the tank.
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Chapter 8 Modelling of heating systems equipped with heat pumps

Stratification plays a key role in flexibility studies, as the control action for
heating will be based on the location of the temperature sensor in the tank.

The temperature of water at different positions in a tank is estimated using
a state-space model. From a modelling perspective, it is assumed that the
water tank is divided into ‘N’ equal volumes and will be further referred to
as layers. The temperature is assumed to be uniform within each layer. The
upper layer (warmest) and the lower layer (coldest) of the tank are represented
by ‘1" and ‘N’ respectively. By setting up an energy balance equation for each
layer and solving all the equations simultaneously, the temperature at different
positions in the tank can be estimated. The types of heat transfer in the tank
are as follows [33] [67]:

o Heat transfer due to conduction (Qcond)

+ Heat transfer due to flow/water extraction (Q fow)

o Heat transfer to the ambient environment or the room in which the tank
is placed (Qroom)

o Heat transfer due to inversion mixing (Q;n,). This occurs only when a
lower layer of water is warmer than the layer above it.

o Heat transfer from the heating element (Qpeat)

The equation of heat balance in each layer of the water tank is given by

dTLi

dt :Qcond,Li+Qflow,Li+Q'room7Li+Qinv,Li+Qheat,Li (313)

mr; Cp,water

where mp;, Cpwater and Tp; represent the mass, specific heat capacity, and
temperature of the water in layer ‘i’
The heat transfer due to conduction at layer ‘i’ is given by

Ki(Tr(iv1) — i) ifi=1
Qcond,Li = Ki(TL(i—l) - TLi) ifi=N (314)
Ki (TL(i—i-l) + TL(z’—l) - 2TLZ) otherwise

where K; represents the conductivity coefficient between the layers.
The heat transfer resulting from the flow (during water extraction) in the
layer ‘4’ is given by

77dwater Cp,water (T‘zn - TLi) iti=N
Qflow,Li = .

) (3.15)
Myater Cp water (TL(iJrl) —Tr;) otherwise
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3.4 Thermal modelling of domestic hot water tank

where 7qter is the mass flow rate of the water being extracted and Tj, is
the temperature of the cold water at the inlet of the tank.
The heat transfer due to temperature inversion follows the relation

Qinv,Li = Qinv,gain + Qinv,loss (316)
where Qinv,gain a0d Qinv,10ss are the heat gain and heat loss due to inversion

mixing in each layer.
The heat gain Qinv,gain due to inversion mixing can be determined as

0.5 mr; Cp,water 3
Qimo.gain = {LAt(TL(H-l) —Tri) if Tpipry > Tri

0 for ¢ = N and otherwise

(3.17)

where At is the time interval considered for inversion mixing.
The heat loss Qinv,i0ss due to the inversion mixing is found as
. i Cp water .

OBmLAitp’t(TL(i—l) —Tpi) ifTp—1y <TwLi

Qinv,loss = . . (318)

0 for i = 1 and otherwise

The heat transfer to the ambient environment in which the tank is placed
is given by

Qroom,Li = ULz' (Troom - TLi) (319)

where, Up; represents the heat conduction coefficient of the tank in the layer
" and Toom is the room temperature in which the hot water tank is placed.

Modelling of thermal output by the hot water coil

The heat emitted from the hot water coil is modelled as shown in Figure
The terms Tguppy and Trepurn represent the temperature of the water
supplied and the temperature of the water returned from the hot water coil,
respectively. Tiyater,average Tepresents the average temperature of the water
in the location where the hot water coil is placed. UAyater coit T€presents the
heat transfer coefficient of the hot water coil.
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T,

supply T, return

water,average

_ T, return+T supply T
AT, coil — 2 “Lwater,average

[ Yes No

Qheat,water coil — UAwater coil A Tcail Qheat. water coil :0

Figure 3.6: Model of the hot water coil.

3.5 Standard weather compensated heat pump
controller

The operation of a heat pump is controlled based on the outdoor ambient
temperature. Based on the outdoor temperature, a specific value of the water
supply temperature is chosen. This information is transformed into curves
and is known as heating curves. The control of a heat pump using heating
curves is known as the standard weather-compensated control.

Example heating curves are shown in Figure [68]. This provides infor-
mation on the different water supply temperatures required in houses to meet
the space heating requirements at different outdoor ambient temperatures.

Based on the heating requirements of a house, a specific heating curve is
selected. For example, in Figure assume that the heating curve of 0.8 is
selected, which is indicated by the blue dashed line. This curve will be used
as a reference to obtain the required supply temperatures at different outdoor
ambient temperatures. For example, at an outdoor ambient temperature of
-5°C, a supply temperature of about 46°C is maintained. If additional heating
is required, the heating curve is shifted up, where a higher supply temperature
is selected to deliver a higher heat. This is indicated by the green arrow.
Typically for heat pump systems with radiators in Sweden, the maximum
supply temperature in the radiators is limited to 55°C and this is indicated
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by the solid red line.
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Figure 3.7: Example heating curves .

3.6 Proposed controller design for space heating

A proportional-integral (PI) controller with an anti-wind up and a feed-forward
structure is adopted to control the indoor temperature. The control diagram
is shown in Figure

The transfer function of the thermal model of the house in Figure [3.3] with
the output as Troom and the inputs as Qpeqr and T,,p can be derived as
follows

Applying Kirchhoff’s current law (KCL) to the circuit gives
dTroom Troom (t) - Tamb (t)

t)=C +
Qheat( ) overall dt Rove’rall

(3.20)

Taking the Laplace transform on (3.20]) and rearranging the terms, the transfer
function is obtained as

TT‘OOW(S) Roverall (3 21)
amb (8) :
(Qheat( ) Rouebrall) RO’U&T’allCO’L)erallS +1
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Since the values in the term RT‘Ii"”’ are known, it is modelled as a feed-

overall

forward.

—

Adaptive Oheat

limiter +
Rezdomn @Tsupply Thermal model

—7 Tamb —] of house
Treturn |
Uvalue
Tamb

Figure 3.8: Block diagram of the controller for space heating. (Here brown blocks
refer to controller and blue blocks refer to the plant model).

The heat delivering capacity of the heat pump depends on the source and
sink temperatures. Furthermore, the heat provided by the radiators is limited
by the supply, return temperature of water, and room temperature. Thus,
the saturation block is modelled as an adaptive limiter.

Details of adaptive limiter

The flow chart of the adaptive limiter is shown in Figure 3.9 The radiator
look-up table (LUT) is formulated on the basis of the radiator model presented
in Section [3.2] This table is formulated for a given temperature difference AT

between T, ;. * and T+ in radiators. Based on Qneat™, Troom, the
radiator LUT provides T, *. This is an advanced version of the standard

weather-compensated heat pump controller, where the selection of the supply
temperature is automated based on the desired heat and the actual room

temperature.
Using Lorppiy®s Treturn®s and Troom, the reference value Qpeq:” consider-
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Advanced 5 Radiator <« Oheat™™

version of the =7 | Jookup table @AT |« Ty0m
standard controller

| Treturn*=Tsupply*-AT |

Troomi
Tsource Radiator output
. calculation
| Oheat
Oheat «_ N
Power Tsupply* Treturn
consumption l l
Additional Heatpump | 7,.;/%
electric heating ~ con Condenser temperature
Speed «|
Tsupply <—

Figure 3.9: Flow chart of adaptive limiter.

ing the limitations of the radiators is determined using the radiator model.
Furthermore, Teonq” is calculated using T'suppiy™ and Trerurn |69)] as

T S
 _ supply return
Tcond - Treturn +

(3.22)

~(Tsupply* —Treturn)
1 —e ATlog.c:ond

ATjog.cond, is the logarithmic temperature difference of the heat exchanger
and is assumed to be 4 K.

Finally, the heat pump model using the values of T,ond™, Qnear” and Tsource
provides the values of QQpcqt, the total electric power consumption of the heat
pump, the compressor speed and Tsyppiy-

3.7 Proposed controller design for water heating

A PI controller with an anti-wind-up and feed-forward structure is chosen for
the control of the water heating.
A simple model of a domestic hot water tank without any stratification is
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Chapter 8 Modelling of heating systems equipped with heat pumps

shown in Figure [3.10] Here, Quithdraw; represents the heat loss in the water
tank due to water withdrawal, Qpeq: represents the heat from the heat pump
and Cignk is the thermal mass of the water in the tank. T.0n and Tyater
represent the temperature of the room and the water in the tank, respectively.

Twater Rtank

\}/  Crank —— Troom

Oheat

Qwithdrawl¢

Figure 3.10: Simple model for a domestic hot water tank.

Applying KCL to this circuit gives

dTwatar

OtankT = Qheat (t) + Qwithdrawl(t) +

Troom (t) - Twater (t)
Rtank

(3.23)

where, Riqnk is the reciprocal of the heat transfer coefficient of the water tank.
Quwithdrawl can be written as

Qwithdrawl(t> = mwater(t) Op,water(Ti (t) - Twater(t)) (324)

Taking the Laplace transform on ([3.23) and rearranging the terms, the
transfer function is obtained as

Twatcr(s)
Qheat (3) + Tr%:is) + mwater(s) Cp,water T; (5)
Rtank

Rtank (CtankS + mwater Cp,water) +1

(3.25)

The rate at which hot water is drawn, the incoming water temperature at
the tank’s inlet, and the indoor temperature can be measured. In addition,
the heat transfer coefficient of the tank is a known quantity. Thus, the terms
involving these parameters is modelled as a feed-forward.

Based on this, the block diagram of the domestic hot water controller is
shown in Figure B.11} A dead band of 1°C is used. Here, Twater,average
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3.7 Proposed controller design for water heating

represents the average water temperature in the layers where the hot water
coil is placed in the tank. Tiqier,r: represents the temperature of the water
in the layer where the temperature sensor is placed.

TSOIIVCE /_

Ohear™* | Adaptive
limiter + | €%« | [Stratified model of |

heat pump @ Tsuppiy | __hot water tank

_/ TLi |70 TLATL. | TL.| TL|TL
Twater,Li vYVVYY l i

. Average
water, average

Troom 7 Tin £ Treturn

Riank Cp, water | Mwater

Figure 3.11: Controller for water heating. (Here brown blocks refer to controller
and blue blocks refer to the plant model).

Details of adaptive limiter

The flow chart of the adaptive limiter for water heating is shown in Figure
[B:12] The LUT for the heat emitted by the hot water coil is formulated based
on the model presented in Section In addition, the heat capacity of the
heat pump at various source temperatures is also taken into account. Based
on Qneat™™ s Tsource and Tipater average, the hot water coil LUT provides the
desired T « and T *

supply return”*

Using T

supply™
determined considering the limitations in the hot water coil. Furthermore,

Teona™ is calculated using Tsupply* and Tyeyrn USing 4)
Finally, the heat pump model using the values of Trong™, Qrear” and Tsourece
provides the values of Qpeqr, the consumption of electric power by the heat

.
T, cturn®> a0d Tyaier.average, the reference value Qpeqr”™ is
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pump, the compressor speed and Ti,ppiy-

. Oheat™™

Hot water coil |___ Twater: average

lookup table

TSOZH"C@

A A
Tsupply™| Treturn®| Twater, average

Heat output calculation
from hot water coil

Oheat™ Tsource
Additional l
electric heating

Pra— A
%heat Tsupply* Treturn
ower o
consumption CEDUIND l l
Speed Tcond* Condenser temperature
Tsupply <— determination

Figure 3.12: Flow chart of adaptive limiter for water heating.

Working principle of the proposed controller for water
heating

The explanation in this section is based on the figures[3.11]and[3:12} The input
to the controller is the error signal obtained from the reference temperature
of water Tyyqater” and the actual temperature of water Tiyqter, i, read from a
sensor placed at a specific location in the domestic hot water tank. Based on
the error signal, the controller provides a reference signal for heat Qpeqs™.
In the adaptive limiter, based on Qneat™, Tsources Twater,average and finally
accounting for the heat pump model, the information regarding the speed, the
use of direct heating, the electric power consumed by the compressor and the
actual value of heat Qeqs delivered is obtained. Based on the value of Qpeat
released into the water in the tank, the temperature of the water is estimated

using the model presented in Section [3.4}
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3.8 Proposed controller for providing space and water heating

3.8 Proposed controller for providing space and
water heating

The block diagram of the controller providing space and water heating is
shown in Figure|3.13

Unsaturated PI 1 7.
controller output I \C Twater,average 7 %
[ al ‘[ Hot water coil ———
—— | Hot water coi
Water heatmg : —— I Tyeturn
k Space heating}; "o ’Ell Floor heating|m
heat X .
] Oheat
. Condenser
temperature
; Tsource | calculation
1
1

\l'water,Li [Domestic hot T "
T water tank [ Opd cond
\_Troom heat
House \hept Heat pump

Tsuppl
Twater* 1
T, * 1

room . Power Additional  Speed

1

consumption electric heating
Saturated controller \ ,
output from the adaptivej«; )

limiter = ) '= === == e mm i mm - - - -

Figure 3.13: Flow chart of the controller for providing space and water heating.

Depending on the requirement, an appropriate control mode, that is, space
or water heating, is selected. The description of the work flow in each mode
of operation is described in sections [3.6] and respectively.

3.9 Proposed controller design for space heating
with multiple rooms

A closed-loop 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
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Chapter 8 Modelling of heating systems equipped with heat pumps

structure is adopted to control the indoor temperature of the other zones of

the building.
The block diagram of the adopted multi-zone temperature controller struc-

ture is shown in Figure [3.14] From a simplicity point of view, only two zones
are represented. This structure can be extended to several zones, with a ded-

icated PI controller in the main zone.
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Chapter 8 Modelling of heating systems equipped with heat pumps

The flow chart of the adaptive limiter is shown in Figure[3.15] For the rule-
based controller, using the thermal model of the zone presented in Figure[3.5]as
a reference, the desired heat is calculated using the estimated temperatures of
the external envelope, internal walls, floor and the desired indoor temperature
as

Rventilation,infiltration

Kok Tamb t) — Tdesired room z. 4

Qheat,zp (t) = - ( ( ) p( )
T

+

ext2 (t) - Tdesi?"ed room zp(t)

Rext air,in
T'im‘,l(t) - Tdesired room zp (t)
Rint wall air,in
Tfloor (t) - Tdesi?"ed room zp(t))
Rﬂoor airyin

+

+

(3.26)

Here, ‘p’ represents the zone number in the building with multiple zones with
a rule-based controller.

The formulation of the LUT of the radiator in each zone is based on the
radiator model presented in Subsection [3.2 The radiator LUT provides the
required water supply temperature based on the desired heat value to be de-
livered and the actual indoor temperature. After estimating the temperature
of the water supply to the radiator required in various zones, a maximum
value is chosen. This is followed by the calculation of the thermal output of
the radiators in each zone. Finally, based on the maximum value of the re-
quired supply temperature and the average value of return water temperature
obtained from different zones, the required condenser temperature is found.

Based on the condenser temperature, the desired value of heat consider-
ing the limitations in the radiators and the source temperature of the heat
pump, 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.

Finally, in the plant model, the manifolds ensure that water is supplied at
the desired temperature and flow rate in each zone.
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Zone 2- Rule based controller
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Figure 3.15: Flow chart of the adaptive limiter for the proposed multi-zone tem-

perature controller.
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Chapter 8 Modelling of heating systems equipped with heat pumps

3.10 Proposed controller for reducing the rebound
effect of flexibility

This section describes the concept behind the proposed controller to limit the
rebound effect.

Concept of the proposed controller

The controller design proposed in this study is based on accounting for the
maximum heat capacity of the heat pump and the installed radiators in the
house. The characteristics of the heat delivering capability of a heat pump

[ ’Proposed controller @ Desired heat
T T T = ’— 5

Maximum heat Heat pump's water tg

<«— delivering capability SUPpLy temperatures

of the heat pump or delivering -’

._.

~
.

\

12+ maximum hea&,z' . 145
10+ . “"““ |
Possible heat | Ao - 14
elivering capability 2t el f o o
g of radjators QQ?"/X\O,C 8 N S
I P S
*$sg® o \/
OIS oG 135
- PO |

N

hegt delivering capabjlity of heat

ortance of incluyding the
pump in the coyllro ler

~

1 /
35 40 45 50 55
Radiator water supply temperature [°C]

[\

2.5

Heat delivering capability
of the heat pump and the radiators [kW]

Figure 3.16: Concept of the proposed controller.

with possible COP values are shown in Figure [3.16] It is observed that as the
temperature of the water supplied to the radiator T,pp, increases, the heat
delivering capability and the COP of the heat pump reduces accordingly.

The characteristics of the heat delivering capability of the radiators based
on Tsyppiy and Troom are also shown. It is observed that as Tsyppiy increases,
the heat delivering capability of the radiators also increase.
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3.10 Proposed controller for reducing the rebound effect of flexibility

The maximum heat delivered by the heat pump is indicated by the red
line. It is interesting to note that even though the radiators have a high heat
delivering capability at higher water supply temperatures, the heat delivered
will be limited by the maximum heat delivering capability of the heat pump,
if electric heating is disabled.

The desired heat is represented using a maroon circle and the heat attained
using the standard and proposed controller are represented with a pink dia-
mond and a green circle, respectively.

As the desired heat is typically higher during the recovery period, the stan-
dard controller chooses a higher value of the supply temperature to deliver
a high heat. However, because of the lack of information regarding the heat
delivering capability of the heat pump, a lower heat is obtained instead.

The proposed controller, by accounting for the maximum heat delivering
capability of the heat pump and the radiators, can provide the estimates of
water supply temperatures to deliver maximum heat at various indoor tem-
peratures. This is highlighted using the green box in Figure Thus, the
heat delivered by the heat pump using the standard controller will be lower
compared to using the proposed controller, with electric heating disabled.

This result becomes very important during the recovery period where max-
imum heat is required to restore the indoor temperature to pre-disturbance
conditions as fast as possible, while ensuring a high COP.

Proposed heat pump controller

In this section, details of the proposed controller to limit the rebound effect
are provided. The structure selected to control the indoor temperature of
a house equipped with a heat pump is shown in Figure [3.8] However, the
structure of the adaptive limiter is updated, and this is described in detail in
the following paragraphs.

The flow chart of the adaptive limiter is shown in Figure .17} The main
feature of this design is to obtain the estimate of the water supply temperature
to be provided by the heat pump, to deliver maximum heat at a given indoor
temperature.

The radiator LUT is formulated based on the model of the radiator pre-
sented in Section [3:2] This table is formulated for a given temperature differ-
ence AT between 7' % and T % in radiators. The LUT characteris-

supply return
tics of the radiator can be seen in Figure [3.16] represented by purple curves.
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Figure 3.17: Flow chart of the adaptive limiter for the proposed heat pump con-
troller.
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3.10 Proposed controller for reducing the rebound effect of flexibility

Based on Qneat™™, Troom, the radiator LUT provides Tsupply,rad*' This is
an advanced version of a standard weather-compensated heat pump control,
where the selection of supply temperature based on the desired heat and the
actual room temperature is automated.

Similarly, based on the values of T;0m and Tsoyuree, the heat pump supply

temperature LUT provides T " for delivering maximum heat via

upply, max heat™>
radiators at a given indoor temperature, without using electric heating. The
characteristics of this LUT resemble the area highlighted in the green box
in Figure [3.16] This is a very critical feature that needs to be adhered to;
otherwise, the rebound effect will be both power and energy intensive. The
procedure for determining this is shown in Figure[3.18|and is explained further

below. T grand T

Supply,ra supply,maz heat™ 8r€ compared and the lowest value is

chosen.
xand T'

return® are determined. AT represents

Now, the estimates of Tsupply

% and T, *. Using the above information

the difference between 7' cturn¥-

suppl
followed by using T'oom, thgprgference value Qpeqt™ considering the limitations
in radiators is determined using the radiator model. Furthermore, T,,q" is
calculated using Tsupply* and Treturn-

Finally, the heat pump model using the values of T,ond™, Qnear” and Tsource
provides the values of Qpcqt, the total electric power consumption by the heat

pump, the compressor speed and Tsyppiy-

Algorithm for estimating heat pump’s supply temperature for delivering
maximum heat via radiators

The algorithm for estimating the supply temperature of the heat pump to de-
liver maximum heat via the radiators is shown in Figure[3.18] This algorithm
is proposed because the heat delivering capability of the heat pump is reduced
with an increase in the temperature of the water supplied, as seen in Figure
This is the key feature of the proposed control structure.

The maximum value of heat delivered by the heat pump Qg pmas” corre-
sponding to various values of Tyyyrce” and Teonq™ is obtained using the vapour
compression heat pump cycle.

Based on the data available in [70] |71], the temperature difference between
Tsupply* and T * vary between 5°C and 10°C (AT). Furthermore, by

return
analysing the desired T,,,q" for various values of Tsupply* and Tpetyrn using

(3.14]), a temperature difference of 1°C-2°C (AT x) is found between Teopng™
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Chapter 8 Modelling of heating systems equipped with heat pumps

For different room temperature values in combination with various values of
x and T *, the heat delivered by the radiators @Q,.,;* is calculated

Tsupply return™
using the radiator model.

This is followed by checking in each case if (),.,, is greater than Qg p ;4. *-
In that case, the heat emitted by the radiators is made equal to the heat
supplied by the heat pump. Finally, the values obtained for various cases are
tabulated. This is followed by data filtering to obtain the maximum value of
Q,.q* With the corresponding T

supply
* *
Tsource and Troom . ThU.S, Tsupply,maz heat

x obtained for a given combination of

* is obtained for a given combina-
tion of Tyource” and Troom .
The purpose of the procedure presented in this section is to ensure that

during the recovery period, COP stays as high as possible.
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Vapour compression
heat pump cycle

l |

Tsource”| Tcond” |9 HPmax"

Tsupply,max heat™

T :
Radiator output |
calculation

Data filtering to
obtain a maximum value of

" :
Orad™ for a given 7; source*
4 and Troom

Orad” == OHP. max"

Figure 3.18: Flow chart for creating LUT to estimate heat pump’s water supply

temperature for delivering maximum heat via radiators.
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CHAPTER 4

Case study setups

This chapter presents the test setups used to analyse the flexibility potential
and techniques to reduce the rebound effect associated with using flexibility.

4.1 Geographical boundary

In this thesis, Sweden is chosen to be the geographical boundary. The focus is
on the southern half of the country, as electricity consumption and population
are higher in this region [72].

4.2 Power system setup

Modified Nordic-32 bus system

The original Nordic-32 bus system [73] [74] is a fictitious system with simi-
larities to 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 is to study frequency support, using flex-
ibility from single-family houses’ heating system, the loading is set to 70% of
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Chapter 4 Case study setups

the original case. Furthermore, the water time constant in the hydro turbine
governor models is set to 1.5 s, which is typical in Sweden [75](In the original
system, this value was 1 s).

A future case with an almost sustainable power production is considered.
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 Figure {1l The models ‘REGCBU1’ and ‘REECDU1’ are used to
model the converter and electrical control modules in wind power plants. The
parameter settings of these models are based on the typical range given in [76].
Wind power plants provide only reactive power support during disturbances,
and no active power support is assumed.

Furthermore, to account for the impact of the increase in electronic power
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 reactive 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.

4.3 Heat pump setup

Scroll compressors are commonly used in residential applications. Hence, com-
pressors in different types of heat pumps are assumed to be equipped with a
ZPV030 Emerson Copeland variable speed scroll compressor, having an elec-
trical rating of 3 kW. The compressor displacement volume is 30 (%) The
refrigerant R410a is used. The rating of the electric heater present before the
3-way valve in Figure [[.1]is 3 kW.

The temperature drop set between the source and the evaporator, for dif-
ferent types of heat pumps is shown in Table These values are based on
references [77] and |78]. The ground temperature is chosen to be 10°C.

The scroll compressor details are as follows:

o The volumetric efficiency 7,,; is set to 83%.

o Based on the data available in references |79] and [80], the isentropic
efficiency 7isent,comp during different compression ratios for the Emerson
scroll compressor is shown in Table [£.2]
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4.3 Heat pump setup
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Figure 4.1: Modified Nordic-32 bus system.

Table 4.1: 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
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Chapter 4 Case study setups

Table 4.2: Variation of isentropic efficiency with respect to compression ratio.

Compressor ratio 2.3 3 3.5 4 5 6 7 8 9 11 13.9

Isentropic efficiency 0.59 0.64 0.65 0.645 0.63 0.62 0.6 0.58 0.57 0.524 0.46

e The variation in isentropic efficiency 7;sen+ With respect to the speed of
the compressor (Neomp) is estimated as

N, 2 N,
isent = Nisent.comp | —0.08 Comp) +0.1411 <comp> + 0.9337
! ! ! b b < (Ncomp,GO Ncomp,GO

(4.1)
where, Neomp,6o is the speed of the compressor at 60 Hz (3600 RPM).

The operating envelope of the compressor under study is shown in Figure
4.2
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Figure 4.2: Operating envelope.
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4.4 Domestic hot water tank setup

4.4 Domestic hot water tank setup

To estimate the temperature at different locations in the hot water tank, the
water tank is assumed to be divided into 10 equal volumes. This is shown in
Figure[4.3] In the domestic hot water tank, the temperature sensor is assumed

Water outlet

TL-1

TL-2

TL-3
TL-4
TL-5
TL-6 Taupply
TL-7

TL-8

TL-9 T,

return
TL-10 Water
inlet

Figure 4.3: Domestic hot water tank.

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. The heat
released is assumed to be equally distributed among layers 6 to 9. Hot water
is extracted from the top and is replaced by an equal volume of cold water at
the bottom of the tank.

The thermal and physical properties of the hot water tank used in this
study are shown in Table . Based on , a heat transfer coeflicient
of 450(mVQVK) is used for the water coil. Furthermore, considering a 35 m long
coil with an external diameter of 0.03 m, the heat transfer coefficient of 1484
(%) is obtained for the water coil.

The average domestic hot water consumption profile for a day, based on
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Chapter 4 Case study setups

Table 4.3: Parameters of domestic hot water tank model [83].

Parameter Value
Volume 180 L
Heat conduction co-efficient of tank per layer (U;) 0.187 ¥
Electric heater 3000 W
Thermal conductivity of water (K;) 2.21%

. . J
Specific heat capacity of water (C),) 4180 gy

Heat transfer co-efficient of the water coil (UAwater coit) 1484 %

time diaries is obtained from [84]. This 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 [85] and the same is considered for the
analysis.

4.5 Residential buildings setup

Building parameters for different case setups

The reference [86] deals with the heat transfer coefficient U,qiye of single-
family houses in Sweden, according to the year of construction. Following
a conservative approach, houses constructed before 1961 are excluded as the
source of 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.

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 analysis in
different case study setups are shown in Table In this study a ventilation
rate of 0.35 (Sﬁ) is used. The average size of a Swedish single-family house
is 122 m? [87] and the same is considered. The indoor temperature is set to
be 20°C [8§].

The radiators in the houses considered for the analysis are assumed to be
equipped with Purmo radiators of type PURMO C 33 400x1000 [66]. The dif-
ference between the water supply and the return temperature in the radiators
is set to 10°C unless otherwise stated.
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4.5 Residential buildings setup

Due to the lack of data availability, houses with floor heating system are
also assumed to be equipped with the same radiator type indicated above.
However, the number of radiators considered is high in this case, so it can
mimic a floor heating system by producing the desired heat at a low supply
temperature of 30°C. This value of the supply temperature is experimentally
verified for an under floor heating system in [89]. Furthermore, based on
the type and number of radiators considered in the current study, at a water
supply temperature of 30°C and a return temperature of 25°C, the radiators
provide a desired value of heat, mimicking a typical floor heating system. This
is verified using the Purmo heat output calculator [90].
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Table 4.4: Parameters considered for thermal modelling of houses |86]|91][72].

Year of Usalue Time Infiltration Efficiency Heat Type of No. of No. of

Case construction (%) constant (=Lg) of Heat emitter  heat pump radiators houses
m*K /7  (Hours) sm? recovery (in million)

1961-1975 1.2 34 0.00 0.00 Radiators GSHP 12 0.4455

1976-1985 0.9 38%* 0.60 0.60 Radiators ASHP 15 0.2743

1 1986-1995 0.8 42% 0.00 0.60 Radiators ASHP 10 0.1474

1996-2009 0.8 48* 0.00 0.00  Floor heating EASHP 28 0.1056

>2010 0.6 53 0.80 0.00 Floor heating EASHP 46 0.1122

1961-1975 1.4 34 0.00 0.00 Radiators GSHP 15 0.4455

1976-1985 0.9 38* 0.60 0.60 Radiators ASHP 15 0.2743

2 1986-1995 0.9 42% 0.00 0.60 Radiators ASHP 15 0.1474

1996-2009 0.8 48* 0.00 0.00 Floor heating EASHP 28 0.1056

>2010 0.7 53 0.80 0.00 Floor heating EASHP 46 0.1122

1961-1975  1.06 34%* 0.8 0.60 Radiators GSHP 14 0.4455

1976-1985  0.82 40** 0.8 0.60 Radiators ASHP 15 0.2743

3 1986-1995  0.72 50** 0.8 0.60 Radiators ASHP 12 0.1474

*Interpolated. The estimates of time constants include furniture.
** These are based on the simulation results from reference [8].

GSHP- Ground source heat pump, ASHP- Air source heat pump, EASHP- Exhaust air source heat pump

sdnjos fipnys asvy) ¥ 493dvy)



4.5 Residential buildings setup

Building parameters of a multi-room house

The floor plan of the house considered for the analysis is based on a study from
article and is shown in Figure The area of all the doors represented is
2.3 m2. The total area dedicated to windows in each room and the details of
the radiators considered for the analysis are shown in Table £.5] The height
of the building is 2.5 m and the roof area is equal to the total floor area of

the house.

4.925m

Bed room 1
with bath room

/]

}2.625 m

2.625m

>
—»

»
1l

Bed
room 2

Bed

room 3

Living room and kitchen

Bath room and

| laundry room

Figure 4.4: Floor plan of the house considered for the analysis .

Table 4.5: Area of the windows and type of PURMO radiators installed in

each room.
Total Radiator Number
Room . 9 .
window area (m?) type of radiators
Bedroom 1 3.10 C 33 400x1000 2
Bedroom 2 1.90 C 33 400x1200 1
Bedroom 3 1.90 C 33 400x1200 2
Bath room and laundry 0.30 C 33 400x1000 2
Living room and kitchen 9.18 C 33 400x2000 4
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The specifications and properties of the construction materials used in the
exterior walls, roof, internal walls and the floor are shown in tables [£.6] and
7 respectively. The thermal resistances for the door and windows are set to

14 ().

Table 4.6: Specifications of building construction materials used
in various building components [92].

Building component Material Thickness (m)
External Walls Timber stud 0.246
Particle board 0.013
Drywall 0.013
Roof Mineral wool 0.35
Drywall 0.013
Internal Walls Drywall 0.013
Particle board 0.07
Drywall 0.013
Floor Concrete 0.1

Table 4.7: Properties of the building’s construction materials [92].

Density Specific heat Thermal
Material Kg . 7 .. W
($) capacity (@> conductivity (m2K)

Timber stud 87 961 0.045
Particle board 600 2300 0.14
Drywall 900 1100 0.22
Mineral wool 40 800 0.042
Concrete 2300 800 1.7

A ventilation rate of 0.35 (S_rlng) and an infiltration rate of 0.6 (5-11112> are
used for this multi-room house. Based on reference [93], the thermal resistance
due to convection and radiation on the surfaces of the external walls exposed
to ambient outdoor air (Rgir ext) is set at 25 (%) The thermal resistance

due to convection and radiation on the surfaces of the walls and the floor
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4.6 Delimitations

facing the indoor air (Rznt wall air,in, Rﬂoor air,in) is set to 7.7 (mYZVK) l93l
Based on the reference [94], [95], the zone capacity multiplier factor is set

to 25 for the living room and 15 each for the bedrooms and the bathroom.

4.6 Delimitations

The following are the delimitations of the current study:

e The electric power consumption by auxiliary units in a heat pump such
as fans and circulation pumps are not included. The electric power con-
sumption of these units is relatively lower compared to the compressor
[96].

e The indoor temperature depends on several factors, such as solar irra-
diation and the activities of the residents. These aspects are excluded
from the thermal model of a house to eliminate uncertainty. Internal
heat gains and solar heat gains are relatively lower in Swedish residen-
tial houses [97].

e The thermal thresholds for quantifying flexibility are based on qualita-
tive interviews conducted in the southern half of Sweden. This study
provided a good understanding of the thermal comfort of households
and their perspectives on offering flexibility. As the interview results
are in limited numbers, statistical generalisations are not possible using
a quantitative method such as survey [98].

e Indeed detailed floor plans and interior wall construction materials im-
pact the results. However, in order to keep the result derivation clear and
easily reproducible, an entire house is modelled as a one-mass model, as
shown in Figure[3:2] in Chapters[5] [ and [§]. If an entire house is heated
to the same temperature, with relatively small internal heat and solar
heat gains (which is typical in Sweden), an entire house can be treated
as a single thermal zone as described in Section [97]. This model is
believed to provide a good estimate of indoor temperature based on the
input values provided [99] [100].

e Furthermore, in light of detailed knowledge, deterministic models are
used to quantify the aggregated flexibility of a million 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
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minimum acceptable indoor temperatures stated in interviews is used for
flexibility quantification. This helps in obtaining a range of flexibility
levels as opposed to a single value.

Using the available data on thermal thresholds and typical thermal prop-
erties of houses for simulations can help reflect common operating condi-
tions during different degrees of thermal compromise at various outdoor
ambient temperatures. Hence, employing a deterministic approach in
this case is beneficial.

4.7 Terms used for flexibility quantification

Flexibility is quantified in terms of an instantaneous reduction in power, a
duration without electric power consumption, 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. This is shown in

Figure [£.5]
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Figure 4.5: Terms used for flexibility quantification

The period of time during which the temperatures start to reset to normal
conditions is referred to as the recovery period.
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CHAPTER b

Flexibility quantification of space heating systems

This chapter is based on the following articles

¢« S. K. Nalini Ramakrishna, T. Thiringer, C. Markusson, “Quantifi-
cation of electrical load flexibility offered by an air to water heat pump
equipped single-family residential building in Sweden,” in 14** IEA,
Heat pump conference,2023

¢ S. K. Nalini Ramakrishna, H. Bjérner Brauer, T. Thiringer, M.
Hakansson, “Social and technical potential of single family houses in
increasing the resilience of the power grid during severe disturbances,”
Energy Conversion and Management, vol. 321, p.119077, 2024.

5.1 Overview

In this chapter, the focus is on quantifying the flexibility of heating systems
equipped with heat pumps by blocking water heating. The houses considered
for analysis in this study are described in Case 1 of Table [£:4] The setup of
the heat pumps is as described in Section [£.3] without vapour injection. An
outdoor ambient temperature of -5°C is considered.
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5.2 Results and discussion

Indoor temperature range for flexibility quantification

In [98], interviews with residents of single-family houses equipped with heat
pumps were conducted. The aim was to study the willingness of residents to
compromise thermal comfort, to support the grid in the event of a major power
crisis. The result of the interview revealed the willingness of the households
to compromise thermal comfort. However, there was no consensus on the
minimum acceptable indoor temperature. It was also difficult for some of the
respondents to state a temperature drop that they would accept in a power-
deficit scenario. Hence, minimum acceptable temperatures varying between
15°C and 18°C are chosen to quantify flexibility, based on the values stated
in the interviews.

An advantage of using a range of minimum acceptable indoor temperatures
is that a range of flexibility levels is obtained as opposed to a single value.

Validation of the developed heat pump model

The heat pump model without vapour injection presented in Section [3.1]is val-
idated by comparing the results obtained under standard air conditioning and
refrigeration institute (ARI) 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 [31].

The results are tabulated in Table and it is seen that the agreement
is good. A discrepancy of 6.7% is observed in the maximum heat delivered.
This might be because heat losses in the evaporator are not taken into ac-
count. However, the results of the electric power consumption from the model
presented agree well with the data provided in [31]. The refrigerant properties
at different states are taken from [101].

Performance comparison of different heat pump types

The performance of three types of heat pumps considered in this study, based
on the source temperatures, is shown in Figure The source temperatures
would be outdoor ambient air, ground temperature, and indoor temperature
for ASHP, GSHP, and EASHP respectively. For EASHPs, a water supply
temperature of 30°C is chosen as it is mainly used for floor heating in this
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Table 5.1: Comparison of result obtained with data provided in

131)
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

study. In addition, an indoor temperature varying between 15°C and 20°C is
chosen, based on the values stated in the interviews.

As the source temperature for the three different heat pumps is different,
the COP as a function of the heat delivered and the water supply temperature
is used as a basis of comparison between ASHPs and GSHPs. The COP and
heat delivering capability to supply water at 30°C will be used as the basis
for comparing ASHPs and GSHPs with EASHPs.

In Figure [5.1] it is observed that the heat delivering capability and COP
are higher in EASHPs compared to ASHPs, since the evaporator tempera-
ture is higher in the former case, even after considering the temperature drop
between the source and the evaporator. The higher the evaporator tempera-
ture, the lower the work done by the compressor, thus resulting in a higher
COP. However, while EASHPs are compared with GSHPs, the COP and heat
delivering capability are relatively closer, because the evaporator tempera-
tures are similar considering the temperature drop between the source and
the evaporator.

Upon a comparison of GSHPs and ASHPs, it is noticed that the heat de-
livering capability and COP are higher in GSHPs because of a higher source
temperature. In addition, the capability to supply high water temperatures
is greater in GSHPs than in ASHPs.

Flexibility analysis of a house constructed in 1961-1975

To support the grid during severe power deficit conditions, the space heating
is turned off until the indoor temperature drops to 17°C.
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Figure 5.1: Performance of ground source, air source and exhaust air heat pumps
based on source and sink temperatures.
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Figure 5.1: Performance of ground source, air source and exhaust air heat pumps
based on source and sink temperatures (continued).

The thermodynamics in the house constructed during 1961-1975, while re-
ducing the indoor temperature to 17°C and during recovery of the same to
20°C, is shown in Figure [5.2] The thermal and physical properties of this
house are as indicated in Case 1 of Table [£4]

From figures [5.2a] [5.2d and [5.2d] it is observed that around 5.1 kW of
heat is required to maintain an indoor temperature of 20°C. The supply and
return temperature of water to deliver this amount of heat are 43°C and
33°C respectively. The electric power consumption by the GSHP during this
condition is 1.4 kW. The corresponding COP and speed of the heat pump are
shown in Figure [5.2b

When the indoor reference temperature reference is changed to 17°C at
hour 6.75, in Figure [5.2d it is observed that the consumption of heat and
electric power goes to zero for nearly 3.83 hours. This is because the indoor
temperature is greater than the reference temperature and, hence, there are
no heating requirements. This can also be seen in Figure where the
temperature of the water in the radiators eventually decreases and becomes
equal to the indoor temperature. Furthermore, in Figure [5.2b] the COP and
the speed of the heat pump are zero, indicating that the heat pump is turned
off. Thus, during this period, a reduction in electric power of 1.4 kW is offered
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Figure 5.2: Thermodynamics in a typical house constructed during 1961-1975,
equipped with the variable speed ground source heat pump, while of-
fering flexibility and considering slow recovery, at an outdoor ambient
temperature of —5°C.
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fering flexibility and considering slow recovery, at an outdoor ambient
temperature of —5°C (continued).
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for a duration of 3.83 hours. Thus, the flexibility in terms of instantaneous
reduction in electric power is 1.4 kW. The reduction in electric energy during
this period with respect to normal conditions is 5.36 kWh.

When the indoor temperature reaches near the reference temperature at
hour 10.6, the indoor temperature controller provides an appropriate signal
to the heat pump to produce the required heat, to maintain the indoor tem-
perature at 17°C. During this period, it is observed in figures [5.2d] and
that the COP is initially high and then reduces, since the temperature of the
water supply is initially low and then gradually increases until it reaches a
steady state value of 38°C. Furthermore, the speed increases gradually and
reaches a steady state value of 1800 RPM. During the period between hour
10.6 and hour 24, the consumption of electric power is lower compared to
the condition during which the indoor temperature is maintained at 20°C.
Consequently, the electric energy consumption is 4.54 kWh lower compared
to normal conditions during this period.

The total reduction in electric energy consumption during the flexibility
period between hour 6.75 and hour 24 is 9.9 kWh.

During the period after providing flexibility, it is assumed that all the re-
serves in the power system are restored. The period during which the temper-
ature is gradually brought to 20°C is referred to as recovery period. This is an
important aspect to consider, because too high electric energy consumption
during this period can strain the power grid, and in Chapter [§ this will be
treated in more detail. During this period, the reference temperature is grad-
ually increased in steps. It is noticed that when the reference temperature
is increased, there is an increase in the electric power consumption, the heat
delivered, water supply temperature, and the speed of the heat pump. As the
indoor temperature reaches the reference value, the aforementioned quantities
reduce and reach a steady-state value.

The reduction in electric energy until the beginning of the recovery period
is 9.9 kWh. During the recovery period, the consumption of electrical energy
is 3.55 kWh higher than the consumption of electric energy while maintaining
the indoor temperature at 20°C. This means that the net reduction in electric
energy consumption is approximately 6.35 kWh.

The flexibility offered in terms of instantaneous reduction in electric power
is 1.4 kW and the flexibility in terms of reduction in electric energy is 6.35
kWh compared to the condition, where no flexibility is offered by maintaining
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the indoor temperature at 20°C.

If the indoor temperature is directly increased to 20°C at hour 24 by block-
ing the direct electric heater, the net saving in electric energy would be only
1.15 kWh. This is because the compressor runs at its maximum rating for
about 4.67 hours. Also, the water supply temperature is maximum during
this condition. This is shown in Figure[5.3] However, it should be noted that
the indoor temperature recovers earlier in comparison to resetting the indoor
temperature slowly.

An important message is that there is a trade-off between energy savings
and compromising thermal comfort. Rapid recovery helps to rapidly recover
the indoor temperature. However, the net reduction in electric energy is
substantially lower in comparison with slow recovery.

Validation of the developed thermal model of house

The results obtained from the thermal simulations in Figure [5.3] will be used
as a comparison basis for model validation.

The total heat required to maintain an indoor temperature at a given out-
door ambient temperature during a steady state condition is obtained by
setting the derivative term in (3.20)) to zero.

The value of ‘R,yerqi’ is 0.0049%7 for the house considered for analysis. It
is observed that to maintain indoor temperatures at 20°C and 17°C, at an
outdoor ambient temperature of -5°C, a heat of 5.1 kW and 4.5 kW are re-
quired, respectively. These values obtained using (3.20)) are in good agreement
with the simulation results in Figure 5.3c, Thus, the model works reasonably
well.

The temperature of the water supplied to the radiators, to maintain an
indoor temperature of 20°C, is compared to the empirical models defined in
[22] and the heating curve defined in [102] to obtain a reasonability check.
However, it should be noted that the corresponding information on indoor
temperature is missing in the references used for comparison. The compari-
son results are shown in Table [5.2] The comparison shows that there can be
a certain degree of uncertainty in the temperature of the water supplied to
the radiators, based on the number of radiators considered for the analysis.
Discrepancies of 6% and 8% are found, compared to the empirical models
presented in [22]. However, the supply temperature obtained from the simu-
lations in Figure [5.3d] perfectly matches the heating curve with a slope of 0.6
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Figure 5.3: Thermodynamics in a typical house constructed during 1961-1975,
equipped with the variable speed ground source heat pump while of-
fering flexibility and considering rapid recovery, at an outdoor ambient
temperature of —5°C.
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Figure 5.3: Thermodynamics in a typical house constructed during 1961-1975,
equipped with the variable speed ground source heat pump while of-
fering flexibility and considering rapid recovery, at an outdoor ambient
temperature of —5°C (continued).
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Table 5.2: Comparison of the expected water supply temperature in radiators at
an outdoor ambient temperature of -5°C, available in literature with
the current study

Reference Heat emitter type Tyyppiy[°C]  Discrepancy

& A-10/W51 46.8 8%
A-10/W44 40.5 6%
[102] Radiator 43.0 0%

presented in [102].

The heat emitted by the radiators based on the water supply and return
temperature, to maintain an indoor temperature of 20°C and 17°C, can be
calculated using the model represented in Figure By regulating the mass
flow rate at the stated water supply temperature, the heat delivered by ra-
diators matches the value of 5.1 kW and 4.5 kW, respectively. Thus, the
integrated model of the house works as desired.

Fixed speed versus variable speed ground source heat pump

The house constructed during 1961-1975 under Case 1 in Table [£.4] is consid-
ered for analysis. This house is assumed to be equipped with the fixed speed
GSHP used in [103]. The thermodynamics in the house, while reducing the
indoor temperature to 17°C, is shown in Figure It is observed that room
temperature cannot be controlled exactly at the reference temperature, as in
the case of the variable speed heat pump. This is because the heat produced
is higher than the desired value. As a result, the heat pump is turned on and
off. This can be seen in figures [5.4a], [5.4b] and [5.4d

The electric power consumption by the fixed speed GSHP, when maintaining
the indoor temperature around 20°C is 2.3 kW. This is 0.9 kW higher than
that of the variable speed heat pump under study. Furthermore, to maintain
an indoor temperature of 17°C, the electric power consumption is 1.1 kW and
2.2 kW for the variable and fixed speed heat pumps under study, respectively.

In this case, the average electric power consumption of the traditional fixed
speed heat pump is comparable with the variable speed heat pump, while
maintaining indoor temperatures at 20°C and 17°C respectively. Typically,
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equipped with the fixed speed ground source heat pump dealt in [103].
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the average electric power consumption for fixed speed heat pumps is higher
than that of variable speed heat pumps.

Quantification of flexibility from space heating systems

The total consumption of electric energy in the houses stated in Case 1 of
Table [£4] when the indoor temperature is maintained at 20°C, is shown in
Figure The corresponding flexibility in terms of instantaneous reduction
in electric power is shown in Figure[5.5b] This figure indicates the possible in-
stantaneous reduction in electric power by space heating systems in all houses
equipped with the heat pumps under study. It should be noted here that the
consumption of electric energy and flexibility is also dependent on the number
of houses. For example, the number of houses constructed during 1961-1975 is
the highest compared to other groups of houses. If these plots are seen on an
individual house level, the electric energy consumption and thereby flexibility
potential are the highest in the house belonging to the category 1976-1985.

The trend of flexibility in terms of instantaneous reduction in electric power
is similar to Figure as it depends on the consumption of electric energy.
The higher the consumption, the greater the flexibility potential. However, a
low flexibility potential indicates a higher energy efficiency.

The reduction in electric energy during the flexibility period and considering
the recovery period with slow and fast recovery are shown in figures [5.6] and
b7l It is observed that, as the degree of thermal compromise increases, a
higher reduction in electric energy is obtained during flexibility, as well as
considering the recovery period. It is observed that the net reduction in
electric energy is lower in the case of rapid recovery compared to slow recovery.
However, indoor temperature recovered earlier with rapid recovery.

Quantification of temporal flexibility potential

The quantification of the flexibility potential on a system level, during the
flexibility and recovery periods, is based on the following assumptions

e The initial indoor temperature in all the houses under study is 20°C.

e The signals for indoor temperature set points during flexibility and re-
covery periods in all the houses under study are synchronised.

The flexibility potential during the reduction of indoor temperatures from
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Figure 5.6: Electric energy reduction when maintaining various indoor tempera-
tures during flexibility period, at an outdoor ambient temperature of
—5°C. (SH:Space heating).

20°C to values between 15°C and 18°C in about a million single family houses,
considering the slow and rapid recovery of indoor temperatures, is shown in
figures [5.8 and [5.9] respectively. From figures [5.8 and it is observed that
the flexibility potential from space heating is a function of time, and with time
the amount of flexibility reduces. If all houses considered in the study agree to
have an indoor temperature of 18°C, the flexibility in terms of instantaneous
reduction in electric power is 1.6 GW and this can be offered for 2.33 hours.
If the indoor temperature is reduced to 17°C, 16°C and 15°C, flexibility of 1.6
GW can be offered for 3.83 hours, 5.42 hours and 7.1 hours, respectively. The
value of 1.6 GW represents about 7% of the total plannable power in Sweden
. Thus, the Swedish power system has the potential to be resilient toward
a power deficit condition of almost 1.6 GW by temporarily compromising the
indoor temperature and in addition with fairly moderate reductions.

During the recovery period, it is observed that flexibility becomes negative,
indicating high electric power consumption compared to normal conditions.
However, towards the end of the recovery period, the flexibility level goes again
to zero. During the recovery period, it is important to note that the trend
in flexibility changes for slow and rapid recovery. During a slow recovery, the
duration of time for which the flexibility is negative is shorter than that of
a fast recovery. Thus, the savings in electric energy are greater considering
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Net reduction in electric energy considering various indoor tempera-
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perature recovery, at an outdoor ambient temperature of —5°C.
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Figure 5.8:

Figure 5.9:
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5.3 Conclusions

a slow recovery. These flexibility quantification plots can serve as valuable
information for power system planning and operation to make informed deci-
sions during severe power shortage conditions. However, it should be noted
that these plots are obtained by an aggregation of one million houses. Re-
covery in these houses should be coordinated so that there are no additional
disturbances in the grid due to power peaks.

5.3 Conclusions

A reproducible and adaptable model of a variable speed heat pump without
vapour injection is developed. This model accounts for the limitations posed
by the compressor’s operating envelope.

The electric power consumption of the heat pump is estimated to maintain
the indoor temperature at a set value. This is realised by integrating the
thermal model of a house with the heat pump model and the radiator model.

The flexibility potential is quantified based on the minimum acceptable
indoor temperatures stated in the interviews presented in [98]. As a range of
minimum acceptable indoor temperature is used for simulations, a flexibility
range is obtained as opposed to a single value.

The flexibility potential in terms of instantaneous reduction in electric power
is estimated to be 1.6 GW (7% of the total plannable power in Sweden) in
about a million single family houses in the southern half of Sweden, at an
outdoor ambient temperature of -5°C. This potential is independent of the
degree of thermal compromise. Thus, the Swedish power system has the
potential to be resilient to a power deficit condition of almost 1.6 GW for a
duration between 2.33 and 7.1 hours by temporarily compromising the indoor
thermal comfort between 18°C and 15°C respectively.
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CHAPTER O

Flexibility quantification of space and water heating
systems

This chapter is based on the following articles

¢ S. K. Nalini Ramakrishna, T. Thiringer, “Domestic hot water heat
pump: Modelling, analysis and flexibility assessment,” 15" Asia-Pacific
Power and Energy Engineering Conference (APPEEC), Chiang Mai,
Thailand, 2023, pp. 1-5, doi: 10.1109/APPEEC57400.2023.10562015.

¢ S. K. Nalini Ramakrishna, T. Thiringer, P. Chen, “Potential of single
family houses to reinforce resilience in a large scale power system dur-
ing severe power deficit conditions,” Submitted for second-round review,
Energy Conversion and Management: X, 2025.

6.1 Overview
In this chapter, the focus is on quantifying flexibility of space and water

heating systems equipped with heat pumps, in Swedish single-family houses.
The houses considered for analysis in this study are described in Case 2 of
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Table 4] The setup of the heat pumps and domestic hot water tank is as
described in sections [4.3] and [£.4] respectively.

6.2 Results and discussion

In this study, flexibility is quantified for outdoor ambient temperatures vary-
ing between -10°C and 10°C, as this represents typical autumn-winter-spring
situations in the Nordics. The indoor and water temperature in the tank is
set at 20°C and 55°C, respectively, under normal conditions. The interview
study revealing the willingness of residents to compromise thermal comfort
in the event of a major power crisis to avoid blackouts exists [98]. Thus, the
flexibility potential is estimated by turning off the heating, until the indoor
temperature of 20°C reaches 18°C, 17°C, 16°C and 15°C respectively. Corre-
spondingly, the water temperature in the tank is reduced from 55°C to 50°C,
48°C, 46°C, and 44°C respectively. At hour 6.75, an event occurs in the power
system that requires emergency power support and thus the temperatures for
space and water heating are reduced to support the grid.

Heat pump

The performance of the air source heat pump with EVI operation is shown in
Figure Higher condenser temperatures can be achieved with this mode, in
particular at low outdoor temperatures compared to operating in the non-EVI
mode [98]. 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, i.e., floor heating or radiator heating. The condenser
temperature should be higher than the desired water supply temperature.

As the outdoor ambient temperature falls, the COP also reduces accord-
ingly, resulting in an increase in the electric power consumption. This is
important since, typically it is under 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. COP as a function of the heat delivered and
outdoor ambient temperature, during above conditions is shown in Figure[6.2]
The heat delivering capacity increases with an increase in the outdoor ambient
temperature. Furthermore, for a given outdoor ambient temperature, the heat
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Figure 6.1: Condenser temperature as a function COP and outdoor ambient tem-
perature for the air source heat pump.

delivering capacity increases as the water supply temperature decreases.

Fixed speed versus variable speed air source heat pump

The house constructed during 1976-1985 with the properties dealt with in
Case 2 of Table[4.4] is assumed to be equipped with the fixed speed heat pump
described in reference , in one case. In the second case, it is assumed that
the same house is equipped with the variable speed heat pump, described in
Section [6.2} The outdoor ambient temperature is set to -10°C.

The performance comparison between the fixed speed heat pump and the
variable speed heat pump, when the reference indoor temperature is at 20°C
and when changed to 17°C, is shown in Figure [6.3

Figures [6.3a] and [6.3b] show that the indoor temperature can be accurately
maintained at 20°C, using the variable speed heat pump as opposed to the
fixed speed heat pump. This is because the heat delivered by the variable
speed heat pump can be adjusted as per 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 the fixed speed heat pump. This can be
observed in figures [6.3d, [6-3d] and [6.3¢} [6.31] It is observed that even though
the water supply temperature is the same in both cases, the electric power
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consumption of the variable speed heat pump is 1 kW lower than that of the
fixed speed heat pump. The average electric power consumption of the fixed
speed heat pump is 19% higher compared to the variable speed heat pump.

When the reference value of indoor temperature is changed to 17°C, the
electric power consumption of both heat pumps is zero, only until the con-
troller output is zero. Later, in the case of the variable speed heat pump, the
electric power consumption is reduced as the heating requirements are lower
compared to maintaining the indoor temperature at 20°C. However, this is
not the case with the fixed speed heat pump. The electric power consumption
remains the same as while maintaining the indoor temperature at 20°C.

This comparison shows that the quantification of flexibility in terms of
power would be higher for fixed speed heat pumps compared to variable speed
heat pumps.

A very important conclusion is thus that, since variable speed heat pumps
are expected to take over in the future, the flexibility potential will be over-
estimated if fixed speed heat pumps are used in these types of studies.

Flexibility analysis of a typical house constructed in
1976-1985

With the objective of supporting the power system with severe power deficit
conditions, the heating is turned off until the indoor temperature and the
water temperature in the domestic hot water tank reaches 17°C and 48°C, in
the house under study.

The thermodynamics in the house at -10°C outdoor temperature, while
providing flexibility, by reducing the indoor temperature to 17°C and the
water temperature in the tank to 48°C is shown in Figure[6.4] Before changing
the reference temperatures, it is observed in Figure that the indoor
temperature is not exactly maintained at 20°C, although a variable speed heat
pump is used. This is because the variable speed heat pump can only provide
either space or water heating at a time. When the variable speed heat pump
is in water heating mode, there is a slight decrease in indoor temperature with
respect to the reference value, and this is seen in figures|[6.4al [6.4b]and [6.4d In
Figure 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
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uniform as a stratified model of the 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.
In addition, there is no heating element in this layer. The period of time
during which there is no withdrawal of hot water (at night between hour 0
and hour 4), temperature in layer ‘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 hours, due
to the thermal inertia of the building and the hot water tank. This can be
seen in Figure[6.4d] Furthermore, it is observed that there is no water heating
provided as the temperature in layer ‘TL-2’ (temperature sensor is placed in
this layer) 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 hours.

After 3.2 hours, the variable speed heat pump starts again to maintain the
temperatures at the reference levels. It is observed that the supply temper-
ature of the water is reduced when the reference temperatures for space and
water heating are reduced. This is because of the reduced heating require-
ments. Consequently, the corresponding electric power consumption is also
reduced. Furthermore, in Figure [6.4¢] it is seen that COP reduces with in-
creasing condenser temperature because the compressor has to do more work
and this is evident especially during water heating. The speed of the variable
speed heat pump corresponding to the COP is shown in Figure [6.4], Com-
pared to the normal condition, the electric energy consumption is 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 situ-
ation to a fully normal state. During the recovery period, if the objective is to
limit the electric power and energy consumption, the reference temperature
should preferably be increased in steps. The reason is that, at an outdoor am-
bient temperature of -10°C, the heat delivering capability is lower, as seen in
Figure[6.2] Thus, if there is a higher heating requirement, additional electric
heating must be used. However, despite gradually increasing the reference
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with the air source heat pump at an outdoor ambient temperature of
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temperature, additional electric heating is used as seen in Figure How-
ever, 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 consumption
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
conditions. Thus, the net reduction is around 3.5 kWh.

If the reference temperature is directly increased to 20°C, an additional
electric energy use 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 as the
heating energy requirements are not as high compared to space heating.

Performance comparison with empirical heat pump models

Figures and show the comparison of COP and electric power con-
sumption of the variable speed air to water heat pump under study (excluding
the recovery period) with the empirical models described in [22],[27]. Empir-
ical 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] are missing in the empirical models.

It is observed that the COP obtained from [22], matches well with the cur-
rent study, as opposed to the COP obtained from [27]. However, while looking
at the electric power consumed, it is observed that the actual consumption in
[22] 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 figures [6.5b and The reason for the limitation in the capacity
to deliver heat [22] and the COP values obtained from the empirical models
used in [22] and [27] are unknown.

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

Flexibility quantification

Flexibility is analysed and quantified for all houses described in Case 2 of
Table [44] by reducing the temperatures of space and water heating. The
quantification of flexibility at the individual house level is shown in Table
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(continued).

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. In addition, among the houses constructed during 1961 and
1976, the latter has a high value of flexible power, as it is equipped with the
air to water heat pump, which is less efficient compared to the ground source
heat pump.

In all categories of houses under study, a positive net reduction in electric
energy is observed. The reduction in electric energy during the flexibility pe-
riod increases with an increase in the degree of thermal compromise. However,
the net reduction in electric energy depends on the electric energy consump-
tion during the recovery period. In the case of houses with high efficiency,
where the use 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 (typically in
houses with limited heating capacity from the heat pump), 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 reduc-
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tion in electric energy in a specific house category during different degrees of
thermal compromise varies from case to case.

Table 6.1: Flexibility quantification in the houses under study. (SH:Space
heating, WH:Water heating).

Electric energy reduction (kWh) including

;:;S;u}fzfsz recovery period, at -10°C outdoor temperature Fle(}lil\t;;lty
SH:18°C,  SH:17°C,  SH:16°C,  SH:15°C,
WH: 50°C  WH: 48°C WH: 46°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

The quantification of the electric power consumption by heat pumps on
a system level, during the flexibility and recovery periods, is based on the
following assumptions

e The initial indoor temperature in all the houses under study is 20°C.

e The signals for indoor temperature set points during flexibility and re-
covery periods in all the houses under study are synchronised.

The average consumption of electric power at the system level, during the
pre-flexibility, flexibility and recovery period, respectively, for two example
cases with respect to the normal condition, at an outdoor ambient temperature
of -10°C, is shown in Figure[6.6] During the flexibility period, the average con-
sumption is obtained from the instant the electric power consumption starts
until the beginning of the recovery period. The average consumption is consid-
ered 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 for which there is no electric power consumption increases
with an increase in the reduction of temperatures for space and water heat-
ing. The same holds true when considering the 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
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Figure 6.6: Electricity consumption on a system level during different set point
temperatures at an outdoor ambient temperature of -10°C. (SH:space
heating, WH: water heating).

103



Chapter 6 Flezibility quantification of space and water heating systems

in temperature during the flexibility period. This is because the amount of
work done by the heat pump, when recovering the indoor and water tempera-
tures to normal conditions within a period of 24 hours, 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.

Flexibility quantification during different conditions

The results of the flexibility analysis with respect to the normal case are con-
solidated and shown in Figure[6.7] In Figure it is seen that for a normal
case, the consumption of electric energy for space heating and water heating
is reduced with increasing outdoor ambient temperature. Accordingly, the
amount of flexibility that can be offered in terms of instantaneous reduction
in electric power decreases. The reduction in electric energy, while offering
flexibility and considering recovery period, increases with an increase in the
degree of thermal compromise, in the majority of the cases. This is observed
in Figure [6.70}

The duration of time with zero electric power consumption during the flex-
ibility period, for various degrees of thermal compromise, at outdoor ambient
temperatures ranging between -10°C and 10°C is shown in Figure The
flexibility in terms of an instantaneous reduction in electric power is also
shown in this figure. According to data in [105] and Figure it is inferred
that from the perspective of endurance and flexibility volume, single-family
houses in Sweden have the potential to contribute to frequency containment
and restoration reserves.

Frequency support using flexibility from heat pumps

The total flexibility of heating systems equipped with heat pumps in houses
built after the 1960s in the southern half of Sweden is quantified. This rep-
resents 54.25% of the total single-family houses in Sweden. The flexibility
potential at -10°C outdoor temperature is estimated to be 2.1 GW. 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 de-
mand 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
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Figure 6.7: Consolidated results from flexibility analysis.(SH: space heating, WH:
water heating) (continued).

level for this modified test system would be approximately 650 MW, which is
about 8.4% of the total load in the system.

In the modified Nordic-32 bus system explained in Section [£.2] during the
loss of the generating unit G8, producing 950 MW, the frequency deviation
reaches below 48 Hz as seen in Figure 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 % 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 Figure 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.

6.3 Conclusions

A flexible physics-based model of the heat pump with vapour injection technol-
ogy is developed to obtain the electric power consumption under various op-
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erating 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 that involves detailed representations of the heat pump,
space heating, and water heating to estimate the electricity consumption un-
der various operating conditions.

It is demonstrated that the flexibility potential will be overestimated if
fixed speed heat pumps are used. 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 southern Sweden, representing 54.25%
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 estimation
ranges between 2.1 GW and 0.5 GW, for outdoor ambient temperatures vary-
ing 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.
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By reducing indoor and water temperatures from 20°C and 55°C, to 15°C
and 44°C, the power system is relieved with 2.1 GW for 5 hours and 0.8 GW
for the next 12 hours, at -10°C outdoor temperature. As a consequence of
offering flexibility, the electric power consumption increases to 2.9 GW during
the recovery of indoor temperatures over 24 hours.

Quantification of electric power consumption as a function of time serves
as a valuable information for power balance. It is also shown that a cluster
of single-family houses in Sweden has the potential to contribute to frequency
containment and restoration reserves. 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 house heating flexibility has
the potential to reinforce resilience in a large-scale power grid for a duration
varying between seconds and several hours.
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CHAPTER [

Flexibility quantification of a multi-room house

This chapter is based on the article,

¢« S. K. Nalini Ramakrishna, T. Thiringer, P. Chen, “Power system
resilience support from heat-pump equipped houses — thermal comfort
consequence for various room priority strategies” FEnergy Conversion
and Management: X, Volume 29, 2026, 101436, ISSN 2590-1745.

7.1 Overview

In this chapter, the objective is to quantify the flexibility potential by main-
taining different temperatures in various rooms of a house, equipped with a
variable speed heat pump.

The details of the house considered for analysis in this study are described
in Section The house is equipped with an air source heat pump and the
setup of this heat pump is described in Section The heating of domestic
water is blocked and an outdoor ambient temperature of -5°C is considered.

An interview study was conducted by RISE (Research Institutes of Sweden)
with single-family home owners equipped with heat pumps [98]. The main aim
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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. Further-
more, the study revealed that households had different preferences 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 posi-
tive 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 [9§]. 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.

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

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

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

e Case 4: Uniform heating of the entire house versus heating a well-
insulated smaller room (Bedroom 2) versus heating a larger room (Living
room), to 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 are reduced to support the
power system. Later, at hour 24, the recovery of the indoor temperatures is
initiated, assuming that the reserve power plants are restored.

In this study, flexibility is defined as a reduction in the electric power con-
sumption of the heat pump, relative to the electric power consumption, while
maintaining 20°C in the house.
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7.2 Thermal model of multi-room house

Based on the floor plan of the house presented in Figure 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 Subsection 3.9

The thermal model of the house with five zones is shown in Figure[7.1] The
heat output from the radiators is injected into the indoor temperature node
in each zone.

7.3 Results and discussion

Heat pump

The heat delivering capacity of the air source heat pump under study, at an
outdoor ambient temperature of -5°C, is shown in Figure [7.2] It is observed
that as the water supply temperature increases, the heat delivered and the
COP reduces. When the water supply temperature reaches 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 Figure As a result, the performance of the
heat pump improved. In addition, it is interesting to note that the minimum
value of heat delivered with vapour injection is higher in comparison to the
heat-delivering capability at low water supply temperatures.

The result on the minimum heat-delivering capability becomes important
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.

Case 1: 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 until 15°C, in the
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Figure 7.1: Thermal model of the house.
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Figure 7.2: Performance of the air source heat pump at an outdoor ambient tem-
perature of -5°C.

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 maintained at
20°C throughout the house, it is observed that around 6 kW of heat is re-
quired. 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 figures [7.3al, [7.30], [7.3d and [7.3d], respectively. The corresponding COP and
the speed of the heat pump are shown in Figure

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

Later, when the heating is again started to maintain the indoor temper-
ature 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 Figure [£.2] it is noticed 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 evap-
orator 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
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Figure 7.3: Thermodynamics in the house under study, equipped with the variable
speed air source heat pump when reducing the indoor temperature to
15°C in the entire house, at an outdoor ambient temperature of -5°C.
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speed air source heat pump when reducing the indoor temperature to
15°C in the entire house, at an outdoor ambient temperature of -5°C

(continued).
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Figure 7.3: Thermodynamics in the house under study, equipped with the variable
speed air source heat pump when reducing the indoor temperature to
15°C in the entire house, at an outdoor ambient temperature of -5°C
(continued).

value, and hence the heat pump behaves like a fixed-speed heat pump for
some time. Here, the average electric power consumption is 1.0 kW and the
corresponding flexibility is reduced from 100% to 57%.

During the recovery of indoor temperature in all rooms, it is observed that as
the heating demand in the rooms increases, additional electric heating is used,
as seen in figures[7.3bland [7:3¢] Consequently, the electric power consumption
also increases and then gradually decreases as the target indoor temperatures
are achieved. In this case, the maximum electric power consumption of 6 kW
lasts for a duration of about 8.4 hours.

It is interesting to observe that the flexibility of 100% can be offered for
8 hours, with the consequence of the indoor temperatures dropping to 15°C.
Later, for the next 9 hours, the flexibility offered gradually reduces to 57%.

Case 2: 20°C in the living room

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

In Figure [7.4D] 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 requirement 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. This can be observed in Figure

The electric power consumption reduces to 1.2 kW for a duration of 6 hours,
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
reduces in the other rooms. This can be observed in Figure The average
consumption of electric power during the flexibility period is 1.28 kW.

During the recovery period, the peak electric power consumption of 6 kW
occurs for a duration of about 4.3 hours and gradually reduces as the target
indoor temperatures are achieved.

In this case, a flexibility of 44% is provided for 17.25 hours.

Case 3: 17.5°C in Bedroom 2

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.

Figure [7.5] shows the indoor temperatures, the heating demand in different
rooms of the house, followed by the electric power consumption.

During the flexibility period, it is observed that in rooms other than Bed-
room 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
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Figure 7.4: Thermodynamics in the house under study, equipped with the variable
speed air source heat pump when maintaining 20°C in the living room
and shutting off heating in the other rooms, at an outdoor ambient
temperature of -5°C.
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Figure 7.4: Thermodynamics in the house under study, equipped with the variable
speed air source heat pump when maintaining 20°C in the living room
and shutting off heating in the other rooms, at an outdoor ambient
temperature of -5°C (continued).

heat is instead delivered to other rooms to prevent the heat pump from cy-
cling. Thus, the indoor temperatures in the other rooms are well above the
value of 10°C.

In Figure 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 hours.

In this case a flexibility of 100% can be offered for 5 hours, with the conse-
quence that the indoor temperature in Bedroom 2 drops to 17.5°C. Later, for
the next 12 hours, the flexibility offered is reduced to 57%.

Case 4: Heating the entire house versus heating the smallest
room versus heating the largest room

The main objective of this study is to investigate and quantify the flexibility
potential by maintaining different temperatures in various rooms of the house.
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Figure 7.5: Thermodynamic behaviour in the house under study, equipped with
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Figure 7.5: Thermodynamic behaviour in the house under study, equipped with
the variable speed air source heat pump when maintaining 17.5°C in
the smallest well insulated room, at an outdoor ambient temperature
of -5°C (continued).

Hence, flexibility is quantified by comparing three scenarios: uniformly heat-
ing the entire house, heating a well-insulated smaller room, and heating a
larger room to various temperatures ranging between 19°C and 15°C, during
the time of resilience activation.

The consolidated results of flexibility offered in the above three scenarios, by
reducing indoor temperatures from 20°C and maintaining them between 19°C
and 15°C is shown in Figure [7.0] Figure shows the duration for which a
flexibility of 100% can be provided, or, in other words, the duration without
any consumption of electric power due to the 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 in the second
scenario, 100% flexibility can be provided for a longer duration compared to
the other two scenarios. Furthermore, by comparing the three scenarios, it
is observed that 100% flexibility can be provided for a similar duration while
maintaining better thermal comfort in the smallest well-insulated room.

For example, a flexibility of 100% is provided for 5 hours, with the conse-
quence that the indoor temperatures of the house drop to about 16°C, at an
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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 Figure [7.5

After some hours of offering a flexibility of 100% (as presented in Figure
, the flexibility reduces, as indoor temperatures should be kept at speci-
fied minimum values. The change in flexibility from 100% to various values in
the three different scenarios is shown in Figure[7.6b] 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 Figure [7.5] As a result, excess heat
is delivered to other rooms. Consequently, the level of flexibility looks the
same for various degrees of thermal compromise in Bedroom 2. For the other
scenarios, 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.

Validation of the thermal model developed

The total coefficient of heat transfer (thermal resistances to outdoor tempera-
ture) of the house, including infiltration losses and heat recovery, is calculated
to be 239.23 (¥).

Using the overall heat transfer coefficient, the heat required to maintain an
indoor temperature of 20°C at an outdoor ambient temperature 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 ,
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 esti-
mated by calculating the heat transfer coefficient of each room with respect to
the outdoor temperature. For each room, this can be calculated by determin-
ing the thermal equivalent of the parallel combination of (Ryentitation,in filtration)
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with (Rairest + Rewt + Reat airin)- These values are estimated to be 1.02
kW, 0.42 kW and 0.65 kW for Bedroom-1, Bedroom-2, and Bedroom-3, re-
spectively. 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 figures
7.0D] [7.45] and [7.55] Thus, the thermal model of the house works as desired.

7.4 Conclusions

This study 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 different tem-
peratures in various rooms in 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 consumption 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 hours, 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.
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CHAPTER 8

Limiting the rebound effect of using flexibility

This chapter is based on the article

¢ S. K. Nalini Ramakrishna, T. Thiringer, P. Chen “Limiting the re-
bound effects when utilising flexibility from heat pumps using an adap-
tive heat pump controller,” Accepted, Energy Conversion and Manage-
ment, 2025.

8.1 Overview

In this chapter, the focus is on reducing the rebound effect associated with
using flexibility of space heating systems equipped with heat pumps. The
houses considered for analysis in this study are described in Case 3 of Table
[:4 The setup of the heat pumps is as described in Section [£-3] The heating
of domestic water is blocked. Here, an outdoor ambient temperature of -5°C
is considered.
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8.2 Results and discussion

A typical house constructed during 1961-1975 is taken as an example to
present an in-depth analysis on a component level, as they are high in number
in comparison with other house categories.

The target indoor room temperature recovery from 15°C to 20°C, after
providing flexibility by reducing the indoor temperature from 20°C to 15°C
over a period of 17.25 hours, is chosen to represent an extreme situation with
a severe power deficit condition. Similarly, a target recovery of indoor room
temperature from 18°C to 20°C, after providing flexibility by reducing indoor
temperature from 20°C to 18°C over a period of 3.25 hours, is chosen to
represent a mild demand response condition.

The case with the standard heat pump controller refers to an advanced ver-
sion of the standard weather-compensated heat pump control where Ty, ppiy is
changed to meet different heating requirements. This standard controller does
not include the estimation of the heat pump’s water supply temperature for
providing maximum space heating via radiators, considering the limitations
in heat pumps. However, this is included in the proposed controller.

Recovery analysis during an extreme situation

To improve the resilience of the power system, the space heating is turned off
until the indoor temperature reaches 15°C. Figure shows the thermody-
namics in the house before supporting the power system, then while support-
ing by reducing the electric power drawn, and finally during recovery of the
indoor temperature to pre-disturbance conditions. The results obtained from
the proposed controller are presented in bright colours, whereas those from
the standard controller are represented in dark colours. The corresponding se-
lected operating points are represented using green circles and pink diamonds,
respectively.

The mapping of the selected operating points, considering the heat deliver-
ing capabilities of the heat pump and the installed radiators for the proposed
and standard controller, are shown in Figure Here, the desired heat value
is represented using maroon circles.

In this study, the objective is to obtain the same recovery time for both
the standard and the proposed controller, but with the proposed controller
managing this without the electric heater.
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It is observed that before providing support, the indoor temperature is
maintained at 20°C. During the support time, the reference value of the in-
door temperature is reduced to 15°C. As desired, there is a period without
consumption of heat and electric power when the indoor temperature starts
to decrease. The power system has now been relieved of 2.1 kW for some
time. This is followed by a period with reduced heat and electric power con-
sumption as the corresponding requirements are lower to maintain the indoor
temperature at 15°C compared to maintaining it at 20°C. This can be seen
in figures [8.1a] [8.1b] and [8.1c] The corresponding COP, water supply and
return temperature in the radiators, followed by the speed of the heat pump,
is shown in figures and respectively. During this period, in
figures[B.1] and [B:2]it is observed that the actual and desired heat are the same
using both the proposed and the standard controller.

During the recovery period, the reference value of the indoor temperature is
ramped up starting at hour 24 to restore the indoor temperature by hour 30.
From figures and during the recovery period, it is seen that there is a
change in operating points when using the proposed and standard controller.
Higher values of supply temperatures are chosen to deliver a high value of
heat using the standard controller compared to the proposed controller. How-
ever, due to limitations in the heat delivering capability of the heat pump

at these supply temperatures, additional electric heating is used to deliver
the same heat as in the case of the proposed controller, which, of course, is
strongly undesirable. Consequently, the COP is higher and the electric power
consumption is lower using the proposed controller compared to the standard
controller.

It does not help to have the electric heating blocked in the standard con-
troller, as the indoor temperature recovery will now take a longer time due to
limitations in the heat delivering capability of the heat pump at high supply
temperatures and accordingly, the duration with 3 kW peak power consump-
tion will be longer compared to the proposed controller.

The electric power consumption in houses constructed during 1976-1985
and 1986-1995 is shown in figures and [83D] respectively. The evolution
of indoor temperatures in these houses is shown in Figure From Table
for Case study 3 it is observed that the time constant in the above houses
is high, and therefore recovery takes longer compared to the house built during
1961-1975. As the house constructed during 1986-1995 has the highest time
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constant, indoor temperature recovery has a longer duration compared to
the two previous types of house. It should be mentioned that during the
flexibility period, the duration without electric power consumption increases
with an increase in the time constant of the house, as witnessed in figures
and Furthermore, as indoor temperatures reach the target value of
20°C, the electric power consumption is reduced accordingly and eventually
reaches a steady state value. From figures [8:3] and [B:ID] it is observed that
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Figure 8.2: Operating points obtained using standard and the proposed controller,
in a house constructed during 1961-1975.

with the proposed controller, in houses constructed during 1961-1975, 1976-
1985 and 1986-1995, the peak power consumption is 1.7 kW and 1.3 kW lower,
respectively, compared to the standard controller. Thus, achieving a reduction
in rebound power consumption of approximately 36% and 30%, respectively
compared to the standard controller. This clearly signifies the importance of
matching the maximum heat delivered by the heat pump with the installed
radiators, considering the limitations in the heat pump using the proposed
controller.

Furthermore, it is observed that the performance in both the controllers
matches exactly during pre-disturbance and flexibility periods, clearly em-
phasising the strength of the proposed controller during recovery periods.
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Figure 8.3: Indoor temperature and comparison of electric power consumption be-
tween the standard and the proposed controller after providing flexibil-
ity during severe power deficit conditions, in houses constructed during
1976-1985 and 1986-1995, at an outdoor ambient temperature of -5°C
(continued).

Sensitivity analysis
Variations in radiator number and infiltration rate

A sensitivity analysis is performed to test the performance of the proposed
controller compared to the standard controller, considering a variation in the
number of radiators and the infiltration rate.

As mentioned earlier, the objective of this study is to obtain the same recov-
ery time for both the standard and the proposed controller, and, in addition,
with the proposed controller managing this without the electric heater.

The time taken to recover indoor temperatures considering a variation of
+15% in the number of radiators and +10% variation in infiltration rates,
compared to the values in Case 3 in Table [£.4] is shown in Figure 4] The
corresponding reduction in peak electric power consumption using the pro-
posed controller compared to the standard controller is shown in Figure (8.5

With a reduced number of radiators, higher supply temperatures are re-
quired to deliver the same heat as in the case with a high number of radiators.
The heat delivering capacity of heat pumps at high supply temperatures is
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Figure 8.4: Sensitivity analysis on indoor temperature recovery time, considering
variation in the number of radiators and infiltration rate (continued).

reduced as seen in Figure [8:2] Thus, as the heat capacity is limited at higher
water supply temperatures, the recovery time increases. However, with a
higher number of radiators, the recovery time is reduced because the heating
capacity of the heat pumps is relatively higher at lower supply temperatures
compared to the former case. This is observed in Figure

Infiltration rates correspond to heat losses in houses. Thus, the lower the
infiltration rate, the shorter the recovery time.

In Figure [8:5 it is observed that as the number of radiators increases, the
reduction in peak electric power consumption compared to the standard con-
troller increases. This is because the heat delivering capability of the radiators
at lower supply temperatures increases with an increase in the number of ra-
diators. This means that the maximum heat that can be provided during the
recovery period using the proposed controller also increases. As the standard
controller chooses a higher supply temperature where the heat pump’s heat-
ing capability is limited, additional electric heating needed to deliver the same
heat as in the case of the proposed controller increases.

The sensitivity analysis undertaken further demonstrates the strength of
the proposed controller compared to the standard controller in reducing peak
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Figure 8.5: Sensitivity analysis on reduction in peak power consumption during
recovery period, considering variation in the number of radiators, using
the proposed controller compared to the standard controller, in the
three house types.

Variations in the difference between the supply and return water
temperature in radiators

Sensitivity analysis considering the variation in the difference between Tsyppiy
and Ty etyrn in the radiators is performed to test the performance of the pro-
posed controller. Based on references , the difference between Tiyppiy
and Ty.etyrn varies between 5°C and 10°C for space heating systems equipped
with heat pumps. Hence, the same is considered for the sensitivity analysis.
The other details of three houses are described in Table[d4l The results of this
sensitivity analysis are shown in Figure In Figure it is observed that
the influence of the difference between Ty, ppiy and Ty.epurpn in the radiators on
the performance of the proposed controller is not significant.

Recovery analysis during a mild situation

Figure 8.7 shows the consumption of electric power in the houses under study,
while providing a mild demand response by reducing the indoor temperature
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Figure 8.6: Sensitivity analysis on the recovery time considering variations in the
difference between the supply and return water temperature in radia-
tors, using the proposed controller, in the three house types.

from 20°C to 18°C over a period of 3.25 hours. In this case, a thought is
that we perhaps only perform energy arbitrage. The analysis also includes
the target indoor temperature recovery to 20°C in two hours, while ensuring a
high COP. The results obtained with the proposed controller and the standard
controller are represented in bright and dark colours, respectively. Here also,
the objective is to ensure indoor temperature recovery at the same time using
both controllers, and electric heating is disabled in the case of the proposed
controller.

As witnessed previously, due to limitations in the heat pump’s heat deliv-
ering capability at higher values of supply temperatures, additional electric
heating is utilised in the case of the standard controller to deliver the same
heat as in the case of the proposed controller. Thus, using the proposed con-
troller, the rebound power is substantially lower. The key feature is that the
proposed controller manages to have a higher COP compared to the standard
controller.

Figures [8.7a] [8.75 and [B.7d reveal that during the recovery period, a reduc-
tion in peak electric power consumption by 31%, 30% and 29% is achieved
in houses constructed during 1961-1975, 1976-1985 and 1986-1995, respec-
tively, using the proposed controller compared to the standard controller.
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Figure 8.7: Indoor temperature and comparison of electric power consumption be-
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tween the standard and the proposed controller after providing flexi-
bility during mild demand response program, at an outdoor ambient
temperature of -5°C.
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Figure 8.7:
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This clearly highlights the importance of the proposed controller in limiting
the rebound effect of using heat pumps after participating in mild demand
response programmes.

Quantification of electric power consumption on a system
level

The quantification of the electric power consumption by heat pumps on a sys-
tem level, during the flexibility and recovery periods, is based on the following
assumptions

e The initial indoor temperature in all the houses under study is 20°C.

e The signals for indoor temperature set points during flexibility and re-
covery periods in all the houses under study are synchronised.

Recovery analysis during extreme situations

The quantification of electric power consumption as a function of time by
0.87 million heat pump equipped houses is shown in Figure [8:8] The details
of these houses are indicated in Case 3 of Table [.4] and the quantification is
based on the results presented earlier during extreme situations.

It is observed that about 1.9 GW of electric power is required to maintain
indoor temperatures at 20°C in 0.87 million houses. Consequently, the power
system can be relieved of 1.9 GW, and in our example, this reduction is for 7
hours and then 650 MW for the next 10 hours, with the consequence of the
indoor temperatures dropping to 15°C. During indoor temperature recovery
to 20°C taking 20 hours, using the proposed controller, the maximum rebound
power is limited to 2.6 GW compared to 3.9 GW using the standard controller.
Thus, achieving a 33% reduction in peak power consumption.

This shows that the proposed controller helps to limit the CLPU effect by
reducing the peak power consumption by the heat pumps after providing flex-
ibility during extreme situations. These results help system operators during
recovery periods, in taking informed decisions in load management while bal-
ancing power systems with limited generation and importing capacity, which
is a key feature in increasing grid resilience.
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Figure 8.8: Quantification of electric power consumption by heat pumps prior to
providing support to the power system, while supporting by reducing
the indoor temperature from 20°C to 15°C and during recovering the
indoor temperature to 20°C, using the standard and the proposed con-
troller.

Recovery analysis during mild situations

The quantification of electric power consumption as a function of time by 0.87
million heat pumps in the study, based on the results presented earlier during
mild situations, is shown in Figure

Here also the analysis remains the same as in the case of Figure The
power grid is relieved of 1.9 GW for about 2 hours. During the recovery
period, the peak power reduction by 30% is obtained using the proposed
controller compared to the standard controller. This emphasises the proposed
controller’s strength in limiting the CLPU effect witnessed after providing
flexibility during mild situations as well.

8.3 Conclusions

The rebound effect of using flexibility of space heating systems equipped with
heat pumps can have large negative CLPU effects, while restoring the indoor
temperature to normal conditions. Furthermore, the fact that participation
of TCLs in dynamic pricing schemes leads to substantial CLPU effects is
confirmed in [12].

Today, modern variable speed heat pumps are dominating new installations
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Figure 8.9: Quantification of electric power consumption by heat pumps prior to
providing support to the power system, while supporting by reducing
the indoor temperature from 20°C to 18°C and during recovering the
indoor temperature to 20°C, using the standard and the proposed con-
troller.

strongly, and they will soon dominate the accumulated installations. Thus,
in this study, the possibility to limit the CLPU effects on a component level
considering variable speed heat pumps is investigated i.e. a deeper analysis
of the electric power consumption by heat pumps with the associated thermal
effects is undertaken on a component level, which so far has been missing in
scientific literature.

An adaptive heat pump controller is proposed to provide the maximum
possible space heating during the recovery period, considering the limitations
in heat pumps. The peak electric power required is much lower using the
proposed controller compared to the standard heat pump controller while
recovering the indoor temperature at the same time. This shows that the
proposed controller helps to limit the CLPU effects by reducing the peak
electric power consumption of the heat pumps during the recovery period.

Taking the southern half of Sweden as an example, at -5°C outside tem-
perature, approximately 1.9 GW dedicated to heating is required to maintain
indoor temperatures at 20°C, in 44% of single-family houses. The power sys-
tem can be relieved of these 1.9 GW for 7 hours and 650 MW during 10
hours, with the consequence that indoor temperatures drop to 15°C. During
an indoor temperature recovery to 20°C, over 20 hours using the proposed
controller, the maximum rebound power is limited to 2.6 GW compared to
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3.9 GW using the standard controller. Thus, achieving a 33% reduction in
peak power.

During the same conditions, indoor temperatures are reduced from 20°C to
18°C over a duration of 3.25 hours, to represent a moderate demand response
case. A target temperature recovery of 20°C is achieved in 10 hours and the
recovery peak power is limited to 2.6 GW as opposed to 3.7 GW, which is
approximately a 30% reduction compared to the standard controller. Thus,
with the proposed controller, the CLPU effects are limited, thereby reducing
the rebound effect during the recovery period, after participating in moderate
demand response programmes.

In this study, the effectiveness of the proposed controller is clearly demon-
strated. The proposed controller helps limit rebound effects of using flexibility
from heat pumps, after supporting power systems during moderate situations
and also during extreme events with severe power shortages.
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CHAPTER 9

Conclusions and Future Work

9.1 Conclusions

In northern European countries such as Sweden, winter represents a challeng-
ing period for power systems, as it might operate close to its limits. During
these periods, the loss of a major power plant combined with limitations in
importing power or cyber and physical attacks on power systems can cause
severe power shortage conditions that last several hours. In this context, im-
proving the resilience of the power system becomes essential. Thus, in this
thesis, the potential for load reduction using the flexibility of heating sys-
tems equipped with heat pumps in Swedish single-family houses is quantified.
Single-family houses are chosen because their electric energy consumption is
the highest in the residential sector.

In this study, flexibility is defined as a reduction in the electric power con-
sumption of heat pumps, relative to the electric power consumption when
maintaining 20°C throughout the houses.

For flexibility quantification, the houses built after the 1960’s in southern
half of Sweden, representing 54.25% of the total single-family houses, are
considered. For the power system with a peak demand of 20-25 GW, the

145



Chapter 9 Conclusions and Future Work

flexibility estimation ranges 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 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 is relieved of 2.1 GW for 5
hours and 0.8 GW as long as flexibility is required, at an outdoor temperature
of -10°C.

It is shown that during the loss of a major generation in the modified Nordic-
32 bus system with a high share of renewable power installations, active con-
trol of heating systems equipped with heat pumps provides great flexibility.
It helps prevent the frequency nadir from becoming too low, causing unde-
sirable load disconnections. Thus, a group of single-family houses that use
the flexibility of heating systems has the potential to reinforce resilience in a
large-scale power grid for a duration ranging from seconds to several hours.

To quantify the flexibility potential by maintaining different temperatures
in a multi-room house, a detailed model of a house equipped with a variable
speed heat pump is developed. A flexibility of 100% is provided for 5 hours,
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, as long as flexibility
is required.

The rebound effect of using flexibility from heat pumps can have large
negative CLPU effects, while restoring the indoor temperature to normal con-
ditions. Hence, an adaptive heat pump controller is proposed to limit the
CLPU effects during the recovery period, considering the limitations in heat
pumps. At -5°C outdoor temperature, approximately 1.9 GW is required to
maintain indoor temperatures at 20°C, in 44% of single family houses. The
power system can be relieved of 1.9 GW for 7 hours and 650 MW for the
next 10 hours, with the consequence that the indoor temperatures drop to
15°C. During indoor temperature recovery to 20°C, over 20 hours using the
proposed controller, the peak rebound power is limited to 2.6 GW compared
to 3.9 GW using the standard controller. Thus, achieving a 33% reduction in
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peak power. This shows that the proposed controller helps to limit the CLPU
effects by reducing the peak power consumption of the heat pumps during the
recovery period.

Furthermore, an important finding is that increasing emphasis on energy
efficiency measures will eventually lead to replacement of fixed speed heat
pumps by variable speed heat pumps, which have high controllability. Thus,
variable speed heat pumps were considered for analysis. In this study, it is
shown that the inclusion of traditional fixed speed heat pumps could result in
an overestimation of the flexibility potential by approximately 19% compared
to variable speed heat pumps.

9.2 Future Work

There are many further investigations that could follow on from this work.
Some valuable efforts proposed are

e The impact of defrosting in air source heat pumps and the impact of
reducing the ventilation rate on flexibility quantification and indoor tem-
perature recovery, can be a value contribution.

o Experimental validation of the mathematical models proposed in this
thesis. This helps in providing deeper insights that are not captured by
simulations.

¢ Employing stochastic models to quantify flexibility on a system level
to account for the uncertainty in the buildings’ thermal properties and
indoor temperature set points based on the occupants behaviour.

¢ Quantification of the rebound electric power consumption in a system
with both space heating and water heating equipped with a heat pump,
accounting for the withdrawal of hot water from the occupants during
the recovery period.
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