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ARTICLE INFO ABSTRACT
Keywords: Electricity-driven air-source heat pumps are a promising element of the transition to lower-carbon energy sys-
Domestic heating tems. In this work, operational optimisation is performed of an air-source heat pump system aimed at providing

Genetic algorithm

Heat pump
Optimisation
Phase-change material
Thermal energy storage

space heating and domestic hot water to a single-family dwelling. The novelty of this work lies in the devel-
opment of comprehensive thermal network models of two different system configurations: (i) a standard
configuration of a heat pump system coupled to a hot-water cylinder; and (ii) an advanced configuration of a heat
pump system coupled to two phase-change material thermal stores. Three different objective functions (opera-
tional cost, coefficient of performance, and self-sufficiency from a locally installed solar-PV system) are inves-
tigated and the proposed mixed-integer, non-linear optimisation problems are solved by employing a genetic
algorithm. Simulations are conducted at two carefully selected European locations with different climate char-
acteristics (Oban in Scotland, UK, and Munich in Southern Germany) over four seasons represented by typical
weather weeks. Comparison of key results against a conventional operating strategy reveals that the use of smart
operational strategies for the operation of the heat pump and thermal stores can lead to considerable economic
savings for consumers and significant performance improvements over the system lifetime. Optimising the
operation of the standard configuration leads to average annual cost savings of up to 22% and 20% at the UK and
German locations, respectively. The optimisation of the advanced configuration with the two PCM stores shows
even higher potential for economic savings — up to 39% and 29% per year at the respective locations — as this
configuration allows for greater operational flexibility, and high-electricity-price periods can be almost
completely avoided. Depending on the objective function, configuration and location, the system seasonal co-
efficient of performance varies between 2.4 and 2.8. Lastly, a significant (up to four-times) increase in the
fraction of heat pump energy demand covered by an appropriately-sized rooftop PV system is demonstrated,
increasing from 8% to 34% at the UK location and from 6% to 24% at the German location. The analysis
highlights trade-offs between the objective functions, while the time-resolved results can be used to guide the
future development of smart controllers for these applications.

emissions by 2050. Many countries have enacted the net-zero target by
law [3,4] to meet the Paris Agreement’s objectives [5]. In the Heat and

1. Introduction Buildings Strategy published by the UK government in late 2021, it is
stated that the installation of gas boilers should be phased out from 2035
Heating is one of the largest causes of energy consumption in our [6].

societies. In Europe, heating and cooling account for 50 % of total en-
ergy consumption [1], while in the UK, more than 40 % of the energy

consumption is attributed to space heating and hot water provision for 1.1. Heat pumps and demand-side response
buildings [2]. Although emissions of greenhouse gases have been 20 %
lower than in 1990, drastic action is required to reach net-zero carbon The “Heat Roadmap Europe” (HRE) [7] predicts that the CO;
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Nomenclature

Acronyms

ASHP air-source heat pump

COP coefficient of performance
DHW domestic hot water

DSR demand-side response

EU European Union

MINLP  mixed-integer non-linear problem
PCM phase-change material

PV photovoltaic

SH space heating

TES thermal energy storage

Greek symbols

a binary (on/off)

y temperature coefficient (1/K)
€ heat exchanger effectiveness (-)
n efficiency (-)

A thermal conductivity (W/m/K)
p density (kg/m>)

Symbols

A area (m?)

C thermal capacitance (J/K)

[ specific heat capacity (J/kg/K)
G thermal conductance (W/K)

H height (m)

I irradiance (W/m?)

L specific latent heat (J/kg)

m mass (kg)

m mass flow rate (kg/s)

n number (-)

Obj objective function (-)

p price (£/kWh)

Q heat flow (W)

R radius (m)

T temperature (K)

t time (s)

174 power (W)

Subscripts

amb ambient temperature

c cylinder

cold cold side of the cylinder
cost operational cost

d demand

EH electric heater

elec electricity

em heat emitters

env building envelope

ext external environment
gt global tilt

hot hot side of the cylinder
HP heat pump

ig internal gains (e.g., appliances)
imp imported electricity

in inlet/input

int building internal space
inv inverter

loss thermal loss to surroundings
mains  cold mains water

max maximum

min minimum

nom nominal

out outlet/output

pan panel

p pipe in primary loop

PL primary loop

s solar gain

sg solar gains

SL secondary loop

suff self-sufficiency

sys heat pump & electric heater system
w water

vent ventilation

emissions produced in Europe’s heating and cooling sector can be
reduced by more than 85 % by 2050 compared to 1990 using only
known technologies. As stated in the roadmap, electricity-driven heat
pumps will be key to facilitate the switch from traditional oil and gas
boilers and thus enable the efficient use of resources. Therefore, they
constitute one of the main pathways to decarbonise the domestic heating
sector [8].

Electricity-driven heat pumps do not produce greenhouse gases at
point-of-use in the household. In addition, heat pumps are formally
classified as renewable energy devices. If a significant part of electricity
required can be produced using renewable energy sources, heat pump
technology can be established as a low-carbon heating solution, even
from a system perspective. The carbon intensity of electricity grids,
which refers to the amount of CO5 released to the atmosphere per unit of
electricity produced, has been rapidly decreasing in recent years. In the
European Union (EU), for example, the carbon intensity experienced an
average decrease of more than 20 % in the last 10 years [9], while it has
reduced by more than 50 % in the UK [10].

Heat pumps utilise mechanical work to transfer heat from a cold to a
hot region, extracting heat from the environment [11], which can be
used in domestic applications to provide both domestic hot water
(DHW) and space heating (SH). This mature technology has experienced
significant market growth in recent years (more than 10 % per year since

2014) [12]. However, the heat pump market share is still low at about
14.9 million units in the EU and 0.25 million units in the UK [12]. The
main reasons for this include: (i) large capital costs (which can vary
between 300 £/kWy, and 650 £/kWy, depending on the size and speci-
fications [13]); (ii) lack of consumer awareness on the reliability and
comfort that these systems can provide; and (iii) lack of information
regarding the degree to which operational savings can be achieved.
The fundamental issues associated with the intermittency of
renewable generation indicate that demand-side response (DSR) will
have a vital role to play in near-future electricity systems [14,15].
Through price-based programs, end-users with flexible loads can
respond to grid requirements, shifting some of the electricity that they
import from high-demand to low-demand periods, supporting the
smooth transition of the current system to a more adaptable grid and
encouraging the uptake of more renewable generation technologies
[16]. At the same time, end-users can benefit from reduced operational
costs using smart meters and variable-price electricity tariffs [17,18].
When coupled with thermal energy storage (TES) in distributed en-
ergy systems, heat pumps can be operated flexibly, potentially showing
great value in providing DSR [19,20]. Heat pumps can be switched on
during low-electricity-price periods to charge the TES device, which can
be discharged later to meet up demand when electricity prices are
higher. TES devices act as a buffer between demand and supply, so that
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importing electricity during high-electricity-price periods can be
avoided.

TES devices can be classified into sensible-heat, latent-heat, or
thermochemical storage systems [21], with sensible-heat storage using
hot water being the most common in the case of DHW and SH applica-
tions in buildings. Thermochemical TES technologies promise the
highest energy densities, but are also at the earliest development stages
amongst these options. On the other hand, latent-heat TES systems based
on phase-change materials (PCMs) have gained commercial interest and
various products are now available on the market [22-24]. PCM-based
thermal stores exhibit higher energy densities than hot-water cylin-
ders, and can store and recover heat in a small temperature band [25].

1.2. Operation optimisation of domestic heat pump with thermal storage
for cost minimisation

Several studies investigated heat pump load-shifting using thermal
storage. Renaldi et al. [26] predicted that, despite the price of gas being
significantly lower than that of electricity, optimising the operation of
an air-source heat pump (ASHP) in a typical house in Greater London
based on variable electricity tariffs allows for a 6-% reduction in oper-
ational costs compared to using a gas boiler. The authors showed that, in
conjunction with the Renewable Heating Incentive provided by the UK
government, heat pumps can be a competitive option. By considering
hourly time steps and simulating a whole year, the optimal volume of
the hot-water cylinder was found to vary between 210 L and 300 L
depending on the type of electricity tariff. Arteconi etal. [27] used a
detached house in Northern Ireland as a case study, demonstrating that
time-of-use electricity tariffs play a major part in convincing end-users
to switch off their ASHP during peak-demand-periods (16:00-19:00).
In addition, the use of radiators as heat emitters would require a 500-L
thermal-storage volume (based on a stratified hot-water cylinder) to
guarantee that the heat pump is switched off during those times and that
SH is always provided. Furthermore, Fischer et al. [28] compared
different control strategies for a PV-assisted ASHP using a multi-family
(12-person) house in Potsdam, Germany, as a case study. Using a ther-
mal storage volume of 3000 L, the use of model predictive control was
shown to reduce operational costs by more than 10 % when compared to
simple rule-based control strategies.

In the work of Le et al. [29], the authors focused on a cascade ASHP
system and chose Northern Ireland as the case study as well, presenting
high operational cost savings compared to oil boilers (16-34 %). The
work was based on a TES device made of a hot-water cylinder of volume
varying between 600 L and 1100 L and concluded that the best times to
charge the storage are at 03:00 in the morning (due to low electricity
prices) and 14:00 in the afternoon (due to high ambient temperature).

Phase-change materials (PCM) are promoted in literature as a
method to provide heat pump flexibility at domestic scale. In the work of
Cabrol and Rowley [30], the operation of an ASHP was optimised to
show that, using an underfloor-heating system with a concrete floor slab
containing PCM, cost savings can reach up to 50 % compared to the use
of a gas boiler for different UK locations. Furthermore, in the work of
Kelly et al. [31], the results show that a 1000-L hot-water cylinder or a
500-L PCM thermal store are necessary to switch the heat pump oper-
ation to off-peak periods in order to meet DHW and SH demand.

In summary, most studies conclude that a relatively large thermal
storage device is required in order to obtain meaningful economic sav-
ings by operation time-shifting (500-L cylinder in Ref. [27], 600-1100 L
cylinder in Ref. [29], 1000-L cylinder or 500-L PCM thermal store in
Ref. [31]). It is also important to consider that DHW demand often ex-
periences substantial fluctuations with time, which means that
capturing the instantaneous peaks requires a high temporal resolution
[32], otherwise the storage volume required to meet all demand at all
times may be underestimated (e.g., 210-300 L cylinder in Ref. [26]
using hourly resolution). The Hot Water Association in the UK states that
a typical four-person household often uses around 200 L of hot water per

Energy Conversion and Management 273 (2022) 116426

day [33], and manufacturers often suggest that cylinders should allow
~ 50 L of water per person per day [34]. Installing much larger cylinders
(e.g., 500-1000 L), which is suggested in many of the above studies, is
only an interesting option for large households with no space limita-
tions. An assessment of the degree to which smart operation strategies
can lead to economic savings even when using storage volumes appli-
cable to small- or medium-sized dwellings has not been performed yet.

1.3. Other operation objectives

1.3.1. Heat pump performance

Smart control strategies can be used not only to minimise operational
costs, but also to operate heat pump systems whenever the environ-
mental conditions are favourable, improving the overall performance
and minimising the total electricity consumption. The performance of
heat pumps largely depends on operating conditions (weather, demand
typology, etc.) and is rated using the coefficient of performance (COP),
defined as the ratio of the heat output to the electricity input.

The COP can be improved by time-shifting operation to minimise the
temperature difference between the heat-source fluid (ambient air in the
case of ASHPs) and heat-sink fluid (heated water) [35]. For example, the
TES device can be charged whenever the ambient temperature is rela-
tively high (which corresponds to a high heat pump performance), and
the system can be turned off during cold periods, increasing the overall
COP over the daily or annual period. In the work of Nouri et al. [36],
different configurations of a ground-source heat pump assisted by a solar
thermal collector are compared based on the annual COP, demon-
strating that CO4 emissions can be reduced by more than 50 % compared
to conventional gas-driven heating systems. Various tools have been
developed to optimally design heat pumps and/or predict their seasonal
energy performance [37,38]. However, less effort has been devoted to
identifying smart control strategies for energy performance
maximisation.

1.3.2. PV self-sufficiency

If electricity is produced locally from a renewable-electricity source,
heat pumps can be also operated to maximise self-sufficiency, which is
defined as the proportion of electricity locally used that is not imported
from the wider-area grid. Increasing the self-sufficiency of buildings is
one of the targets set by many EU countries [39] and is an important
topic in energy-community and microgrid applications [40]. A solar-
house prototype was developed in Madrid, Spain, to be an energy self-
sufficient house based on passive design strategies [41], and self-
sufficiency in the case of heating is achieved through the use of two
hot-water cylinders (one for the solar collectors and one for the heat
pump). Furthermore, in the work of Huang et al. [42], a system of PV
collectors, heat pumps, thermal storage and electric vehicles for a group
of residential buildings is analysed. Various techno-economic perfor-
mance indicators are compared, showing that aggregating the demand
of buildings leads to smoother demand profiles than those of individual
homes, allowing for a greater portion of the generated PV power to be
locally used.

In the work of Iwafune et al. [43], the authors reported that self-
consumption, the proportion of electricity produced from a PV system
of an average household in Japan that is internally used, can be
increased by more than 10 % when optimising the heat pump operation.
Similarly, in the work of Fischer [28], this proportion was shown to
increase by more than 5 % using model predictive control. The objective
function in the above studies was the operational cost.

Langer et al. [44] compared the effectiveness of self-consumption
and self-sufficiency as alternative objective functions to operation cost
for the optimal operation of a PV-assisted ASHP in a four-person house in
Germany. The results showed that using self-consumption as the
objective function leads to a significant reduction of 9 % in cost savings
compared to using operational cost. On the other hand, the use of self-
sufficiency as the objective function only marginally reduces cost
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Fig. 1. General structure of the developed framework. Two different heat-pump system configurations are investigated for four selected weather weeks, two different

locations and three different objective functions.

savings (2 %) compared to using operational cost and leads to decreased
solution times for the optimisation problem. In the near future, many
new built-homes will be likely equipped with solar-assisted heat pumps
[45-47], and, in conjunction with energy bill savings and technology
performance, self-sufficiency is an objective that merits further
investigation.

1.4. Contributions

While significant work has been done in the areas of domestic
heating and heat pump operation optimisation, there remain some gaps
in the literature. In detail, there is a need to assess the potential to reduce
consumer costs and improve efficiency in domestic heating applications
through the use of: (i) smart operation strategies in small- or medium-
sized dwellings which do not have the option of very large storage
volumes; (ii) PCMs as an alternative TES method to sensible-heat stor-
age; and (iii) objective functions other than operational cost (heat pump
performance, PV self-sufficiency).

In this work we assess the potential for optimising the charging
schedule of a domestic ASHP system with a TES device for three
different objectives:

SOLAR PV
IRRADIANCE ARRAY -

OUTDOOR AIR | DHW %
TEMPERATURE EAT LOSSES ! SUPPLY g
NN Al | .

' %
HEAT PUMP HEAT ?
EMITTERS /
Slnk
i MAINS y

WATER %

7))

Fig. 2. Standard configuration of a heat pump system coupled with heat
emitters for the provision of SH and a hot-water cylinder for the provision of
DHW. A solar-PV system is installed to produce electricity locally.

(i) maximisation of energy bill savings based on a domestic time-of-
use electricity price tariff;
(i) maximisation of the heat pump system COP based on the daily
swing in outdoor temperatures; and
(iii) maximisation of self-sufficiency from a locally installed solar-PV
system.

The first novelty of this work lies in the development of compre-
hensive thermal network models for a typical house for two different
system configurations: (i) a standard configuration of a domestic ASHP
system coupled to a hot-water cylinder; and (ii) an advanced configu-
ration based on PCM thermal storage. The developed optimisation
problems are constrained mixed-integer non-linear programs (MINLP)
and are solved using a genetic algorithm.

In this work, thermal storage volumes typical of heat pump products
for small- or medium-sized dwellings (200 L) are assumed for the two
configurations, aiming to demonstrate whether economic savings can be
achieved even in the presence of significant space limitations. The re-
sults of the operational optimisation are compared to a baseline case
which is based on a standard configuration of a domestic ASHP system
coupled to a hot-water cylinder, aiming to identify the potential savings
that can be obtained using a smart operation strategy compared to a
typical “reactive” approach based on thermostatic control.

Another contribution of this work is that all scenarios are conducted
for two different, carefully selected, locations: Oban in Scotland, UK, a
location which experiences low solar irradiance and mild temperatures,
and Munich in Southern Germany, which is a sunny location with large
diurnal and seasonal temperature variations. Applicable energy price
tariffs are also considered for the two countries, so as to assess the
improvement potential in both locations (with specific energy prices and
climates) for the different objective functions considered in this work.

The problem definition, the thermal network models and the model
inputs and assumptions are presented in Section 2. The analysis and
comparison of the different optimisation cases is presented in Section 3.
This includes an assessment of the potential improvements in energy bill
savings, system COP and self-sufficiency, as well as insights into the
strategic charging and discharging scheduling options. Section 4 pro-
vides concluding remarks.

2. Methods

The general structure of the framework developed in this paper is
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Fig. 3. Advanced configuration of a heat pump system coupled with two
separate PCM thermal stores: one for the provision of SH and one for the pro-
vision of DHW. A solar-PV system is installed to produce electricity locally.

presented in Fig. 1. Technical information from manufacturer datasheets
is used to develop simple performance models of the PV and heat pump
systems and weather data is collected for the locations under investi-
gation (Oban, UK, and Munich, Southern Germany). A probabilistic
DHW demand profile is generated and electricity tariffs for the two
countries based on the market situation in Europe in 2020 are used.
Using the developed thermal network models, the charging-schedule
profiles and key performance indicators are determined for the two
configurations (one based on a standard heat-pump system coupled to a
hot-water cylinder and one based on an advanced system with PCM
storage) for four selected typical weather weeks and three objective
functions. In this section, the configurations, thermal networks and
model inputs are presented.

2.1. Heat-pump system configurations

The first system configuration, shown in Fig. 2, involves the
following main components: an ASHP, an array of heat emitters, a hot-
water cylinder and a solar-PV system. This represents one of the most
common configurations currently found on the heat pump market
[48,49], with a 3-way, 2-position valve allowing the ASHP to switch
between providing SH via the heat emitters (radiators) or charging the
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hot-water cylinder via a heat exchanger located in the indoor unit of the
heat pump system. Hot water is drawn from the top of the cylinder
whenever there is DHW demand, and cold mains water simultaneously
enters from the bottom. The house experiences heat losses to the outside
environment.

The electricity produced by the solar-PV system is used to drive the
heat pump, while additional (excess) electricity required is imported
from the grid. It is assumed in this work that end-users cannot benefit
from selling electricity to the grid. In reality, grid operators can reward
users economically for their exports of PV-produced electricity to the
grid. However, the reward for exporting electricity in the UK and Europe
has been varied and highly volatile, and since such schemes change
every few years and the uncertainty related to their future development
is high, it was decided not to consider this possibility in this work.
Therefore, the cost savings reported here are conservative: if end-users
are eligible for monetary incentives for exporting electricity, the po-
tential for cost savings associated from smart operation of the heat pump
system can be higher than reported.

The ASHP system includes a backup electric heater, also commonly
referred to as a booster heater, to provide supplementary heating of the
heat-transfer fluid when required. The heater is available in most do-
mestic heating systems [48,50] and is a necessary component when
ambient temperatures drop outside the operating conditions achievable
by the heat pump.

The second system configuration, shown in Fig. 3, includes a heat
pump, two separate PCM thermal stores, an array of heat emitters and a
solar-PV system. The main differences to the first configuration are that
the hot-water cylinder has been replaced by a PCM thermal store and the
ASHP does not provide SH directly, as a second PCM thermal store acts
as a buffer between heat supplied by the ASHP and SH demand. The
solar-PV system is operated in the same way and an electric booster
heater is again included for supplementary heating.

2.2. Thermal network models

The thermal network models of the two system configurations can be
used to calculate the thermal states of the primary and secondary cir-
culation loops, the building envelope, the building internal space, the
storage devices, and heat emitters at any point in time for a given set of
boundary conditions (ambient temperature, irradiance, solar and in-
ternal gains), initial conditions (storage state of charge, space and

Gvent

HEAT INTERNAL BUILDING
EMITTERS ENVELOPE
m G OUTDOOR
PL Tem ki
~
G,
p,loss
. Gc,loss
AN ;
dsy Qg CYLINDER
¢ pHw
N
i ” | |
HEAT o ——rt
PUMP wl 1
(+HEATER) ) o
<
s 1 | £ Gc,loss
; x | 1
Qout TPL w | |
-
b |
L] I 2
N L I I ya
7 PR - B T
Mmp Mp mg Mpyy mains

Fig. 4. Thermal network of standard configuration featuring the heat pump and auxiliary heater coupled with the heat emitters and DHW storage cylinder.
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Fig. 5. Thermal network of advanced configuration featuring the heat pump and auxiliary heater coupled with two separate PCM thermal stores for SH and DHW.
The heat exchangers and the losses from the two PCM thermal stores are not shown for simplification.

building envelope temperature), control strategy (heat pump and elec-
tric heater operation, valve control) and DHW demand.

2.2.1. Standard configuration with hot-water cylinder

The thermal network of the first configuration is based on a two-
temperature stratified cylinder model and is shown in Fig. 4. The heat
pump and auxiliary electric heater are coupled with the heat emitters
and a heat exchanger transfers heat to the hot-water cylinder. A three-
way valve is used to direct or shut off the heat-transfer fluid flow at
the exhaust of the heat pump.

The heat exchanger is represented using a simple fixed effectiveness
method, where effectiveness ¢ is the ratio of the actual and the maximum
possible heat transfer. Furthermore, the three-way valve is modelled
with the use of two binary variables: a. puw and asy, which are equal to 1
when charging the hot-water cylinder or providing SH, respectively, and
are equal to O when the system is turned off. At any point in time, only
one of the two variables can be equal to 1. The circulation pump can
keep running even when the heat pump and electric heater are switched
off (i.e., a. ppw and asy can be equal to 1 even when the heat output from
the heat pump and electric heater, Q,,, is 0). Equations (1) - (8) corre-
spond to the main structure of the thermal network shown in Fig. 4.

The rates of change of the temperature of the primary loop, the heat
emitters, the internal space of the house and the building envelope are
represented by Equations (1), (2), (3) and (4), respectively:

dT; . :
o™ dtPL = aC_Dwa(mCPW)mi" (Tepotom — TpL) + siiGposs (Tem — Tor) + Qou »
@
dTem
CemT = aSHGp.luss(TPL - Tem) + Gem(Tinl - Tem) 5 (2)
dTim 2
Cim dr = Gem(Tem - Tim) + Ginl(Tenv - Tim) + Gvem(Tamb - Tlm) + Qig
+ 0y ®3)
dTeny H. pottom
Cenvd—t = Ginl(Tinl - Tenv) + Gexl(Tamb - Tenv) + Lcc,lnss (Tc.honom
c,top
Hc ottom ;
- Tenv) + <1 - L) Gc.loss(Tc,mp - Tenv) + ng I
c,top
4

where (mc, ), refers to the minimum capacity rate between those
of the primary heat transfer fluid loop and the secondary DHW loop. The
lumped heat capacity of the internal space represents both the internal
air volume and furnishings. It is assumed that the cylinder is placed close
to the building envelope and therefore any heat lost from the former
enters the latter. The heights of the bottom (cold) and top (hot) sections

of the cylinder depend on the mass of water in each section, although the
total mass contained within the cylinder remains constant. These are in
turn determined based on the flow rates of the hot water being provided
by the heat pump and electric heater and the DHW demand:

dmy,

D , ,

4y TeDHWISL — FapHW 5)
dmbottom ) .

7dt = Mg pHw — O DHWHMISL - (6)

Lastly, the rate of temperature change in the top and bottom sections
of the cylinder is determined based on the heat transferred from the heat
pump and electric heater through the heat exchanger, the DHW demand
and the heat transferred through the thermocline (thin layer of abrupt
temperature change that separates the upper and lower sections):

dT. . .
mmpCpW% = e pHW [mSchw (Tc.bottom - Tc,top) +e (mé‘pw)mm (TPL
24w R?
- Tc.bollom) :| + % (Tc,bonom - Tc.lop) ) (7)
c
dr, _ 2waR?
mbollomcpw$ = My pHW Cpy, (Tmains - c.bollom) + H - (Tc,lop
c

- Tc.bollom) . (8)

2.2.2. Advanced configuration with two PCM thermal stores

The thermal network of the second configuration shown in Fig. 5 is
based on two PCM thermal stores, where one is used for SH and the other
is used for DHW. The heat pump and auxiliary electric heater are
coupled with the thermal stores and a three-way valve is again used to
direct or shut off the heat-transfer fluid flow at the outlet of the heat
pump. Thermophysical property values used to model the PCM thermal
stores are based on a commercially available PCM product with a
melting temperature of 48 °C [51], which is deemed appropriate for the
dwelling considered in this work, where heat emitters are modern ra-
diators. It should be noted, however, that a PCM with a lower melting
temperature could be selected for dwellings with underfloor heating
(typically down to 35 °C for a well-designed and well-insulated dwelling
[52]), which would reduce the required heat pump delivery temperature
and thus improve the overall performance. Further information is listed
in Table Al in the Appendix.

In this configuration, the three-way valve is modelled with the binary
variables apcv puw and apcwm su, Which are equal to 1 when charging the
DHW PCM thermal store and SH PCM thermal store, respectively, and
are equal to 0 when the system is turned off. Only one of the stores can
be charged at any point in time. The binary variable agy determines
when SH is provided depending on the thermostat command. The
thermal network is represented by Equations (9) to (14).
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Fig. 6. Typical weekday and weekend day selected from the single-week probabilistic demand profile for domestic hot water. This represents a 3-bedroom / 4-per-

son household.

The rates of change of the temperature of the primary loop, the heat
emitters, the internal space and the building envelope are represented
by Equations (9), (10), (11) and (12), respectively:

dTp, . .
CPLT = QpcM.DHWENPLCp (TPCM,DHW - TPL) + Apem SHEMPLCp,, (TPCM.SH
—Tp) + Oou »
©)]
AT .
CcmT = aSHSmSchW (TPCM.SH - Tcm) + Gcm(Tim - Tcm) (10)
dTinl -
Cint dr = Gem(Tem - Tinl) + Ginl(Tenv - Tim) + Gvem(Tumb - Tint) + Qig
+ 04
an
chnv
Cenv dr = Gim(Tim - Tenv) + Gexl(Tamb - Tenv) + GPCM,SH.IOSS (TPCM.SH
— Tenv) + Grompuw,joss (Teemprw — Teny) + ng ) (12)

where agy is a variable equal to 1 when SH is being provided and
0 when SH is not provided.

Lastly, the state of charge of the two PCM thermal stores is deter-
mined by the mass fraction (where x = 1 and x = 0 correspond to a full
and empty store, respectively). The rates of change of the mass fraction
of the DHW and SH PCM thermal stores are represented by Equations
(13) and (14), respectively.

dxpem pHw . .
mPCM.DHWhLid[ = QpcM,DHWEMPLCp (TPL - TPCM,DHW) - md,DHWCpW(Td
- Tmains) )
13
dxpem sH . .
mpem suhL a - eomsuEMpLGy,, (Tor, — Tremsn) + asuérisi.cp, (Tem

— Tpemsh)-
a4

2.3. Objective functions
The objective functions that represent the maximisation of energy
bill savings (minimisation of operational cost) Obj,., average system

COP Objep,, and self-sufficiency Objq,, are shown in Equations (15) -
(17), respectively:

Objpy = miny_ (Pelec(t) o Winp (1) ) (15)

Oy, =y (0 ) /3 () ). e

Objy = minZ (Wimp(t) ) / Z (Wm(z) ) , a7)

In the above equations, P, refers to the time-resolved price per unit
of imported electricity; Wimp the time-resolved imported electricity;
COP, the average system COP (ratio of the sum of the heat output to the
sum of the electricity consumption of the heat pump and auxiliary
electric heater); Wimp the time-resolved imported electricity; and W, the

time-resolved electricity consumption.

2.4. Main inputs and assumptions

All modelling work was developed using object-oriented program-
ming in MATLAB [53]. The thermal conductance and capacitance values
used to represent the house are based on a modern, detached, 3-
bedroom residential dwelling in the UK [54] and are provided in
Table A2 in the Appendix. These values are assumed to be the same for
both the UK and German locations in order to simplify the analysis.
However, it is acknowledged that there is a significant difference in
insulation standards and construction types between the two countries.
For German homes, insulation levels generally tend to be higher than in
the UK and wall insulation is more commonly applied to the external
rather than the internal surface. Therefore, it is likely that several
German homes could make further use of the thermal inertia of the
dwelling itself compared to what is shown in this work.

2.4.1. Heat demand

The DHW demand is based on a single-week probabilistic demand
profile and the reference supply temperature is 43 °C, which is in the
typical range for bath, shower and most other domestic hot-water ap-
plications [55,56]. Whenever water is available at a higher temperature,
it is assumed to be mixed down with mains water at 10 °C. The DHW
usage profiles were generated using the “DHWCalc” tool developed by
the University of Kassel [57]. A full year of consumption data were
generated at 2-minute resolution and calibrated to represent a three-
bedroom / four-person household. The single-week profile was
selected to be the most representative of the average week. A typical
weekday and weekend day are shown in Fig. 6.

The SH demand is based on the temperature of the internal space of
the house. For both configurations, SH is provided using a thermostat to
switch on the heating system whenever the internal space temperature
falls below 18 °C and switch off whenever the internal space tempera-
ture rises above 22 °C (18 °C is recommended by Public Health England
for comfort and minimising health risks in winter [58]).

At any point in time, the heating system can only provide heat for
DHW or SH. Even when the operation is optimised, depending on the
size of the system components and the operating conditions, it is
sometimes not possible to meet all required demand. In all simulations
using the first configuration, if both charging the hot-water cylinder and
SH are required at the same time, priority is always given to charging the
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Fig. 7. COP as a function of the ambient temperature T,y, and the temperature
of the primary loop (supply temperature) Tp;, for the nominal heating capacity
of 8.5 kWy, and the minimum heating capacity of 3.2 kWy,.

hot-water cylinder. Similarly, in the second configuration, if both the
DHW and SH thermal stores require charging at the same time, priority
is given to the former.

In the developed model, if there is demand for DHW and the tem-
perature of the top of the cylinder is below the minimum threshold value
of 43 °C, or there is not enough hot water, the DHW demand is
considered “not met”. Similarly, if the internal space temperature falls
below 16 °C (either because SH demand is very high or because the DHW
is being given priority, the SH demand is considered “not met”). When
demand is not met, a penalty is added to the operational cost and system
COP at a later stage, which corresponds to supplying the demand using
an electric heater (i.e., with a COP of 1).

2.4.2. Technologies
The ASHP considered in this study has a nominal heating capacity of
8.5 kWy,, and the COP is modelled as a function of the heating capacity
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and temperature lift (supplied flow temperature minus outdoor ambient
temperature) using a performance map generated from tabulated
operational data [48]. The feasible operating region applied in the
performance map is based on the ambient temperature, flow tempera-
ture and output capacity limits defined in the tabulated data.

The performance map generated from the heat pump data is shown
in Fig. 7. The two 3-D surface plots represent the COP at two different
heating output capacity levels: 8.5 kWy,, representing the nominal heat
pump output; and 3.2 kWy,, representing the minimum feasible output
applied in the performance map. The performance at any intermediate
output level lies within the region bounded by the two surfaces. It is
noted that the heat pump COP is found to increase slightly as output
capacity is reduced.

It is noted that in cold-weather conditions, ASHPs can experience
frost formation on the evaporator surface that inhibits heat transfer and
impacts overall performance in heating mode. Thus, most ASHP systems
incorporate an automatic defrost cycle into their operation. In this work,
a detailed dynamic model of the heat pump frosting and defrosting
behaviour is not included as part of the optimisation. However, the
tabulated data used to derive the heat pump performance curve used
does include the parasitic energy consumption that would result from
periodic defrosting at low ambient temperatures, as specified by Euro-
pean Standard EN 14511 [59].

The backup electric heater is modelled with a fixed output of 3 kWi
and is operated only when heating demand exceeds the nominal heat
pump output or environmental conditions are outside of the feasible
operating region of the performance map.

The solar-PV array properties are based on the datasheet specifica-
tions of a commercially available mono-crystalline module [60]. Each
panel has a nominal electrical efficiency of 17.4 % and a temperature
coefficient of —0.39 %/K. The total array size is based on 8 panels with a
combined area of 13 m?. The panel inclination is assumed to be 30° from
horizontal, in line with the optimal tilt angle used in the UK [61] and the
inverter efficiency is equal to 96 % [62].

—&— typical spring

typical summer —<7/— typical winter

typical autumn

30 T

Day 1

Day 2 Day 3

Day 4

(b)

Day 5 Day 6 Day 7

Fig. 8. Ambient temperature for four selected weeks in (a) Oban, UK; and (b) Munich, Germany.
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Fig. 9. Typical daily profile of time-of-use electricity price for (a) UK; and (b) Germany.

2.4.3. Weather data and selected weeks for UK and Germany

The weather data source used for this study was the International
Weather for Energy Calculations published by ASHRAE [63]. Ten
weather data locations were analysed for the UK and continental Europe
on the basis of temperature, solar irradiance and heating degree days.
Oban in Scotland, UK, was chosen to represent a climate region with
mild summers and winters and a moderate solar yield, while Munich in
Southern Germany was chosen to represent a more extreme climate
region with hot summers, cold winters, and a higher annual solar yield.
For the analysis, four typical weather weeks are extracted from the
annual data sets for each season, nearest the average temperatures of
each season. Ambient temperatures for the two locations are presented
in Fig. 8.

2.4.4. Electricity tariffs for the UK and Germany

Historic electricity price data from the year 2019 was selected for the
analysis, based on the most popular dynamic time-of-use tariffs
currently available in the UK and Germany. These tariffs allow end-users
to benefit financially by shifting their electricity use to a time of day
when electricity price is low. For the UK, the Octopus Agile tariff was
selected; this tariff exhibits a peak price period between the hours of
16:00-19:00, while unit charge is updated each day based on wholesale
price [64]. For Germany, the aWATTar tariff was selected; this tariff is
based on the EPEX Spot DE price plus an additional 20c/kWh for tax and
grid usage charges [65]. Electricity price variation for the two tariffs
over a typical 24-hour period are presented in Fig. 9, converted to Pound
Sterling (GBP). It can be observed that the aWATTar (German) tariff
typically exhibits a smaller daily variation in unit price and does not
exhibit the characteristic early-evening price peak of the Octopus Agile
(UK) tariff. Furthermore, the average unit price is generally higher for
the former due to the higher tax and other fixed unit charges in Ger-
many. Standing charge is not included, as this does not depend on
electricity demand and does not affect the heat pump operation, nor the
projected operational cost savings.

2.4.5. Irradiance and solar-PV system calculations

The PV system output is calculated based on the weather, day of the
year, time, location, panel inclination and panel orientation. Solar
irradiance incidence-angle calculations are performed using the calcu-
lation procedure summarised in Kalogirou [66]. The total irradiance
incident on the tilted surface of the PV panel is equal to the sum of the
beam, diffuse and ground-reflected components and is calculated using
the model developed by Reindl et al. [67].The cell temperature is
determined using the methodology by HOMER Energy [68] and the PV
system power output Wpy is estimated using:

Wov = Mpantlinnom [ 1 + 7 (Tpan—298.15) | IgeA pan - (18)
2.5. Simulated baseline and optimisation cases

All simulations assume that weather, price and demand forecasts are
known with perfect accuracy. Nonetheless, the optimisation cases can be

used to assess the maximum potential of smart control strategies based
on forecast data and to identify favourable periods for charging and
discharging the thermal storage in comparison to the baseline case.

2.5.1. Baseline case

Identifying the potential of smart heat pump operation strategies
requires the comparison of the obtained results to a baseline case based
on a standard configuration. Most studies in the literature compare the
costs associated with an optimised heat-pump operation to a baseline
case based on traditional gas or oil boilers [26,29,30]. The downside of
this approach is that any observed economic or performance improve-
ments could be attributed to the change of technology itself or the as-
sumptions regarding the difference in prices for the alternative fuel
sources. In this work, the baseline case considers the same technology
configuration as the first optimisation case: a heat pump with a nominal
capacity of 8.5 kWy, coupled with a hot-water cylinder (Fig. 2 in Section
2.1). This allows an assessment of whether benefits can be achieved by
using a smart control strategy or a different storage configuration. The
hot-water cylinder is assumed to have a volume of 200 L, which is
typical for a four-person household [33]. The initial state of charge of
the cylinder is set to 50 % for all simulations, meaning that some hot
water is already available at the beginning of the time horizon in case
there is early demand.

The simplified control strategy used in this baseline case is as follows:
the charging of the hot-water cylinder is activated whenever the tem-
perature of the water at the top or bottom of the cylinder falls below the
minimum threshold value (43 °C) and is deactivated whenever half of
the water in the cylinder is above a maximum threshold value (50 °C).

In this baseline case, both DHW heating and SH involve the heat
pump being operated at nominal capacity (i.e., typically ~ 8.5 kWy, at
moderate outdoor temperatures). Since in this simplified strategy DHW
heating is activated based on temperature sensors, the DHW cylinder
cannot be used to time-shift the heat pump operation. The simulation
timestep is set to 2 min.

2.5.2. Optimisation cases

In Optimisation Case 1, the standard configuration of a heat pump
coupled with a hot-water cylinder is investigated but this time the
operation is optimised with respect to the objective functions of Equa-
tions (15) - (17). The heat pump and hot-water cylinder have the same
size and as the baseline case: 8.5 kWy, and 200 L, respectively. The de-
cision variables include the binary decision of whether the cylinder
should be charged a. puw and the heat required by the heat pump and
electric heater Q.. The heat-pump maximum operating temperature is
60 °C and therefore the primary loop temperature rarely reaches higher
values. A higher value is used as a constraint for the optimiser (70 °C) to
provide flexibility, by allowing the use of the electric heater at those
temperatures if demand is very high.

Optimisation Case 2 involves the advanced configuration with the
two PCM thermal stores: one to store thermal energy for DHW heating
and one to store thermal energy for SH. The analysis aims to explore the
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Fig. 10. Control strategy framework for the optimised standard configuration of an ASHP coupled with a hot-water cylinder and the advanced configuration of an

ASHP coupled with two PCM thermal stores.

potential for even further economic and energy-efficiency gains, using
smart control in conjunction with a more advanced system configura-
tion. Again, the operation is optimised with respect to the objective
functions of Equations (15) - (17). The decision variables include the

Table 1
Summary of baseline case results for the typical weather weeks in each season
for the UK location.

binary decision of when to charge the DHW PCM thermal store Selected Operational  Average Self- Electricity
. A . week cost system COP sufficiency consumption
apcm,puw, the heat required by the heat pump and electric heater Q,,, as (£/day) O %) (kWhy/day)
well as an additional binary decision determining when to charge the SH -
. . Typical 1.30 2.39 8.96 14.4
PCM thermal store apcvsu. The temperature for the primary loop is spring
constrained to be lower than 60 °C. The control strategy framework for Typical 0.50 2.81 16.41 5.60
both optimisation cases is presented in Fig. 10. summer
In all optimisation simulations, a modified part-load model of the Typ]:al 1.06 258 3.94 111
. .. . . autumn
be.a.t pump operation is 1mple.mented to Prov1de greater operation flex- Typical 161 2.42 3.88 15.9
ibility compared to the baseline case. This allows the heat pump to be winter
operated at a capacity lower than the nominal capacity when this is
beneficial. The controller temporal resolution (amount of time after
which the decision variables change) is set to 30 min. However, the Table 2

thermal state of the system is calculated every 2 min (similar to the
baseline case); if it is impossible to implement a new operating state for
the whole 30 min, the latter is adjusted accordingly. The initial state of
charge is set to be the same as the baseline case and the cylinder or PCM
thermal stores can be charged further straight away if that is found to be
beneficial.

3. Results

This section presents the results of the operational optimisation of: (i)
the standard configuration of an ASHP coupled with a DHW cylinder;
and (ii) an advanced configuration of an ASHP coupled with two PCM
thermal stores for SH and DHW. The developed optimisation problems
are constrained MINLPs. In order to solve these, a genetic algorithm
methodology is employed, which involves a population of possible so-
lutions to repeatedly update and improve until an optimal solution is
obtained. For all simulations, the time horizon is set to 1 week. The
Global Optimisation Toolbox of MATLAB [53] is used. The initial pop-
ulation size, the function tolerance and the constraint tolerance are set
to 200, 0.001 and 0.001, respectively. The crossover fraction, which
controls how “parent” individuals combine to form “children” in-
dividuals for every generation, is set to 0.8. The default mutation option
of the toolbox is used, which adds a mutation chosen from a Gaussian
distribution to each entry of the parent vector. The amount of mutation
decreases for every new generation. The maximum number of genera-
tions is set to be 100 times larger than the number of optimisation

10

Summary of baseline case results for the typical weather weeks in each season
for the German location.

Selected Operational Average Self- Electricity
week cost system COP sufficiency consumption
(£/day) O] (%) (kWh/day)

Typical 1.40 2.66 12.24 7.20
spring

Typical 0.90 3.11 18.20 4.60
summer

Typical 3.63 2.31 8.11 17.9
autumn

Typical 5.83 2.18 1.49 27.2
winter

variables in each optimisation case.

3.1. Baseline case: Standard configuration with hot-water cylinder

The baseline results are provided in Tables 1 and 2. The operational
cost and the electricity consumption are provided as daily quantities.

As shown in Tables 1 and 2, the system performance and operational
cost over a typical year varies significantly according to the location and
seasonal climate. For example, the operational cost in the UK location,
which experiences milder seasonal climate variations, is approximately
3 times higher for the typical winter week than for the typical summer
week. In the German location, which has a more extreme climate, the
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Fig. 11. Daily heat pump heat outputs for each simulation week in (a) Oban, UK; and (b) Munich, Germany. Results for DHW and SH are shown in separate bars.

operational cost is more than 6 times higher for winter than for summer.
Similarly, for the German location the degree of seasonal variation in
system COP is more than twice that of the UK location.

The role of the backup electric heater in the baseline case is minimal
for all simulated weeks. Backup heaters are typically included as
redundancy to prevent excessive oversizing of the heat pump for
extreme winter conditions. As shown in Tables 1 and 2, depending on
the location and time of the year, the heater only covers 0-2 % of the
total heat demand. It is only operated when the conditions are outside
the feasible operating range of the heat pump.

Fig. 11 presents the total heat output for the provision of DHW and
SH for the baseline case in the two locations. The heat pump system
produces a relatively constant 14-15 kWh/day to provide DHW demand
across all seasons. For SH however, the required thermal output to meet
the demand largely depends on the location and season. In the UK case,
the heat output required for SH varies between 1 and 24 kWh/day for
the selected weeks, while for the German case, which features lower
outdoor temperatures during autumn and winter, it varies between
0 and 45 kWh/day. In both locations, SH requirements during a typical
summer week are minimal.

For all simulated periods in the baseline case, the DHW demand is
mostly met within the defined constraints of the optimisation problem.
For a very small fraction of the time (0.6 % for the UK case and 1.1 % for
the German case) it was not possible for the simulated system to meet
the peak DHW load, and DHW supply temperature briefly drops below
the minimum specified 43 °C.

3.2. Optimised Case 1: Standard configuration with domestic hot water
cylinder

Results for Optimised Case 1 are presented in Fig. 12 and compared
to the baseline case results for the four typical weather weeks. In Fig. 13,
the results are aggregated to demonstrate the annual-average values for
each objective function.

An analysis of Figs. 12 and 13 reveals that optimising the operation
of a domestic ASHP can lead to significant improvements in all three
objectives relative to the baseline, regardless of which objective function
is chosen for the optimisation. In all simulations, less than 1 % of de-
mand is not met at the time requested and less than 0.1 % of the demand
is provided by the backup electric heater.

When the objective function is the operational cost, an average
annual cost saving of 22 % (0.24 £/day) is obtained for the UK case and
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20 % (0.57 £/day) is obtained for the German case (Fig. 13(a)). Even in
periods of low SH demand, (e.g., summer, Fig. 12(a) and Fig. 12(b)),
costs can be reduced in both locations. This is attributed to the fact that
heating of the DHW storage cylinder can be used to shift a significant
fraction of heat pump operation away from high electricity-price pe-
riods. Cost savings are also obtained with the other two objective
functions, albeit to a lesser extent. Applying COP maximisation as the
objective function results in overall cost savings of 13 % in the UK case
and 17 % in the German case; while the self-sufficiency maximisation
objective results in an 18 % cost reduction for both locations.

Using the average system COP as the objective function leads to a
COP increase of 7 % in UK case and 9 % in the German case (Fig. 13(b)).
This is a result of shifting the DHW heating process towards high
ambient-temperature periods and minimising the use of the backup
electric heater, which is only activated when it is not possible to meet
the demand with the heat pump alone.

When self-sufficiency maximisation is applied as the objective
function, a significant increase in the overall self-sufficiency fraction is
observed for all simulated weather weeks. This is achieved by charging
the DHW cylinder as much as possible when local electricity generation
is available from the PV array. In the UK case for example, self-
sufficiency is increased from 16 % to 36 % in the typical summer
week and from 4 % to 15 % in the typical autumn week. For the annual-
averaged results in Fig. 13(c), the overall optimised self-sufficiency
fraction is approximately double the baseline case for both locations.

Important conclusions can be drawn from the comparison of the
optimised results using the three different objective functions. First, the
use of any of the objective functions leads to a simultaneous improve-
ment in the other two objective functions. This is an important result as
it means that end-users could choose any of these three objective func-
tions with the knowledge that they are not causing deterioration in other
important objectives. Another interesting conclusion is that in many
cases, the three objectives perform equally well, meaning that the
objective function is minimised or maximised at the expense of only
small reductions in the potential of the other objectives. For example, in
the German case, the COP improvement when the objective function is
the operational cost or self-sufficiency in is almost the same as when the
system COP is used as the objective function (7-8 %, see Fig. 13(b)). One
exception to this is the significant difference in operational cost in the
UK case when the objective function is changed from operational cost to
system COP. In this case, the electricity price tariff exhibits a large in-
crease in unit price between the peak hours of 16:00-19:00 (see Fig. 9).
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Fig. 12. Results for the optimised standard configuration with a hot water cylinder volume of 200 L. The objective function is the minimum operational cost for (a)
and (b), the maximum average system COP for (c) and (d) and the maximum self-sufficiency for (e) and (f). The baseline case results are shown for comparison.

However, these hours are also the period of the day when outdoor
ambient temperature is often warmest, and thus it is most favourable to
operate the heat pump to charge the thermal storage when maximising
the system COP. Thus, the maximum-COP optimisation seeks to shift

12

heat pump usage towards these hours, while the minimum-cost opti-
misation seeks to shift heat pump operation away from these hours. The
cost saving obtained using the maximum-COP objective function is
therefore considerably lower. This is not observed to the same extent for
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Fig. 13. Annual averages for the optimised 200-L hot water cylinder case when compared to the baseline case for: (a) operational cost; (b) system COP; and (c)

self-sufficiency.

the German case, where the variable price tariff exhibits less price
variation over the day and thus cost-saving potential is less dependent
on avoiding peak price periods.

3.3. Optimised Case 2: Advanced configuration with DHW and SH
thermal stores

The advanced configuration chosen for this optimisation case fea-
tures separate PCM thermal stores for DHW and SH, as shown in Fig. 3.
As PCM thermal stores are not widely available for domestic applica-
tions at present, there is not an established approach to sizing such
storage systems (compared to, for example, BS EN 15450 [69] which
covers DHW cylinder sizing for heat pumps applications). For the pre-
sent study, a simplified sizing exercise was performed to select the
volume of the two PCM thermal stores to be used in the rest of the
analysis. The approach taken was to limit the total storage volume for
the two stores to 200 L, which is the same overall volume as the DHW
cylinder in the baseline case and is considered a reasonable storage
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volume for a typical small- or medium-sized house. The relative pro-
portion split between the DHW and SH storage was then varied in 25 %
intervals to examine the influence on selected cases from the optimisa-
tion study. The operational cost (Equation (15)), which is considered
one of the most important performance indicators, was used as the
objective function. The exercise was performed for the UK and German
locations based on the typical winter weeks, which have the highest
overall heating demand. The results are shown in Fig. 14, with cost
saving for each sizing combination presented relative to baseline-case
result.

Fig. 14 shows that the best performance in terms of operational cost
reduction is achieved by applying a 50-50 % volume split between DHW
thermal storage and SH thermal storage. The cost-saving potential de-
creases as the SH volume fraction is reduced below 100 L, demonstrating
the additional operational flexibility associated with SH time-shifting in
winter. However, due to the higher peak heating loads associated with
the DHW demand, the DHW thermal storage has a minimum critical
volume requirement in order to meet this demand. A smaller thermal
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storage volume for DHW also leads to limited flexibility during high
electricity-price periods and to the electric heater being operated more
often. Based on these results, a volume of 100 L was chosen for both the
DHW and SH PCM thermal stores to be applied Optimisation Case 2.

Fig. 15 shows results for a 100-L SH thermal store and a 100-L. DHW
thermal store for each location, season, and objective function. The re-
sults are again aggregated to demonstrate the annual-average values of
each performance indicator in Fig. 16. The analysis of Figs. 15 and 16
shows a greater reduction in operational cost compared to Optimised
Case 1, indicating a higher potential for optimisation with the proposed
PCM thermal storage configuration. As was also observed for Optimised
Case 1, less than 1 % of the heat demand is not met at the time requested,
and use of the electric heater is minimal.

For the operational cost objective function, the advanced system
configuration with PCM thermal storage shows an improvement over
the basic system configuration for both locations and all seasons.
Although the inertia of the dwelling itself allowed for some flexibility in
Optimised Case 1, the addition of the SH thermal store in Optimised Case
2 is shown to be highly influential, unlocking further potential for
shifting the SH operation towards low electricity-price periods, while
also satisfying heating demand within the space-temperature con-
straints. This contribution is most beneficial in during the mid-season
periods, with operational cost savings of >30 % observed for both the
UK and German locations. Absolute savings are lower in summer due to
the minimal requirement for SH; while in winter the operational flexi-
bility is restricted due to higher peak heating loads, particularly for the
German location. When COP is set as the objective function, an overall
COP improvement of 9 % is obtained for the UK case, compared to 5 %
for the German case. For the latter location especially, the result is
dominated by the winter period when the average SH load is close to the
nominal thermal output capacity of the heat pump, thus limiting the
potential to operate the heat pump flexibly with respect to time. For the
advanced system configuration, the heat pump COP shows less variation
with state of charge of the storage medium because the return temper-
ature to the heat pump is approximately constant during melting of the
PCM. On average the operating temperature of the heat pump is found to
be slightly higher for the advanced configuration than for the standard
configuration, and thus the COP improvement is negligible despite the
increased storage capacity and increased potential for time-shifting of
the heat pump operation.

Setting COP as the objective function also results in a trade-off be-
tween energy savings and running-cost savings, which is evidenced by
the increase in operational cost shown for the COP objective (Fig. 16(b))
compared to the cost-saving objective (Fig. 16(a)). When comparing the
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two objective functions, the relative improvement in COP is smaller than
the relative reduction in cost savings (particularly for the German case),
which suggests that cost savings may be preferable to COP maximisation
as an optimisation objective.

Lastly, when self-sufficiency is set as the objective function, Figs. 15
(e) and 15(f) shows that the fraction (in %) of heat pump energy demand
covered by the PV system is increased more than 3-fold for all seasons.
The operating schedule is optimised to convert most of the generated
electricity from the PV system into stored heat for later use. Fig. 16(c)
shows that when averaged over the four seasons, this results in 34 % of
heat pump electrical demand covered for the UK location and 24 %
covered for the German location (compared to 7 % and 6 % in the
respective baseline cases). It is also observed that the self-sufficiency
objective presents a better compromise between cost savings and en-
ergy savings compared to the other two objective functions. Specifically,
the overall cost savings achieved with the self-sufficiency objective
function are less than 10 % lower than that achieved with the cost-
minimisation objective (summarised in Fig. 16(a)); while the average
COP is less than 2 % lower than that achieved with the COP max-
imisation function (summarised in Fig. 16(b)).

It can thus be concluded that choosing any of the three objective
functions improves the other two objectives relative to the baseline case.
This is consistent with the results obtained from Optimisation Case 1. As
described above, the use of the operational cost as the objective function
minimises overall running cost but significantly reduces average system
COP (particularly for the UK electricity price tariff), while the COP
objective function maximises COP improvement, but significantly re-
duces cost savings. Optimising the system for self-sufficiency, on the
other hand, comes at the expense of significantly smaller reductions in
the other objectives and presents the best compromise between cost and
energy savings. The amount of imported electricity is minimised, which
leads to substantial improvements both in terms of cost and average
system COP relative to the baseline.

3.4. Comparison of time-resolved results

This section presents time-resolved results for the three optimisation
objectives investigated in this paper. In order to identify recurring pat-
terns in the daily operation of the system, the heat pump and electric
heater outputs for SH and DHW are provided as shaded area plots,
overlaying the 7 days of the week. The typical autumn week in for the
UK location is used as an example, since a significant improvement in all
three objective functions was observed for this case with both system
configurations.

The time-resolved operation in the baseline case is shown in Fig. 17.
The simplified thermostatic control leads to the heat pump being
switched on, in most cases, for significant periods of time in the morning
hours (07:00-10:00). During these hours, the demand for SH is signifi-
cant (Fig. 17(a)) due to the ambient temperature being relatively low
compared to the rest of the day. The demand for DHW is also very high
(Fig. 17(b), Fig. 6 in Section 2.4.1). A significant portion of the elec-
tricity produced by the solar-PV system is not used and is instead
exported to the grid. This is demonstrated by the negative values of net
energy exchange with the grid in Fig. 17(c). The internal space tem-
perature is maintained around 20 °C within the dead-band of the ther-
mostatic control (Fig. 17(d)). During DHW operation, whenever hot
water is extracted from the top of the DHW cylinder, cold water
simultaneously enters at the bottom. The drop in stored water temper-
ature causes the heat pump to heat the water to the DHW storage set
point temperature (Fig. 17(d)).

Time-resolved operation profiles for the three optimisation objec-
tives with the standard DHW cylinder configuration (Optimised Case 1)
are presented in Figs. 18 - 20. In Fig. 18, it is interesting to observe the
times of SH and DHW heating with respect to the time-varying elec-
tricity price. Heating of the DHW cylinder often occurs in the morning,
08:00-12:00, or early afternoon, 15:00-16:00, avoiding the peak
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Fig. 15. Results for the optimised configuration with two PCM thermal stores (100 L for DHW and 100 L for SH). The objective function is the minimum operational
cost for (a) and (b), the maximum average system COP for (c) and (d) and the maximum self-sufficiency for (e) and (f). The baseline case results are shown

for comparison.

periods of the variable electricity price tariff occurring between 16:00
and 19:00 (Fig. 18(b)). Furthermore, although the standard configura-
tion does not have a dedicated thermal store for SH, the optimiser takes
advantage of the inertia of the dwelling itself and modulates the heat
pump’s output capacity in such a way that any SH requirements during
high-electricity price periods are avoided. This is clearly illustrated in
Fig. 18(a), which shows that SH is avoided between 16:00 and 19:00 for
all days of the week.

A visual comparison of Figs. 18 and 19 illustrates that the operational
profile for maximum COP is significantly different to that for minimum
operational cost. Fig. 19(a) shows that to maximise COP, the heat pump
is often operated at a lower, part-load capacity when providing SH.
Although this leads to longer-duration periods of SH that sometimes
coincide with high electricity-price periods, the average system COP is
higher when the heat pump operates at reduced output (Fig. 7 in
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Section 2.4.2). Additionally, a higher portion of DHW heating also takes
place during high ambient-temperature periods, between 12:00 and
15:00, compared to when optimising the operational cost (Fig. 19(b)).

When the objective function is self-sufficiency (Fig. 20), the heat
pump is operated mostly during daylight hours, both in the case of SH
(Fig. 20(a)) and DHW heating (Fig. 20(b)). The ability to adjust the
provision of SH even without a dedicated SH store is again attributed to
the house thermal inertia. This means that a large proportion of the
electricity produced from the rooftop PV array can be used to power the
heat pump; while the requirement for imported electricity is further
reduced because ambient temperature and COP are higher, and thus
overall electricity demand is lower.

Figs. 21-23 compare operational profiles for the three optimisation
objectives applied to the advanced thermal storage configuration
(Optimised Case 2), which uses separate PCM heat stores for DHW and
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Fig. 16. Annual averages for the optimised cases with two PCM thermal stores (100 L for DHW and 100 L for SH) when compared to the baseline case for: (a)

operational cost; (b) system COP; and (c) self-sufficiency.

SH. The main advantage of this configuration is that the second thermal
store allows the SH demand to be almost fully decoupled temporally
from the operation of the heat pump, while the overall thermal storage
capacity of the system is increased due to the higher storage density of
the PCM.

As shown in Fig. 21(a), when the objective function is the operational
cost, the heat pump never charges the SH thermal store during peak
electricity-price hours (16:00-19:00). Most often this occurs during
early morning (03:00-05:00) or midday (10:00-15:00), when the SH
demand is high and the price is low. Fig. 21(b) shows that the heat pump
is also less frequently required to charge the DHW thermal store during
peak-electricity price hours, when compared to the baseline case and the
optimised case based on the standard configuration. This is attributed to
the fact that the 100-L PCM thermal store has a higher energy storage
capacity in the operating temperature range than the 200 L cylinder.

When the objective function is the average system COP, the heat
pump is switched on as much as possible to charge the store when the

16

ambient temperature is high. From Fig. 22(a) and (b), it can be
concluded that although the SH demand is usually higher during the
night, both thermal stores are mainly charged during the day
(08:00-18:00), when the ambient temperature is higher. Furthermore,
as was also shown in the COP optimisation case with the standard DHW
cylinder configuration, the heat pump is often operated at lower than the
nominal capacity, which means that it is operated for longer periods but
has a higher average system COP. Comparing Figs. 19 and 22, it is clear
that the use of the SH thermal store in the advanced configuration allows
for greater flexibility, since the operation of the heat pump during the
night-time hours, when the ambient temperature is low, is remarkably
lower.

Finally, when the objective function is self-sufficiency (Fig. 23),
there is a clearer tendency to charge both the SH and DHW thermal
stores preferentially during periods of high solar irradiation
(09:00-15:00); with time-shifting of heat pump operation achieved
more effectively than for the standard system configuration.
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3.5. Annual cost and performance analysis

The seasonal results obtained for each optimisation case and objec-
tive function are aggregated to estimate the potential improvement over
a whole year and summarised in Table 3. As demonstrated, for the
unoptimised baseline case with the standard heat pump and DHW cyl-
inder configuration, the total annual cost required to meet the total heat
demand for the considered household is ~ £410 in the UK location and
£1060 in the German location (bearing in mind the considerably higher
winter heating load for the German location). By using the same
configuration but optimising the operation to minimise running cost, an
annual saving of more than 20 % (£90 for the UK location and £210 for
the German location) is observed. Note that the relative savings are
highly influenced by the available time-of-use electricity tariffs consid-
ered for the two locations. Assuming that the lifetime of the heating
system is 20 years, it is estimated that an end-user could achieve savings
of up to £1800 over the system lifetime for the UK location, and up to
£4200 for the German location.

The comparison of the two European locations chosen for this study
shows that significant economic savings can be achieved under both
mild and more extreme seasonal climate conditions. Especially for lo-
cations with high heating demand in cold winter months (such as
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Munich, Germany), the savings that can be achieved through flexible
operation of the heat pump provide the potential to significantly
improve the system’s competitiveness compared to a more rigid oper-
ation that does not take advantage of the variable-rate electricity tariff.

The advanced configuration based on two PCM thermal stores, in
conjunction with smart control, provides the ability to time-shift the
heat pump operation for both DHW and SH. This results in even higher
annual operational cost savings of £160 for the UK location and £310 for
the German location, which translates to estimated savings over the
system lifetime of up to £3600 and £6200 respectively.

It is worth mentioning that the rapid increase in energy prices in
2022 makes the potential cost savings from smart heat pump operation
even higher. In the UK, for example, the average price of domestic
electricity prices is expected to have increased by more than 40 % by the
end of 2022, as compared to 2021 [70]. Based on this 40 % increase,
potential savings in the UK during the heat pump lifetime could be
further increased by £720 (i.e., resulting in a total of £2520) with the
standard configuration and by £1440 (i.e., resulting in a total of £5040)
with the advanced configuration.

In Germany, the changes in 2022 are even more severe, with energy
prices increasing due to various factors. The average wholesale elec-
tricity price in August 2022 was more than five times higher than that of
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Fig. 19. Time-resolved thermal output profiles for (a) SH; (b) DHW heating, optimised for maximum COP with the standard heat pump and DHW cylinder
configuration. Results are plotted for the typical autumn week in the UK location with thermal output profiles for all 7 days overlaid on the same plot, alongside the

average daily outdoor-ambient temperature profile.

the previous year [71] and there is still significant uncertainty about
how it will evolve in upcoming years. In our analysis, the domestic
electricity prices were derived from wholesale price data. It could be
expected that, without adequate government intervention, the major
increase in wholesale electricity prices could soon have significant im-
pacts on domestic consumers in Germany. In terms of heating costs, this
means that smart heat pump operation strategies will become even more
rewarding. A 100 % increase in domestic electricity prices in Germany,
for example, could lead to potential additional savings during the heat
pump lifetime of £4200 (i.e., resulting in a total of £8400) with the
standard configuration and £6200 (i.e., resulting in a total of £12400)
with the advanced configuration. Despite the significant uncertainty in
future prices in both the UK and Europe, the findings of the operational
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optimisation described in this work are still relevant, and any further
increases in electricity prices would lead to an even higher potential for
cost savings using smart heat pump operation.

In view of maximising energy performance, the optimisation results
for the standard system configuration show an estimated annual COP of
2.7 for the UK location and 2.6 for the German location, compared to
baseline values of 2.5 and 2.4, respectively. For the advanced system
configuration with PCM storage, the degree of COP improvement is of a
similar magnitude; despite the enhanced system flexibility, the higher
heat pump output temperature required to charge the SH PCM store
instead of heating the space directly limits the potential for further
increasing COP through optimisation. For the maximum self-sufficiency
objective, the potential to time-shift the heat pump operation with both



A.V. Olympios et al.

SH is often provided dunng penods of high solar irradiance

Energy Conversion and Management 273 (2022) 116426

10 ' | | 400 <
¢ :wEH qa00
—_ =1
= gL Global tilt irradiation (Whim?) 2
9_:' @
=200 5
& o4k B
a £
oL 100 =
m
o
0 I Pl | ) o
00:00 03:00 06:00 09:00 12:00 15,00 18:00 21:00 00:00 ©

(@)
CyI|nder charglng is S|gn|f|cant during penods of high solar irradiance —
10 T T T 400 NE
ol | 1% £
~ =g | [ —To Hs00 =
= 0 ™ I - . 2 S
=~ 6B B Global tilt irradiation {Whim =
= 7 200 3
I 4 g
c 100 =
20 =
(0]
-l | =]
0 b 0 =)
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 ©

(b)

Fig. 20. Time-resolved thermal output profiles for (a) SH; (b) DHW heating, optimised for maximum self-sufficiency from PV with the standard heat pump and DHW
cylinder configuration. Results are plotted for the typical autumn week in the UK location with thermal output profiles for all 7 days overlaid on the same plot,
alongside the average daily solar irradiance profile at the tilted plane of the PV array.
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Fig. 21. Time-resolved thermal output profiles for (a) SH storage heating; (b) DHW storage heating, optimised for minimum operational cost with the advanced PCM
storage configuration. Results are plotted for the typical autumn week in the UK location with thermal output profiles for all 7 days overlaid on the same plot,
alongside the average daily electricity price profile for the UK dynamic time-of-use tariff.

the standard and the PCM storage configurations has a large impact on
the fraction of annual demand covered by local PV, which is more than
doubled compared to the baseline. Overall, these results demonstrate
that, even in the absence of large thermal storage volumes (i.e., using a
typical storage volume of just 200 L), average households can achieve
substantial economic savings and improved energy performance.

4. Conclusions

The use of smart control strategies to operate heat pumps coupled to
thermal storage has the potential to provide great value in distributed
energy systems. By increasing flexibility, such strategies encourage the
transition of the current electricity system to a lower-carbon grid, and
provide significant economic and environmental benefits. In this paper,
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a detailed assessment of the potential impact of optimising the operation
of domestic ASHP systems with thermal storage was performed.

The objectives considered for the optimisation were the heat pump
running cost, the energy consumption (though the COP), and the frac-
tion of the energy demand met by local renewables (self-sufficiency
ratio). The operational optimisation of two different system configura-
tions was investigated: (i) a standard configuration based on an 8.5 kWy,
ASHP coupled to a 200-L DHW cylinder; and (ii) an advanced configu-
ration based on an 8.5 kW, ASHP coupled to two PCM thermal stores
(100 L for DHW and 100 L for SH). These were compared to an unop-
timised baseline case, which was taken to be the standard configuration.
The work involved the development of comprehensive thermal network
models for a typical house. Two locations were investigated: Oban, in
Scotland, UK, which has a mild climate, and Munich, Southern
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Fig. 22. Time-resolved thermal output profiles for (a) SH storage heating; (b) DHW storage heating, optimised for maximum COP with the advanced PCM storage
configuration. Results are plotted for the typical autumn week in the UK location with thermal output profiles for all 7 days overlaid on the same plot, alongside the

average daily outdoor-ambient temperature profile.
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Fig. 23. Time-resolved thermal output profiles for (a) SH storage heating; (b) DHW storage heating, optimised for maximum self-sufficiency from solar-PV with the
advanced PCM storage configuration. Results are plotted for the typical autumn week in the UK location with thermal output profiles for all 7 days overlaid on the
same plot, alongside the average daily solar irradiance profile at the tilted plane of the PV array.

Germany, which is a sunnier location with more extreme seasonal and
daily climate variations.

The results reveal that optimising the operation of a domestic heat
pump with thermal storage can lead to substantial improvements in
overall system performance. Depending on the chosen objectives, the
operational costs can be reduced by avoiding peak electricity-price
hours, the average COP of the system can be increased by operating
during higher-ambient-temperature periods and often at lower capac-
ities, and the proportion of imported electricity can be reduced by
maximising the consumption of locally produced electricity, which in
our study was sourced from a solar-PV system.

When the operation of the standard system configuration featuring
the ASHP with a DHW cylinder was optimised for minimum operational
cost, annual cost savings of over 20 % were observed at both locations

20

compared to the baseline, amounting to £90 in the UK and £210 in
Germany based on the electricity tariffs available locally. The rapid in-
crease in energy prices in 2022 suggests that annual savings from smart
operation could be significantly higher in the near future. Furthermore,
the average heating demand and electricity tariff price at the German
location were considerably higher than those at the UK location. When
optimising for maximum COP, the seasonal average increased from 2.5
to 2.7 at the UK location, with a similar increase from 2.4 to 2.6 at the
German location. When optimising for maximum self-sufficiency, the
fraction of heat pump demand covered by solar-PV increased from 8 %
to 16 % at the UK location, and from 6 % to 15 % at the German location.
This was achieved without any electrical battery storage capacity for the
PV system.

Results relating to the advanced configuration with the two PCM
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Table 3

Summary of the total operational cost, average system COP and self-sufficiency
for a whole year using the baseline and the two optimised cases. Results are
aggregated from those of the typical autumn, winter, spring and summer weeks
in UK and German locations. Each output variable reported represents the
objective associated with that particular optimisation case.

Optimisation Location Baseline case: Optimised Optimised
objective standard case: standard case: advanced
configuration configuration configuration
with hot-water ~ with DHW with PCM
cylinder cylinder DHW and SH
thermal stores
Total Oban, £410 £320 £250
operational UK
cost (£) Munich, £1060 £850 £750
Germany
Average Oban, 2.5 2.7 2.7
system COP UK
) Munich, 2.4 2.6 2.5
Germany
Self- Oban, 8.0 % 16 % 34 %
sufficiency UK
(%) Munich, 6.3 % 15 % 24 %
Germany

thermal stores showed even higher potential for cost savings. By
including a thermal storage volume into the SH circuit of the investi-
gated heating systems, sufficient buffering of demand was provided,
which mostly avoided heat pump operation during peak electricity-price
hours. As a result, the annual cost savings were notably higher than
those achieved by the optimised standard configuration with a DHW
cylinder alone based on the available electricity tariffs, i.e.: 39 % (£160)
in the UK, and 29 % (£310) in Germany. Furthermore, the additional
operational flexibility associated with this configuration led to a sig-
nificant increase in self-sufficiency, which reached 34 % at the UK
location and 24 % at the German location.

This study also showed that choosing any of the three objective
functions resulted in a simultaneous improvement in the other two ob-
jectives. However, using the operational cost as the objective function
limited the potential for heat pump COP improvement, and using the
COP as the objective function led to a significantly reduced potential for
cost savings. On the other hand, the use of self-sufficiency as the
objective function led to a higher fraction of demand covered by the PV
system, while also achieving substantial improvements to both the
running cost and COP relative to the baseline. Thus, this objective ap-
pears to provide the best trade-off in terms of overall benefits across the
three performance indicators. In conclusion, this paper provides useful
insights on the potential impact of optimising the control of domestic
heat pump systems operating under different environmental and eco-
nomic constraints. The results can be used to guide the development of
smart control strategies for such applications.
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Appendix. PCM properties and thermal network conductance
and capacitance values

The thermophysical property values used to model the PCM thermal
stores are listed in Table A1. The thermal conductance and capacitance
values used in the thermal network models are listed in Table A2. All
values are representative of a modern, detached, 3-bedroom residential
dwelling in the UK and were obtained based on information from
manufacturers.

Table Al
Thermophysical property values used to model the PCM thermal stores (based
on the product “PCM A48~ from PCM Products Itd [51]).

Parameter Value Description
Lpcm 230 o 10° J/kg specific latent heat of PCM material
Trem 48 °C melting temperature of PCM material
Prem 810 kg/m density of PCM material

Table A2

Thermal conductance and capacitance values used in the thermal network
models [54].

Parameter  Value Description
Gint 95 W/K thermal conductance between building envelope and
internal environment
Gext 840 W/K thermal conductance between building envelope and
external environment
Gyent 60 W/K thermal conductance due to air flow between internal
and external environment
Gem 150 W/K thermal conductance between heat emitters and internal
space
G Joss 2 W/K thermal conductance of DHW cylinder insulation
Gploss 2 W/K thermal conductance of pipe insulation
VoL 12 L/min volumetric flowrate in primary loop
Vs 12 L/min volumetric flowrate in secondary loop
3 0.8 heat exchanger effectiveness
ng 700 W internal heat gains due to appliances, lighting and
people
Cint 1107/ thermal capacitance of the internal space (air volume +
K furnishings)
Cenv 2.5 107 thermal capacitance of the building envelope
J/K
Cem 26107 J/ thermal capacitance of heat emitters
K
CpL 2107/ thermal capacitance of heat pump primary flow loop
K
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