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Abstract

This paper presents an experimental method for investigating the coefficient
of performance of air-source heat pumps for secondary age children and
links this to ideas about energy efficiency. It was developed and trialled in a
secondary school in the West Midlands of England in response to literature
that reveals climate anxiety to be increasing amongst young people around
the world and their resulting desire to take action. Links are made to the topic
of energy efficiency in the current physics school curriculum in England
which is used, where possible, to explain the results of the investigation with
suggestions for where extensions might be made in future to facilitate a more
complete understanding by pupils. Links to wider societal change in the
decarbonisation of home heating in the UK as part of the national response to
climate change are explored and an argument is made for the viability and
necessity of including the technology of air-source heats pumps in the
physics curriculum for all children.
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1. Introduction

Recent large surveys of young people across the
world show that climate change is a significant
concern [1] that is motivating a large number
to activism [2]. Anxiety and distress in young
people are increasingly being linked to fears about
the future and the consequences of the perceived
lack of urgent response by authorities to climate
change [3]. Home heating in the UK is a signi-
ficant contributor to carbon emissions, in 2019
being 17% of the total which is equivalent to the
contribution of all petrol and diesel cars [4]. The
UK government has in fact committed to signi-
ficant actions to address climate change, outlined
in the strategy to reach net zero [5]. Key aims
contained in this are related to the decarbonisa-
tion of home heating with commitments to ‘phase
out the installation of new and replacement nat-
ural gas boilers by 2035’ and make ‘heats pumps
as cheap to buy and run as a gas boiler...to sup-
port 600 000 installations per year by 2028°. We
argue that if these aims are to be met, then inform-
ation and education about these changes to home
heating as a way of reducing carbon emissions
need to be communicated to young people in ways
that enable them to understand how science and
technology are contributing directly to alleviating
their anxieties about climate change. We believe
that young people will need to actively particip-
ate in the proposed transition of home heating
from mainly gas boilers and electric immersion
heaters to air source heat pumps both as con-
sumers and by pursuing careers in a burgeoning
heat pump manufacturing, installation and main-
tenance sector [6]. From a teaching perspective,
recent surveys have shown that science teachers’
support pupils desire to take action, but that their
own comfort in delivering education related to
climate change is related to the availability of
suitable teaching resources [7]. This paper will
therefore consider the efficiency of air source heat
pumps from the perspective of describing and jus-
tifying a classroom activity that demonstrates to
pupils how heat pumps are related to their con-
cerns about climate change and provides suffi-
cient support to interested teachers to be able
to carry out and adapt the activity in their own
secondary physics classroom. We are also aware
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of the related educational issue of the scientific
principles of operation of heat pumps and how this
relates to physics curriculum and pedagogy. We
recognise this knowledge to be important but it
is not considered here and is the subject of future
investigation.

2. Climate change and links to heat
pumps in the current school curriculum

The school physics curriculum in England as pre-
scribed by the national curriculum programmes
of study (last revised in 2015) [8] has as one of
its aims the need to ensure pupils ‘are equipped
with the scientific knowledge required to under-
stand the uses and implications of science, today
and for the future.’ General learning relating to
climate change in the secondary key stage 3 age
range include references to ‘the production of car-
bon dioxide by human activity and the impact
on climate’ and ‘fuels and energy resources’. At
key stage 4 the requirements are more detailed
and relate to the mitigation of increased levels
of carbon dioxide on the environment, anthropo-
genic causes of climate change and learning about
renewable and non-renewable energy sources.
Using the examination board AQA GCSE Physics
specification as a typical example [9], physics
students in the 14-16 age range also routinely
learn how to calculate stored energy in a vari-
ety of systems. They calculate power, and energy
efficiency and make comparisons between differ-
ent domestic appliances e.g. filament light bulbs
and LED lightbulbs. A typical classroom phys-
ics activity for 14-16 year old pupils to draw
together some of these themes might be to meas-
ure the efficiency of a resistive heater which is
analogous to an immersion heater for hot water in
a home. Figure 1 shows a representative experi-
mental setup. Pupils would measure energy input,
E; (with a joulemeter) by electrically heating a
known mass of water, m over a period of time,
t. Using the thermometer the corresponding tem-
perature rise, AT in the water would be meas-
ured allowing an efficiency calculation using the
energy input to the water and useful thermal
energy transferred in equation (1) where c, is the
specific heat capacity of water.

Phys. Educ. 59 (2024) 015023
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Figure 1. Classroom experiment to calculate the efficiency of a resistive heater.

Useful energy output  mcAT
Energy input ~ E;
ey

Efficiency =

Typical classroom results obtained by pupils
doing this experiment (assuming suitable insula-
tion of the beaker) give a value of efficiency of
around 0.6. This might lead to a classroom discus-
sion that explores the concept of efficiency relat-
ing to the principle of conservation of energy. A
teacher may explain that it is impossible to get
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more energy out than you put in and therefore all
efficiency values should be less than 1. In this case
the energy supplied by heating directly increased
the thermal store of energy in the water and this
explanation makes intuitive sense. We will go on
to describe an air source heat pump being used to
heat water using a similar method and in this case,
we suggest that the common sense explanation of
efficiency for pupils may be challenged because
a simple efficiency calculation like that described
above would result in a value over 1. From a pupil

Phys. Educ. 59 (2024) 015023
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Figure 2. Diagram to show the classroom set up of an air source heat pump.

perspective this might seem to defy conservation
of energy but is due to the energy input being
measured as only the electrical energy to run the
heat pump and not counting the thermal energy
store in the air used as the source for the heat
pump. We address this possible misunderstanding
by introducing the useful concept of coefficient of
performance (COP) which can have values greater
than 1 [10]. We go on to explain why the expli-
cit teaching of air-source heat pumps in relation
to energy efficiency is important to secondary
pupils’ understanding of how learning physics is
linked to taking action on climate change and can
be related to the decarbonisation of home heating.

3. Heat pump for classroom use

An air source heat pump is a device that uses
a thermodynamic refrigeration cycle to transfer
stored thermal energy in the moving molecules
of air outside a house to an interior thermal store
in hot water to be used for home heating. Energy
is supplied electrically in this process to operate
pumps for refrigerant and water as well as other
necessary fans and electronics [11]. Due to the use
of refrigerants which may be toxic, flammable or
harmful to the atmosphere, heat pumps are sold
for various purposes as sealed units. These range
in size from large units capable of heating a home
to smaller units designed for purposes such as
heating the water in swimming pools. It is one of
these type that we suggest for classroom use and
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an example can be purchased online for less than
£400 [12] at time of writing. The swimming pool
heater has the following attributes which make
it suitable: It runs from a normal mains electri-
city supply. It has easy fixings for pipes of water
to be attached. It is relatively compact and low
cost. Plastic pipes and fittings suitable for the low-
pressure water flow through the heat pump were
also usefully supplied. Disadvantages of the unit
we used were that it did not come with a built-in
water pump which was obtained separately [13]
and controlled the flow of water through the heat
pump to be heated. The heat pump described also
imposes a 5 min warm-up period when switch-
ing on before it can be used and the ‘sealed unit’
design obscures the principles of operation of the
unit itself.

4. Description of the air-source heat
pump experiment

The energy per second, Pg supplied electrically to
the air-source heat pump and water pump is meas-
ured using a mains Wattmeter as shown in figure 2.
The mass of water, m per second, ¢ through the
heat pump is measured using a beaker and stop-
watch. This is done as a flow rate where 1 cm?
of water is assumed to have a mass of 0.001 kg
and the markings on the beaker used to measure
how many seconds it takes to reach 0.25 kg. For
the example results shown in table 1 the flow rate
is measured to be 0.03 kg s~!. With the flow rate

Phys. Educ. 59 (2024) 015023
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Figure 3. Photograph of the air source heat pump
experimental setup.

known and kept constant by using an arrangement
of a tap flowing into a cold-water bath feed supply-
ing the water pump, the thermal energy supplied
to the water per second, Py can be measured using
the temperature difference, AT of water between
the cold water and warm water baths as seen in
equation (2).

mcAT
Pr= — 2)

A schematic diagram showing whole exper-
imental setup is shown in figure 2 and a photo-
graph in a classroom laboratory in figure 3. Plastic
hose was used to connect the pump and heat pump
with jubilee clips providing seals. A plastic stor-
age container was used as a cold-water bath to sta-
bilise the input water temperature and flow and the
piping attached by drilling a hole and attaching
a hosepipe fitting with a rubber washer as seen
in figure 4. In order to achieve a stable flow, the
water pump was placed vertically below the cold-
water bath (on the floor). With the system running
the water level in the cold-water bath remained
approximately constant as the flow rate of the tap
was adjusted to that of the water-pump/heat pump
system. Digital temperature probes were used to
monitor the temperatures of water in the cold
and hot water baths along with the input power
Pg as shown in figure 5. The ambient air tem-
perature in the lab on the day these data were
obtained was 24 °C and the heat pump was run
for approximately 10 min prior to the start of data
collection to enable its operation to stabilise. An
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Figure 4. Hosepipe fitting used to connect pipe to the
cold water bath.

:
; .
’ Disital Tiarnometsy el

|

Figure 5. Digital thermometers and mains power meter
used to obtain measurements.

example of measurements using this apparatus are
shown in table 1. Pg was measured every 30 s for
20 min with calculations for Py derived from tem-
perature measurements.

Using equation (1), an efficiency value
for the heat pump was then calculated using
equation (3).

P
Efficiency = P—T. A3)
E

From the data, it can be seen that Py is always
larger than Pp in this experiment. This means
that the amount of thermal energy supplied to
the water by the heat pump is larger than the
amount of electrical energy required to run the
system. Efficiency could then be conceived to be

Phys. Educ. 59 (2024) 015023



D Cottle and R Campbell

Table 1. Example of data obtrained from the heat pump experiment.
Cold water Warm water Temp
Time (s) bath temp (°C) bath temp (°C) increase (°C) Pr (kW) Pr (kW) COP
0 18.5 34.0 15.5 0.805 1.91 2.37
30 18.5 34.0 15.5 0.815 1.91 2.34
60 18.5 339 15.4 0.815 1.89 2.32
90 18.5 339 154 0.815 1.89 2.32
120 18.5 339 15.4 0.815 1.89 2.32
150 18.5 339 15.4 0.815 1.89 2.32
180 18.5 339 15.4 0.810 1.89 2.34
210 18.5 34.0 15.5 0.815 1.91 2.34
240 18.5 34.0 15.5 0.820 1.91 2.32
270 18.5 34.0 15.5 0.810 1.91 2.35
300 18.5 34.0 15.5 0.815 1.91 2.34
330 18.5 34.0 15.5 0.820 1.91 2.32
360 18.5 34.0 15.5 0.815 1.91 2.34
390 18.5 34.0 15.5 0.805 1.91 2.37
420 18.5 34.0 15.5 0.810 1.91 2.35
450 18.5 34.1 15.6 0.810 1.92 2.37
480 18.5 34.1 15.6 0.820 1.92 2.34
510 18.5 342 15.7 0.820 1.93 2.35
540 18.5 342 15.7 0.810 1.93 2.38
570 18.5 343 15.8 0.810 1.94 2.40
600 18.5 34.2 15.7 0.810 1.93 2.38
630 18.5 34.1 15.6 0.810 1.92 2.37
660 18.5 34.1 15.6 0.800 1.92 2.40
690 18.5 34.0 15.5 0.810 1.91 2.35
720 18.5 34.0 15.5 0.815 1.91 2.34
750 18.5 33.9 15.4 0.815 1.89 232
780 18.5 339 15.4 0.810 1.89 2.34
810 18.5 34.0 15.5 0.810 1.91 2.35
840 18.5 339 15.4 0.810 1.89 2.34
870 18.5 33.8 15.3 0.810 1.88 232
900 18.5 33.7 15.2 0.800 1.87 2.34
930 18.5 33.6 15.1 0.800 1.86 232
960 18.5 335 15.0 0.805 1.84 2.29
990 18.5 335 15.0 0.800 1.84 231
1020 18.5 335 15.0 0.800 1.84 231
1050 18.5 335 15.0 0.800 1.84 2.31
1080 18.5 335 15.0 0.795 1.84 2.32
1110 18.5 33.6 15.1 0.785 1.86 2.36
1140 18.5 335 15.0 0.805 1.84 2.29
1170 18.5 335 15.0 0.790 1.84 2.33
1200 18.5 335 15.0 0.810 1.84 2.28

(for example) for the first result, 2.37. The phys-
ical meaning of this being that for every 1 J of
energy supplied electrically to the heat pump, the
thermal energy of the water is increased by 2.37 J.
Of course, the ‘extra’ energy is that which is stored
thermally in the surrounding air, but this is not

January 2024

measured directly in the experiment. Efficiency
in heat pump systems like this is therefore nor-
mally treated as a ‘Coefficient of Performance’
(COP) to avoid confusion. The COP is the ratio
of useful thermal energy provided, Q to energy
supplied to run the heat pump, W (equation (4)),

Phys. Educ. 59 (2024) 015023
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Figure 6. Graph showing the trend in coefficient of performance of the classroom air source heat pump.

where the value of COP is then usually greater
than 1, and this is what is labelled in the column
in table 1. Equation (4) is derived from the second
law of thermodynamics for the situation in which
adevice uses work (in this case electrical) to trans-
fer energy from a low temperature (the air) to
high temperature (the heated water) reservoir [14].
In this experiment, the value for COP over time
remained relatively stable at an average of 2.34
with standard deviation of 0.03 as can be seen by
the graph in figure 6. This compares favourably to
the stated COP of the commercial heat pump used
which was between 2.0 and 3.5.

Y
COP= . )

5. Discussion

The data it is possible to obtain from this appar-
atus easily allows values of COP to be obtained
from the air source heat pump which can be
compared to other forms of heating water in the
physics curriculum such as the immersion heater
described above. The data also allow discussion
of how the COP calculation differs from a simpler
energy efficiency calculation, in the assumption of
what energy can be measured as the input to the

January 2024

air-source heat pump system that enables the val-
ues of COP to be greater than 1 and why this is a
useful measure of comparison for devices of this
type. The values are representative and typical and
open the door to further investigations relating to
the application of decarbonised home heating. For
example, the experiment could be run at different
ambient air temperatures, because one common
concern raised about the use of air-source heat
pumps for home heating in the UK is that the most
need for the heat is when the air is at its coolest
in winter. Pupils could therefore investigate the
COP at different times in the year and relate this to
data from recent studies attempting similar exper-
iments in homes [15]. The equipment is even com-
pact enough to consider running outside. The tem-
perature increase of the water passing through the
air source heat pump can also be intuitively exper-
ienced by dipping fingers in the hot and cold water
baths. The temperature increase is significant but
not dangerous, being an average of 15.4 °C in the
example data. The investigation shows that this
heat rise is not easily altered however, and there-
fore the impact on home thermal design could be
explored with discussion of the need for higher
volume radiators and improvements to insulation
in most homes required for optimum impact of

Phys. Educ. 59 (2024) 015023
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installing a heat pump. Exploring ways of mak-
ing the internal functioning of the heat pump more
explicit using heat pumps designed for educa-
tional use would also be useful for pupils to be
able to understand how the water is heated through
a thermodynamic cycle, why there is a need for
a refrigerant (a point which may lead to further
discussions around the carbon footprint of man-
ufacture or release into the atmosphere) and how
this is different to the resistive heating by electric
immersion heater. Highlighting the use of COP
rather than efficiency is also important: in recent
online marketing information about heat pumps
designed for prospective consumers, optimistic
claims are made, for example of 300% [16]. We
hope that starting a discussion with pupils about
the language used in these adverts and the com-
plexities of home implementation of heat pumps
in the context of a classroom scientific investig-
ation will enable them to make informed choices
and understand the impact of those choices on the
environmental issues they are concerned about.
We also hope that an investigation like the one
described may support pupil and teacher engage-
ment with climate issues in physics lessons in a
way that is related to current and future technolo-
gical mitigations of the impacts of climate change,
empowering children and teachers alike to see the
importance and relevance of school physics to
the issues that concern them. The current phys-
ics curriculum intends to inform and inspire like
this, but we argue that that there is a need for
it to be reviewed and adapted to recent tech-
nological developments and children’s changing
motivations to learn physics in the context of their
concerns about climate change. The experiment
we describe here therefore exemplifies a way that
a familiar physics concept from the current phys-
ics curriculum, efficiency, can be used and exten-
ded to address these issues. Limitations of time
and resource may currently make investing in sim-
ilar investigations difficult to justify in tight school
physics timetables and budgets, but we suggest
that future revisions to the secondary physics cur-
riculum should consider being informed by these
ideas as they to respond to pupil interest and
national priority. We hope that in describing how
to carry out this straightforward and engaging
investigation we have demonstrated its feasibility
and can start a discussion about how to embed

January 2024

children’s interest in climate change more fully in
future physics school curricula.
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ary files).
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