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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 01 and performance results from
12 consecutive months of monitoring data.

Site 01 is a 3-storey office building, converted from an 18™"-century mill and extended in 2010.

The open-loop water-source heat pump of 26 kWTH capacity, located in an adjacent factory building, extracts heat
from groundwater, pumped from a 120m borehole directly to the evaporator. It provides space heating via
underfloor coils.

During warm summer weather, water from the borehole is circulated through the underfloor pipes to provide
cooling. The heat pump itself is not used for cooling.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Total heat delivered by the heat pump] — [heat added by the buffer pump]

SPFH2 4.47
Electricity used by [heat pump] — [buffer pump] + [source pump]

[Total heat from heat pump] — [heat loss from buffer tank] + [heat added by SH circ pump]
SPFH4 4.10

Electricity used by [heat pump] + [source pump] + [SH circulation pump]

SPFH4 of systems that provide space heating only
(12 months)
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Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influenced its performance are:

e The temperature of the water from the source was always above 10 °C. During the winter months, this
was the highest of all systems monitored.

e The source water is pumped directly to the evaporator, without an intermediate heat exchanger which
would introduce temperature loss.

e The heat pump output temperature was always below 40 °C. This was lower than on most other systems
monitored.
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Aspects of the system that may have negatively influenced its performance include:

e The heat pump run times were sometimes shorter than the minimum recommended by previous research
[1].

e The heat pump was run during the night, although the building is presumably not occupied at night.

e Weather compensation was not used.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 01 |
Survey date 27/02/2014
Monitoring installed 10/07/2014
G/WSHP WSHP?
Offices in a converted and extended 3-storey 18"-century mill. The offices
Building type were designed to be heated by a heat pump, and the building has an EPC
rating of A+.
Location Rural
Heat pump capacity kWtH 26
Number of heat pumps 1

Ground water from 120m borehole; pumped directly to the heat pump
Heat source . .
evaporator; returned to an adjacent river

Heat emitter Underfloor heating pipes

Cooling Water from borehole can be pumped to the underfloor pipes
DHW No

Auxiliary heat sources None

Source pump Down-hole pump: 220 W fixed speed

Buffer tank 400 litre 4-pipe

Buffer tank shunt pump Incorporated into the heat pump: 100 W fixed speed
SH circulating pump External to heat pump: 200 W variable speed

DHW cylinders N/A

DHW cylinder coil shunt pump N/A

DHW distribution pump N/A

Heat pump controller + buffer tank thermostat + room thermostats and

Control . . .
timeswitch for night setback.
Weather compensation Disabled (because the sensor is located inside the heat pump)
Heat meter type Vortex
No. of heat meters 1
Heat meter interface Pulse (1 kWh / pulse)
Building operation and use Assumed use as offices open during normal office hours
The heat pump is installed in the corner of a factory immediately adjacent to
Comments the office building. No heat is supplied to the factory.

Water from the borehole can be diverted to the underfloor pipes during
warm weather to provide cooling.

Table 1 — System details

This site is a converted 18" century mill in a moderately exposed rural location. It was completely refurbished and
extended in 2010 to create a 3-storey office building. It has been insulated to a high standard, and has an Energy
Performance Certificate (EPC) rating of A+. The building is understood to be occupied by a number of businesses
and is in use during normal office hours.

1 This system is classified in the RHI database as a water-source heat pump. However, the heat source is groundwater, so it could also be considered to be a
ground-source heat pump (see MIS 3005 [3]).
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This application entails extracting heat from groundwater to provide space heating only to offices. The source
water is pumped directly to the heat pump without any intermediate heat exchanger, so the heat pump input
temperature should be relatively high. The heat emitters are underfloor heating pipes, so the heat pump output
temperature should be relatively low. No auxiliary heat is used. The building is located in an area with below-
average outdoor temperatures — estimated annual mean 9.4 °C (the range for all sites was 8.1 — 12.5 °C, median
10.3 °C). The system performance would be expected to be above average.

Heat pump and monitoring systems

A single heat pump (thermal capacity 26 kW) is installed in the corner of a production facility that is immediately
adjacent to the office building. Water is pumped from a 120-metre borehole below the car park, using a down-
hole pump, directly to the evaporator of the heat pump (i.e. without an intermediate heat exchanger). The water
is returned to the river that runs through the site.

Heat is provided to underfloor heating pipes in the offices, via a 400-litre 4-pipe buffer tank.

The system is controlled by the heat pump controller, with a thermostat in the buffer tank, room thermostats in
the offices and a night setback timeswitch.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating (SH), and temperatures at key points in the
system. The system boundaries for calculation of the seasonal performance factors SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. The existing heat meter (“H”) is monitored via its pulse interface.
Temperatures (“T”) are monitored at key points in the system using surface-mounted probes?.

2 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering.

7
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Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
vortex flow meter installed in the return pipe, with matched temperature sensors installed in fittings with the
probes inside the flow and return pipes. The calculator is mains-powered.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:
e SPFH2 represents the performance of the heat pump together with the source pump.

e SPFH4 represents the performance of the complete system, including the heating circulating pump and
excluding heat losses from the buffer tank.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].
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Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL3 procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump] — [heat added by buffer pump]

SPFH2 =
Electricity used by: [heat pump] — [buffer pump] + [source pump]

e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?®) of the
electrical energy supplied to the pump.

[Heat output of heat pump] — [heat loss from buffer tank] + [heat added by SH circ pump]

SPFH4 =
Electricity used by: [heat pump] + [source pump] + [SH circulating pump]

e The heat added by the heating circulating pump was estimated as 30% (the assumed pump efficiency?) of
the electrical energy supplied to the pump.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

3 Structured Query Language: a programming language used for managing data held in a relational database management system.

4A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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The SPFH2 and SPFH4 values for this system, measured between 1st January and 31st December 2015, are shown
in Table 2.

SPFH2 4.47

SPFH4 4.10

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 4.10 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

The number of 1-minute intervals selected as valid for analysis was 414 222 which represents 79% of the 12-
month period. Some of the intervals excluded were for times when the heat pump was switched off.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system, for the period 1% January to 31 December 2015.
The changes in SPF values during the year are most likely explained by changes in the heat pump output
temperature. See the notes on page 15 for a further discussion of this.

Site 01 - Daily SPFs
55

# 3PFH2

5.0 W SPFH4

3
45 "
&

40
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]
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily (excluding days when in cooling mode)
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Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source is the groundwater from which heat is being extracted and the sink is the space being
heated.

Heat extraction from the source to the heat pump is direct: the groundwater is pumped through the evaporator.

Heat delivery from the heat pump to the heated space is via a hot water circuit. This water will always be warmer
than the space because of the need for a temperature difference between the water and the space to transfer
the heat.

An objective of good system design and operation should be to maximise the temperature of the source water at
the input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump water from the source, and to circulate the hot water from the heat pump via the
buffer tank to the heat emitters in the building. These pumps use electricity, which can be a significant part of the
total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [1] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, in order to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature
The amount of heat required to heat the building depends on various factors, particularly the outdoor

temperature.

Figure 4 shows the heat output to the underfloor heating. The daily mean outdoor temperature® and the
electricity use by the total heat pump system are shown for reference, and it can be seen that, in general, the
heat demand increased when the outdoor temperature was lower, as would be expected.

There was no heat demand during the summer months.

5 The outdoor temperature was not monitored at this site. Temperature data has been derived from the data recorded at other sites and adjusted for
altitude.

11
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Figure 4 — Daily heat output and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The use during the summer cooling period was still quite

significant. This is explored in more detail below.

The source pump used 4.4% of the total electricity used by the heat pump system while it was operating in
heating mode. This was below average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%)

and would have had a positive influence on the system performance.

The buffer pump and the heating circulating pump together used 7.4% of the total electricity in heating mode.
This was also below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%) and would

have had a positive influence on the system performance.

Site 01 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown
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Cooling mode

During the warm summer months, the system was used in cooling mode, with water from the borehole being
pumped directly to the underfloor pipes. In this mode, the borehole pump and the underfloor circulating pump
continued to be used — as shown in Figure 6.

The system was shut down for a 2-week period at the end of July/start of August, although the underfloor
circulating pump continued to run. The reason for this is unknown. It may have been due to an error in the
control settings or, if the pump was controlled manually, it may have been due to an oversight. Although the
effect on overall performance was small (0.3% reduction in SPFHa), wasteful operation like this should be avoided.

Figure 6 — Electricity use and heat output during the summer months

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 7 shows the pattern of operation on 5™ January when the outdoor temperature was between 2 and 4 °C.
The heat pump ran approximately four times every hour for periods of 8 to 15 minutes. This is within the limits
recommended by previous research on cycling [1]. The source pump operated at the same time as the heat
pump. The heating circulating pump ran continuously.

The temperature of the source water flow to the heat pump was between 10.5 and 11.0 °C, with the return to the
river between 5.5 and 6.0 °C. The temperature drop of 5 °C through the evaporator indicates an appropriately
sized source pump.

The temperature of the output from the heat pump was between 31 and 35 °C, with the return between 27 and

28 °C. The output from the buffer tank to the heating system was between 29 and 33 °C, with the return between
25.5and 26.5 °C.

13
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There was a loss of temperature through the 4-pipe buffer tank (between the heat pump output and the flow to
the heating circuit) of 2 to 5 °C. The return to the heat pump was also 1 to 2 °C higher than the return from the
heating circuit.

Site 01 - Operating pattern (temperatures) - 05 January 2015
36 — — o = P H R —r—
TN \ T T T L N ™y f”'“‘"" : o —— T03: Heat pump outputto buffer
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2B o = e e T e T ———— o |- TO4: Return fram buffertank
24 » = T heatpump
9] = TOS: Buffertank outputto
e 20 underflaor heating
B 1 1 S A A A S S s A S S A A S S e S A e B To&E: Returk frarm underfloor
12 heating to buffer tank
— TO1: Sourcewater frarm barehole
8 ., TO2: Source water return to river
4 TA: Outdoorair
a
Site 01 - Operating pattern (pumps) - 05 January 2015
0.24 T T T T
H H H f | —_ .
ol i e g s L T 1 L — EDZ: Borehole pump
1 | H || | [..i] | | ! I ) )
oaelll it Sl | 1810 1o bl |- — EO3: SH circ pump
. , ¥ ikl = e ] | i
R = ! e Sl R e e a8 PV
012
0.08
0.04
Q
Site 01 - Operating pattern (heat pump) - 05 January 2015
6
N R L — A S R S R S S VI —a e — EO1: Heat pump
5
4
3
2
1
a
06:00 0616 0632 0644 07000712 0728 0744 0756 0812 08:24 0840 0856 0908 0924 0936 0952
Mon 05 Jan
2015

Figure 7 — Operating pattern on 5" January 2015

Figure 8 shows how the operating pattern on 4" June, when the outdoor temperature was between 8 and 19 °C.
The pattern was very similar to that in January, but with heat pump run times of 4 to 7 minutes — shorter than
recommended. The need for heating during June probably reflects the location of this site.

The temperature of the source water flow to the heat pump was between 11.0 and 12.5 °C, with the return to the
river between 5.0 and 9.0 °C. The temperature of the output from the heat pump was between 28.5 and 33.5 °C,
with the return between 24 and 26 °C. The output from the buffer tank to the heating system was between 26.5
and 29.5 °C, with the return between 22.5 and 24.5 °C. As in January, there was a loss of temperature through the
buffer tank of between 2 and 5 °C.

14
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Site 01 - Operating pattern (temperatures) - 04 June 2015
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Figure 8 — Operating pattern on 4*" June 2015

Source and sink temperatures

Figure 9 shows the principal temperatures of the source and the outputs from the heat pump, plotted over the
year®, Note that the temperatures of the heat pump output and the flow to the underfloor pipes are shown only
for times when the heat pump was running or when cooling was active.

It can be seen that the temperature of the heat pump output to the buffer tank (and of the output to the
underfloor heating pipes) varied suddenly from time to time — on 22" April when the output temperature
dropped from 36 °C to 32 °C, 7" May (increase to 40 °C), 8" May (reduction to 33 °C), 14" September (increase to
36 °C), 23" September (reduction to 32 °C), 28™ November (increase to 35 °C) and finally on 17" December
(reduction to 32 °C). The reason for these changes is unknown. The most likely explanation is that the thermostat
on the buffer tank was adjusted for some reason. These changes in output temperature had a small effect on the
daily SPF values, as can be seen by referring to Figure 3: the SPFH2 and SPFH4 values were lower when the output
temperature was higher —as would be expected for a heat pump. This demonstrates how manual changes to
system settings can have a negative impact on system performance.

The higher temperatures of the groundwater flow and return during cooling operation can be clearly seen during
the summer months.

6 Temperatures of the heat pump system were recorded at 2-minute intervals.
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Site 01 - Key temperatures
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Figure 9 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 10 shows the daily mean source flow temperature compared to the source temperatures of all other

ground-source and water-source systems monitored in this project. The temperatures realised on this system are

plotted in red. The gaps in the data correspond to periods when the heat pump was not in use.

It is also clear that this system benefits from a source temperature that is fairly constant throughout the year, and
much higher than that of other systems during the winter. This would have had a positive influence on the system

performance.

Figure 10 — Daily mean source flow temperature compared to the source temperatures of other systems monitored in this

project (site 01 is shown in red)
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Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were lower than for most other systems. This
would have had a positive influence on the system performance.

Figure 11 — Daily mean heat pump output temperature compared to those of other systems monitored in this project (site
01 is shown in red)

Weather compensation

Weather compensation was not used. It is understood from the system designer that the weather compensation
function built into the heat pump was disabled because the sensor is located inside the heat pump casing and
that it therefore would not operate correctly. Although weather compensation is used on many heat pump
systems, it is not known whether its use on this system would yield any improvement in performance. Reducing
the output temperature under low load conditions could exacerbate the short cycling behaviour and thereby
negate any theoretical performance improvement.

Comments

The overall performance of this system (SPFH4 = 4.10) was high compared to other systems providing space
heating only that were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).

Aspects of this system that positively influenced its performance are:

e The temperature of the water from the source was always above 10 °C. This was the highest of all
systems monitored during the winter months.

e The source water is pumped directly to the evaporator, without an intermediate heat exchanger which
would introduce temperature loss.

e The heat pump output temperature was always below 40 °C. This was lower than on most other systems
monitored.
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These features provide very good operating conditions, by requiring a small temperature lift which yields good
performance from the heat pump. There is nevertheless scope for improvement, as discussed below.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump run times were sometimes shorter than the minimum recommended by previous research
[1]. Increasing the hysteresis of the buffer tank thermostat would allow the heat pump to run for longer
and less frequently, giving a small increase in performance and reducing wear and tear on the equipment.

e The 4-pipe buffer tank introduced a temperature loss of up to 5 °C between the heat pump and the
output to the heat emitters. It is possible that a different buffer tank arrangement would yield higher
system performance. However, the design of buffer tank systems is a complex topic that is beyond the
scope of this report.

e The heat pump was run during the night, although the building is presumably not occupied at night. (The
night setback timeswitch did not seem to operate.) It would be worth altering the control strategy to
inhibit operation of the heat pump at times when the building is unoccupied. A programmable thermostat
would optimise the start and stop times according to the indoor and outdoor temperatures.

e Weather compensation was not used. It is not known whether the use of weather compensation would
improve performance as reducing the heat pump output temperature under low load conditions would
probably reduce the on time of each run cycle. If the run times were lengthened by other means, then
weather compensation should give an improvement in performance.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 02 and performance results from
12 consecutive months of monitoring data.

Site 02 is a grade A listed large house. A single heat pump (thermal capacity 93 kW) provides space heating only.
Domestic hot water is provided separately using an immersion heater.

The heat source comprises 12 x 200 m horizontal loops at approximately 1.1 m depth, in a field near the house.
The ground-collector manifold is approximately 150 m from the heat pump plant room.

The heat emitters are the radiators installed in 1999 for oil-fired central heating.
An oil-fired boiler (previously installed) is used for emergency back-up.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Heat delivered by the heat pump]

SPFH2 3.43
[Electricity used by the heat pump + the brine pump]

[Heat delivered by heat pump] + [heat added by buffer & SH circ pumps] — [buffer tank heat loss]
SPFH4 2.81

[Electricity used by heat pump + brine and SH circulation pumps]

SPFH4 of systems that provide space heating only
(12 months)

45

]

2

5

1.0 l
0 527 7 553 534

514 510 507 513

5

SPFH4
a

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influenced its performance are:

e Weather compensation was used to reduce the heat pump output temperature when the outdoor
temperature increased.
e No electric auxiliary heat was used.



Aspects of the system that may have negatively influenced its performance include:
e The brine pump used nearly 12% of the total electricity. (The median for other systems monitored in this
project of 7.6%.)

e The heating circulating pumps accounted for 19% of the total electricity used. (The median figure for
other systems monitored in this project was 8.8%.)



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 02

Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
B

Survey date 08/04/2014
Monitoring installed 27/06/2014
G/WSHP GSHP
Building type Large house
Location Rural

Heat pump capacity kWtH 93

Number of heat pumps 1

Heat source

Horizontal ground loops. 12 x 200m at 1.1m depth. Manifolds approx. 150m
from the heat pump plant room.

Heat emitter

Radiators

DHW

No (provided by separate system)

Auxiliary heat

None (oil-fired boiler used for backup only)

Source pump

External to heat pump. 2.2kW

Buffer pump

External to heat pump. 390 W max

Buffer tank

1000 litre 2-pipe in flow

SH circulating pumps

External to heat pump. Total rating approx. 550W.

DHW cylinders N/A
DHW cylinder coil shunt pump N/A
DHW distribution pump N/A

Control

Heat pump controller

Weather compensation Yes
Heat meter type Ultrasonic
No. of heat meters 1

Heat meter interface

Pulse (10 kWh / pulse)

Oil-fired boiler used for backup. This was used for a short period in January /
Comments

February when there was a problem with the heat pump.

Table 1 — System details

The property is a grade A listed building. It has been insulated as best possible, with loft insulation and chimneys
closed off with balloons. The sash windows have been draught-proofed and shutters and curtains have also been
installed. Double-glazing is not permitted.

This application comprises a ground-source heat pump, retro-fitted in a building that is far from well insulated by
current standards and is in a location that is colder than most of the other sites monitored — the mean outdoor
temperature during the period monitored was 8.3 °C (the range for all sites was 8.1 to 12.5 °C, median 10.3 °C).
The heat emitters used are radiators that were previously installed for use with an oil-fired boiler, and the pipe
runs from the heat pump to the ground collector and to the radiators are long compared to most other systems.
The seasonal performance factor of this system would not be expected to be as high as for many other
installations.

Heat pump and monitoring systems

The heat pump plant is installed in a room in the basement of the house. It provides space heating (SH) only.
Domestic hot water (DHW) is provided separately using an immersion heater.
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The heat pump supplies hot water via a 2-pipe buffer tank to a low-loss header, from where it is pumped to the
heating circuits in the house.

One of the original 40 kW oil-fired boilers has been retained for backup duty.

The system is controlled by the heat pump controller, and was enabled 24 hours per day throughout the period
monitored.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating (SH), and temperatures at key points in the
system. The system boundaries for calculation of the seasonal performance factors SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The outdoor air, ground and indoor temperatures are also monitored.

Site 02
® Heat meter
@ Electricity meter Ty =
,W 05/
@ Temperature sensor Qil-fired boiler . |_ | .
for backup only Oil-fired o e To radiators

|>-| Non-return valve ; (renovated section)

a boiler |

o !

To radiators

(main house)
————

DHW DHW
cylinder cylinder
tank heated by
immersion

1<

heater only

|
| !
Heat pump /TE [T — ]
controls . Heat pump | | NCE Buffer TN
| \os/
|
|

A

oL/
Ground loops
E | (T Qutdoor air probe @ Indoor air probe
'| | N, ° °
|

| Return from
I radiators
I
I

Pipes to DHW coil
disconnected and
capped off

i i i .

n Ground probe

Note: Passive system components such as valves and filters are not shown

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses an
ultrasonic flow meter installed in the return pipe, with matched temperature sensors installed in fittings with the
probes inside the flow and return pipes. The calculator is battery-powered, and monitoring was via the pulse
interface.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including the source pump, heating circulating
pumps and excluding heat losses from the buffer tank.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by heat meter] — [heat added by buffer pump]
SPFH2 =

Electricity used by: [heat pump] + [brine pump]

[Heat measured by heat meter] — [heat loss from buffer tank] + [heat added by SH circ pumps]
SPFH4 =

Electricity used by: [heat pump] + [brine pump] + [buffer pump] + [SH circulating pumps]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the buffer pump and SH circulating pumps was estimated as 30% (the assumed pump
efficiency®) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31 December 2015, are
shown in Table 1:

SPFH2 3.43

SPFH4 2.81

Table 1 - SPF values measured for the period 1st January to 31st December 2015

This means that for each unit of electricity used, this system delivers on average 2.81 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

The number of 1-minute intervals selected as valid for analysis was 519 309, which represents 98.8% of the 12-
month period.

The SPFH2 and SPFH4 values have been calculated on a daily basis. The daily performance of the system is shown
in Figure 3.

The SPFH2 values increased from January to June as the ground temperature increased, and then decreased from
September to December as the ground temperature reduced.

The SPFH4 values did not increase between January and June as much as the SPFH2 values. This can be explained
by the SH circulating pumps running more or less continuously throughout the year, and thereby accounting for a
higher proportion of the total electricity use during the warmer months when the heat demand was lower.

Both the SPFH2 and the SPFH4 values were low during the summer as a consequence of the heat pump running for
only for very short periods. However, the heat demand during the summer was also low, so the effect on the
overall annual performance was not very significant.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 02 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source is the ground from which heat is being extracted and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground heat collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, in order to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output to space heating. The electricity used by the total heat pump system and the
daily mean outdoor temperature are shown for reference.

It can be seen how the heat demand varied with outdoor temperature. There were only 3 days in 2015 when
there was no demand for heat.

The gap in the heat demand curve from 28" January to 4" February was due to a fault* in the heat pump system.
The backup oil-fired boiler was used during this period, and the heat output was not recorded by the heat meter.

The small amount of heat shown on the graph on the days when there was no output from the heat pump was
from the circulating pumps which continued to run.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The brine and heat circulating pumps account for
relatively high proportions of the electricity used. This can be explained by the long pipe runs and large pumps
consequentially needed.

4The heat pump controller was inadvertently disturbed during maintenance of the monitoring equipment. The fault was easily rectified and apart from this
incident the plant ran faultlessly.
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The pipe run from the plant room to the manifold of the underground pipe loops is around 150 metres. The brine
pump is rated at 2.2 kW and typically draws approximately 2.1 kW. It accounted for 11.7% of the total electricity
use, which is above average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

The buffer pump and the heating circulating pumps have a combined power draw of approximately 950 W and
accounted for 19.3% of total electricity. This is above average compared to other systems monitored (range 2.9%
- 20.5%, median 8.8%).

Site 02 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the typical pattern of operation during two days on 19" — 20 January 2015, when the outdoor air
temperature was below zero for most of the time. The heat pump output temperature cycled between 40 and 51
°C. The temperature loss through the 2-pipe buffer tank was generally not more than 1 °C.

The temperature of the brine flow to the heat pump varied very little throughout the day — between 3.0 and 3.5
°C. The brine return temperature was between 1.9 and 2.1 °C while the heat pump was running. This is an
unusually small temperature drop through the evaporator and suggests that a smaller brine pump could have
been used.

The effect of the weather compensation can be seen: the heat pump output temperature was higher when the

outdoor temperature was lower. This would have had a positive influence on the system performance. The
influence of weather compensation on system performance is examined in more detail in the Final Report [3].
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It is notable that one or more of the heating circulating pumps was switched off between 08:00 and 12:00 each
day®. The heat pump run times were shorter during this period, with a reduction in heat output of approximately
20%. The reason for this reduction in space heating every morning is unknown.

Site 02 - Operating pattern (temperatures 1) 19-20 January 2015
> 1 q = T03 Heat pump output
- ’{J‘ A r”i’ : TOS: Buffer tank output
alic ,“; i '_ H | 5}'!;,‘ il to radiators
3 | Je. 4
o i l;. 'I!% = T04: Return to heat
| A4
ET 10 1 pump
! | [ AL
36
Site 02 - Operating pattern (temperatures 2) 19-20 January 2015
5 : : TOZ: Brine return to
ground loops
e ke s Al iy 0 Y . T LU TR NETE AT PR LS Py
3 JIFr A sttt — TO1: Brine flow to heat
¢ S 0 0 O i pump
= ~ /f\' B 4 /“"\‘\ = TA; Outdoar air
1 -~ — TG Ground
-2 B \| e // A "
4 De
-5
Site 02 - Operating pattern (circ pumps) 19-20 January 2015
1 T T
etianr PN e 5 444 ” : ] | m—— SH Circ pumps
0.8 L b v ‘1‘ My pump
2 s L L -
0.4
0.2
Q
Site 02 - Operating pattern (thermal power) 19-20 January 2015
304 i g o »H AN AR R AR e T - = HO1: Heat output from
> 40 1 heat pump
e 30
20
" L | |
a Il il
Site 02 - Operating pattern (electrical power) 19-20 January 2015
24 -
20 = Heat pump + hrine
16 ’ » ) : pump
agnadndd A *
; H Wi IEILN Il
2 s i | A
3 i )
oM | | 1 ||J 1IN B [ H H I i : i
00:00 0300 06:00 09:00 12:00 1500 18:00 2100 00:00 03200 06:00 09:00 12:00 15:00 18:00 2100 00:00
Mon 19 Jan Tue 20 Jan Wed 21 Jan
2015

Figure 6 — Operating pattern on 19*" — 20 January 2015

Figure 7 shows the pattern on 8" — 9% June when the outdoor temperature was between 4 and 17 °C.

The temperature of the brine flow to the heat pump was between 9.5 and 10.5 °C, with the brine return
temperature generally just 2 °C lower.

5 This reduction in heating circulation between 08:00 and 12:00 occurred every day throughout the monitoring period.
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The heat pump output temperature varied between 30 and 52 °C, with the effect of weather compensation being
clearly seen: the output temperature was higher when the outdoor temperature was lower. The temperature loss
through the buffer tank was not more than 1 °C.

The heat pump run times were relatively short: between 7 and 12 minutes. However, there was never more than
one on/off cycle per hour so the system was generally operating within the cycling limits recommended by
previous research [2].
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Figure 7 — Operating pattern on 8" — 9t" June 2015
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Source and sink temperatures

The principal temperatures of the outdoor air, ground, brine and the output from the heat pump are shown in
Figure 8, plotted over the year®. The heat pump output temperature and the brine flow temperature are plotted
only for times when the heat pump was running.

The ground collector appeared to work well, as the temperature of the brine at the input to the heat pump was
rarely more than 2°C below the ground temperature’ (although the brine pump may be oversized as noted
above).

The output from the heat pump was rarely above 54 °C. Interestingly, the daily maximum output temperature
often remained above 50 °C during warmer weather, because the night-time outdoor temperature was generally
quite low — often below 5 °C. However, the weather compensation function reduced the output temperature
during each day (as can be seen in Figure 7).

Site 02 - Key temperatures
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were average compared to other systems.

6 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.

7 The ground temperature was measured 1m below the surface, in an area of the field remote from the ground collector loops
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Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 02 is shown in red)

Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,

compared to other systems with horizontal ground collectors. The relatively low temperature difference on this
system indicates good collector performance.

Horizontal collector ground-brine temperature difference

12

The squares show the mean values.
10 The vertical bars show the range of values (mean t 2a).
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 02 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems

monitored in this project. The output temperatures on this system (plotted in red) were average compared to
other installations.
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Figure 11 — Daily mean heat pump output temperature (to SH) compared to those of other systems monitored in this
project (site 02 is shown in red)

Comments

The overall performance of this system (SPFH4 = 2.81) was above average compared to other systems providing
SH only that were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).

This performance was good, considering the difficult environment in which the system operates:
e The mean outdoor temperature during 2015 was 2 °C lower than at other sites monitored in the project.
e The grade A listed building cannot be insulated to a high standard.
e The brine and heating pipe runs are long.

Aspects of this system that positively influenced its performance are:

e Weather compensation was used to reduce the heat pump output temperature when the outdoor
temperature increased.

e No electric auxiliary heat was used.

Aspects of the system that may have negatively influenced its performance include:

e The brine pump used nearly 12% of the total electricity. (The median figure for other systems monitored
in this project was 7.6%.) The 2.2 kW pump appears to be oversized, as the brine temperature drop
through the evaporator was rarely more than 2 °C compared to a more usual figure of 3 °C. A smaller
brine pump of say 750 W should provide a brine flow rate 70% that of the current arrangement. The
evaporator temperature in the heat pump would then drop by about 1 °C which would cause a small drop
in the coefficient of performance (COP). The combined effects would be an improvement in the overall
SPFH4 of around 5%.
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e The heating circulating pumps accounted for 19% of the total electricity used. (The median figure for
other systems monitored in this project was 8.8%.) Variable-speed or lower power pumps might be
adequate for this installation. If the energy used by these pumps could be reduced by 50%, and allowing
for an increase in the condensing temperature in the heat pump of about 1 °C which would cause a small
reduction in the COP, the SPFH4 would improve by around 7%.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW+ry has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 04 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 04 is a large 18th century house in a rural setting. Two ground-source heat pumps with a combined thermal
capacity of 57 kW provide space heating via radiators and domestic hot water.

The heat source is 8 x 100 m horizontal ground loops at a depth of approximately 1.2 m, in a field near the house.
The pipe run from the ground collector manifold to the heat pumps is approximately 100 m.

The heat emitters are radiators, which were not increased in size since previously used with an oil-fired boiler.
There are 2 domestic hot water cylinders, each with 2 x 3 kW immersion heaters.

Seasonal performance factors are not presented because characteristics of the heat meters, previously installed
for the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

Aspects of this system that positively influenced its performance are:
e The brine flow temperature was generally above average compared to other systems monitored.
e Auxiliary heat was not used (except for a short period because of a fault).

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the heat pump output to space heating was generally high —in the upper quartile of
the temperature range of all systems monitored.

e The brine pump used 11.4% of the total electricity used by the heat pump system — above average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

e Weather compensation was not used.

LIncorrect heat meter installation on this system is likely to cause unacceptably large measurement errors and the performance values could therefore not
reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 04

Survey date 06/04/2014

Monitoring installed 23/06/2014

G/WSHP GSHP

Building type Large house (18" century)

Location Rural

Heat pump capacity kWtH 57

Number of heat pumps 2

Number of compressors 4 (2 in each heat pump)

Heat source Horizontal ground loops 8 x 100m at 1.2m depth
Heat emitters Radiators

DHW Yes

Auxiliary heat 4 x 3kW immersion heaters in DHW cylinders
Source pump External to heat pumps: 1 pump of 1 kW

SH circulating pump 3 pumps of 345W max; 1 pump of 50W max
DHW circulating pump 1 pump of 50W max

Buffer tank None

DHW cylinders 2 x 300 litre

Control Heat pump controllers + heating programmer
Weather compensation No

Heat meter type Ultrasonic

No. of heat meters 2

Heat meter interface Pulse (10 kWh / pulse)

Comments

Table 1 — System details

The site is an 18th century house, in a rural location. It is occupied by up to 20 people.

This application comprises a ground-source heat pump, retro-fitted in a building that is not well insulated by
current standards (no double glazing, no wall or loft insulation) and is in a location that was colder than any of the
other sites monitored — the mean outdoor temperature during the period monitored was 8.1 °C (the range for all
sites was 8.1 to 12.5 °C, median 10.3 °C). The heat pump provides space heating via radiators and domestic hot
water. Both of these require relatively high heat pump output temperatures. The pipe run from the ground
collector to the heat pump plant room is relatively long. The seasonal performance factor of this system would
not be expected to be as high as for many other installations.

Heat pump and monitoring systems

Two heat pumps (total thermal capacity 57 kW) were installed in 2011. One high-temperature heat pump
provides domestic hot water or space heating as required. The other heat pump provides space heating only.

The heat source is 8 x 100 m horizontal ground loops at a depth of approximately 1.2 m, in a field near the house.
The pipe run from the ground collector manifold to the heat pumps is approximately 100 m.

The heat emitters are radiators, which were not increased in size since previously used with an oil-fired boiler that
dated from before 1974. No buffer tank is installed.
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There are 2 domestic hot water cylinders, each with 2 x 3 kW immersion heaters.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The outdoor air and ground temperatures are also monitored.

Figure 1 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meters previously installed to meet RHI metering requirements were the only available means of
recording the heat output of the heat pump. Unfortunately, these meters were not correctly installed and it has
not been possible to use the measurements to determine the system performance with any useful degree of
accuracy. The flow meters used are of the mechanical multi-jet turbine type and the temperature sensors have
been strapped to the outside of the pipes, with a minimal covering of insulation — instead of being installed in
fittings in the pipes. The leads connecting the platinum-resistance temperature probes to the battery-powered
calculators have been extended, contrary to the manufacturer’s installation instructions. Monitoring was via the
pulse interfaces.

2The temperature probes were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this project [5] for further
details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and immersion
heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counters connected to
the heat meters were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL3 procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by heat meters] — [heat added by SH circ pumps]
SPFH2 =

Electricity used by: [heat pumps] + [brine pump]

[Heat measured by heat meters] + [heat added by immersion heaters] + [heat added by heating circ pumps]
SPFH4 =

Electricity used by: [heat pumps] + [brine & SH circ pumps] + [immersion heaters]

3 Structured Query Language: a programming language used for managing data held in a relational database management system.

7
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The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

The number of 1-minute intervals selected as valid for analysis was 525 574, which represents 99.99% of the 12-
month period

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 2 shows the daily SPFH2 and SPFHa behaviour of the system®. These values represent the combined space
heating + domestic hot water performance. The lower values during the summer months were a consequence of
the system providing domestic hot water only. This required higher output temperatures than for space heating,
and the performance was therefore lower. However, the total heat output during the summer was quite low, so
this did not significantly affect the annual SPF values.

Site 04 - Daily SPFs (relative values)

# SPFH2
m SPFH4

SPF (relativevalues)

-1.0
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Figure 2 — Daily relative seasonal performance factors SPFH2 and SPFH4

Figure 3 shows the daily SPFH4 behaviour for operation in space heating mode and in domestic hot water mode.
The performance in domestic hot water mode is always lower than in space heating mode because of the higher
output temperature.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

5 The actual values are not shown because of the high uncertainty of measurement of the heat metering on this system. Relative values are shown to give
some indication of the scale of the behaviour.
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Site 04 - Daily SPFH4 for SH and DHW modes (relative values)
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Figure 3 — Daily SPFH4 relative values for SH mode and DHW mode

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.
Ancillary equipment

Pumps are needed to circulate brine through the ground collector, and to circulate hot water from the heat pump
to the space heating emitters and to the heating coils in the domestic hot water cylinders. These pumps use
electricity, which can be a significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on the various factors, particularly outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump and from the immersion heater in the domestic hot
water cylinder. The electricity used by the total heat pump system and the daily mean outdoor temperature are
shown for reference. Note that the kWh values have been removed from the graph because of the high
uncertainty of measurement of the heat meters.

The daily domestic hot water load was fairly constant throughout the year. The heat delivered to space heating
was greatest at the times when the outdoor temperature was lowest as could be expected. The domestic hot
water immersion heaters were used during the first few weeks of January as backup because of a fault in the
high-temperature heat pump. Apart from this, the immersion heaters were used only once, for an hour on 11"
July.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 2 shows the breakdown of the heat delivered to space heating and to domestic hot water during the period
from 1°* January to 31 December 2015.
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%

Heat delivered to space heating 73%
Heat to domestic hot water (from heat pump) 26.5%
Heat to domestic hot water (from immersion heaters) 0.5%

Table 2 — Breakdown of heat delivered to space heating and domestic hot water

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. It can be seen that the brine pump and the heat
circulating pumps together used 17.7% of the total electricity used by the heat pump system.

The brine pump used 11.4% of the total electricity, above average compared to other systems monitored (range
2.3% - 29.8%, median 7.6%).

The heating and hot water circulating pumps used 6.3% of the electricity, below average compared to other
systems monitored (range 2.9% - 20.5%, median 8.8%).

Site 04 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern during a 2-day period on 17" — 18" January when the outdoor temperature
was between -4 and +2 °C. The domestic hot water immersion heaters were not used. The temperature of the
output to the space heating radiators was between 47 and 52 °C (at times when there was demand for space
heating). The output to the domestic hot water heating coils was up to 53 °C.
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The ground temperature, measured at a depth of 1 metre in the garden beside the house was 6.5 °C. The brine
flow temperature, when only the smaller high-temperature heat pump was running, was between +5 and +7 °C,
and when both heat pumps were running it was never lower than 4 °C.

Site 04 - Typical operating pattern (temperatures) January 2015
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Site 04 - Typical operating pattern (power) January 2015
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Figure 6 — Operating pattern on 17" — 18t January 2015

Figure 7 shows the typical summer operating pattern on the 14" July when the outdoor temperature was
between 10 and 18 °C. Only the high-temperature heat pump was used to provide domestic hot water, with a
maximum heat pump output temperature of 51 °C.

The heat pump ran 3 times an hour for approximately 7 minutes each time. This is within the cycling limits
recommended by previous research [2].
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Site 04 - Typical operating pattern (temperatures)14 July 2015
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Figure 7 — Operating pattern on 14 July 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. For clarity, the brine and heat pump output temperatures have been plotted only for times when
the heat pump was running.

The temperature of the output to space heating was consistently up to 55 °C whenever there was a demand for
heat. The temperature of the output to domestic hot water seems to have been adjusted a number of times
during the year, with a maximum of 60 °C in August and September. The reason for this is not known.

The brine flow to the heat pumps was never less than 3 °C and was above the daily mean outdoor air temperature
for most of the winter months.

Site 04 - Key temperatures
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Figure 8 — Key temperatures measured during the period 1% January — 31 December 2015

6 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were above average, which would have had a positive influence on performance. The maximum difference
between the ground temperature and the brine flow temperature was 3 °C (in late January), which indicates good
performance of the ground collector.

Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 04 is shown in red)

Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,
compared to other systems with horizontal ground collectors. The temperature difference on this system is below
the median value, which indicates reasonably good collector performance.

Horizontal collector ground-brine temperature difference

12

The squares show the mean values.
10 | Thevertical bars show the range of values (mean + 2a).

Ground-Brine temperature difference [°C)
(=1

33 37 56 02 04 30 05 39 13 10 57
Site ID

Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 04 is shown in red)
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Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system (plotted in red)
compared to other systems monitored in this project. The output temperatures on this system were well above
the median, except during the summer when there was only a very small space heating load. This would have a
negative influence on the system performance. The gaps in the data correspond to periods when the heat pump
was not being used for space heating.

Figure 11 — Daily mean heat pump output temperature (to SH) compared to those of other systems monitored in this
project (site 04 is shown in red)

Comments

This is the only system of those monitored in this project to operate without a buffer tank in the heating circuit. It
is possible that a buffer tank may have positive influence on system performance. However, the design of buffer
tank systems is a complex topic that is beyond the scope of this report.

Aspects of this system that positively influenced its performance are:

e The brine flow temperature was always above 3 °C, and the mean brine temperature throughout the year
compared very favourably with the source temperatures of other systems.

o The domestic hot water immersion heaters were not used (except for a short period at the start of the
year when there was a fault with the high temperature heat pump, and for an hour in July).

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the heat pump output to space heating was generally high compared to other
systems, and was often higher than the output to the domestic hot water primary circuit — which is
unusual. This is most likely due to a fault with or incorrect configuration of the controls and should be
investigated.

e The brine pump used 11.4% of the total electricity used by the heat pump system. This is above average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). A system schematic provided
by the proprietor shows an inverter (variable-speed) drive connected to the brine pump. There is no
evidence of this having been installed, but it would be worth considering. The full brine flow rate should
only be needed when both heat pumps are running at full capacity (4 compressors). At other times a
lower brine flow rate would be adequate. If the overall electricity use of the brine pump could be reduced
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by 50%, the SPFH4 would be increased by some 5% and the annual electricity use would be reduced by
around 2500 kWh — a cost saving of £370 (assuming a unit cost of 14.7p/kWh [3]).

e \Weather compensation was not in use. It was noted during survey that the outdoor temperature sensor
of the heat pump appeared to be mounted inside the plant room. Repositioning this sensor outdoors
should allow the weather compensation to operate and thereby reduce the space heating output
temperature during warmer weather. This would have a positive influence on performance.

e The use of radiators (unmodified from their use with the previous oil-fired heating system) requires a
relatively high output temperature during the cold winter months. Increasing the size of some radiators
would allow the system to operate at lower temperatures, and should have a positive influence on
performance.

It would also be worth investigating why the temperature of the output to domestic hot water was increased in
August. It should be possible to operate with a different regime with a generally lower temperature, increased
periodically for Legionella control if necessary.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 05 and performance results from
12 consecutive months of monitoring data.

Site 05 is a public hall, which was refurbished in 2011.

A ground-source heat pump, installed as part of the refurbishment, extracts heat from horizontal ground loops
and provides space heating and domestic hot water.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Heat delivered by the heat pump]

SPFH2 3.32
Electricity used by: [heat pump] + [brine pump]

Heat delivered by: [heat pump] + [SH circ pumps] + [immersion heaters]

SPFH4 3.08

Electricity used by: [heat pump] + [brine pump] + [SH circ pumps] + [immersion heaters]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

25

2.0

15 I

1.0 I
530 505 539 557 551 560 529 528 562 535

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

SPFH4

Aspects of this system that positively influenced its performance are:

e The brine flow temperature was generally above average compared to other systems monitored.

e There was no use of the auxiliary immersion heaters, with the high temperatures required for Legionella
control being achieved by the heat pump.

e Weather compensation was used to good effect.

Aspects of the system that may have negatively influenced its performance include:

e The temperature required for the radiators was fairly high — up to 50 °C during cold weather. However,
radiators reportedly provide better flexibility than underfloor heating, in terms of the ease of changing
the temperatures of the heated spaces — something that is very desirable in a multi-use facility.
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e Use of the heat pump to provide small quantities of domestic hot water may not have been justified. It
may have been better to install point-of-use electric water heaters.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Survey date 18/03/2014
Monitoring installed 09/06/2014
G/WSHP GSHP
Building type Public hall
Location Rural

Heat pump capacity kWtH 21

Number of heat pumps 1

Number of compressors 2

Heat source

Horizontal ground loops: 6 x 200 m

Heat emitters

Radiators with thermostatic valves

DHW

Yes

Auxiliary heat

4 kW immersion heater in DHW cylinder
4.5 kW immersion heater in buffer tank (emergency use only)

Source pump

External to heat pump: 585 W max

SH circulating pumps

External to heat pump: 165 W max (in flow pipe)
External to heat pump: 195 W max (in return pipe)

DHW primary pump External to heat pump: 165 W max

Buffer tank 200 litre 2-pipe in flow

DHW cylinder 300 litre

Control Heat pump controller + wireless control system + electronically-set
thermostatic radiator valves

Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 1

Heat meter interface M-Bus

Comments

Table 1 — System details

This site is a public hall, which was refurbished in 2011.

This application comprises a ground-source heat pump, retrofitted in a building during refurbishment. The
building is located in an area with slightly above-average outdoor temperatures — annual mean 10.8 °C (the range
for all sites was 8.1 — 12.5 °C, median 10.3°C). The heat source is the ground adjacent to the building. The pipe
runs from the heat pump to the horizontal collector and to the heat emitters are short. The seasonal performance
factor of this system would be expected to be above average.

Heat pump and monitoring systems

The ground-source heat pump was installed at the time of refurbishment of the building and provides both space
heating (SH) and domestic hot water (DHW). The heat pump is a high temperature model with 2 compressors.

The heat source is 6 x 200m horizontal ground loops installed in the sports field adjacent to the hall.
The heat emitters are radiators which were installed circa 2000 for use with an oil-fired central heating system.

These radiators are understood to have been oversized to provide rapid warm-up. One radiator installed in a
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meeting room during refurbishment is known to be too small for use with the heat pump, but had not been
replaced at the time of monitoring. A 200 litre 2-pipe buffer tank is installed in the flow to the heat emitters.

A control system with wireless-controlled thermostatic radiator valves is installed. This greatly facilitates
programming the space heating for the various activities in the hall.

The immersion heater in the buffer tank is normally switched off, and is only used in emergency (e.g. heat pump
failure). The immersion heater in the domestic hot water cylinder is intended for use during the winter when
showers are used more frequently for sports activities.

The entire heat pump system is located within the heated envelope.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes!. The outdoor air and ground temperatures are also monitored.

Site 05

PFH4 boundary EN |
(T o/
\os/
> .
% Buff Immersion I To heating
urrer heater . system
|m————————— — — —— tank | olated)
\os/

w

I

T
|| SPFH2 boundary Heat pump | J :
| I
l |
1 A WA ) © % (T | | oHw
|| | \ez/ W \/ \o7/ cylinder
| nH - = [ o= Ll >
|| - K1 < |
y Faaya
:' |\ \a/ \08/ —

J

| et
|| QHD |
| A [
i v BN i
|| I| @ Indoor air probe ® Heat meter
[ — | .
|| I . Qutdoor air probe ® Electricity meter

||
| || @ Ground probe Temperature sensor
|

_-— = J |<] Non-return valve

MNote: Passive system components such as valves and filters are not shown

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses an
ultrasonic flow meter installed in the return pipe, with matched temperature sensors installed in fittings with the

1 The temperature probes were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this project [4] for further
details. Note that these temperature measurements were not used for heat metering.
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probes inside the flow and return pipes. The calculator is mains-powered, and monitoring was via the M-Bus
interface.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump]
SPFH2 =

Electricity used by: [heat pump] + [brine pump]

Heat output of [heat pump] + [heat added by SH circ pumps] + [immersion heaters]

SPFH4 =
Electricity used by: [heat pump] + [brine pump] + [SH circ pumps] + [immersion heaters]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency?)
of the electrical energy supplied to the pumps.

e The buffer tank is within the heated envelope, so the heat losses from it were not deducted from the
total heat output. During the summer when there was no demand for space heating, the buffer tank
temperature was within 2 °C of the indoor temperature in the main hall and was probably at the same
temperature as the plant room. It has therefore been assumed that any heat loss from the buffer tank
outside the heating season would have been negligible.

e The electricity used by the DHW secondary circulating pump is not included in the SPFH4 calculation.
The number of 1-minute intervals selected as valid for analysis was 523 777, which represents 99.7% of the 12-

month period.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31 December 2015, are
shown in Table 2.

SPFH2 3.32

SPFH4 3.08

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 3.08 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. These figures represent the combined space
heating + domestic hot water performance. The daily performance figures are low during the summer months.
This is because during warmer weather the heat pump runs mainly for heating domestic hot water, which
requires higher output temperatures and is a less efficient process. However, as the total heat output under these
conditions is low, the effect on the annual performance is quite small.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [3] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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- Site 05 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building and through the heating coil in the domestic hot
water cylinder. These pumps use electricity, which can be a significant part of the total electricity used by the
system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

10
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It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.
Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output to space heating and to domestic hot water. The electricity used by the total
heat pump system and the outdoor air temperature are shown for reference. The total heat output was highest
during the colder weather in January and February. The very low heat output (for domestic hot water only) during
the summer months is clearly seen on the graph.

Figure 4 — Daily heat output and electricity used by the total heat pump system

Breakdown of heat delivered

Table 3 shows the breakdown of the heat delivered to space heating and to domestic hot water during the period
from 1°* January to 31 December 2015.

kWh %
Heat delivered to space heating 37 430 95%
Heat delivered to domestic hot water (from heat pump) 2083 5%
Heat delivered to domestic hot water (from immersion heaters) 0 0%

Table 3 — Breakdown of heat delivered to space heating and domestic hot water

11
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Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use.

The brine pump accounted for 12.2% of the total electricity used by the heat pump system. This is above average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%) and would have had a negative
influence on the system performance.

The heating circulating pumps used 10% of the total electricity used by the heat pump system, slightly above
average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). It can be seen from the graph
that the space heating circulating pump use varied more or less in proportion to the heat pump electricity use,
which suggests that they were being controlled in an efficient manner.

The immersion heaters in the buffer tank and the domestic hot water cylinder were not used during the period
monitored.

Site 05 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the typical operating pattern for a 2-day period on 17th — 18th January. The outdoor temperature
was low (-5 to +8 °C) and the heat pump was running for most of the time, with both compressors in use for
several periods.

The output of the heat pump was periodically switched to heat the domestic hot water twice during the first day.
The temperature of the flow to the domestic hot water coil can be seen rising to 62 °C during DHW operation —
and once a week on Sunday morning to 67 °C, presumably for Legionella control.

The output to space heating was at a maximum temperature of 50 °C.

There was no measurable loss of temperature through the 2-pipe buffer tank.

12
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Site 05 - Typical operating pattern (temperatures) January 2015
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Figure 6 — Operating pattern on 17" — 18t January 2015

Figure 7 shows the typical operating pattern on 4" — 5™ July when the outdoor temperature was between 11 and
24 °C. During this warm summer weather, the heat pump was running for short intervals to provide domestic hot
water. The weekly temperature boost, presumably for Legionella control, can be seen on the Sunday.

The heat pump ran three times during the two days for between 12 and 15 minutes — comfortably within the
limits for short cycling recommended from previous research [2].

Site 05 - Typical operating pattern (temperatures) July 2015
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Figure 7 — Operating pattern on 4" — 5" July 2015
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Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year*. The brine and heat pump output temperatures have been plotted only for times when the heat

pump was running.

The red line shows the temperature of the output to the domestic hot water cylinder — with the weekly boost to

67 °C for Legionella control clearly visible.

The output to the space heating was at a maximum of 50 °C during the coldest day of the year on 23™ January
when the outdoor air temperature was -5 °C. The lowest brine flow temperature of 2.3 °C occurred on 22™

February.

During warmer weather in May, the flow to space heating was down to around 30 °C, and the brine flow

temperature was between 8 and 10 °C.

Site 05 - Key temperatures (1)
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Figure 8 — Key temperatures measured during the period 1% January — 315t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were above average. This would have had a positive influence on system performance.

4 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground

temperature every hour.
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Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 05 is shown in red)

Ground collector effectiveness
Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,

compared to other systems with horizontal ground collectors. The temperature difference on this system is above
the median which indicates that the collector performance is slightly below average.

Horizontal collector ground-brine temperature difference
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 05 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system (plotted in red) were below average, except
during the summer when the system was providing domestic hot water only and the output temperature while

the heat pump was running was always high. The overall effect would have been a positive influence on the
system performance.
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Figure 11 — Daily mean heat pump output temperature (to SH) compared to those of other systems monitored in this

project (site 05 is shown in red)

Comments

This system had the third best performance (SPFH4 = 3.08) of all systems providing both space heating and
domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median value 2.41).

Aspects of this system that positively influenced its performance are:

The temperature of the brine flow to the heat pump was rarely below 3 °C. This was above average
compared to other systems providing SH and DHW that were monitored in this project.

There was no use of the auxiliary immersion heaters during the period reported.

The high temperatures required for Legionella control were achieved without the use of immersion
heaters.

Weather compensation was used to good effect, with the temperature of the output to the heat emitters
reduced when the outdoor temperature was higher.

Aspects of the system that may have negatively influenced its performance include:

The temperature required for the radiators was up to 50 °C during cold weather. Heat emitters designed
for a lower temperature (e.g. larger radiators) should improve the system performance.

However, it is worth noting that using radiators as the heat emitters reportedly provides a good degree of
flexibility in terms of the ease of changing the temperatures of the heated spaces — something that is
probably very desirable in a multi-use facility. Underfloor heating may not provide the same degree of
flexibility.

Use of the system to provide domestic hot water may not have been justified. The total demand for
domestic hot water appears to have been low, and it may be better to install point-of-use electric water
heaters. This would increase the overall SPFH4 as there would be no requirement for the higher output
temperatures used for DHW.

16



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 05

Bibliography
[1] “Directive 2009/28/EC of the European Parliament and of the Council,” Official Journal of the European Union,
20009.

[2] EA Technology, “The effects of cycling on heat pump performance,” DECC, 2012.

[3] “Air conditioners, liquid chilling packages and heat pumps with electrically driven compressors for space
heating and cooling — Part 3: Test methods.,” EN 14511-3.

[4] D. Hughes, “Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source and Water-Source Heat
Pumps - Interim Report. URN 16D/013.,” DECC, 2016.

17



Monitoring of Non-Domestic
Renewable Heat Incentive
Ground-Source and Water-Source
Heat Pumps

Case Study — Site 07

Prepared by GRAHAM Energy Management
for BEIS (Department for Business, Energy & Industrial Strategy)
January 2018

Author
Eur Ing Dr David Hughes
for GRAHAM Energy Management

GRAHAM Asset Management Ltd

20 Wildflower Way

Belfast

BT12 6TA
www.grahamassetmanagement.co.uk

This report is the copyright of GRAHAM Asset Management Limited, prepared under contract to BEIS. The
contents of this report may not be reproduced in whole or in part, without acknowledgement. BEIS and GRAHAM
Asset Management Limited accept no liability whatsoever to any third party for any loss or damage arising from
any interpretation or use of the information contained in this report, or reliance on any views expressed herein.

Copyright © GRAHAM Asset Management Limited 2018

Dr David Hughes asserts his moral right under the Copyright, Designs and Patents Act 1988 to be identified as the
author of this work.

This case study has not considered the detailed design of the heat source or ground loop, sizing of the buffer vessel nor sizing
(or nature) of the heat emitters. All of these factors are known to be critical to the overall performance of a heat pump. The
data presented in this document should therefore not be taken as necessarily representing the performance of other
installations using the conceptual designs described. No information has been presented on the suitability of the systems as
to their intended purpose. Caution should be taken when extrapolating the data presented in this report to other
applications.

Any enquiries regarding this publication should be sent to siceteateam@beis.gov.uk.



http://www.grahamassetmanagement.co.uk/
mailto:siceteateam@beis.gov.uk

Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 07

Contents

EXECULIVE SUMIMAIY ittt ettt e ettt e e e e s e et bttt e e e e e s easaat b e et e eeeessaasabeeaeeeeessanassbeaeeeeeessannssbaaaeeessssannssanes 3
(€] (o1 oV PSPPI 5
A L= 0 1o [ - 11 SRS 6
Heat pump and MONITOMING SYSTEMS ...viiiiiiiiiee ittt rree e et e e e s st e e e s sabeeeessabeaesesabeeesesbeeesessseeeesnnsens 6
[ L2F L0 0[] (=T oY= PP P PP UPPPPPUPPTTNt 7
P OIMANCE FESUILS ....eeitee ettt ettt ettt e st e s bt e e s bt e e be e e sab e e s bt e e sabeesabeeeseeesabeeessseesaseesneeesabeeeseens 8
D L T T o= | Y] LSRR 8
Factors that iNflUENCE PEITOIMANCE........coi e e et e e e et e e e e ebt e e e e ebteeeesnteeeesnranaesans 10
=T 00T oL AU T L U 10
F AN Vol | =T A =To LU T o1y o T=T o | PR 10
@Yol | o= PP 11
Variation of heat demand with oUtdoOr TEMPEratUIE .........ccieciiii it e e e e e e e eaaeee s 11
ST EeE ] o Lo ) g o] =1 =T ot d (ol YA U Y PP 11
OPEIAtING PATLEIN ettt annnn 12
SOUICE AaNd SINK LEMPEIATUIES ...eiiiiiieeectieee ettt ettt e e ee ettt e e e ette e e e etteeeeebteeeseabeseesaseasesasseseeaassasasaassasassnssanananns 15
L0000 ] 04 1=T 0 ) &3PPSO PP OPPRTOTPI 17
21 o (Lo ==Y o] o1 VAUt 18



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 07

Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 07 and performance results from
12 consecutive months of monitoring data.

Site 07 is a recently-built refectory and office building. A single heat pump (thermal capacity 96 kW) supplies
space heating only to an underfloor heating system.

The heat source is water from a mountain tarn, supplied via a nearby lagoon from where it is pumped directly to
the heat pump evaporator in an open-loop arrangement.

Domestic hot water is provided separately by LPG-fired boilers, with solar thermal collectors used for pre-heating
the boiler feed water. The boilers can also provide auxiliary heat for space heating when necessary.

The system is controlled by a building management system.

The seasonal heating performance factors measured over a year of operation
(2% April 2015 to 31 March 2016) were:

[Heat delivered by the heat pump]

SPFH2 2.72
Electricity used by: [the heat pump] + {source pump]

[Heat delivered by the heat pump] + [heat added by the buffer and heating circ pumps]

SPFHa - [heat loss from the buffer tank] 1.50

Electricity used by: [the heat pump] + [source pump] + [buffer and heating circ pumps]

SPFH4 of systems that provide space heating only
(12 months)
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Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influenced its performance are:

e The source temperature was high compared to most other systems monitored.
e The source water is pumped directly to the evaporator, without an intermediate heat exchanger which
would introduce temperature loss.
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Aspects of the system that may have negatively influenced its performance include:

The heat pump was not used to the extent that it could have been: the LPG-fired boilers provided heat to
the space heating system at times when the heat pump could have been used. This appears to have been
due to inappropriate control strategy or settings.

The buffer and heating circulating pumps together accounted for 48.6% of the total electricity used by the
heat pump system. This is exceptionally high compared to other systems monitored (range for other
systems monitored 2.9% - 20.5%, median 8.8%).
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 07

Survey date 30/01/2014

Monitoring installed 26/03/2015

G/WSHP WSHP

Building type Refectory and offices

Location Rural (on a site with other buildings)

Heat pump capacity kWtH 96

Number of heat pumps 1

Number of compressors 2

Heat source Water from tarn

Heat emitters Underfloor heating pipes

DHW No

Auxiliary heat LPG boiler

Source pump External to heat pump: 1 pump of 3 kW max (fixed-speed)

Buffer pump External to heat pump: 1 pump of 1.3 kW max (fixed-speed)

SH circulating pump External to heat pump: 1 pump of 670 W max (fixed-speed)

Buffer tank 1000 litre 4-pipe

Control BMS

Weather compensation Yes

Heat meter type Multi-jet turbine

No. of heat meters 1

Heat meter interface Pulse (100 kWh / pulse)

Comments Auxiliary heat is provided as hot water from the LPG boilers, fed to the
underfloor heating header via a thermostatic valve & pump.

Table 1 — System details

Site 07 is a recently-built (2012) refectory and office building in a rural location, on a site of several hectares along
with by a variety of other buildings.

The application entails extracting heat from surface water to provide space heating via underfloor heating pipes
in a modern well-insulated building in a location with outdoor temperatures slightly below the median for all sites
monitored. (The mean outdoor temperature for site 07 was 9.7 °C. The range for all sites was 8.1 —12.6 °C,
median 10.5 °C.). The system design performance would be expected to be above average.

Heat pump and monitoring systems

A single heat pump (thermal capacity 96 kW) supplies space heating only to an underfloor heating system.

The heat source is water from a mountain tarn, supplied via a lagoon within the site. The water is pumped from
the lagoon directly to the heat pump evaporator, and thence to local drainage.

A set of three gas-fired (LPG) boilers provides domestic hot water and auxiliary heat for space heating. Solar
thermal collectors are used to pre-heat the cold feed to the boilers.

Auxiliary heat is supplied to the underfloor heating system when needed by feeding hot water from the boilers via
a thermostatically-controlled valve to the underfloor heating header. This auxiliary heat is not metered.
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A 1000-litre 4-pipe buffer tank is installed between the heat pump output and the underfloor heating header.

The system is controlled by a building management system (BMS) that also controls other plant (boilers, air
handling units, etc.).

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output, and temperatures at key points in the system. The system
boundaries for calculation of SPFH2 and SPFH4 are also shown.

On this installation, it was impractical to measure the heat supplied to space heating by the LPG boilers or the
electricity used by the underfloor heating pumps. The SPFH4 boundary used for analysis therefore excludes these
elements.

It is also noted that it may be possible for heat from the LPG boilers to back-feed the heat pump system and
thereby affect its performance.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The outdoor air temperature is also monitored.

Site 07
LPG boilers
[sPF+a boundary T T -0 | Auxiliary heat
|_ _b_ F —_— _I | supplied from
SPFH2 boundary w ED ™V | LPG boilers via
| % o3/ % % | ) thermostatic
Heat pump | | | b valve and pump
=D O

@% To underfloor

| heating loops

I—

Buffer
tank

|

|

|

|

|

| Underfloor
| heating header
|

|

|

|

|

|

From L i
—] Outdoor air probe Indoaor air probe @
lagoon To drain \A S Temperature sensor

Note: Passive system components such as valves and filters are not shown

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
mechanical multi-jet turbine flow meter installed in the return pipe, with matched temperature sensors installed

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering.
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in fittings with the probes inside the flow and return pipes. The calculator is battery-powered. Monitoring was via
the pulse interface.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including the auxiliary pumps used to deliver
heat to the underfloor heating header.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:
e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-

minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump]
SPFH2 =

Electricity used by: [heat pump] + [source pump]

[Heat output of heat pump] — [heat loss from buffer tank] + [heat added by buffer & SH circ pumps]
SPFH4 =

Electricity used by: [heat pump] + [source pump] + [buffer & SH circulating pumps]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the buffer and heating circulating pumps was estimated as 30% (the assumed pump
efficiency®) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 525 336, which represents 99.9% of the 12-
month period.

The mean SPFH2 and SPFHa values for this system, measured between 1 April 2015 and 31°* March 2016, are
shown in Table 2.

SPFH2 2.72

SPFH4 1.50

Table 2 — SPF values measured for the period 1% April 2015 to 31% March 2016

This means that for each unit of electricity used, this system delivers on average 1.50 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The wide variation in the SPF values is explained
by the low use of the heat pump (not at all on some days — when the SPFH2 is shown as zero), but with the buffer
pump continuing to run periodically (at least 10 minutes every hour) to allow the heat pump controller to monitor
the return temperature. The heating circulating pump also ran most days, often for much longer than the heat
pump, so the electricity used was relatively high for the heat delivered. The SPFH4 values were higher than the
SPFH2 values on some of these days, because the buffer and heating circulating pumps were running and provided
some heat through the process of water pumping.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [3] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the tarn water and the sink is the space being
heated. Heat extraction from the source to the heat pump is via an open-loop circuit from the lagoon, directly to
the evaporator of heat pump.

Heat delivery from the heat pump to the heated space is via a hot water circuit. This water will always be warmer
than the space because of the need for a temperature difference to transfer the heat. An objective of good
system design and operation should be to maximise the temperature of the source at the input to the heat pump,
and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the water from the source to the heat pump, and to circulate the hot water from the
heat pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters or gas-fired boilers to provide auxiliary heat at

times when the heat pump is unable to provide the heat required by the load — usually during very cold
conditions. It is desirable to minimise the electricity used by ancillary equipment.

10
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required for the building depends on various factors, particularly the outdoor temperature.
Figure 4 shows the daily heat output from the heat pump. The electricity used by the total heat pump system and
the outdoor air temperature are shown for reference.

It can be seen that the heat pump was not always used during cold weather. This is believed to be due to the LPG-
fired boilers providing heat instead of the heat pump. There is no obvious reason why the heat pump could not
have been used at all times when there was a demand for space heating. Doing so would have provided a greater
proportion of the total heat as renewable energy.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use.

The source pump accounted for 6.3% of electricity use by the total heat pump system. This was below average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%) and would have had a positive
influence on the system performance.

The buffer and heating circulating pumps together accounted for 48.6% of the total electricity used by the heat
pump system. This is exceptionally high compared to other systems monitored (range for other systems
monitored 2.9% - 20.5%, median 8.8%) and would have had a strong negative influence on the system
performance.

11
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It is notable that the buffer pump was run for all but two of the weeks when the heat pump was used very little or
not at all. It is understood that the buffer pump is run every hour or so to allow the heat pump controller to
measure the return temperature?. The control strategy could probably be altered to avoid this excessive
electricity use.

Site 07 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical operation.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump and circulating pumps. The heat pump operating cycles are indicated by the heat pump supply power
graph.

Figure 6 shows the operating pattern on 2" November 2015 when the outdoor temperature was between 7 and
11 °C. The indoor temperature was between 17 and 19 °C.

The heating circulating pump ran from 02:00 to 03:00 and then from 05:00 to 22:00, presumably under control of
the BMS. In response to this call for heat, the heat pump ran for 50 minutes from 02:25, using both compressors
for part of the run, and then during the day for a number of runs of 20 to 50 minutes with only one compressor.

The heat pump delivered 392 kWh of heat during this 24-hour period.
At times when the heat pump was not running, the buffer pump ran approximately once an hour for 10 minutes.
The temperature of the source water flow to the heat pump when it was running was between 11 and 12 °C.

The heat pump output temperature was between 33 and 52 °C. The temperature loss through the buffer tank was
not more than 2 °C while the heat pump was running.

4 This behaviour was confirmed by the system installer.
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Site 07 - Operating pattern (temperatures) 02 November 2015
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Figure 6 — Operating pattern on 2" November 2015

Figure 7 shows the operating pattern on 27" January 2016 the when the outdoor temperature was between 5
and 11 °C, and the indoor temperature was between 20 and 22 °C.

It is interesting to compare the operation on this day to that on 2" November 2015 (presented above). The space
heating load on 27" January would have been similar to 2" November, or slightly higher because of the higher
indoor temperatures.

The heat pump delivered only 100 kWh of heat (compared to 392 kWh on 2™ November 2015). The run times
were much shorter, between 7 and 30 minutes, and only one compressor was used except for a short time at
08:30.

This significantly reduced use of the heat pump appears to indicate that the boilers were also providing heat to
the space heating system.
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Site 07 - Operating pattern (temperatures) 27 January 2016
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Figure 7 — Operating pattern on 27" January 2016

Between 18" and 24" February, the heat pump output temperature dropped to a very low level (20 — 23 °C).
Figure 8 shows the behaviour on 19* February, when the outdoor air temperature was between 2 and 7 °C. The
indoor temperature increased from 15 °C to 23 °C during the day, so it appears that heat was being provided to
the underfloor heating pipes — but clearly not by the heat pump.

The heat pump ran approximately twice every two hours for very short runs of between 4 and 7 minutes, but with
very little effect on the output temperature. The buffer pump and the heating circulating pumps were running
continuously.

The reason for this behaviour is unknown, but it appears to have been due to a malfunction of the control system.
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Site 07 - Operating pattern (temperatures) 19 February 2016
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Figure 8 — Operating pattern on 19" February 2016

Source and sink temperatures

Figure 9 shows the principal temperatures of the outdoor air, source water and the outputs from the heat pump,
plotted over the year®. The source water and heat pump output temperatures have been plotted only for times
when the heat pump was running.

The source water temperature varied during the year between 4 and 13 °C (ignoring short spikes to around 20 °C
when the pump was started after a lengthy idle period).

The heat pump output temperature varied between 34 and 54 °C. The temperature from the buffer tank to the
heating circuits varied between 30 and 52 °C.

The temperature loss through the buffer tank was generally not more than 2 °C.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Site 07 - Key temperatures
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Figure 9 — Key temperatures measured during the period 1% April 2015 — 31t March 2016

Figure 10 shows the daily mean source flow temperature compared to the source temperatures (at the heat
pump) of all other ground-source and water-source systems monitored in this project. The temperatures realised
on this system (plotted in red) were above average compared to other systems monitored. This would have had a
positive influence on system performance.

Figure 10 — Daily mean source flow temperature compared to the source temperatures of other systems monitored in this
project (site 07 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems using
underfloor heating monitored in this project. The output temperatures on this system were average compared to
other systems.
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Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems using
underfloor heating monitored in this project (site 07 is shown in red)

Comments

The overall performance of this system (SPFH4 = 1.50) was very low compared to other systems providing space
heating only that were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).

Aspects of this system that positively influenced its performance are:
e The source temperature was high compared to most other systems monitored (see Figure 10).

e The source water is pumped directly to the evaporator, without an intermediate heat exchanger which
would introduce temperature loss.

e The electricity used by the source pump was below average compared to other systems monitored: 6.3%
of electricity use by the total heat pump system (the range for other systems was 2.3% - 29.8%, median
7.6%).

Aspects of the system that may have negatively influenced its performance include:

e The heat pump was not used to the extent that it could have been: the LPG-fired boilers provided heat to
the space heating system at times when the heat pump could have been used. This appears to have been
due to inappropriate control strategy or settings. This should be investigated and the control system
adjusted so that better use is made of the heat pump.

o The electricity used by the buffer pump was very high — 36% of the electricity used by the total heat pump
system. It was run periodically when the heat pump was not running to allow the control system to
determine the return temperature. A change of control strategy could reduce the electricity used by the
buffer pump.

e The electricity used by the space heating circulating pump was high at 12.5% of the electricity used by the
total heat pump system.

The high proportion of electricity used by the buffer and heating pumps was at least partly due to the heat pump
not being used as much as it apparently could have been. As a consequence, the heat pump used only a relatively
small proportion of the total system electricity.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate

Change).

This case study provides a brief description of the heat pump installation at Site 10 and performance results from

12 consecutive months of monitoring data.

Site 10 is a converted barn, used as offices. It is situated in an exposed location.

A ground-source heat pump (thermal capacity 22 kW) extracts heat from horizontal ground loops and provides

space heating via radiators.

The seasonal heating performance factors measured over a year of operation (1% January to 31° December 2015)

were:
[ Total heat delivered by the heat pump ]
SPFH2 2.33
[ Electricity used by the heat pump + the brine pump ]
[ Total heat delivered by the heat pump system]
SPFH4 1.82
[ Electricity used by heat pump + brine pump + circulation pumps ]

SPFH4 of systems that provide space heating only
(12 months)
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ra L
in =1

5
1.0 l
537 7 cE3 534

514 510 507 513

Figure 1 — Performance of this system compared to other installations in the monitored sample

that provide space heating only

An aspect of this system that positively influenced its performance is:
e No auxiliary heat was used in the heat pump system.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump ran at times when it was evidently not needed. This wasted energy and caused

undesirable short-cycling behaviour.

e There was a significant loss of temperature between the heat pump output and the flow to the heating

system — apparently due to the arrangement of the buffer tank and automatic bypass valve.

e The buffer pump appeared to run almost continuously.
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e The temperature of the output to the radiators was high compared to other systems monitored.
e Weather compensation was not used.

e The temperature difference between the brine flow to the heat pump and the ground was unusually
large: mean 6.9 °C and up to 11.5 °C during the coldest days. The median value for other horizontal
ground collector systems monitored in this project was 2.4 °C.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 10

Survey date 17/02/2014
Monitoring installed 09/06/2014
G/WSHP GSHP
Building type Offices
Location Rural

Heat pump capacity kWtH 22

Number of heat pumps 1

Number of compressors 1

Heat source

Horizontal ground loops: 8 x 100m

Heat emitters

Radiators with thermostatic valves

DHW

No

Auxiliary heat

None

Source pump

External to heat pump: 300W

Buffer pump

External to heat pump: 70W max

SH circulating pumps

External to heat pump: 70W max

Buffer tank 200 litre 2-pipe in flow

DHW cylinder N/A

Control Programmable thermostat + radiator thermostatic valves + heat pump
controller

Weather compensation No

Heat meter type Vortex

No. of heat meters 1

Heat meter interface M-Bus

Comments

The heat meter is installed inside the building

Table 1 - System details

The site is a converted barn that is used as offices. The building is in an exposed location.

This application comprises a ground source heat pump that provides space heating only to an office building in a
location with average outdoor temperatures — annual mean 10.4 °C (the range for all sites was 8.1 — 12.5 °C,

median 10.3 °C). It is occupied during weekday office hours. The performance of the system would be expected to
be good.

Heat and monitoring systems

A 22 kWTH heat pump is installed in small wooden shed at one end of the barn.

The heat source is an array of 8 x 100 metre horizontal ground loops at a depth of approximately 1.2 metresin a
field adjacent to the building.

The heat emitters are radiators, installed at the time of the barn conversion and sized for use with a heat pump.
All radiators are fitted with thermostatic valves.
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A 200-litre 2-pipe buffer tank is installed in the flow from the heat pump to the heating circuit. An automatic
bypass valve and bypass pump are installed, presumably to ensure that a minimum flow rate is maintained
through the heat pump condenser.

The heating circulating pump is controlled by a programmable thermostat inside the building.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes!. The outdoor air and ground temperatures are also monitored.

Site 10

I SPFH4 boundary

| Buffer

To

tank radiators

|I_S:‘:—2 boundary B _l
" N '
|I Automatic |
|I - bypass valve

Heat . |
|I - pump L |
I |

| o B
|: VY,

(1 J)
II Gl:nc:nupnsd \or/ \ez/ @ Indoor air probe

Qutdoor air probe @ Heat meter

IE @ Ground probe @ Electricity meter
I_ i AE &R SR =R =B =B == J I @ Temperature sensor

Note: Passive system components such as valves and filters are not shown

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the system. The meter on this system is installed inside the building, remote from the heat pump. This
arrangement is to ensure that only the heat delivered to the heating system is measured. The flow meter is of the
vortex type. The matched temperature sensors are installed in fittings with the probes inside the flow and return
pipes. The calculator is mains-powered, and the monitoring was via the M-Bus interface.

The pipes connecting the heat pump with the heating system are approximately 25 metres long (from the heat
pump to the heat meter). Part of the pipe run (about 3 metres) is clipped to the outside of the building. The pipes
are insulated with weatherproof black flexible closed-cell foam approximately 20mm thick.

1 The temperature probes were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this project [2] for further
details. Note that these temperature measurements were not used for heat metering.
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The location of the heat meter unfortunately does not permit accurate calculation of the heat pump
performance, for which the heat meter should be located close to the output of the heat pump.

The heat delivered by from the heat pump plant room was estimated using the flow readings from the heat meter
(obtained via the M-Bus interface) and the temperature measurements on the flow and return pipes inside the
plant room. The heat lost between the plant room and the heat meter was approximately 6% of the heat
delivered from the heat pump plant room, although part of this heat was “lost” into the heated envelope.

The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the tank
and an assumed plant room temperature of 15 °C.

Heat meter correction

A further complication is that the heat meter was found to have been configured for use with antifreeze in the
working fluid, although none was present in the heating circuit at the time monitoring started.

On 2" August 2015, antifreeze (ethylene glycol) was added to the heating circuit at a concentration? of 35% by
volume. The heat meter configuration was not changed.

A correction factor was applied to heat meter readings taken before 2" August 2015. This factor was determined
using the flow rate and temperature readings from the heat meter to calculate the correct thermal power at the
meter, using the specific heat capacity of water, and dividing that value by the thermal power reported by the
heat meter. The heat meter is apparently configured for a 35% concentration of ethylene glycol.

Readings from the heat meter after 2" August 2015 have been taken to be correct.

Heat loss from pipes

In order to determine the heat delivered from the heat pump plant room it was necessary to estimate the heat
losses from the pipes between the plant room and the heat meter inside the building. Two methods were used,
with the calculations performed for each 1-minute interval.

e Calculation of heat losses based on temperatures and insulation thermal performance data. The
estimated heat loss using this method was 15% of the heat recorded by the heat meter. However, the
calculation ignored the effects of wind and rain, so the heat losses from the outdoor section may have
been significantly underestimated.

e Comparison of the temperature difference measured at the plant room (T05 - T06) with that measured by
the heat meter, using the flow rate measured by the heat meter to calculate the heat at the two locations
in the same circuit. The estimated heat loss using this method was 26% of the heat recorded by the heat
meter.

The second method was the one adopted for determining the heat delivered by the heat pump and the SPFH2
value.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries

2 The concentration was confirmed by the system installer.
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(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive.

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL3 procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

e The heat delivered from the plant room (Hprr) was calculated using the flow rate measurements from the
heat meter and the temperature measurements (Tos & Tos) of the flow and return at the plant room:

Her = [Flow rate] * (Tos - Toe) * [Specific heat capacity of water or glycol/water]

e The heat loss (HLossBT) from the buffer tank was estimated from published heat loss data for buffer tanks
and using the measured buffer tank temperature (To3) and an assumed plant room temperature of 15 °C.

HLossBT = [Tank heat loss rate] * (To3 — 15)

Heat loss rate of 200 litre tank: 1.5 W/K

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the SH circulating pumps was estimated as 30% (the assumed pump efficiency*) of the
electrical energy supplied to the pumps (E03 & E04).

e The heat output of the heat pump (HHP) was determined by adding the buffer tank heat loss and
subtracting the heat added by the circulating pumps to the heat delivered from the plant room (Her)

[Heat output of heat pump (HHe)]
SPFH2 =

Electricity used by: [heat pump (Eo1)] + [brine pump (Eo2)]

[Heat measured by the heat meter (Ho1)]
SPFH4 =

Electricity used by: [heat pump (Eo1)] + [brine pump (Eo2)] + [SH circ pumps (Eo3+Eo4)]

The number of 1-minute intervals selected as valid for analysis was 378 094, which represents 91.8% of the time
that the heat pump was operating. Most of the invalid intervals were during February when there was an
unexplained problem with the wireless link from the M-Bus device connected to the heat meter.

The mean SPFH2 and SPFHa values for this system, between 1% January and 315 December 2015, are shown in
Table 2.

SPFH2 2.33

SPFH4 1.82

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 1.82 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The gap in the data during February is due to
missing heat meter readings (as noted above). The gaps during the summer months were when the heat pump
system was switched off.

The highest daily SPFH4 values were during the coldest weather in January, February and March, with the daily
SPFH4 tending to reduce as the outdoor temperature increased. The explanation appears to be that the heat
pump continued to cycle on and off at all times even when the weather was warmer and when there was little or
no heat demand. Consequently, much of the heat output was simply wasted through losses from the buffer tank
and pipework in the plant room and outside the building. This is discussed further in the following paragraphs.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [3] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 10 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to circulate brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [1] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity used by the total heat pump system and
the outdoor air temperature are shown for reference. The heat output increased as the outdoor temperature
reduced, as would be expected. The heat pump system was switched off for most of the summer months.

Figure 4 — Daily heat delivered and electricity used

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use.

The brine pump accounted for 5% of the total electricity used by the heat pump system. This is below average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%) and would have had a positive
influence on the system performance.

The buffer pump and the heating circulating pump together accounted for 4.4% of the total. This is below average
compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). However, it can be seen that both of
these pumps were running at times during the summer period when there was no demand for space heating.
Although the effect on the overall performance was negligible (less than 0.1% reduction of the SPFH4), wasteful
operation like this should be avoided.
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Site 10 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern during a cold day on 23" January 2015 when the outdoor temperature was
between -6 and +7 °C.

The heat pump system was cycling on and off all 24 hours, with the space heating circulating pump on from 05:30
to 17:00. The buffer pump was running continuously all day. The increase in thermal power measured by the heat
meter while the space heating pump was on can be clearly seen. The indoor temperature rose during this period
—from 17 °C at 05:30 to 20 °C at 09:00, but then continued to rise to 24 °C at 17:00. This appears to have been
due to an inadequate control strategy.

The heat pump output temperature was at a maximum of 57 °C during the day, although the temperature of the
flow to the heating system was never above 52 °C. Also, the temperature of the return to the heat pump was
always higher than the return from the heating system. These observations indicate that there was flow through
the automatic bypass valve, causing a loss of temperature between the heat pump and the heat emitters. This
would have had a negative effect on the performance.

There was some heat recorded by the heat meter during the night (23 kWh). This was presumably a consequence

of flow through the heating circuit being induced by the buffer pump. This heat was not needed, so the heat
pump could have been switched off during the night. The saving of electricity would have been approximately half
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of that used during the night (the heat pump would have needed to run for longer at the start of the heating
period to raise the indoor temperature): a saving of 8 kWh with a value of around £1.20 per day®.

The temperature of the ground® was an almost constant 6.6 °C. The brine flow to the heat pump was 2 °C during
the low load operation at night time, but fell to -4 °C between 06:00 and 08:00 when there was the biggest heat
load. The brine return to the ground loops dropped to -6.8 °C during this period. These brine temperatures are
lower than on most other systems monitored: see Figure 12.
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Figure 6 — Operating pattern on 23" January 2015

5 Assuming a unit cost for electricity of 14.7 p/kWh [4].

6 The ground temperature was measured 1 metre below the surface at a point remote from the ground collector.
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Figure 7 shows the operating pattern on 2™ June 2015 when the outdoor temperature was between 10 and 18 °C.
The temperature at the heat pump output was up to 61 °C (slightly higher than it was in January) but the output
to the heating system was never above 48 °C — again indicating a high flow through the automatic bypass.

It is unclear why the heat pump system was cycling on and off all day. The space heating circulating pump, which
is controlled by the heating programmer/thermostat, was not on at any time during the day, so there was
presumably no demand for heat. The buffer pump was running for most of the day. There was some heat
delivered (28 kWh) as shown by the heat meter power curve, but this seems to have been due to the buffer pump
inducing some flow through the heating system.

The SPFH4 measured for this day was 1.54.

The heat pump was not producing any useful heat so it could have been switched off on this day. This would have
saved 19 kWh of electricity — a cost saving of around £2.80 per day.
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Figure 7 — Operating pattern on 2" June 2015
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Cycling behaviour
The heat pump on this system ran for very short times throughout the year.

Figure 8 shows the tapestry of operation for the 12-month monitoring period. Each red marker indicates the heat
pump running. Although the building is normally occupied only during office hours, the heat pump operated at all
times of the day and night, except during most of July and August when the system was switched off. The
increased use between 06:00 and 17:00 during the winter is clearly seen.

Most of the short runs during periods of low load (at night and from May to October) were for less than 4
minutes. The longest run during the year was for 32 minutes, but most runs were much shorter. Figure 9 shows a
summary of the daily average run times and number of starts per hour.

These short run times are less than the minimum 6 minutes recommended by the heat pump manufacturer and
are known from previous research [1] to be a cause of poor performance, as well as causing excessive wear and
tear on the equipment.
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Figure 8 — Tapestry of operation for 1t January to 31 December 2015
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Figure 9 — Summary of cycling behaviour
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Source and sink temperatures

Figure 10 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump,
plotted over the year’. The brine and heat pump output temperatures have been plotted only for times when the
heat pump was running.

It can be seen that the maximum heat pump output temperature was higher during warm weather than during
the winter. This effect is the opposite of what would be expected if weather compensation were used. The
temperature of the output to the heating system is seen to be up to 58 °C during colder weather, but not above
48 °C during most of April, May, September and October. This lower temperature corresponds with the times that
the space heating circulating pump was not running, and the times during which the heat pump could be
switched off as noted above.

The heat pump was not run during most of June, July and August.
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Figure 10 — Key temperatures measured during the period 15t January — 315 December 2015

The temperature of the brine flow to the heat pump was frequently below 0 °C from January to mid-April,
reaching a minimum of -5 °C on 1% February. At times of maximum heat demand, the temperature of the brine
flow was between 8 and 11.5 °C below the ground temperature. This temperature difference between the ground
and the brine is larger than on most other horizontal-loop ground-source systems monitored in this project (as
shown in Figure 11), which suggests that the ground collector may be undersized, although the design
calculations would need to be reviewed to confirm this.

7 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Horizontal collector ground-brine temperature difference
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Figure 11 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 10 is shown in red)

Figure 12 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were very low during the first three months of the year. This would have had a negative effect on
the system performance. However, the brine temperatures were average compared to other systems from April
onward, when the heat load was lower compared to the start of the year.

Figure 12 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 10 is shown in red)
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Figure 13 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperature range on this system is at the upper end of the values
observed on other systems. This would have had a negative effect on the system performance.

Figure 13 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored

in this project (site 10 is shown in red)

Comments

The overall performance of this system (SPFH4 = 1.82) is low compared to other systems providing space heating

only that were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).
Aspects of this system that positively influenced its performance are:
e No auxiliary heat was used in the heat pump system.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump ran at times when it was evidently not needed —i.e. all night and at weekends, even when
the weather was mild. A reduction in out-of-hours and other unnecessary operation should improve the
overall system performance. The number of compressor starts would also be reduced, which would help

improve the lifetime of the equipment.

e The short-cycling behaviour is undesirable as it reduces performance and causes excessive wear and tear
on the equipment. Avoiding the out-of-hours operation should help to improve this, but it would also be
worth checking that the heat pump controller is configured in the most appropriate way. It is possible

that a change of configuration could reduce short-cycling and improve overall performance.

e There was a significant loss of temperature between the heat pump output and the flow to the heating

system — e.g. 5 °C during high load conditions (as shown in Figure 6) up to 10 °C during low load

conditions when the space heating circulating pump was not running (as shown in Figure 7). Other similar
systems monitored in this project that have 2-pipe buffer tanks typically operate with temperature loss of

less than 2 °C. The automatic bypass valve should be checked to ensure that it is operating correctly.
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Note: there was no evidence that the thermostatic radiator valves played any part in reducing the flow
through the heating circuit — the flow rate measured by the heat meter was always constant while the
heating circulating pump was running.

o The buffer pump appeared to run almost continuously. This should be unnecessary and may have been a
contributory cause of the heat pump short cycling. The heat pump controller settings should be checked
to ensure that this pump is being run only when needed.

e The temperature of the output to the radiators was high compared to other systems monitored. If this
can be reduced the performance will be improved.

e \Weather compensation was evidently not being used, although the sensor for this has been installed and
is visible on the outside of the heat pump building. It is understood that the heat pump controller has
weather compensation functionality, so it would be worth investigating if this can be brought into use.
The reduction in output temperature during warmer weather should give additional performance
improvement.

e The temperature difference between the brine flow to the heat pump and the ground (remote from the
ground loops) was unusually large: mean 6.9 °C and up to 11.5 °C during the coldest days. The median
value for other horizontal ground collector systems monitored in this project was 2.4 °C. The ground
collector on this system may be undersized, although the design calculations would need to be reviewed
to confirm this.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 13 and performance results from
12 consecutive months of monitoring data.

Site 13 is a greenhouse that is used for growing flowers. Three heat pumps (total thermal capacity 144 kW)
extract heat from horizontal ground loops and provide space heating to the greenhouse. An oil-fired boiler has
been retained to provide additional heat during cold periods.

The system has been analysed as a bivalent system.

The seasonal heating performance factors (including heat from the oil-fired boiler) measured over a year of
operation (1% January to 31° December 2015) were:

Heat delivered by [heat pumps] — [heat added by buffer pumps]

SPFH2 2.29
Electricity used by [heat pumps] + [brine pumps] — [buffer pumps]

Heat delivered by [heat pumps] + [oil-fired boiler] + [heating circ pump] — [buffer tank heat loss]

SPFH4 1.42
Electricity used by [heat pumps + [brine & heating circ pumps] + [fuel used by boiler]

SPFH4 of systems that provide space heating only
(12 months)

45

=]

2

5

1.0 l
0 527 7 553 534

514 510 507 513

5

SPFH4
g

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

This system is quite different in character to the others monitored in this study. The building is poorly insulated,
has low thermal inertia and is strongly affected by direct sunlight. The required indoor temperature is lower than
typically required for occupied buildings, but the temperature needed by the heat emitters is considerably higher
than required by other systems.

Aspects of the system that may have negatively influenced its performance include:
e Bivalent operation (heat-pump plus oil-fired boiler).

e The mean temperature difference between the ground and the brine flow to the heat pumps was above
average compared to other horizontal collector systems monitored.

e The type of heat emitter used requires high temperatures (having been designed for an oil-fired system).
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump



http://sepemo.ehpa.org/
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System details

Site ID 13

Survey date 10/03/2014
Monitoring installed 27/05/2014
G/WSHP GSHP
Building type Greenhouse
Location Rural

Heat pump capacity kWtH 144 (total)
Number of heat pumps 3

Number of compressors 6

Heat source

Horizontal ground loops: 4000m at 1m depth

Heat emitters

Pipes at high and low level

DHW

No

Auxiliary heat

Oil-fired boiler

Source pumps

2 external 1 kW; 1 internal 120 W

Buffer pumps

Internal to heat pump: 4x75W; 2x 70 W

SH circulating pumps

2 x 200 W variable-speed

Buffer tank 3000 litre 4-pipe
DHW cylinder N/A

Greenhouse climate controller with dedicated weather station + heat pump
Control

controller (master + 2 slaves)

Weather compensation

No

Heat meter types

Vortex / Ultrasonic

No. of heat meters

2

Heat meter interface

M-Bus / pulse

Comments

The heat pumps and the oil-fired boiler operate as a bivalent heating system

Table 1 - System details

This site is a greenhouse that is used for growing flowers. The application entails extracting heat from the ground
to provide space heating to the greenhouse which is by its nature poorly insulated and has a low thermal inertia.
It is also strongly affected by thermal radiation — heating during daylight and cooling during darkness. The
temperature needed in the greenhouse is between 14 and 16 °C. The site is located in an area with slightly above-
average outdoor temperatures — annual mean 10.8 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3°C).

Heat pump and monitoring systems

Three heat pumps (total thermal capacity 144 kW) were installed in 2012 to provide space heating. Each heat
pump comprises two vapour-compression systems.

The heat source is 4000 metres of horizontal ground loops at a depth of approximately 1 metre, in a field adjacent
to the greenhouse.

The 3000-litre, 4-pipe buffer tank is intended as a thermal store. The heat pump charges the buffer tank during
the warm part of the day when heating is not required in the greenhouse. The stored heat can then be used when
needed.
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The heat emitters are iron pipes at high and low level. These were installed for use with the oil-fired boiler and
were designed to operate with hot water at 70 °C. This temperature is still required during very cold spells. As the
heat pumps cannot provide hot water at this temperature, the oil-fired boiler is used when needed — often at
short notice, given the low thermal inertia of the greenhouse.

Bivalent operation

The system operates mainly in “bivalent alternative” mode (heat provided either by the heat pump or by the oil-
fired boiler) but sometimes in “bivalent parallel” mode (heat provided by the heat pump and the boiler at the
same time).

The system is controlled by a specialised greenhouse climate controller which has a dedicated weather station.
The heat pumps are controlled in a master/slave arrangement by the controller in the master heat pump.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probesl. The outdoor air and ground temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

1 The temperature probes were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this project [3] for further
details. Note that these temperature measurements were not used for heat metering.
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Heat metering

The heat meter Ho: previously installed to meet RHI metering requirements was used to measure the heat output
of the heat pump. This heat meter is installed between the buffer tank and the heat emitters. It uses a vortex flow
meter installed in the return pipe, with matched temperature sensors installed in fittings with the probes inside
the flow and return pipes. The calculator is mains-powered and is monitored via its M-Bus interface.

A second heat meter Ho, (not used for RHI) is installed on the output from the oil-fired boiler. This meter uses an
ultrasonic flow meter, temperature probes installed in fittings in the pipes, and a battery-powered calculator.
Monitoring was via the pulse output from the calculator.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pumps together with the source pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and the oil-fired
boiler.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors and the pulse counter connected to the boiler heat meter were recorded
every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pumps and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by heat meter HO1] — [heat added by buffer pumps]
— [heat loss from buffer tank]
SPFH2 =

Electricity used by: [heat pumps] — [buffer pumps] + [brine pumps]

e This calculation required the electrical energy used by the buffer pumps inside the heat pumps to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the heat pump was running.

e The heat added by the buffer pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat measured by heat meter HO1] + [heat added by heating circ pump]
+ [heat output from oil-fired boiler]

SPFH4 =
Electricity used by: [heat pumps] + [brine pumps] + [heating circulating pump]
+ [energy value of fuel used by the oil-fired boiler]

e The heat added by the heating circulating pump was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pump.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 10 °C*.

e The energy of the fuel supplied to the oil-fired boiler EOF8 was calculated using an assumed boiler
efficiency of 85%.

[Boiler heat output]

EoFB =
[Boiler efficiency]

The number of 1-minute intervals selected as valid for analysis was 523 204, which represents 99.5% of the 12-
month period.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31 December 2015, are
shown in Table 2.

SPFH2 2.29

SPFH4 1.42

Table 2 — SPF values measured for the period 1% January to 31t December 2015

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

4 The assumed plant room temperature on this site is lower than for other sites monitored because of the poor thermal insulation of a greenhouse.

8
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This means that for each unit of electricity used, this system delivers on average 1.42 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The system has been considered as a bivalent
heating system, with the heat output from the oil-fired boiler and the energy supplied by the oil included in the
SPFH4 calculation.

The very low SPFH4 values during the winter months (January — March and November) are due to the oil-fired
boiler being used. From April to June, the boiler was not used and the SPFH4 values are close to the SPFH2 values.

The higher SPF values during November and December can be explained by the heat pump output temperature
being lower during that period (see Figure 8).

Site 13 - Daily SPFs
35
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.
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An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature and the intensity of solar radiation.

Figure 4 shows the daily heat output from the heat pump and from the oil-fired boiler. The electricity used by the
total heat pump system and the outdoor air temperature are shown for reference. The heat load was highest
during January and February, when the outdoor temperature fell below 0 °C at times. The oil-fired boiler was
used extensively during this period, and again in November. The boiler provided 35% of the total heat during the
year.

From 20% June to 16" November there was apparently very little demand for heat — apart from a few days from
18t to 22" September. This is assumed to have been due to seasonal change in use of the greenhouse.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system
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Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The electricity used by each heat pump is shown. It
should be noted that heat pump number 3 is smaller than the other two.

The brine pumps accounted for 6.4% of electricity used by the total heat pump system, which is below average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive
influence on the performance.

The buffer pumps and the space heating circulation pump together accounted for just 2.9% of the total electricity
— the lowest of all systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a positive
influence on the system performance.

Site 13 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 24" January 2015 when the outdoor temperature was between 0 and 7
°C. The oil-fired boiler was running until 09:00 while the outdoor temperature dropped from 6 °Cto 1 °C. The
output to the heat emitters was up to 70 °C during this time. Thereafter, as the outdoor temperature started to
rise and the direct solar heating increased, the heat pumps took over and the output to the heat emitters was
between 42 and 61 °C.

The temperature of the output from the heat pump was between 40 and 61 °C. The loss of temperature through
the buffer tank while the heat pumps were running varied from 3 to 12 °C, but was generally around 6 - 7 °C.
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Site 13 - Operating pattern (temperatures) 24 January 2015
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Figure 6 — Operating pattern on 24" January 2015

Figure 7 shows the operating pattern during on 8" June 2015 when some heating was still needed. The outdoor
temperature was between 6 and 19 °C. The oil-fired boiler was not required on this day. However, all three heat
pumps were in use at times. The temperature of the output from the heat pumps was between 43 and 62 °C,
although the maximum temperature of the flow to the heat emitters was 52 °C. The loss of temperature through
the buffer tank varied between 3 and 12 °C.

The temperature of the brine flow to the heat pumps was between 5 and 9 °C (while at least one heat pump was
running). The brine temperature was higher in the middle of the day when the outdoor air temperature was

higher. This effect was probably due to the reduced heat load (as indicated by the reduced heat pump run times
and power) and consequently reduced rate of heat extraction from the ground. There may also have been some
influence of solar radiation on the horizontal ground collector.
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Site 13 - Operating pattern (temperatures) 08 June 2015
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Figure 7 — Operating pattern on 8" June 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, ground, brine from the ground loops, the output
from the heat pumps and the output to the heat emitters, plotted over the year®. The brine and heat pump
output temperatures are plotted only for times when the heat pump was running.

The temperature of the output to the heat emitters was boosted at times by the oil-fired boiler to 70 °C, as shown
by the top graph.

The heat pump output temperature was up to 62 °C at times when there was significant heat demand. However,
the output from the buffer tank to the heat emitters was rarely above 53 °C. This suggests that there is a
significant amount of mixing taking place in the buffer tank, which would have had a negative influence on the
system performance.

The lower output temperature during the summer months was due to the heat pumps running for very short
times only when there was little or no heat demand. The output temperature was also reduced during November
and December. The reason for this is not known, but it may have been due to changed use of the greenhouse
requiring a lower indoor temperature.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. Indoor and outdoor temperatures were recorded every 15 minutes and the
ground temperature every hour.

13



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 13

Site 13 - Key temperatures (1)
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

The temperature of the brine flow to the heat pumps was minimum (down to -1.2 °C) during the first three
months of the year when the heat demand was high. The daily mean brine flow temperature during this period
was approximately 6 °C below the ground temperature.

The range of temperature difference between the ground and the brine was above average compared to other
horizontal-loop ground-source systems monitored in this project, as shown in Figure 9. This suggests that the
ground collector may be undersized — although the design calculations would need to be reviewed to confirm
this.

14



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 13

Horizontal collector ground-brine temperature difference
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Figure 9 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 13 is shown in red)

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were below average, which would have had a negative influence on system performance.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 13 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were at the upper end of the values observed
on other installations. This would have had a negative influence on the system performance.
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Figure 11 — Daily mean heat pump output temperature compared to those of other systems monitored in this project (site
13 is shown in red)

Comments

The performance of this system (SPFH4 = 1.42) was lower than for other systems providing space heating only that
were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).

However, this system is quite different in character to the others monitored in this study. The building is poorly
insulated, has low thermal inertia and is strongly affected by direct sunlight. The required indoor temperature is
lower than typically required for occupied buildings, but the temperature needed by the heat emitters is
considerably higher than required by other systems.

The system has been analysed as a bivalent system, with the energy supplied (as gas oil) to the oil-fired boiler
being accounted for in the denominator of the SPFH4 calculation. The effect of the oil-fired boiler on the SPFH4 is
very significant, resulting in the lowest value of all systems monitored.

Aspects of the system that may have negatively influenced its performance include:

e The mean temperature difference between the ground and the brine flow to the heat pumps was above
average compared to other horizontal collector systems monitored. It may be worth installing additional
ground loops to increase the brine temperature. From the heat pump manufacturer’s performance data,
it is estimated that an increase in the brine flow temperature of 2 °C during the winter period would give
an improvement in SPFH2 of around 3 — 4%.

e The type of heat emitter used requires high temperatures. It would be worth investigating whether the
performance of the heat emitters could be improved — e.g. by adding additional emitters, perhaps of a
different type — so that more of the heat could be supplied using lower temperatures. This would improve
the overall system performance and would reduce the use of the oil-fired boiler.

e The temperature loss between heat pump output and buffer tank output was high — typically around 6 —
7 °Cand at times up to 12 °C. It is possible that a different buffer tank arrangement would yield higher
system performance. However, the design of buffer tank systems is a complex topic that is beyond the
scope of this report.
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The proprietor of the system has commented that he believes that a much larger thermal store (buffer tank)
would be useful, to allow the heat pumps to store more heat during the warmer part of the day when the space
heating demand is low, and for this then to be available during colder hours. This may be worth investigating as a
means of increasing the proportion of renewable energy used.

Bibliography
[1] “Directive 2009/28/EC of the European Parliament and of the Council,” Official Journal of the European Union,
2009.

[2] EA Technology, “The effects of cycling on heat pump performance,” DECC, 2012.

[3] D. Hughes, “Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source and Water-Source Heat
Pumps: Interim Report. URN 16D/013,” DECC, 2016.

[4] “Air conditioners, liquid chilling packages and heat pumps with electrically driven compressors for space
heating and cooling — Part 3: Test methods.,” EN 14511-3.

17



Monitoring of Non-Domestic
Renewable Heat Incentive
Ground-Source and Water-Source
Heat Pumps

Case Study — Site 14

Prepared by GRAHAM Energy Management
for BEIS (Department for Business, Energy & Industrial Strategy)
January 2018

Author
Eur Ing Dr David Hughes
for GRAHAM Energy Management

GRAHAM Asset Management Ltd

20 Wildflower Way

Belfast

BT12 6TA
www.grahamassetmanagement.co.uk

This report is the copyright of GRAHAM Asset Management Limited, prepared under contract to BEIS. The
contents of this report may not be reproduced in whole or in part, without acknowledgement. BEIS and GRAHAM
Asset Management Limited accept no liability whatsoever to any third party for any loss or damage arising from
any interpretation or use of the information contained in this report, or reliance on any views expressed herein.

Copyright © GRAHAM Asset Management Limited 2018

Dr David Hughes asserts his moral right under the Copyright, Designs and Patents Act 1988 to be identified as the
author of this work.

This case study has not considered the detailed design of the heat source or ground loop, sizing of the buffer vessel nor sizing
(or nature) of the heat emitters. All of these factors are known to be critical to the overall performance of a heat pump. The
data presented in this document should therefore not be taken as necessarily representing the performance of other
installations using the conceptual designs described. No information has been presented on the suitability of the systems as
to their intended purpose. Caution should be taken when extrapolating the data presented in this report to other
applications.

Any enquiries regarding this publication should be sent to siceteateam@beis.gov.uk.



http://www.grahamassetmanagement.co.uk/
mailto:siceteateam@beis.gov.uk

Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 14

Contents

EXECULIVE SUMIMAIY ittt ettt e ettt e e e e s e et bttt e e e e e s easaat b e et e eeeessaasabeeaeeeeessanassbeaeeeeeessannssbaaaeeessssannssanes 3
(€] (o1 oV PSPPI 5
A L= 0 1o [ - 11 SRS 6
Heat pump and MONITOMING SYSTEMS ...viiiiiiiiiee ittt rree e et e e e s st e e e s sabeeeessabeaesesabeeesesbeeesessseeeesnnsens 6
[ L2F L0 0[] (=T oY= PP P PP UPPPPPUPPTTNt 7
P OIMANCE FESUILS ....eeitee ettt ettt ettt e st e s bt e e s bt e e be e e sab e e s bt e e sabeesabeeeseeesabeeessseesaseesneeesabeeeseens 8
D L T T o= | Y] LSRR 8
Factors that iNflUENCE PEITOIMANCE........coi e e et e e e et e e e e ebt e e e e ebteeeesnteeeesnranaesans 10
=T 00T oL AU T L U 10
F AN Vol | =T A =To LU T o1y o T=T o | PR 11
@Yol | o= PP 11
Variation of heat demand with oUtdoOr TEMPEratUIE .........ccieciiii it e e e e e e e eaaeee s 11
ST EeE ] o Lo ) g o] =1 =T ot d (ol YA U Y PP 11
OPEIAtING PATLEIN ettt annnn 12
Problem with borehole pumps in March 2015........ooouiiii et e e e saree e e e eabae e e e nraee e eennes 14
SOUICE AaNd SINK TEMPEIATUIES ...eciiiiieeeeeiieee ettt e ettt e e eectte e e e etteeeeebteeeeebtseeeebeseaesssaseeassssaeassasassnssesessnssanananns 15
L0000 ] 04 1=T 0 ) &3PPSO PP OPPRTOTPI 17
271 o] [ Lo} =4 =T o1 o 1V USRI 18



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 14

Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 14 and performance results from
12 consecutive months of monitoring data.

Site 14 is a healthcare services building, constructed in 2011, in a suburban location. Two heat pumps (total
thermal capacity 60 kW) extract heat from groundwater pumped from two boreholes, and provide space heating
via underfloor heating pipes.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Total heat delivered by the heat pumps (excluding buffer pumps)]
SPFH2 2.31

[Electricity used by the heat pumps (excluding buffer pumps) + source pumps]

[Total heat delivered by the heat pumps] + [Immersion heater in buffer tank]

SPFH4 2.08

[Electricity used by heat pumps + source pumps + circ pumps + immersion heater in buffer tank]

SPFH4 of systems that provide space heating only
(12 months)

45

2

2
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Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

An aspect of this system that positively influenced its performance was:

e The source temperature was generally higher during the winter months than on most other systems
monitored.

Aspects of the system that may have negatively influenced its performance include:

e The energy used by the source pumps was the highest of all systems monitored: 32% of the total
electricity used by the heat pump system. The borehole pumps were often run continuously during warm
weather when the demand for heat was low and the heat pumps were used only intermittently.



Low water levels in the boreholes, or possibly problems with the borehole pumps, at times led to poor
heat transfer from the groundwater to the brine loop, with brine temperatures falling to very low levels —
resulting in low system performance.

The control strategy was not optimal during warm-weather, low-load conditions. Better use could be
made of the 4-stage capacity control available by running only the minimum number of compressors
needed to satisfy the heat demand.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 14

Survey date 07/04/2014
Monitoring installed 09/07/2014
G/WSHP GSHP

Building type Healthcare clinic
Location Suburban

Heat pump capacity kWtH 60

Number of heat pumps 2

Number of compressors 4

Heat source

Groundwater from 2 boreholes

Heat emitters

Underfloor heating pipes

DHW

No

Auxiliary heat

21.6 kW electric boiler + 6 kW immersion heater in buffer tank.
Both manually switched, used for backup only.

Source water pumps

2 down-hole pumps 2.1 kW & 1 kW variable-speed

Brine pumps

2 internal pumps of 600 W fixed-speed

Buffer pumps

4 pumps of 170 W (2 in each heat pump)

Buffer tank

500 litre 4-pipe

SH circulating pumps

Dual pump set: each pump 250 W max variable-speed (duty & standby)

DHW cylinder

N/A

Control

Control system in panel in ground floor switch room + heat pump controller

Weather compensation Yes
Heat meter type Vortex
No. of heat meters 1

Heat meter interface M-Bus

Comments

Table 1 — System details

This site is a building used for a healthcare clinic with offices and laboratories. The heat pump system was
installed at the time of construction of the building in 2011.

This application entails the extraction of heat from groundwater pumped from two boreholes to provide space
heating via underfloor heating pipes in a modern well-insulated building, located in an area with slightly below-
average outdoor temperatures — annual mean 9.2 °C (the range for all sites was 8.1 —12.5 °C, median 10.3 °C).

Heat pump and monitoring systems

Two heat pumps with a total thermal capacity of 60 kW are installed in a first-floor plant room inside the building.
Each heat pump is equipped with two compressors each in a separate vapour-compression circuit, an
arrangement that provides four steps of capacity control.

The heat source is groundwater pumped from two boreholes through a plate heat exchanger and returned to the
aquifer. Brine is circulated through the heat exchanger to the heat pumps.

A 500-litre 4-pipe buffer tank is installed between the heat pumps and the underfloor heating circuits.
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A 22 kW electric boiler is installed for back-up service only. It is not used in tandem with the heat pumps. A 6 kW
immersion heater in the buffer tank is also only used for back-up service. Inspection of the recorded 1-minute
data showed that the back-up electric heaters were not used at the same time as the heat pumps during the
monitoring period.

The system is controlled by a custom building-services control panel.
Domestic hot water is provided separately using electric immersion heaters.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating (SH), and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
vortex flow meter installed in the return pipe, with matched temperature sensors installed in fittings with the
probes inside the flow and return pipes. The calculator is mains-powered. Monitoring was via the M-Bus interface
of the meter.

1 The temperature probes were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this project [4] for further
details. Note that these temperature measurements were not used for heat metering.
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The vortex flow meter is installed in a horizontal pipe with the sensor head on top of the pipe. This is not
according to the manufacturer’s instructions. This position is not advised as it renders the flow sensor susceptible
to interference from air bubbles that may collect in the pipe. Previous research on heat metering accuracy [1] has
shown that incorrect orientation of a vortex flowmeter can lead to increased error at high flow rates. The actual
effect on this system is not known.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source water and brine pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and the
immersion heater in the buffer tank.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature readings from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump, the downhole pumps and the circulating pumps was
determined for each 1-minute interval. These values were summed to generate daily, weekly and annual
totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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[Heat output of heat pumps] — [heat added by buffer pumps]
SPFH2 = -
Electricity used by: [heat pumps] — [buffer pumps] + [source pumps]

e This calculation required the electrical energy used by the buffer pumps inside the heat pumps to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pump.

[Heat output of heat pumps] + [heat added by SH circ pumps]
SPFH4 =

Electricity used by: [heat pumps] + [source pumps] + [SH circ pumps]

e The heat added by the SH circulating pumps was estimated as 30% (the assumed pump efficiency) of the
electrical energy supplied to the pumps.

e The heat loss from the buffer tank was not subtracted from the calculated heat output of the system
because the buffer tank is located inside the building, within the heated envelope. During periods when
there was no demand for heat, the buffer tank temperature dropped (within 6 hours) to below the indoor
air temperature, so there would have been very little undesirable heat loss from the buffer tank during
these periods.

e The SPFH4 equation does not include the electric boiler or buffer tank immersion heater as these were
used only for back-up duty (verified by inspection of the recorded data).

The number of 1-minute intervals selected as valid for analysis was 506 142, which represents 96.3% of the 12-
month period.

The mean SPFH2 and SPFHa values for this system, measured between 1 January and 31 December 2015, are
shown in Table 2.

SPFH2 231

SPFH4 2.08

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 2.08 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The data used to calculate these values does not
include the electricity used by the backup heaters, as these heaters were used only for emergency backup and
not for supplementary heat while the heat pumps were working.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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The SPF values were lower during warmer weather. This can be explained by the reduced performance of the
heat pumps when operating at part load and the high power needed for pumping water from the boreholes
becoming a very high proportion of the total electricity use.

The low SPFH4 values during the summer have a small influence on the overall annual performance because the
total heat delivered under these conditions is small.

Site 14 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the groundwater and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via an open-loop circuit from the boreholes, through a
water-to-brine heat exchanger, and through a brine circuit to the heat pump. The brine will always be colder than
the source, because a temperature difference between the groundwater and the brine is needed to transfer the
heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. This water will always be warmer
than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the source water at
the input to the heat pump, and to minimise the temperature at the heat pump output.
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Ancillary equipment

Pumps are needed to pump water from the source, and to circulate the hot water from the heat pump via the
buffer tank to the heat emitters in the building. These pumps use electricity, which can be a significant part of the
total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [3] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.
Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity used by the total heat pump system and
the outdoor air temperature are shown for reference. The backup boiler was used during September, apparently
because of a fault with the heat pumps. It was used again on 5" — 6" November for short periods. The reason for
this is not known.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The data for weeks 7, 19, 48 and 49 was incomplete, so
these have not been shown.

11
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The use of the backup heaters during March, September and in November is clearly seen (the red bars).

The borehole pumps and the brine pumps together accounted for 29.8% of the total electricity use (32.1% of
electricity if the backup heaters are excluded). This was the highest of all systems monitored (range 2.3% - 29.8%,
median 7.6%), and is presumably because downhole pumps are open-circuit lift pumps, rather than circulators as
would be the case on systems with closed-loop source circuits. This would have had a negative influence on
system performance.

It is also notable that the electricity used by the borehole pumps did not reduce in proportion to that used by the
heat pumps during warmer weather.

The buffer pumps and space heating circulating pumps together accounted for 3.5% of electricity used (3.8% of
electricity excluding the backup heaters), which is below average compared to other systems monitored (range
2.9% - 20.5%, median 8.8%). This would have had a positive influence on system performance.

3000

As noted above, the energy used by and the heat provided by the backup heaters (electric boiler and immersion
heater) has been excluded from the performance calculations.
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the typical operating pattern during a cold day, on 20" January 2015, when the outdoor
temperature® was between -4 and +1 °C. The temperature of the brine flow to the heat pump was between 4 and
10 °C.

4 The outdoor temperature was not recorded at this site. The temperature data is taken from another nearby site.
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The temperature of the output from the heat pumps to the buffer tank varied between 38 and 58 °C. The output
from the buffer tank to the underfloor heating circuits was between 37 and 53 °C. The temperature loss through
the buffer tank was 4 °C when one heat pump compressor was running, and 6 °C with all four compressors
running.

Both heat pumps were running from 00:30 until 14:00 when they stopped for 35 minutes. The load reduced
during the afternoon, with one heat pump being sufficient for most of the rest of the day.

The two borehole pumps were also in use all morning, with one or both of them used at different times for the
rest of the day.

The SPFH4 on this day was 2.41.

Site 14 - Operating pattern (temperatures) 20 January 2015
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Figure 6 — Operating pattern on 20" January 2015

Figure 7 shows the typical operating pattern during a moderately warm day on 9% July 2015. The outdoor
temperature was between 7 and 15 °C, and the brine flow temperature between 4 and 12 °C while at least one
heat pump was running.

All four heat pump compressors were running between 03:00 and 05:30. This appears to have been in response
to the fairly low outdoor temperature at that time. The brine return temperature dropped to -6.5 °C although
there is no evidence of the water freezing in the heat exchanger. The heat pump output temperature was up to
46 °C.

The indoor temperature was never below 23 °C, so there was no urgent need for heat. It would probably have

been adequate to use only one heat pump for a longer time, which should have given better performance with a
higher brine temperature and lower heat pump output temperature. Both borehole pumps were running all day.
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The SPFH4 on this day was only 1.61. A different control strategy should be able to improve this significantly, by
running the borehole pumps only when needed and by using only one heat pump, possibly with only one
compressor.

Site 14 - Operating pattern (temperatures) 09 July 2015
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Figure 7 — Operating pattern on 9" July 2015

Problem with borehole pumps in March 2015

There appears to have been a problem with the borehole pumps during periods in March, September, October
and November 2015.

Figure 8 shows the system behaviour between 12* and 18" March 2015. On 13" March the brine temperature
suddenly dropped from around +4 °C to between -2 and -6 °C and the system heat output dropped to a very low
level, with the heat pumps short-cycling. This behaviour continued until 16™ March when the backup electric
heater was switched on. Normal operation resumed on 17™" March.

Similar behaviour occurred between September and November — as seen in Figure 9.

The nature of the problem is not known. One possibility is that the water level in the boreholes fell below the
pump inlets.
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Site 14 - Temperatures 12-18 March 2015
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Figure 8 — Borehole pump problem on 13" — 16" March

Source and sink temperatures

Figure 9 shows the principal temperatures of the outdoor air, source water and the outputs from the heat pump,
plotted over the year®. For clarity, the source and heat pump output temperatures have been plotted only for
times when the heat pump was running.

The temperature of the output from the heat pumps was highest during January, rising to just over 60 °C on 19%
January when the outdoor temperature was lowest and falling to a daily maximum of 35 °C during July. This
illustrates the operation of the weather compensation function.

The borehole pumping problems noted above can be seen, where the brine flow temperature was below zero.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Site 14 - Key temperatures
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Figure 9 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were above average, especially during the winter months. The gaps in the data correspond to
periods when the heat pumps were not in use.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 14 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. Ignoring the times of the borehole pumping problems, the output temperatures on this

system were average.
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Figure 11 — Daily mean heat pump output temperature (to SH) compared to those of other systems monitored in this

project (site 14 is shown in red)

Comments

The performance of this system (SPFH4 = 2.08) was below average compared to other systems providing space
heating only that were monitored in this project (SPFH4 range 1.42 to 4.10, median 2.23).

An aspect of this system that positively influenced its performance was:

The source temperature was generally high. Except at times when there were problems with the borehole
pumps, the source temperature was higher during the winter months than most other systems
monitored.

Aspects of the system that may have negatively influenced its performance include:

The energy used by the source pumps was the highest of all systems monitored: 32% of the total
electricity used by the heat pump system (excluding the backup heater). The borehole pumps were often
run continuously during warm weather when the demand for heat was low and the heat pumps were
used only intermittently. Not running these pumps when not needed would save energy and improve the
overall system performance.

It may be worth considering replacing the down-hole pumps and plate heat exchanger arrangement with
vertical brine loops in the boreholes. The pumping power would be considerably reduced and the overall
system performance could be significantly improved. If the electricity used by the source pumps could be
reduced to 7% (the median value for other systems monitored) of the total electricity used by the heat
pump system and assuming the same source temperatures at the heat pumps as with the present
arrangement, the SPFH4 would be increased by around 37%.

Low water levels in the boreholes, or possibly problems with the borehole pumps, at times led to poor
heat transfer from the groundwater to the brine loop, with brine temperatures falling to very low levels —
resulting in low system performance.

The control strategy was not optimal during warm-weather, low-load conditions. Better use could be
made of the 4-stage capacity control available by running only the minimum number of compressors
needed to satisfy the heat demand.
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e The temperature loss through the 4-pipe buffer tank was between 4 and 6 °C. It is possible that a
different design or arrangement of the buffer tank would reduce this temperature loss and yield an

improvement of the system performance. However, this is a specialised topic and is outside the scope of
this report.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW+ry has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 17 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 17 is a public hall, refurbished in 2010. A heat pump (thermal capacity 30 kW) extracts heat from vertical
boreholes and provides space heating to a combination of underfloor heating pipes in the main hall and radiators
in other parts of the building. Some heat is also provided to domestic hot water to top up the heat provided by
solar thermal collectors.

Seasonal performance factors are not presented because characteristics of the heat meter previously installed for
the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

Aspects of this system that positively influenced its performance are:

e The temperature of the heat pump output to space heating was rarely above 43 °C — below average
compared to other systems monitored.

e Weather compensation and night setback were used to keep the output temperature as low as possible.

e The temperature of the output to domestic hot water was below 56 °C most of the time.

e The immersion heater in the domestic hot water cylinder was used minimally (0.5% of total electricity
used by the heat pump system).

e Asolar thermal collector is used to heat the domestic hot water and may have reduced the requirement
for high temperature output from the heat pump.

e The proportion of total electricity used by the brine, buffer and heating circulating pumps was low
compared to other systems monitored.

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the brine flow to the heat pump was below average compared to other systems
monitored.

e The lack of individual room thermostats may have led to spaces being overheated at times.

e Some heat loss from the buffer tank occurred during the summer months when there was no demand for
space heating. This appears to have been due to incorrect positioning of the 3-port valve at the heat
pump output during domestic hot water operation.

1 The heat meter installation on this system uses strap-on temperature sensors. This technique is known [2] to be prone to unacceptably large measurement
errors and the performance values could therefore not reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 17 |
Survey date 12/03/2014

Monitoring installed 08/07/2014

G/WSHP GSHP

Building type Public hall

Location Urban

Heat pump capacity kWtH 30

Number of heat pumps 1

Number of compressors 2

Heat source Vertical boreholes: 1 x 65m, 6 x 75m

Heat emitters Underfloor heating pipes + radiators in part of the building
DHW Yes

Auxiliary heat 3kW immersion heater in DHW cylinder

Source pump Internal in the heat pump: 2 pumps of 160 W max

Buffer pumps Internal in the heat pump: 2 pumps of 90 W max

SH circulating pump 1 pump of 85 W max

DHW circulating pump 1 pump of 50 W max

Buffer tank 300 litre 4-pipe

DHW cylinder 450 litre

Control Heat pump controller

Weather compensation Yes

Heat meter type Mechanical multi-jet turbine + strap-on temperature sensors
No. of heat meters 1 (for space heating only)

Heat meter interface Pulse (100 Wh/pulse)

Comments A solar thermal collector also provides heat to the DHW cylinder.

Table 1 — System details

Site 17 is public hall which was extensively refurbished in 2010 with solid wall insulation, loft insulation,
secondary glazing and underfloor heating pipes.

This application entails extracting heat from vertical boreholes in the ground to provide space heating and part of
the domestic hot water requirement. The building is located in an area with above-average outdoor temperatures
—annual mean 10.9 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). The performance of this system
would be expected to be above average.

Heat pump and monitoring systems

A dual-compressor heat pump with a thermal capacity of 30 kW provides space heating (SH) and domestic hot
water (DHW). Solar thermal collectors also provide heat to the domestic hot water cylinder.

The heat source is seven vertical boreholes (six of 75 m and one of 65 m depth), using brine circulated through U-
tube pipes.

A 300-litre 4-pipe buffer tank is installed between the heat pump output and the heating circuits.
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The heat emitters are a combination of underfloor heating in the main hall area and radiators in other parts of the
building.

The system is controlled by the heat pump controller. No other programmer or thermostats are installed.

An immersion heater in the domestic hot water cylinder is used principally to raise the temperature once every
two weeks for Legionella control.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. The existing heat meter (“H”) installed for the Renewable Heat Incentive
(RHI) is monitored via its pulse interface. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The outdoor air and ground temperatures are also monitored.

Figure 1 — System schematic showing the monitoring instrumentation installed

Solar collector

A solar thermal collector is installed, and is understood to be intended as the principal source of heat for domestic
hot water.

A special type of thermal accumulator is installed for the DHW system. This accumulator is specifically designed
for integration of a heat pump and solar thermal collector, and comprises a tank within a tank. The outer tank is
heated directly by the heat pump, while the solar collector is connected to a heating coil at the bottom of the

2The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [1] for further details. Note that these temperature measurements were not used for heat metering.
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outer tank. The inner tank contains the potable water to be heated for supply to the DHW distribution in the
building.

The design of the thermal accumulator is such that it can be used for both SH and DHW (when a separate SH
buffer tank is not installed), or for DHW duty only. Two sets of fittings are provided for the connections to the
heat pump: one set at the bottom of the outer tank is for use in combined SH + DHW operation; the other set is
positioned higher up the outer tank for DHW-only operation. On this system, the heat pump is connected to the
lower fittings, although the tank is used for DHW only.

It is not known whether this arrangement is intentional, but it may influence the operation of the solar collector:
the water at the bottom of the outer tank where the solar heating coil is located will be heated by the heat pump,
thereby reducing the efficiency of the solar collector because it will need to work at a higher temperature. On the
other hand, the heat pump should be able to operate more efficiently by having a lower return temperature from
the accumulator.

The heat provided to DHW is not metered, so it is not possible to report the relative contributions to DHW of the
heat pump and the solar collector. However, it is possible to provide an indication of the heat provided by the
solar collector using the measured flow and return temperatures (the flow rate is unknown). Figure 22 shows an
indication of the solar contribution. The heat from the heat pump was estimated as described in Appendix D of
the Interim Report [1]. The contribution of the immersion heater was measured and is estimated to have been
less than 0.1% of the total DHW heat.

Site 17 - Indicative weekly breakdown of heat to DHW
400
360

Solar collectar
{indicative - actual
values unknown)

.................. B |(mmersion heater
........... (measured)

kWh

B Heat pump (estimated)

T 1 1 1 1 1 T 1 1 1 T T
Mon  Mon Mon  Mon  Mon  Mon Mon Mon  Mon  Mon  Mon  Mon  Meon  Mon  Mon Mon  Mon  Mon
29 15 il 02 23 13 04 25 15 06 27 17 a7 28 15 il 30 21
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Figure 2 — Indicative weekly breakdown of heat provided to DHW

Heat metering

The heat meter on this system measures only the heat supplied to space heating (for simplified compliance with
the RHI scheme). The heat provided to domestic hot water was estimated from temperature data.

The heat meter is of a type that uses a mechanical multi-jet turbine flow meter and strap-on temperature
sensors. Although the use of strap-on temperature probes was as recommended by the meter manufacturer at
the time of installation, it is known from subsequent research [2] that this technique can result in large
measurement errors. Therefore, it has not been possible to determine the system performance with any useful
degree of accuracy.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

3 See Appendix D of the interim report [1] for an explanation of how this was calculated.
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The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [3].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL* procedures
tailored to suit this heat pump system.

Solar collector excluded from calculation

The SEPEMO project [4] recommends that for this type of bivalent system (heat pump + solar collector) the heat
from the solar collector be included in the numerator of the SPFH4 calculation and the electricity used by the solar
circulating pump in the denominator.

Inclusion of these values in the SPFH4 calculation is likely to yield very high SPFH4 values that are not very
meaningful for comparison with systems without solar collectors — because the ratio of heat to electricity in a
solar thermal system can be very high and does not have the same meaning as the SPF of a heat pump.

The (relative) SPFH4 results for this system do not include the heat output of or electricity used by the solar
thermal collectors.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Metered heat to SH] + [Estimated heat to DHW] — [heat added by buffer pumps]
SPFH2 =

Electricity used by: [heat pump] — [buffer pumps]

4 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the heat pump was running.

e The heat added by the buffer pumps was estimated as 30% (the assumed pump efficiency®) of the
electrical energy supplied to the pumps.

[Metered heat to SH] + [Estimated heat to DHW] — [heat loss from buffer tank]
+ [heat added by heating circ pump] + [heat from DHW immersion heater]
SPFH4 =

Electricity used by: [heat pump] + [heating circ pump] + [DHW immersion heater]

e The heat added by the heating circulating pump was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pump.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 524 472, which represents 99.8% of the 12-
month period.

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 3 shows the daily SPFH2 and SPFH4 behaviour of the system®. The lower values during the summer months
are probably a consequence of the heat pump running for short periods, mostly for domestic hot water provision,
resulting in lower overall efficiency. However, as the total heat output during the summer is small, the effect on
the annual performance is not very significant.

5 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [6] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

6 The actual values are not shown because of the high uncertainty of measurement of the heat metering on this system. Relative values are shown to give
some indication of the scale of the behaviour.
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Site 17 - Daily SPFs (relative values)
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Figure 3 — Relative seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

10
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [5] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity used by the total heat pump system and
the outdoor air temperature are shown for reference. The heat estimated to have been provided by the heat
pump to domestic hot water is shown in green. It is notable that this daily value was lower during the summer
months when presumably the contribution from the solar collector would have been greater. Note that the kWh
values have been removed from the graph because of the high uncertainty of measurement of the heat meters.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 2 shows the estimated breakdown of the heat delivered to space heating and to domestic hot water during
the period from 1% January to 31°* December 2015.

%

Heat delivered to space heating 83.5%
Heat to domestic hot water (from heat pump) 16.2%
Heat to domestic hot water (from immersion heaters) 0.3%

Table 2 — Breakdown of heat delivered to space heating and domestic hot water

11
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Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use.

The brine pump accounted for 3.0% of the total electricity, which is below average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on system performance.

The buffer pumps and the heating circulating pump together used 9.1% of the total electricity — below average
compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a positive
influence on system performance.

The immersion heater in the domestic hot water cylinder used only 0.5% of the total electricity.

Site 17 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 21 January 2015 when the outdoor air temperature was between 1 and
3°C.

The heat pump operated during the full 24 hours, using one or two compressors at different times, as illustrated
by the heat pump power graph.

The output to the buffer tank was up to 43 °C during the day, but only 35 °C during the night when the night
setback function of the heat pump controller was active.

The loss of temperature through the buffer tank was never more than 2 °C.

12
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Provision of heat to the domestic hot water cylinder was evident twice during the day, with the output
temperature at a maximum of 60 °C during the night, presumably intended for Legionella control.

The temperature of the brine flow to the heat pump was between 0 and +4 °C while the heat pump was running.

The minimum brine return temperature was -5 °C when both heat pump compressors were running.

Site 17 - Operating pattern (temperatures) 21 January 2015
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Figure 6 — Operating pattern on 21% January 2015

Figure 7 shows the typical warm-weather operating pattern on 7" July 2015 when the outdoor temperature was
between 12 and 25 °C.

The lower graph shows the heat pump running with one compressor four times during the day to provide heat to
domestic hot water.

It can be seen that the temperature of the output to the buffer tank also increased while the heat pump was
running. This may have been due to the 3-port diverter valve being in the space-heating position when the heat
pump started. The total heat measured by the space heating heat meter during the day was only 0.6 kWh. The
heating circulating pump was not running at any time during the day, so it can be assumed that there was no
demand for space heating, and that this small amount of heat was simply lost from the buffer tank and therefore
not included in the SPFH4 calculation. However, the waste of heat is undesirable and it may be worth investigating
whether the controls can be adjusted to ensure correct positioning of the 3-port valve.

The temperature of the brine to the heat pump while it was running was between 10 and 11 °C.
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Site 17 - Operating pattern (temperatures) 07 July 2015
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Figure 7 — Operating pattern on 7*" July 2015

The cycling behaviour of this system was comfortably within the limits recommended by previous research [5].
The minimum run time was 13 minutes, and there was rarely more than one run cycle per hour.

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year’. The brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The periodic (every 2 weeks) rise in the temperature of the output to the domestic hot water heating coil to 61 °C
can be seen on the top (red) graph. This was presumably for Legionella control. At other times, the output to the
DHW coil was generally not above 56 °C.

The temperature of the output from the buffer tank to the heating circuit was at a maximum of 45 °C during
January and November when the outdoor temperature was lowest. During warmer weather, the heat pump
output temperature was lower as a result of the weather compensation function.

The high temperatures of the heat pump output to the buffer tank (orange graph) during the summer was
probably due to the incorrect positioning of the 3-port valve as noted above and as seen in Figure 7.

7 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.

14



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 17

Site 17 - Key temperatures 1
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were slightly below average, which would have had a small negative influence on system performance.
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Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 17 is shown in red)

Figure 10 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system were below average. This would
have had a positive effect on the system performance.

Figure 10 — Daily mean heat pump output temperature (to SH) compared to those of other systems monitored in this
project (site 17 is shown in red)
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Comments

The large uncertainty of measurement of the heat metering and the need to estimate the heat provided to
domestic hot water precluded the determination of the SPF values.

Aspects of this system that positively influenced its performance are:

The temperature of the output to the buffer tank was rarely above 43 °C — below average compared to
other systems monitored.

Weather compensation and night setback were used to keep the output temperature as low as possible.

The temperature loss through the buffer tank was generally less than 2 °C. This was lower than most
other monitored systems with 4-pipe buffer tanks.

The temperature of the output to domestic hot water was below 56 °C most of the time.

The immersion heater in the domestic hot water cylinder was used minimally (0.5% of total electricity
used by the heat pump system).

The solar thermal collector used to heat the domestic hot water may have reduced the requirement for
high temperature output from the heat pump to domestic hot water.

The proportion of total electricity used by the brine, buffer and heating circulating pumps was low
compared to other systems monitored.

The use of just one of the heat pump vapour-compression systems to heat the domestic hot water via a 3-
port diverter valve allowed the output to space heating to be provided at low temperatures at all times.

Aspects of the system that may have negatively influenced its performance include:

The temperature of the brine flow to the heat pump was below average compared to other systems
monitored. The reason for this is unknown, but the temperatures were not outside the principles of good
practice.

The lack of individual room thermostats may have led to the spaces being overheated at times. This
would have wasted energy and increased the running costs.

Some heat loss from the buffer tank occurred during the summer months when there was no demand for
space heating. This appears to have been due to incorrect positioning of the 3-port valve at the heat
pump output during DHW operation.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 18 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 18 is an apartment complex with two 4-storey buildings built in 2011.

A ground-source heat pump, installed as original equipment, extracts heat from vertical boreholes beneath the
outdoor car park and provides space heating and domestic hot water to all apartments. Underfloor heating is
used throughout, and there are no hot water storage cylinders in the apartments.

Seasonal performance factors are not presented because characteristics of the heat meters, previously installed
for the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

There were some evident problems with the operation of the system during the period of monitoring. As
discussed in this case study, the performance of the system when operating correctly could potentially yield
improved results.

Aspects of this system that positively influenced its performance are:

e Weather compensation provided a very effective reduction in output temperature during warmer
weather.

Aspects of the system that may have negatively influenced its performance include:
o The domestic hot water immersion heaters were used extensively for reasons that are unknown.

e The heating circulating pumps did not operate before 5th August 2015. This may well have resulted in the
apartments not being heated properly during that period.

e The temperatures of the output to space heating (up to 62 °C in December) were very high compared to
those observed on other underfloor heating systems in the monitored sample.

1 The heat meter installation on this system uses strap-on temperature sensors. This technique is known [1] to be prone to unacceptably large measurement
errors and the performance values could therefore not reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 18

Survey date 07/04/2014

Monitoring installed 12/06/2014

G/WSHP GSHP

Building type Apartment complex: two 4-storey buildings
Location City

Heat pump capacity kWtH 79

Number of heat pumps 2

Number of compressors 4 (2 vapour-compression circuits in each heat pump)
Heat source Vertical boreholes below outdoor car park. 12 x 100m
Heat emitters Underfloor heating pipes

DHW Yes

Auxiliary heat 3 x 9kW immersion heaters in the DHW cylinders
Source pumps 2 x 750W (1 in each heat pump)

Buffer pumps 4 x 170W (2 in each heat pump)

Buffer tank 500 litre 4-pipe

SH circulating pumps 2 twin pump sets: 1 x 180W max; 1 x 430W max
DHW cylinders 3 x 1000 litre

Control Heat pump controllers

Weather compensation Yes

Heat meter type Mechanical multi-jet + strap-on temperature sensors
No. of heat meters 2

Heat meter interface Pulse (100 Wh/pulse)

Comments

Table 1 — System details

Site 18 is an apartment complex with two 4-storey buildings. The apartments were designed and built in 2011 by
a European construction company using materials supplied from mainland Europe. All heating and domestic hot
water is provided from a single plant room in the basement. Space heating is via underfloor pipes, and there are
no domestic hot water storage tanks in the apartments.

This application entails extracting heat from the ground to provide space heating and domestic hot water via
separate circuits to a modern building with reportedly very good standards of insulation. The building is located in
an area with below-average outdoor temperatures —annual mean 9.2 °C (the range for all sites was 8.1 —12.5 °C,
median 10.3 °C). The use of underfloor heating should allow the heat pumps to operate with low output
temperatures, although the domestic hot water requires higher temperatures. The performance of the system
would be expected to be at least average compared to other systems monitored.

Heat pump and monitoring systems

Two heat pumps are installed in the basement plant room. Each of these has two vapour-compression circuits,
and is designed to provide heat output at up to 65 °C. One of the heat pumps provides heat to space heating (SH)
and to domestic hot water (DHW). The other one has both outputs connected together and provides space
heating only.
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The heat source is 12 x 100 metre boreholes beneath the outdoor car park.

Three 1000-litre domestic hot water cylinders are installed, each equipped with a 9 kW immersion heater for
auxiliary heat.

The output to the underfloor heating system is via a 500-litre 4-pipe buffer tank.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. The existing heat meters (“H”) installed for the Renewable Heat
Incentive (RHI) are monitored via their pulse interfaces. Temperatures (“T”) are monitored at key points in the
system using surface-mounted probes?. The outdoor air and ground temperatures are also monitored.

Figure 1 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pumps. Two heat meters are installed: one measures the heat supplied to the buffer tank (space
heating); the other measures the heat supplied to the domestic hot water cylinders.

The heat meters are of a type that uses mechanical multi-jet turbine flow meters and strap-on temperature
sensors. Although the use of strap-on temperature probes was as recommended by the meter manufacturer at

2The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering.
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the time of installation, it is known from subsequent research [1] that this technique can result in large
measurement errors.

The heat calculators on this system were of a type intended for use with antifreeze in the working fluid. However,
it is not known whether any antifreeze was present in the heating circuit. This may have caused further error in
the heat metering.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pumps together with the source pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counters connected to
the heat meters were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL® procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pumps and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat outputs recorded by the heat meters were determined for each 1-minute interval and summed
as for the electricity values.

[Heat output of heat pumps to SH & DHW] — [heat added by internal buffer pumps]
SPFH2 =

Electricity used by: [heat pumps excluding internal buffer pumps]

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e This calculation required the electrical energy used by the buffer pumps inside the heat pumps to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

e The heat added by the buffer pumps was estimated as 30% (the assumed pump efficiency®*) of the
electrical energy supplied to the pumps.

[Heat output of heat pumps to SH & DHW] — [heat loss from buffer tank]
+ [heat added by SH circ pumps] + [heat added by DHW immersion heaters]
SPFH4 =

Electricity used by: [heat pumps] + [SH circulating pumps] + [DHW immersion heaters]

e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency?)
of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 523 019, which represents 99.5% of the 12-
month period.

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 2 shows the daily SPFH2 and SPFH4 behaviour of the system (shown as relative values). These values
represent the combined space heating + domestic hot water performance.

Both the SPFH2 and the SPFH4 values were unusually low. As shown in Figure 3, the heating circulating pumps
were not operating prior to 5™ August 2015°. The reason for this is not known, but it can be seen that when the
pumps were turned on, the daily SPF values improved significantly because the heat pump output temperature
was then lower — although the SPF values were still low compared to other systems monitored.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

5 The heating circulating pumps had previously been operating until 20th October 2014.
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Site 18 - Daily SPFs (relative values)
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Figure 2 — Relative seasonal performance factors SPFH2 and SPFH4 calculated daily
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Figure 3 — Circulating pump operation

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.
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Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [3] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output to space heating and to domestic hot water. The electricity used by the total
heat pump system and the outdoor air temperature are shown for reference. Note that the kWh values have
been removed from the graph because of the high uncertainty of measurement of the heat meters.

The total heat output was highest during the cold weather in November and December. During similar weather in
January and February, the heat output to space heating was much lower — almost certainly because the
circulating pumps were not operating.

Use of immersion heaters

The very high use of the domestic hot water immersion heaters during April, May and August is shown by the red
areas of the graph. The immersion heaters had not been used at all in January and early February, during the
coldest part of the year. Then, on 10" February, the immersion heater use jumped from zero to 20% of total
electricity use, and on 14 April if increased again to 65% of total electricity. The reason for these sudden changes
is unknown and is not apparent from the available data.

10



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 18

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 2 shows the estimated breakdown of the heat delivered to space heating and to domestic hot water during
the period from 1% January to 31° December 2015.

%

Heat delivered to space heating 60.5%
Heat to domestic hot water (from heat pump) 19.3%
Heat to domestic hot water (from immersion heaters) 20.2%

Table 2 — Breakdown of heat delivered to space heating and domestic hot water

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The high use of the domestic hot water immersion
heaters can be seen: 27.5% of total electricity use.

The brine pumps® accounted for 4.3% of the total electricity use, which is below average compared to other
systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on the system
performance.

The buffer®, space heating and domestic hot water circulating pumps accounted for 4.6% of electricity, which is
also below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%) — although the
heating circulating pumps were only used from week 32.

6 Electricity used by the brine and buffer pumps was estimated using digital filtering of the detailed data from the electricity monitor.
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Site 18 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 1% January 2015, when the outdoor temperature was between 6 and

13 °C and the heating circulating pumps were not operating. The temperature of the output from the heat pump
to the buffer tank was high (44 - 62 °C) and the output to the underfloor heating system was up to 58 °C with the
return temperature between 40 and 50 °C. It is not clear how the heat was being circulated to the underfloor
heating: possibly natural convection with some assistance from the heat pump buffer pumps.

The loss of temperature through the 4-pipe buffer tank varied between 2 and 6 °C, depending on the number of
heat pump compressors running.
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Site 18 - Operating pattern (temperatures) 01 January 2015

col N _,_ML o T —, e o] [ 107 Heat pump to D
e f\!:--rf \\ % coils
. %ﬁ-ﬁ LTINS
\./ \J/ ﬂ'u\ﬂ_/“ o \'\/ \"// '\\( buffertank
40
— T03: Buffer tank to 5H
o
’ £ S S S S S S S S S S S I TO&: Return from 5H
=== T&: Cutdaor air
20
s — T01: Brine flow to heat
10 . e R i . pumps
o —_— T T e e e e e T02: Brine return to
: ground collectar
-10
Site 18 - Operating pattern (heat) 01 January 2015
50
Heat fram heat pumps
10 to SH
— Heat from heat pumps
ag ] { N N N - to DHW
E
— DHW immersion heaters
30 4 PR VRN O SO 1 N PR SR R o N1 OO 0 AT VR O OO | O U . O | O O U Y AN (& SR NS
10 4 S S -
o l
Site 18 - Operating pattern (electrical power) 01 January 2015
28 4 ¢ — Heat pump supply
24 — DHW immersion heaters
- ] ] " ] -
204 8 “ & — SH circ pumps
16 ] L -
o . -
E 12 e
¥
8 . e S
4
o - L U | L
00:00 02:00 0400 0600 08:00 10:00 12:00 14:00 16:00 18:00 20:00 2200  00:00
Fri 02 lan S5at03 lan
2015

Figure 6 — Operating pattern on 1st January 2015

Unexplained use of immersion heaters

Figure 7 shows the operating pattern on 10" February 2015 when the outdoor temperature was between 3 and 7
°C. This was the day that the domestic hot water immersion heaters were suddenly switched on, and thereafter
used approximately 20% of the total electricity. There is no indication from the available data why the immersion
heaters were switched on.

The heat pump used for domestic hot water would have been capable of meeting the domestic hot water
demand’, unless the temperature required was over 60 °C, in which case the immersion heaters would have been
needed.

Figure 8 shows the daily heat provided to domestic hot water by the heat pump and by the immersion heaters
between January and March 2015. When the immersion heater was used, the heat pump provided less heat to
domestic hot water than when working on its own.

7The heat pump is rated at 37 kWTH at a source temperature of 0 °C and an output temperature of 50 °C (from the manufacturer’s published performance
data).
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Site 18 - Operating pattern (temperatures) 10 February 2015
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Figure 7 — Operating pattern on 10*" February when the DHW immersion heaters were switched on
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Figure 8 — Daily DHW heat January to March 2015

Figure 9 shows the situation on 14" April when the outdoor temperature was between 10 and 12 °C. On this day,
the use of the domestic hot water immersion heaters again changed suddenly — this time to approximately 65% of
the total electricity. On this occasion, the heat output from the heat pump to domestic hot water reduced to
almost nothing, with the domestic hot water demand being met mainly by the immersion heaters — as shown in
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Figure 10. The reason for this change in operation is not known, and the available data offers no obvious
explanation®. It is assumed that the system operator manually switched on the immersion heaters.

Site 18 - Operating pattern (temperatures) 14 April 2015
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Figure 9 — Operating pattern on 14" April when the immersion heater use increased to
approximately 65% of total electricity use
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Figure 10 — Daily DHW heat April to June 2015

8 The temperature of the output from the DHW cylinders was not measured. It is also suspected that the DHW heat meter may have been faulty: see the
discussion of this on page 16.
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Space heating circulating pumps restarted on 5" August

Figure 11 shows the change in system behaviour when the heating circulating pumps were started on 5™ August
2015 (having evidently® been off since 20" October 2014). The heat pump output temperature immediately
dropped by around 15 °C, and thereafter started to change with the outdoor temperature in response to the
weather compensation function.

Site 18 - Change in operating pattern on 5th August (temperatures)
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Figure 11 — Change in operating pattern on 5" August 2015

Anomaly in SPFx2 values during August

Figure 12 shows the system behaviour during August 2015, when the daily SPFH2 was unusually high — especially
on 13™ and 14" August. The SPFH4 values during the same period were not unusually high.

The temperature and power data has been reviewed to identify an explanation for this anomaly. Figure 12 shows
the most relevant system monitoring data.

Considering the period from 12 to 24" August:

o The domestic hot water immersion heaters were using 79% of the total electricity and were apparently
providing all of the domestic hot water requirements.

e The electrical energy used by the heat pumps was lower than usual (approximately 40% of the daily use
earlier in the month) and the total heat output from the heat pumps was to space heating.

The SPFH2 calculation is based on the sum of the heat meters Ho1 (space heating) and Ho2 (domestic hot water).
As there was evidently no heat being recorded by Ho2 between 12 and 24" August, the SPFH2 calculation
depended during this period on the measurements from Ho1 only.

This may provide an explanation of the anomaly in the SPFH2 values during this period: if the measurements from
Ho1 were reasonably accurate, while those from Ho2 were significantly in error (low), then the calculated SPFH2

° This is evident from the recorded electrical power drawn by the pumps (not shown in this report).
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values between 12" and 24™ August would be more accurate that those calculated at other times when there
was also heat being recorded by heat meter Ho2.

If this hypothesis is true, it offers some explanation of the apparently very low performance of this system —
although it does not explain the exceptionally high SPFH2 values on 13™ and 14" August.

Site 18 - Daily SPFs August 2015
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Figure 12 —Site 18 SPFH2 values during August
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Source and sink temperatures

Figure 13 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump,
plotted over the year'?. The brine and heat pump output temperatures have been plotted only for times when
the heat pump was running.

The temperature of the output to the domestic hot water heating coils was up to 64 °C on most days throughout
the year, except for two periods during August when the immersion heaters were used much more than the heat
pump for domestic hot water production.

The output to the buffer tank was up to 63 °C most days when the heating circulating pumps were not running —
before 5™ August. Subsequently, when the pumps were running, the output temperature was apparently
controlled by the weather compensation function: between 31 and 51 °C in August, rising to 62 °C during the cold
weather in December. This appears to show that the weather compensation mechanism did not or could not
operate while the heating circulating pumps were not running.

The minimum temperature of the brine flow to the heat pumps was +1.7 °C on 14" December when the outdoor
air temperature was between -3 and +2 °C. The maximum was 9.5 °C on 24" August when the outdoor
temperature was between 13 and 18 °C.

It is worth noting that, for much of the year, the temperature of the brine from the borehole loops was below the
outdoor air temperature.

Site 18 - Key temperatures
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Figure 13 — Key temperatures measured during the period 1% January — 31 December 2015

Figure 14 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
were below the average of other systems, although the variation during the year was much less marked than
some systems.

10 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Figure 14 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 18 is shown in red)

Figure 15 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. Prior to 5™ August, the space heating pumps were not running and the
measured output temperature was not very meaningful. After the space heating pumps were restarted, the
output temperature on this system was at first average compared to the values observed on other monitored
installations, but during the winter months, it gradually rose to be higher than average (above the 75 percentile).
This would have had a negative effect on the system performance.

The high temperatures during November and December are particularly remarkable considering that the heat
emitters are underfloor pipes.

Figure 15 — Daily mean heat pump output temperature (to space heating) compared to those of other systems using
monitored in this project (site 18 is shown in red)
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Comments

The large uncertainty of measurement of the heat metering on this system precluded the determination of the
SPF values.

Aspects of this system that positively influenced its performance are:

Weather compensation appeared to work well (after the heating circulating pumps were restarted)
resulting in a very effective reduction in output temperature during warmer weather.

Aspects of the system that may have negatively influenced its performance include:

The domestic hot water immersion heaters were used extensively for reasons that are unknown. This will
have contributed significantly to the low SPFH4 values. It would be worth investigating whether the use of
the immersion heaters can be reduced, to improve overall performance.

The fact that the heating circulating pumps did not operate before 5th August may have resulted in the
apartments not being heated properly during that period.

The temperatures of the output to space heating (up to 62 °C in December) were very high compared to
those observed on other underfloor heating systems in the monitored sample. The reason for the high
temperatures should be investigated. The type of heat interface units used in the apartments is unknown,
but these might be a cause of the problem if they introduce additional temperature losses. A reduction in
heat pump output temperature would improve the system performance.

The temperature losses through the 4-pipe buffer tank were high — between 5 and 7 °C when the heat
pumps were running. This is higher than measured on most other systems with 4-pipe buffer tanks in the
monitored sample.

It is possible that a different design or arrangement of the buffer tank would reduce the temperature loss
and yield a performance improvement. However, this is a specialised topic and is outside the scope of this
report.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the installation at Site 27 and performance results from 12
consecutive months of monitoring data.

Site 27 is a 2-storey accommodation building on a college campus. It is occupied by resident students and is in use
24 hours per day for most of the year.

A single ground-source heat pump of 54 kWTH capacity extracts heat from vertical boreholes in open ground
adjacent to the building and provides space heating via underfloor heating pipes.

The seasonal heating performance factors measured over a year of operation (1% January to 31° December 2015)
were:

[Heat delivered by the heat pump]

SPFH2 3.09
Electricity used by [heat pump] + [brine pump]

[Heat delivered by heat pump] + [heat added by buffer & circ pumps] — [buffer tank heat loss]

SPFH4 2.84
Electricity used by [heat pump] + [brine pump] + [buffer & heating circ pumps]

SPFH4 of systems that provide space heating only
(12 months)

45

=]

2

5

1.0 l
0 527 7 553 534

514 510 507 513

5

SPFH4
g

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influenced its performance are:

e Electricity use by the brine, buffer and heating circulating pumps was below average compared to other
systems monitored.

e Weather compensation was used to reduce the heat pump output temperature when the outdoor
temperature was higher.

e No auxiliary immersion heaters are installed on this system.

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the brine flow from the boreholes was low compared to other systems monitored.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 27 |

Survey date 08/04/2014

Monitoring installed 26/06/2014

G/WSHP GSHP

Building type Accommodation building

Location Urban (college campus)

Heat pump capacity kWtH 54

Number of heat pumps 1

Number of compressors 1

Heat source Vertical boreholes: 10 x 150 metre

Heat emitters Underfloor heating pipes

DHW Provided by a separate gas-fired boiler

Auxiliary heat sources None

Source pump External to heat pump: 600 W max (variable-speed)

Buffer pump External to heat pump: 600 W max (variable-speed)

SH circulating pump Dual pumpset: 2 pumps of 600 W max

Buffer tank 1000 litre 4-pipe

DHW cylinder N/A

Control BMS + room thermostats to control underfloor heating zones

Weather compensation Yes

Heat meter type Vortex

No. of heat meters 1

Heat meter interface M-Bus

Building operation and use The building is occupied by students and is in use 24 hours per day
throughout most of the year

Comments

Table 1 — System details

Site 27 is a 2-storey accommodation building on a college campus. It is occupied by resident students and is in use
24 hours per day for most of the year.

This application entails extracting heat from vertical boreholes in the ground to provide space heating only via
underfloor heating pipes in a modern building, located in an area with slightly below-average outdoor
temperatures —annual mean 9.7 °C (the range for all sites was 8.1 —12.5 °C, median 10.3 °C). The performance of
the system would be expected to be good.

Heat pump and monitoring systems

A single heat pump (thermal capacity 54 kW) installed in a basement plant room provides space heating (SH) to
underfloor heating, via a 1000-litre buffer tank. Domestic hot water (DHW) is provided by a separate gas-fired
boiler.

The heat source is 10 x 150 m boreholes located in a grass-covered area adjacent to the building.

A 1000-litre 4-pipe buffer tank is installed between the heat pump and the underfloor heating circuit.
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The system is controlled by a building management system (BMS), with room thermostats controlling the
underfloor heating zones.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes!. The outdoor air and ground temperatures are also monitored.

Site 27

SPFH4 boundary

SPFH2 boundary
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Note: Passive system components such asvalves and filters are not shown

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
vortex flow meter installed in the flow pipe, with matched temperature sensors installed in fittings with the
probes inside the flow and return pipes. The calculator is mains-powered, and monitoring was via the M-Bus
interface.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:
e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump]
SPFH2 =

Electricity used by: [heat pump] + [brine pump]

[Heat output of heat pump] + [heat added by buffer & SH circ pumps] — [buffer tank heat loss]
SPFH4 =

Electricity used by: [heat pump] + [brine pump] + [buffer pump] + [SH circulating pumps]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

7
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e The heat added by the buffer pump and the heating circulating pumps was estimated as 30% (the
assumed pump efficiency?) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 522 428, which represents 99.4% of the 12-
month period.

The mean SPFH2 and SPFH4 values for this system, measured between 1t January and 31°* December 2015, are
shown in Table 2.

SPFH2 3.09

SPFH4 2.84

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 2.84 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system, for the period 1% January to 31 December 2015.

The low SPFH4 values during the summer months are probably a consequence of the heat pump running under
conditions of low heat demand: the heat pump was running for short periods, but the heating circulation pumps
were running almost continuously, resulting in disproportionately high losses in the heat distribution network.
However, as the total heat output during the summer is small, the effect on the annual performance is not very
significant.

The high SPF values at the start of January were due to the system having been shut down over the holiday
period. When it restarted, the heat pump output temperatures were much lower than normal, resulting in higher
than usual performance.

The sudden drop in SPF values in December appears to have been due to a change in the control system, as the
mean daily output temperature was higher, and controlled within a smaller range — as shown in Figure 4.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 27 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily
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Figure 4 — Daily range of heat pump output temperature

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.
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Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to circulate the brine through the ground coils and the heat pump, and to circulate the hot
water from the heat pump via the buffer tank to the heat emitters in the building. These pumps use electricity,
which can be a significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 5 shows the daily heat output from the heat pump during the year. The outdoor air temperature and the
electricity used by the total heat pump system are shown for reference, and it can be seen that the heat demand
increased when the outdoor temperature was lower, as would be expected. There was a demand for heat for
most of the year, except for a few days when the system was not operating. At the start of January, it seems that
the system had been shut down during the holiday period. There were also a few other days during the year
when the system was not operating — notably in November and December. The reason for these is not known.

Figure 5 — Daily heat output and electricity used by the total heat pump system

10
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Breakdown of electricity use

Figure 6 shows the weekly breakdown of electricity use. This follows the pattern of heat demand as shown in
Figure 5, but it can also be seen that the space heating circulating pumps ran more or less continuously all year.
This resulted in their electricity use during the summer period being disproportionately high, and being at least
part of the reason for the low SPFH4 values during the summer (as noted above).

The brine pump accounted for 3.8% of the total electricity, which was below average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on the system
performance.

The buffer pump and the heating circulating pumps together used 8.3% of electricity, which was also below
average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a
positive influence on the system performance. However, the overall performance could have been slightly better
if the heating circulating pumps had only been run when needed®.

Site 27 - Weekly electricity use breakdown
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Figure 6 — Weekly electricity use breakdown

Operating pattern

It is interesting to look at the way the system operated under high load during the winter and under light load
during the summer. The graphs presented below show the key temperatures of the system, the electrical power
drawn by the heat pump and the thermal output power. The heat pump operating cycles are indicated by the
heat pump supply power graph.

Figure 7 shows the operating pattern during Wednesday 14" January when the outdoor air temperature was
between 1 and 6 °C.

On this day, the heat pump ran for two periods of approximately 5 hours between midnight and 11:00. The
temperature of the output to the buffer tank reached 47 °C at the end of the first run. This was the highest

41f the electricity used by the heating circulating pumps had been reduced by 50% between May and September, a saving of
approximately 600 kWh of electricity would have been made, and the overall SPFHa would have improved by 1%.

11
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temperature during the day. After 11:00, the heat pump cycled on/off for the rest of the day, presumably because
of the reduced heat demand as the outdoor temperature increased.

The loss of temperature through the 4-pipe buffer tank varied between 0.5 and 2 °C.

The temperature of the brine from the ground collector to the heat pump was between 0.5 and 1.5 °C while the
heat pump was running — slightly lower than the outdoor air temperature.

Site 27 - Operating pattern (temperatures) 14 January 2015
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Figure 7 — Operating pattern on 14 January 2015

Figure 8 shows the operating pattern on Thursday 14th July when the outdoor temperature was between 12 and
23 °C. The heat demand was low, and the heat pump operated for six short runs of between 10 and 15 minutes.
This is within the cycling parameters recommended from the previous research [2].

The temperature of the output to the buffer tank from the heat pump when it was running varied between 34
and 39 °C. This variation appears to have been a consequence of weather compensation, whereby the output
temperature is raised when the outdoor temperature falls.

The temperature of the brine flow to the heat pump when it was running was between 6.5 and 7.5 °C.

12
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Site 27 - Operating pattern (temperatures) 14 July 2015
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Figure 8 — Operating pattern on 14 July 2015

Source and sink temperatures

Figure 9 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. For clarity, the brine and heat pump output temperatures have been plotted only for times when
the heat pump was running.

The top chart shows the heat pump output and return temperatures. The maximum output temperature was 53
°CinJanuary and in December on days when the outdoor temperature dropped to -3 °C. The lowest daily
maximum output temperature was 34 °C on 28™ June, when the outdoor temperature was between 14 and 22 °C.

The second chart shows the temperature of the output from the buffer tank to the underfloor heating circuits and
the return to the buffer tank. On average the output from the buffer tank to the heating circuits was no more
than 1.2 °C lower than the output from the heat pump. This would have had a positive influence on the system
performance.

The third chart shows the brine flow and return temperatures to and from the heat pump. The minimum brine
flow temperature was 0 °C on 4™ February when the outdoor air temperature had been below -2.5 °C during the
previous two nights. The brine return temperature was at its lowest at -3 °C at the same time.

The last chart shows the temperatures of the outdoor air and the ground (1 metre below the surface, remote
from the boreholes).

From analysis of the detailed temperature data, the temperature of the brine from the boreholes to the heat
pump was below the outdoor air temperature for 91% of the time that the heat pump was running.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Figure 9 — Key temperatures measured during the period 1% January — 31t December 2015
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Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were below average. This would have had a negative influence on the system performance.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 27 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system (plotted in red) were below average. This
would have had a positive influence on the system performance.

Figure 11 — Daily mean heat pump output temperature compared to those of other systems monitored in this project (site
27 is shown in red)
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Figure 12 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were below average, which would
have had a positive influence on system performance.

Figure 12 — Daily mean heat pump output temperature compared to those of other underfloor heating systems monitored

in this project (site 27 is shown in red)

Comments

This system had the second-best performance (SPFH4 = 2.84) of the systems providing space heating only that
have been monitored in this project (SPFH4 range 1.42 to 4.10, median 2.23). However, its performance was only
72% of that of the system with the best performance.

Aspects of this system that positively influenced its performance are:

Moderate sink temperatures. The temperature of the output to the heat emitters was generally in the
range 30 to 50 °C — although these temperatures were not as low as for some underfloor heating systems
monitored. Lower temperatures would improve the system performance.

Low temperature loss in the buffer tank. The output to the heat emitters was generally not more than 0.5
— 2.0 °C below the heat pump output temperature.

Reasonably low electricity use by the brine and buffer circulating pumps.

Weather compensation was used: the heat pump output temperature was reduced when the outdoor
temperature was higher.

No auxiliary immersion heaters are installed on this system.

Aspects of the system that may have negatively influenced its performance include:

The temperature of the brine flow from the boreholes was low compared to other systems monitored.

The apparent change in the control system in December raised the mean heat pump output temperature.
The reason for this is not known, but it should be investigated as the previous operating behaviour
apparently gave better performance.
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e The heating circulating pumps were run more or less continuously all year. Their use during the summer
months could probably be reduced by adjusting the control strategy to switch off or reduce the speed of
the pumps at times of low heat demand.

Bibliography
[1] “Directive 2009/28/EC of the European Parliament and of the Council,” Official Journal of the European Union,
2009.

[2] EA Technology, “The effects of cycling on heat pump performance,” DECC, 2012.

[3] D. Hughes, “Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source and Water-Source Heat
Pumps: Interim Report. URN 16D/013,” DECC, 2016.

[4] “Air conditioners, liquid chilling packages and heat pumps with electrically driven compressors for space
heating and cooling — Part 3: Test methods.,” EN 14511-3.

17



Monitoring of Non-Domestic
Renewable Heat Incentive
Ground-Source and Water-Source
Heat Pumps

Case Study — Site 28

Prepared by GRAHAM Energy Management
for BEIS (Department for Business, Energy & Industrial Strategy)
January 2018

Author
Eur Ing Dr David Hughes
for GRAHAM Energy Management

GRAHAM Asset Management Ltd

20 Wildflower Way

Belfast

BT12 6TA
www.grahamassetmanagement.co.uk

This report is the copyright of GRAHAM Asset Management Limited, prepared under contract to BEIS. The
contents of this report may not be reproduced in whole or in part, without acknowledgement. BEIS and GRAHAM
Asset Management Limited accept no liability whatsoever to any third party for any loss or damage arising from
any interpretation or use of the information contained in this report, or reliance on any views expressed herein.

Copyright © GRAHAM Asset Management Limited 2018

Dr David Hughes asserts his moral right under the Copyright, Designs and Patents Act 1988 to be identified as the
author of this work.

This case study has not considered the detailed design of the heat source or ground loop, sizing of the buffer vessel nor sizing
(or nature) of the heat emitters. All of these factors are known to be critical to the overall performance of a heat pump. The
data presented in this document should therefore not be taken as necessarily representing the performance of other
installations using the conceptual designs described. No information has been presented on the suitability of the systems as
to their intended purpose. Caution should be taken when extrapolating the data presented in this report to other
applications.

Any enquiries regarding this publication should be sent to siceteateam@beis.gov.uk.



http://www.grahamassetmanagement.co.uk/
mailto:siceteateam@beis.gov.uk

Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 28

Contents

EXECULIVE SUMIMAIY ittt ettt e ettt e e e e s e et bttt e e e e e s easaat b e et e eeeessaasabeeaeeeeessanassbeaeeeeeessannssbaaaeeessssannssanes 3
(€] (o1 oV PSPPI 5
A L= 0 1o [ - 11 SRS 6
Heat pump and MONITOMING SYSTEMS ...viiiiiiiiiee ittt rree e et e e e s st e e e s sabeeeessabeaesesabeeesesbeeesessseeeesnnsens 6
[ L2F L0 0[] (=T oY= PP P PP UPPPPPUPPTTNt 7
P OIMANCE FESUILS ....eeitee ettt ettt ettt e st e s bt e e s bt e e be e e sab e e s bt e e sabeesabeeeseeesabeeessseesaseesneeesabeeeseens 8
D L T T o= | Y] LSRR 8
Factors that iNflUENCE PEITOIMANCE........coi e e et e e e et e e e e ebt e e e e ebteeeesnteeeesnranaesans 10
=T 00T oL AU T L U 10
F AN Vol | =T A =To LU T o1y o T=T o | PR 10
@Yol | o= PP 11
Variation of heat demand with oUtdoOr TEMPEratUIe .........cooeciiiiiciiee e e e e e e aaeee s 11
ST EeE ] o Lo ) g o] =1 =T ot d (ol YA U Y PP 11
OPEIAtING PATLEIN ettt annnn 12
SOUICE AaNd SINK LEMPEIATUIES ...eiiiiiieeectieee ettt ettt e e ee ettt e e e ette e e e etteeeeebteeeseabeseesaseasesasseseeaassasasaassasassnssanananns 15
L0000 ] 04 1=T 0 ) &3PPSO PP OPPRTOTPI 17
21 o (Lo ==Y o] o1 VAUt 18



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 28

Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 28 and performance results from
12 consecutive months of monitoring data.

Site 28 is a 19" century hotel, built from cut stone. It is in a rural location with the third lowest average outdoor
temperature of the sites monitored.

Two heat pumps (total thermal capacity 71 kW) extract heat from 12 boreholes each 125 metres deep, to provide
heat for space heating and domestic hot water. The radiators used for the previous oil-fired heating system have
mostly been retained; some have been replaced with larger radiators. One of the oil-fired boilers has been
retained for backup duty.

The seasonal heating performance factors measured over a year of operation
(1*t March 2015 to 29" February 2016) were:

[Heat delivered by the heat pumps]

SPFH2 2.76
[Electricity used by: [heat pumps] + [brine pumps]

[Heat delivered by heat pumps] + [heat added by buffer & heating circ pumps]
+ [heat added by immersion heaters] — [heat loss from buffer tanks]

SPFH4 2.34

Electricity used by: [heat pumps] + [brine pumps] + [heating circ pumps] + [immersion heaters]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

3.0

25

2.0

15 I

1.0 I
530 505 557 551 560 528 562 335

539 529
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Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of this system that positively influenced its performance are:

e The electricity used by the brine and heating circulating pumps was lower than average for other systems
monitored in this study.

e The temperature of the brine from the ground collectors did not decrease as much during the winter as
on many other systems in the monitored sample.
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Aspects of the system that may have negatively influenced its performance include:
e The domestic hot water immersion heaters were used extensively.

e The temperature of the brine from the ground collectors was generally below average compared to other
systems monitored (although did not decrease as much during the winter as on many other systems).

e The temperature of the output to space heating was higher than average (during the winter) compared to
other systems monitored.

e The control strategy did not appear to make best use of the heat pumps for providing domestic hot water.



Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID p

Survey date 09/04/2014

Monitoring installed 11/07/2014

G/WSHP GSHP

Building type 19t century cut-stone castle
Location Rural

Heat pump capacity kWtH 71 total

Number of heat pumps 2

Heat source 12 x 125m vertical boreholes

S Radiators. Some have been upsized from those used for the previous oil-fired
eat emitters
heating system. Thermostatic valves are being fitted as areas are refurbished.

DHW Yes

4 x 6kW immersion heaters in the DHW cylinders.
1 x 7.5 kW immersion heater in the buffer tank.

Auxiliary heat

Source pump External to heat pumps: 2 pumps of 905 W max
Buffer pumps External to heat pumps: 2 pumps of 390 W max
DHW primary pumps External to heat pumps: 2 pumps of 680 W max
SH circulating pumps 1 pump of 390 W (max)

Buffer tank 500 litre 2-pipe

DHW cylinders 2 x 750 litre

Control Heat pump controller + timeswitches + thermostatic valves on some radiators
Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 2

Heat meter interface Pulse (HO1: 100 kWh/pulse; H02: 10 kWh/pulse)
Comments Oil-fired boiler retained for emergency backup.

Table 1 — System details

Site 28 is a 19*" century hotel, constructed from cut stone. It is in a rural location with below-average outdoor
temperatures —annual mean 8.8 °C (the range for all sites was 8.1 —12.5 °C, median 10.3 °C). The hotel was
closed to guests from November to February during the monitoring period.

Heat pump and monitoring systems

Two ground-source heat pumps (total thermal capacity 71 kW) were installed in the hotel to replace an old oil-

fired heating system, to provide space heating (SH) and domestic hot water (DHW). Most of the original radiators

were retained, although some have been replaced by larger units. Thermostatic valves have been fitted to some
radiators, and are gradually being fitted to all of them as areas are refurbished.

Auxiliary heat is provided when needed by immersion heaters in the buffer tank and in the domestic hot water
cylinders.

The oil-fired boiler was not used during the monitoring period.

The heat source is a set of 12 boreholes, each 125 m deep, in the grounds of the hotel. Brine is circulated from
the heat pump through u-tube pipes in each borehole, to extract heat from the ground.
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The two heat pumps are identified as master and slave. The master heat pump provides heat to domestic hot
water or to space heating. The slave heat pump supplies space heating only.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The outdoor air temperature is also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pumps. Two heat meters of the same type are installed: one at the output of each heat pump.
Ultrasonic flow meters are installed in the return pipes, with matched temperature sensors installed in fittings
with the probes inside the flow and return pipes. The calculators are battery-powered, and monitoring was via
the pulse interfaces.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pumps together with the source pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and immersion
heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pumps]
SPFH2 =

Electricity used by: [heat pumps] + [brine pumps]

[Heat output of heat pumps] + [heat added by buffer and heating circ pumps]
+ [heat added by immersion heaters in buffer tank & DHW cylinders] — [heat loss from buffer tank]
SPFH4 =

Electricity used by: [heat pumps] + [brine pumps] + [heating circ pumps] + [immersion heaters]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the buffer pumps and the heating circulating pumps was estimated as 30% (the
assumed pump efficiency?) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 437 872, which represents 83.3% of the 12-

month period.

The mean SPFH2 and SPFH4 values for this system, measured between 1 March 2015 and 29" February 2016, are
shown in Table 2.

SPFH2 2.76

SPFH4 2.34

Table 2 - SPF values measured for the period 1 March 2015 — 29" February 2016

This means that for each unit of electricity used, this system delivers on average 2.34 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. These figures represent the combined space
heating + domestic hot water performance.

The daily SPFH2 values increased between April and August as the temperature of the brine from the ground
collector increased, and the temperature of the output to the radiators reduced. It declined again later in the year
as the weather became colder.

The sudden change in performance at the start of November occurred because the hotel was closed to guests
from then on: the space heating and domestic hot water loads reduced significantly and the domestic hot water
immersion heaters were not used.

The SPFH4 values did not increase in line with the SPFH2 values during the summer. This can be explained by the
high daily demand for domestic hot water, with the immersion heaters being used extensively. While the
performance in space heating mode possibly did improve during the milder weather, it was not possible to
determine separate performance figures for space heating and domestic hot water operation on this system,
because the pipework and heat metering arrangements do not permit the energy inputs and outputs to be
determined for each mode of operation.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 28 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source is the ground from which heat is being extracted and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load.
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It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output to space heating and to domestic hot water. The electricity used by the total
heat pump system and the outdoor temperature are also shown for reference, and it can be seen how the heat
demand varies with outdoor temperature. The relatively high demand for heat during the summer is due to the
large domestic hot water requirements of the hotel.

The hotel was closed from November to February. During this period the heat pumps were used mainly for space
heating.

Figure 4 — Daily heat output and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. During the months that the hotel was open (March to
October), there was significant use, for several hours every day, of the immersion heaters in the domestic hot
water cylinders. This was to boost the heat pump output to domestic hot water, and to increase the temperature
in the domestic hot water cylinders for Legionella control, but it would have had a negative influence on system
performance.

11
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The brine pump accounted for 4.9% of total electricity use, which is below average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on the system
performance.

The space heating and domestic hot water primary circulating pumps together used 4.2% of electricity, which is
also below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have
had a positive influence on the system performance.

Site 28 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump. The heat pump operating cycles are indicated by the heat pump supply power graph.

Figure 6 shows the typical pattern of operation on 25" March 2015, when the outdoor air temperature was
between 1 and 8 °C.

Both heat pumps were in continuous operation, with 3 or 4 compressors in use most of the day. The master heat
pump was alternatively providing heat to space heating and to domestic hot water as shown by the pattern of
operation of the circulating pumps. The domestic hot water immersion heaters were also being used heavily,
presumably to meet the large demand for domestic hot water in the hotel.

The temperature of the brine flow to the heat pumps was between 1 and 2 °C. The output from the heat pumps
to space heating was between 45 and 54 °C (the output from each heat pump was at a slightly different
temperature). The output from the buffer tank to the heating circuit was at the average of the heat pump output
temperatures — indicating no measurable loss of temperature through the 2-pipe buffer tank.
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Site 28 - Operating pattern (temperatures) 25 March 2015
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Figure 6 — Operating pattern on 25 March 2015

Figure 7 shows the operating pattern on 3rd July 2015 when the outdoor temperature was between 13 and 24 °C.
The heat pumps were used intermittently with 1, 2 or 3 compressors running. The operating pattern of the
circulating pumps shows that heat was being provided to space heating and to domestic hot water.

The domestic hot water immersion heaters were also used throughout the day. It is not known why these were
used to such an extent when there appeared to be spare heat pump capacity. This suggests an inadequate control
strategy.

The brine flow temperature was between 4 and 7 °C. The master heat pump output temperature was between 30
and 55 °C, depending on whether the output was to space heating or domestic hot water. The output from the
slave heat pump was between 26 and 42 °C. There was no measurable loss of temperature through the buffer
tank.
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Site 28 - Operating pattern (temperatures) 03 July 2015
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Figure 7 — Operating pattern on 3" July 2015

Figure 8 shows the pattern on 7" December 2015 when the hotel was closed. The outdoor temperature was
between 2 and 12 °C, and the heat pumps were running to provide space heating. There was no evidence of
domestic hot water being heated either by the heat pumps or by immersion heaters.

The brine flow to the heat pumps was between 2 and 3 °C. The output from the heat pumps was between 45 and
55 °C. There was no measurable temperature loss through the buffer tank.
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Site 28 - Operating pattern (temperatures) 07 December 2015
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Figure 8 — Operating pattern on 7*" December 2015

Source and sink temperatures

Figure 9 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. For clarity, the brine and heat pump output temperatures have been plotted only for times when
at least one of the heat pumps was running.

During the months that the hotel was open (March to October), the temperature of the output from the master
heat pump to the domestic hot water coils was consistently up to 55 °C or more. The output to space heating was
generally at a lower temperature — except during the winter months when the hotel was closed and there was
little demand for domestic hot water. The effect of the weather compensation function can be seen, with the
temperature of the output to space heating from the slave heat pump reducing as the outdoor air temperature
increased.

The temperature of the brine from the boreholes was generally several degrees lower than the outdoor air
temperature.

4 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes.
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Site 28 - Key temperatures
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Figure 9 — Key temperatures measured during the period 15t March 2015 — 29" February 2016

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
systems monitored in this project. The temperatures realised on this system (plotted in red) were generally low
compared to other systems, but did not drop as much as many other systems during the winter. The low brine
temperatures would have had a negative influence on system performance.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 28 is shown in red)

Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system (plotted in red) were above
average during the winter (when most of the heat output is needed) compared to other systems. This would have
had a negative influence on the system performance.

16



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 28

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 28 is shown in red)

Comments

The performance of this system was slightly below average (SPFH4 = 2.34), compared to other broadly similar
systems monitored that provide space heating and domestic hot water (SPFH4 range: 1.54 to 3.13, median
value 2.23).

However, it is worth noting that this site is in the most northerly location of all of the systems monitored in
this project. This may have some bearing on the performance because of lower ground and outdoor air
temperatures. The mean outdoor air temperature at this site during 2015 was 8.8 °C, the third lowest of all
sites monitored (range 8.1 °C to 12.5 °C, median 10.3 °C).

Aspects of this system that positively influenced its performance are:

e The electricity used by the brine and heating circulating pumps was lower than average for other
systems monitored in this study.

e The temperature of the brine from the ground collectors did not decrease as much during the winter
as on many other systems in the monitored sample.

e There was no measurable loss of temperature through the 2-pipe buffer tank.
Aspects of the system that may have negatively influenced its performance include:
e The domestic hot water immersion heaters were used extensively.

e The temperature of the brine from the ground collectors was generally below average compared to
other systems monitored.

e The temperature of the output to space heating was higher than average (during the winter)
compared to other systems monitored.
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e The control strategy did not appear to make best use of the heat pumps for providing domestic hot
water. An indication of the potential improvement in performance can be seen in Figure 3 where the
SPFH4 increased at the start of November when the immersion heaters were switched off (although
the space heating temperatures may also have been reduced at the same time).

It would be interesting to know whether the temperature of the brine from the borehole loops is usually
lower than the outdoor air temperature. Continued monitoring of these temperatures could be useful in
assisting any future decisions with regard to the type of equipment used — e.g. would an air-source heat
pump be worth considering?
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 29 and performance results from
12 consecutive months of monitoring data.

Site 29 is a large house. A single heat pump (thermal capacity 126 kW) provides space heating to radiators and
domestic hot water.

The heat source is a river that flows through the grounds of the property, approximately 100 metres from the
house. Heat is extracted via a water-to-brine heat exchanger on the river bed. The heat emitters are the radiators
that had been used for the previous oil-fired heating system.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Heat delivered by the heat pump]

SPFH2 2.57

Electricity used by: [heat pump] + [brine pump]

[Heat delivered by heat pump] + [heat added by SH circ & DHW primary pumps]
+ [heat from immersion heaters] — [heat loss from buffer tank
SPFH4 ‘ - : 2.37

Electricity used by: [heat pump] + [brine pump] + [SH circ & DHW primary pumps] + [immersion heaters]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

25

2.0

15 I

1.0 I
530 505 539 557 551 560 529 528 562 335

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

SPFH4

Aspects of this system that positively influenced its performance are:
e Very little electrical auxiliary heat was used (0.05% of total electricity).

e The use of the existing cast-iron radiators as the heat emitters does not seem to have required excessively
high temperatures.



Aspects of the system that may have negatively influenced its performance include:

e The electrical energy used by the brine pump was high — 14.7% compared to other systems monitored
(range 2.3% - 29.8%, median 7.6%).

e The heat pump output temperature was high (up to 60 °C) during most of the heat pump run cycles,
because of the need to provide heat to domestic hot water all day.

The heating circulating pumps were run continuously during the summer when there was little or no
requirement for space heating.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
T ——

Survey date 22/02/2014
Monitoring installed 06/06/2014
G/WSHP WSHP

Building type Large house
Location Rural

Heat pump capacity kWtH 126
Number of heat pumps 1

Number of compressors 2

Heat source

River. Heat extracted via water-to-brine heat exchanger on river bed.

Heat emitter

Radiators (cast iron)

DHW

Yes

Auxiliary heat

9kW immersion heater in buffer tank.
9kW immersion heater in DHW cylinder.

Source pump

External to heat pump: 4kW

Buffer pump External to heat pump: 600W
Buffer tank 500 litre 2-pipe in flow

DHW coil pump External to heat pump: 600W
DHW cylinder 500 litre

Control Heat pump controller
Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 1

Heat meter interface

Pulse (10 kWh/pulse)

Comments

Table 1 - System details

Site 29 is a large 17th century house, set in extensive grounds in a rural location. The property is sometimes used
for private events such as weddings, so the number of people on the site at any time varies considerably.

This application entails extracting heat from a river to provide space heating and domestic hot water in a property
that is poorly insulated by current standards and is located in an area with average outdoor temperatures —
approximate annual mean 10 °C (the range for all sites was 8.1 —12.5 °C, median 10.3 °C). Radiators originally
sized for use with oil-fired heating are used for space heating and the domestic hot water distribution is via a
lengthy, pumped circuit. The performance of this system would be expected to be average.

Heat pump and monitoring systems

The water-source heat pump (thermal capacity 126 kW) was installed to replace an old oil-fired heating system.

The heat pump plant is in a room on the ground floor of the house. It provides space heating (SH) and domestic
hot water (DHW). Auxiliary heat is provided when needed by immersion heaters in the buffer tank and in the
domestic hot water cylinder.
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The heat source is the river that flows through the grounds of the property, approximately 100 metres from the
house. Brine is circulated from the heat pump through a heat exchanger in the river to extract heat from the river
water.

The heat emitters are the cast-iron radiators that had been installed for the previous oil-fired heating. These have
not been altered for the heat pump.

The heat pump has two compressors that provide two-step capacity control in a single vapour-compression
circuit. The system is controlled by the heat pump controller.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed at the output of the heat pump. It uses an ultrasonic
flow meter installed in the return pipe, with matched temperature sensors installed in pockets in the flow and
return pipes. The calculator is battery-powered, and monitoring was via the pulse interface.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump]
SPFH2 =

Electricity used by: [heat pump] + [brine pump]

[Heat output of heat pump] + [heat added by heating circ pumps]
+ [heat added by immersion heaters] — [heat loss from buffer tank]

SPFH4 =
Electricity used by: [heat pump] + [brine pump] + [heating circ pumps] + [immersion heaters]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

8
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e The heat added by the buffer pump and the heating circulating pumps was estimated as 30% (the
assumed pump efficiency?) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 524 447, which represents 99.8% of the 12-
month period.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31 December 2015, are
shown in Table 2.

SPFH2 2.57

SPFH4 2.37

Table 2 - SPF values measured for the period 1st January to 31st December 2015

This means that for each unit of electricity used, this system delivers on average 2.37 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

The daily performance of the system is shown in Figure 3. The SPFH2 and SPFH4 values have been calculated on a
daily basis. The general trend was that the SPF values were low during January and February when the outdoor
(river and air) temperatures were at their lowest, and rose as the outdoor temperatures increased. The low SPF
values during the warm summer months are a consequence of the heat pump operating under very low load
conditions. For example, on 1st July when the measured SPFH4 was lowest, only 14 kWh was supplied to space
heating and 36 kWh to domestic hot water. The effect on the overall annual performance of these low-load SPF
values is not very significant.

Site 29 - Daily SPFs

o
[

# SPFH2
m SPFH4

SPF

15

lan Feb Mar Apr May Jun Ju Aug Sep Oct Mo Dec
2015

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Figure 4 shows the daily SPFH4 for operation in space heating and in domestic hot water mode. The performance
when in domestic hot water mode was lower because the heat pump output temperature was higher in this
mode — generally up to 60 °C or more, whereas in space heating mode it was generally between 30 and 45 °C.

Site 29 - Daily SPFH4 for SH and DHW modes

# 3H mode
B DHW mode

SPRH4

Apr Mz

2015

Figure 4 — Daily SPFH4 for space heating and domestic hot water modes

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source is the river water from which heat is being extracted and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the river and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

10
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Ancillary equipment

Pumps are needed to pump brine from the heat pump through the river heat exchanger, and to circulate the hot
water from the heat pump via the buffer tank to the heat emitters in the building. These pumps use electricity,
which can be a significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 5 shows the daily heat output to space heating and to domestic hot water. The daily electricity use by the
total heat pump system and the mean outdoor temperature* are also shown for reference. It can be seen how the
heat demand varies with outdoor temperature. There was apparently a demand for space heating every day —
even in the middle of summer.

The domestic hot water load increased towards the end of the year. The reason for this is presumed to be the
holding of events with large numbers of people present.

Figure 5 — Daily total heat output and electricity used by the total heat pump system

4 The outdoor air temperature was estimated from measurements at other sites in the same part of the country.
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Breakdown of heat delivered

Table 3 shows the breakdown of the heat delivered to space heating and to domestic hot water during the period
from 15t January to 31 December 2015.
%
Heat delivered to space heating 76%

Heat delivered to domestic hot water 24%

Table 3 — Breakdown of heat delivered to space heating and domestic hot water

Breakdown of electricity use

Figure 6 shows the weekly breakdown of electricity use.

The brine pump accounted for a 14.7% of the electricity used. This is above average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%) and can probably be explained by the long pipe run to the heat
exchanger in the river and the consequently large pump needed (4 kW). This high electricity usage would have
had a negative influence on the system performance.

The heating circulating pumps and the domestic hot water primary pump together used 9.3% of total electricity,
slightly above average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have
had a small negative influence on the system performance.

Site 29 - Weekly electricity use breakdown
4000

m Heat pump 76.0%

3500 m 5H immersion heater 0.05%

3000 DHW immersion heater 0.00%

SH & DHW primary circ pumps
2500 939
- m Brinepump 14.7%
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Figure 6 — Weekly electricity use breakdown

Possible reduction of brine pumping power when running on 1 compressor

Analysis of the electrical power measurements shows that the heat pump operated with only one compressor for
approximately 80% of the total operating time during the monitoring period. However, the brine pump always
operated at full power.

The temperature drop of the brine flow through the evaporator was between 3.0 and 3.3 °C when operating with
two compressors, and between 1.5 and 2.0 °C when running with one compressor. It appears therefore that it

12
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may be possible to operate the brine pump at reduced speed® when running with one compressor. This would
reduce the required pumping power by approximately 80% for 80% of the time the heat pump operates, giving a
significant annual electricity saving of approximately 7000 kWh with a value of £1030°. The annual SPFH4 would
be improved by approximately 10% to 2.61.

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump. The heat pump operating cycles are indicated by the heat pump supply power graph.

Figure 7 shows the typical pattern of winter operation on 12 January 2015, when the outdoor air temperature
was between 7 and 11 °C. The temperature of the heat pump output to the domestic hot water coil can be seen
to rise to 60 °C every time the heat pump was run between 05:00 and 23:00. It is not known why this should be
required: a possible explanation is that the domestic hot water circulation pump runs at regular intervals
throughout the day, and the heat losses from the domestic hot water distribution pipes give rise to a significant
demand for heat into the domestic hot water cylinder. The total heat supplied to the domestic hot water cylinder
during the 24-hour period was approximately 70 kWh (from analysis of the detailed temperature and heat meter
readings).

It may alternatively be that the 60 °C output temperature is intended for Legionella control in the domestic hot
water cylinder, although this is not known.

The temperature of the hot water circulated through the space heating system varied during the day between 27
and 40 °C. This range of temperature was good (low), considering that the heat emitters are cast-iron radiators
originally installed for oil-fired heating which would have operated at a higher temperature.

There was no measurable temperature loss through the 2-pipe buffer tank.

5 This would require installation of a variable-speed inverter drive.

6 Assuming an electricity unit cost of 14.7 p/kWh [5].
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Site 29 - Operating pattern (temperatures) 12 January 2015
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Figure 7 — Operating pattern on 12 January 2015

Figure 8 shows the behaviour on 14™ July 2015 when the outdoor temperature was between 15 and 21 °C. The
heat pump operated for ten short runs of between 7 and 17 minutes, with the output mainly to domestic hot
water, at a maximum temperature of 61 °C.

The temperature of the brine flow to the heat pump was 14 °C.
The heating circulating pumps were running all day, although the temperature of the output to space heating was

only between 21 and 29 °C. It seems unlikely that there was any significant demand for heat, so there should have
been no need to run the heating circulating pumps all day.
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Site 29 - Operating pattern (temperatures) 14 July 2015
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28
— Heat pump + hrine

24 pump

20

16

12

kW

a

00:00 02:00 04:00 06:00 0800 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Tue 14 Jul Wed 15 Jul
2015

Figure 8 — Operating pattern on 14 July 2015

Source and sink temperatures

Figure 9 shows the principal temperatures of the brine and the outputs from the heat pump, plotted over the
year. For clarity, the brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The temperature of the heat pump output to the domestic hot water was between 58 and 62 °C throughout the
year.

The temperature of the output to space heating was between 24 and 49 °C, varying through about 10 °C as the
heat pump cycled on and off. The effect of the weather compensation function can be seen, with the daily mean
temperature of the flow to the heating system ranging from 22 °C in the summer time to 44 °C in the winter.

The brine flow temperature ranged from just below 0 °C in January to 16 °Cin July.
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Site 29 - Key temperatures

= Heat pump to DHW coil

80 = Heat pump to buffer

tank
30 == TI: Indoar
E E E : d | Ta: Outdoor air
a0l DHLERGALE L S L L b 1 E : . . {estimated)

Brine return from heat
pump

=— Brine flow to heat pump

30

°C

-10+
o1 22 12 a5 26 16 arv 28 18 [ol=] 30 20 10 o1 22 12 03 24

Jan 2015 Feb Mar Apr May Jun Jul Aug  Sep Oct MNov  Dec

Figure 9 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were average compared to those measured on other systems monitored.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 29 is shown in red)

Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system (plotted in red) were average
compared to the values observed on other installations.
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Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 29 is shown in red)

Comments

The performance of this system (SPFH4 = 2.37) was average, compared to other systems providing both space
heating and domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median value
2.23).

Aspects of this system that positively influenced its performance are:
e Very little electrical auxiliary heat was used (0.05% of total electricity).

e The use of the existing cast-iron radiators as the heat emitters does not seem to have required
excessively high temperatures: the space heating flow temperature was very rarely above 50 °C, and was
more generally in the range 25 — 44 °C during winter, spring and autumn.

e There was no measurable loss of temperature through the 2-pipe buffer tank.
Aspects of the system that may have negatively influenced its performance include:

e The electrical energy used by the brine pump was high — 14.7% compared to other systems monitored
(range 2.3% - 29.8%, median 7.6%). It would be worth considering installing a variable-speed drive to
reduce the speed of the brine pump when running on only one compressor. The estimated electricity
saving would be 7000 kWh per annum with a value’ of £1030, and the SPFH4 would be improved by
around 10%.

e The apparent need to provide heat to the domestic hot water system several times a day causes the heat
pump output temperature to be high (up to 60 °C) during a high proportion of the heat pump run cycles.
It would be worth considering installing point-of-use electric hot water heaters at places with low use and
far from the heat pump. This could avoid continuously circulating hot water throughout the premises and
should reduce the demand for domestic hot water from the heat pump system. The heat pump could
then operate with lower output temperatures for longer times, with a consequent improvement in
overall performance.
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e The electricity used by the space heating and domestic hot water primary circulating pumps was slightly
above average compared to other systems monitored — 9.3% of total electricity compared to other
systems monitored (range 2.9 — 20.5%, median 8.8%).

e The heating circulating pumps were run continuously during the summer when there was little or no
requirement for space heating. The electricity used by these pumps during July and August was 619 kWh.
At least half of this was probably wasted, representing an excess cost’ of £45. The control strategy should
be amended so that the pumps run only when there is a need for heating.
Alternative means of Legionella control (e.g. ultraviolet lamps) are available and would be worth considering on

this site to reduce electricity use by the heat pump, by allowing the heat pump to run with the lower output
temperatures needed for space-heating only operation — thereby improving overall performance.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 30 and performance results from
12 consecutive months of monitoring data.

Site 30 is a public hall built in 2011.

A ground-source heat pump extracts heat from horizontal ground loops and provides heat to underfloor heating
throughout the building and to domestic hot water.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Heat delivered by the heat pump (excluding auxiliary heater & buffer pump)]

SPFH2 3.89
[ Electricity used by the heat pump (excluding aux heater & buffer pump) + brine pump ]

[Heat delivered by the heat pump (including auxiliary heat)] + [Heat added by SH circ pumps]

SPFH4 — [Buffer tank heat loss during warm weather] 3.13

Electricity used by: [heat pump (incl aux heater & internal pumps)] + [SH circ pumps]

SPFH4 of systems that provide space heating & domestic hot water
{12 months)

557 551 560 528 562 335

529

3.5

3.0
25
2.0
15
1.0
530 505

539

SPFH4

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of this system that positively influenced its performance are:

e The temperature of the output to the underfloor heating was below average compared to other systems
monitored (second lowest of all systems).

o The electricity used by the brine pump was 4.1% of the electricity used by the total heat pump system.
This was below average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

Aspects of the system that may have negatively influenced its performance include:

e The heating circulating pumps appeared to be run more than necessary, especially during the summer
months.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
seep. s |

Survey date 18/02/2014
Monitoring installed 09/07/2014
G/WSHP GSHP
Building type Public hall
Location Rural

Heat pump capacity kWtH 14

Number of heat pumps 1

Number of compressors 1

Heat source

Horizontal ground loops. Approx. 200 m

Heat emitters

Underfloor heating pipes

DHW

Yes

Auxiliary heat

9kW immersion heater in heat pump

Source pump

Internal to heat pump: 390 W

Buffer pump Internal to heat pump: 165 W

SH circulating pumps External to heat pump: 1 x 71 W; 1 x 50 W

Buffer tank 180 litre 4-pipe

DHW cylinder 100 litre

Control Room thermostats + manual pump switching + heat pump controller
Weather compensation Yes

Heat meter type Vortex

No. of heat meters 1

Heat meter interface Pulse (1 kWh/pulse)

Ground floor and upper floor heating are switched on as required (i.e. the

Comments . . .
circulating pumps are switched manually).

Table 1 - System details
This site is a public hall, built in 2011.

This application entails extracting heat from the ground to provide space heating and domestic hot water in a
modern well-insulated building that is in a location with average outdoor temperatures —annual mean 10.3 °C
(the range for all sites was 8.1 — 12.5 °C, median 10.3°C). The performance of the system would be expected to be
good.

Heat pump and monitoring systems

The ground-source heat pump (thermal capacity 14 kW) was installed as original equipment at the time of
construction of the building and provides both space heating (SH) and domestic hot water (DHW).

Space heating is provided via underfloor heating coils throughout the building. There are two separately-
controlled heating zones on the ground floor and one on the first floor. Room thermostats are used to control the
temperature in each zone.

Auxiliary heat is provided by a 9 kW immersion heater inside the heat pump. This is used mainly to raise the
domestic hot water temperature above 60 °C approximately once a week for Legionella control.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and

5



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 30

temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes!. The outdoor air and ground temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed inside the heat pump. It uses a vortex flow meter
installed in the return pipe, with matched temperature sensors installed in pockets in the flow and return pipes,
in positions that exclude the heat added by the immersion heater. The calculator is mains-powered. Monitoring
was via the pulse interface.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump, excluding the
internal buffer pump and immersion heater.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:
e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-

minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump] — [heat added by buffer pump]
SPFH2 =

Electricity used by: [heat pump] — [buffer pump] — [immersion heater] + [brine pump]

e This calculation required the electrical energy used by the buffer pump and the immersion heater inside
the heat pump to be subtracted from the heat pump electricity meter readings. The buffer pump
electricity was estimated from the rated power of the pump, calculated for intervals that the heat pump
was running. The immersion heater power was determined by digital filtering using the instantaneous
power and power factor readings from the electricity meter?.

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

3 See Appendix H of the Interim Report [3] for details of the calculation methodology.
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e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pump.

[Heat output of heat pump (including immersion heater and buffer pump)]
+ [heat added by SH circ pumps] — [heat loss from buffer tank when outdoor temperature > 15°C]
SPFH4 =

Electricity used by: [heat pump (including immersion heater and buffer pump)]
+ [brine pump] + [heating circulating pumps]

e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pumps.

e The buffer tank is located inside the heated envelope. The heat loss from it was deducted from the total
heat output during times when the outdoor air temperature was above 15 °C (i.e. when there was output
to space heating that was probably not needed).

e The heat output to domestic hot water was calculated by determining for each 1-minute interval whether
the heat pump was providing heat to domestic hot water or to space heating, by analysis of the flow and
return temperatures To3, To4, Tos and Toe.

The number of 1-minute intervals selected as valid for analysis was 524 472, which represents 99.8% of the 12-

month period.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31 December 2015, are
shown in Table 2.

SPFH2 3.89

SPFH4 3.13

Table 2 - SPF values measured for the period 1% January to 31% December 2015

This means that for each unit of electricity used, this system delivers on average 3.13 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. These figures represent the combined space
heating + domestic hot water performance. The daily performance figures were lower during the summer
months. This is because during warmer weather the heat pump ran mainly for heating domestic hot water, which
is a less efficient process — as explained below. The total heat output under these conditions was low, so the
effect on the overall annual performance was quite small.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 30 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Figure 4 shows the estimated® daily SPFH4 values for the system in space heating and in domestic hot water
mode. The performance in domestic hot water mode was lower because of the higher output temperature
required and the (approximately weekly) use of the immersion heater to raise the domestic hot water
temperature for Legionella control.

Site 30 - Estimated daily SPFH4 for SH and DHW modes

* # SH mode

7 +* . B DHW mode

SPFH4

Figure 4 — Estimated daily SPFH4 for SH and DHW modes

Figure 5 shows the estimated SPFH4 data for domestic hot water mode in more detail. The days when the
immersion heater was used for Legionella control are indicated by the red points. The SPFH4 was generally lower

5 The values presented are to illustrate the behaviour of the system and have been estimated as noted above.
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when the immersion heater was used, because the heat from the immersion heater is provided at an output-to-
input ratio of 1:1.

Site 30 - Estimated daily SPFH4 for SH and DHW modes
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Figure 5 — Estimated daily SPFH4 for DHW mode, showing days when the immersion heater was in use

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 6 shows the daily heat output to space heating and to domestic hot water. The electricity used by the total
heat pump system and the outdoor air temperature are shown for reference. The total heat output was highest
during the colder weather in January and February. The higher domestic hot water demand during the cold
weather was probably due to greater use of showers for winter sports activities. The periodic use of the
immersion heater for Legionella control can be seen on the graph.

Figure 6 — Daily heat output and electricity use by the total heat pump system

Breakdown of heat delivered

Table 3 shows the estimated breakdown of the heat delivered to space heating and to domestic hot water during
the period from 1% January to 31°* December 2015.

%

Heat delivered to space heating 79.1%
Heat to domestic hot water (from heat pump) 19.2%
Heat to domestic hot water (from immersion heater) 1.7%

Table 3 — Breakdown of heat delivered to space heating and domestic hot water
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Breakdown of electricity use

Figure 7 shows the weekly breakdown of electricity use. The electricity used by the brine pump, buffer pump and
immersion heater (which are all internal heat pump components) have been estimated by analysis of the detailed
data from the multi-function electricity monitor.

The brine pump accounted for 4.1% of the electricity use of the total heat pump system, which is below average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive
influence on the system performance.

It can be seen that the electricity used by the buffer pump and the heating circulating pumps was approximately
constant throughout the year, and accounted for 20.5% of the total electricity. This was above average compared
to other systems monitored (range 2.9% - 20.5%, median 8.8%) and would have had a negative influence on the
system performance.

During some weeks in the summer, when there was little or no requirement for space heat (as shown in Figure 6)
the space heating circulating pump used over 50% of the total electricity. The overall performance could have
been slightly better if this pump had only been run when needed®.

Site 30 - Weekly electricity use breakdown
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Figure 7 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump, immersion heater and circulating pumps. The heat pump operating cycles are indicated by the
electrical power graph.

The temperatures of the heat pump output and of the brine are shown highlighted for times when the heat pump
was operating.

Figure 8 shows the operating pattern over a 24-hour period on 4" — 5th January 2015 when the outdoor
temperature was between 0 and 8 °C. The most notable feature is the use of the immersion heater just before

6 If the electricity used by the heating circulating pump had been reduced by 50% between May and September, a saving of approximately 300 kWh of
electricity would have been made, and the overall SPFH4 would have improved by 1%.
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midnight to raise the temperature of the output to the domestic hot water cylinder heating coil to 68 °C. This was
done approximately once a week, presumably for reasons of Legionella control. At other times (e.g. at 14:00 on
the graph), when the heat pump vapour compression system was used for heating domestic hot water, the
maximum output temperature was 57 °C.

The temperature of the heat pump output to the buffer tank was between 28 and 36 °C. The temperature of the
output from the buffer tank to the underfloor heating circuits was generally within 1 °C of the heat pump output,
indicating a low loss of temperature through the buffer tank.

Site 30 - Operating pattern (temperatures) 04-05 January 2015
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Figure 8 — Operating pattern on 4" — 5" January 2015

Figure 9 shows the operating pattern during a 24-hour period on 6th — 7th July 2015 when the outdoor
temperature was between 14 and 22 °C. The immersion heater was not used during most of July, and, on this day,
the heat pump was used only to heat the domestic hot water, with the temperature of the output to domestic
hot water rising to 60 °C. The heat pump ran four times for short periods of between 6 and 8 minutes — just within
the minima recommended by previous research [2]. Reference to Figure 5 shows that the daily SPFH4 in domestic
hot water mode did not deteriorate during the summer months.
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Site 30 - Operating pattern (temperatures) 06-07 July 2015
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Figure 9 — Operating pattern on 6% — 7" July 2015

Source and sink temperatures

Figure 10 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump,
plotted over the year’. For clarity, the brine and heat pump output temperatures have been plotted only for
times when the heat pump was running.

The red line shows the temperature of the output to the domestic hot water cylinder — generally below 60 °C, but
rising approximately once a week (except during July) to 68 °C for Legionella control. The output to the underfloor
heating was at a maximum of 38 °C during the coldest day in January when the outdoor air temperature was -7
°C. During warmer weather in May, the flow to the underfloor heating was down to 21 °C.

7 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Figure 10 — Key temperatures measured during the period 1% January — 31% December 2015

Figure 11 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were slightly below average between January and March, and average or above at other times,
compared to other systems monitored in this project. This would have had a positive influence on the system

performance.

The brine temperature generally followed the average outdoor air temperature which appears to have been

higher at the end of the year that at the beginning.
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Figure 11 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 30 is shown in red)

Ground collector effectiveness

Figure 12 shows the mean temperature difference between the ground and the brine flow to the heat pump,
compared to other systems with horizontal ground collectors. The temperature difference on this system was the
median value of all systems, which indicates average collector performance.

Horizontal collector ground-brine temperature difference

-
[

The squares show the mean values.
10 The vertical bars show the range of values (mean + 2a).
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Figure 12 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 30 is shown in red)

Figure 13 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system (plotted in red) were the second
lowest of all installations. This would have had a positive influence on the system performance.
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Figure 13 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 30 is shown in red)

Figure 14 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The temperatures on this system (plotted in red) were low (below the 25 percentile), which
would have had a positive influence on system performance.

Figure 14 — Daily mean heat pump output temperature (to space heating) compared to those of other systems using
underfloor heating monitored in this project (site 30 is shown in red)
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Comments

This system had the best performance (SPFH4 = 3.13) of all systems providing both space heating and domestic
hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median value 2.41).

Aspects of this system that positively influenced its performance are:

e The temperature of the output to the underfloor heating was below average compared to other systems
monitored (second lowest of all systems).

e The brine pump used 4.1% of the electricity used by the total heat pump system, which was below
average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

e The loss of temperature through the 4-pipe buffer tank was low — generally less than 1°C.
Aspects of the system that may have negatively influenced its performance include:

e The heating circulating pumps appeared to be run more than necessary, especially during the summer
months.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 33 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 33 is a small healthcare practice in a rural location. A ground-source heat pump provides heat to underfloor
heating and to domestic hot water from a desuperheater. The heat source is horizontal ground loops installed in a
field adjacent to the building.
Aspects of this system that positively influenced its performance are:

e The source temperature was above average compared to other systems.

e The temperature of the output to the space heating system was the lowest of all systems monitored.

e The use of a desuperheater to provide domestic hot water allows the heat pump to operate with low
temperatures for the main output to space heating.

e No auxiliary heat was used.
Aspects of the system that may have negatively influenced its performance include:

e The heating circulating pump was run continuously throughout the year, using an estimated 19% of the
total electricity. It is not known whether this is required for correct operation of the heat pump, but if the
circulating pump could be switched off at times when there is no demand for space heating, a worthwhile
improvement in system performance could be realised.

1The heat meter installed on this system measures only the output to space heating. A significant proportion of the output is provided to domestic hot
water. As this cannot be reliably estimated, it is not possible to present performance values for this system.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

Desuperheater A heat exchanger that removes heat from superheated gas discharged from a compressor.
This provides a small amount of heat at a temperature which is higher than that of the main
condensation process.

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
step. |

Survey date 13/03/2014
Monitoring installed 09/07/2014
G/WSHP GSHP

Building type Healthcare practice
Location Rural

Heat pump capacity kWtH 10

Number of heat pumps 1

Number of compressors 1

Heat source

Horizontal ground loops: 500m

Heat emitters

Underfloor heating pipes

DHW

Yes — provided by desuperheater

Auxiliary heat

6 kW immersion heater in heat pump

Source pump

Internal to heat pump: 100 W

SH circulating pump

Internal to heat pump : 100 W

Buffer tank Internal to heat pump: 420 litres

DHW cylinder None (DHW is provided via a coil inside the buffer tank)
Control Heat pump controller + room thermostats

Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 1

Heat meter interface

Pulse (1 kWh/pulse)

Comments

The DHW output is not metered

Table 1 — System details

The site is a small healthcare practice. The building is in a rural location and was built in 2012. The ground-source
heat pump was installed as original equipment.

This application entails extracting heat from the ground to provide space heating and domestic hot water to a
modern well-insulated building in a location with an average outdoor temperature —annual mean 10.5 °C (the
range for all systems monitored was 8.1 — 12.5 °C, median 10.3°C). The performance of the system would be
expected to be good.

Heat pump and monitoring systems

The ground-source heat pump (thermal capacity 10 kW) provides space heating (SH) and domestic hot water
(DHW).

The heat source is 500 metres of horizontal pipe buried at a depth of approximately 1.2 metres, in a field adjacent
to the building.
The heat emitter is underfloor heating pipes.

The heat pump has an internal buffer tank that is arranged as two interconnected compartments, one above the
other. This provides stratification of the hot water produced by the heat pump, with the upper compartment
being heated to a higher temperature than the lower one by using the heat available from the desuperheater, as
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described below. Domestic hot water is provided via a heat exchanger coil inside the buffer tank. Cold mains
water drawn through this coil is heated at the time of use.

A 6 kW immersion heater in the internal buffer tank can provide auxiliary heat if required. This heater was not
used during the monitoring period.

Desuperheater for domestic hot water

The heat pump provides DHW by means of a desuperheater. This is a small heat exchanger in the heat pump
which removes heat from the superheated vapour discharged by the compressor before it passes to the
condenser. This technique allows a small amount of heat to be delivered at a high temperature while the main
condensation process (where most of the heat is delivered) can operate at the lower temperature needed for
space heating, thereby helping to improve overall performance.

It was not possible to meter the heat delivered to DHW. Reference to the thermodynamic properties of the
refrigerant used in the heat pump (R407C) indicates that a maximum of approximately 8% of the total heat
output could be delivered through the desuperheater. If no DHW were ever used, this superheat would be
included in the output to space heating. However, it is also possible that more than 8%? of the total heat output
of the heat pump was used for DHW, especially as the site is a healthcare practice where relatively large amounts
of hot water would be needed for cleaning and hand washing.

System schematic

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) were monitored at key points in the system using
surface-mounted probes®. The outdoor air and ground temperatures were also monitored.

2 Heat to DHW is not necessarily all provided by the superheat.

3 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Site 33
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Figure 1 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the space heating circuit.
It uses an ultrasonic flow meter installed in the return pipe, with matched temperature sensors installed in
pockets in the flow and return pipes. The calculator is battery-powered. Monitoring was via the pulse interface.

Estimate of heat delivered to DHW

The heat meter does not measure the heat provided to DHW. An approximate estimate can be made from the
hot-water draw-offs determined from the temperature data — by inspecting the value and rate of change of Tos,
as illustrated in Figure 2.

Site 33 - DHW draw-off sample
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Figure 2 — Sample of DHW draw-off detection using the Tos temperature data
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The temperature readings were recorded every 2 minutes, which is probably longer than many draw-offs, so this
technique is unlikely to be very accurate. It does however provide an indication that the heat provided to DHW is
at least 20% of the total heat output and possibly considerably more.

The uncertainty of this estimate is too high to allow the overall SPF values to be calculated with acceptable
accuracy.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump including the internal brine pump but excluding the
internal heating circulating pump and the immersion heater.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL* procedures
tailored to suit this heat pump system.

Indicative SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

4 Structured Query Language: a programming language used for managing data held in a relational database management system.
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[Heat measured by heat meter] + [heat loss from buffer tank] + [heat output to DHW]
— [heat added by heating circ pump] — [heat added by immersion heater]
SPFH2 =

Electricity used by: [heat pump incl. brine pump] — [buffer pump] — [immersion heater]

e This calculation required the electrical energy used by the heating circulating pump and the immersion
heater inside the heat pump to be subtracted from the heat pump electricity meter readings. The
circulating pump electricity was estimated from the rated power of the pump, calculated for intervals that
the heat pump was running. The immersion heater power was determined by digital filtering using the
instantaneous power and power factor readings from the electricity meter.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured temperatures of the outputs to SH and to DHW at each calculation interval to determine the
temperature in the tank and an assumed temperature inside the heat pump casing of 20 °C.

e The heat added by the heating circulating pump was estimated as 30% (the assumed pump efficiency”) of
the electrical energy supplied to the pump.

[Heat output of heat pump to SH & DHW]
SPFH4 =

Electricity used by: [heat pump including internal pumps and immersion heater]

The number of 1-minute intervals selected as valid for analysis was 524 353, which represents 99.8% of the 12-
month period.

SPF results presented as relative values

Because of the heat metering issues noted above, the performance factors SPFH2 and SPFH4 are therefore
presented in this case study as “relative” values, whereby each value is shown as an amount above or below a
nominal performance.

Figure 3 shows the daily SPFH2 and SPFH4 behaviour® of the system. The lower values during the summer months
are due to the heat pump providing mainly domestic hot water (which is not metered), or very small amounts of
space heating. The run times during this period were short, but the heating circulating pump was always running,
and the overall system efficiency was low. However, as the total heat delivered during the summer was low, the

effect of these low SPF values on the overall annual performance is quite small.

5 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

6 The actual values are not shown. The relative values are plotted to give an indication of the behaviour
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Site 33 - Daily SPFs (relative values)
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

10
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It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature
The amount of heat required to heat the building depends on various factors, particularly the outdoor

temperature.

Figure 4 shows the heat output from the heat pump. The heat to space heating was measured by the heat meter;
the heat to domestic hot water was estimated as described above. Note that the kWh values have been removed
from the graph because of the uncertainty of measurement of the heat provided to DHW.

The electricity used by the total heat pump system and the outdoor air temperature are shown for reference. The
heat output during the summer months was low, but not zero even on the warmest days.

Figure 4 — Daily heat delivered and electricity use by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The data for the brine pump and the space heating
circulation pump have been estimated from the pump ratings. The space heating circulation pump ran
continuously all year, whereas the brine pump ran only while the heat pump compressor was running.

The brine pump accounted for 2.3% of the total electricity which is below average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on the system
performance.
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The heating circulating pump used 18.6% of total electricity, which is well above average compared to other
systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a negative influence on the system
performance.

Site 33 - Weekly electricity use breakdown

m Heat pump compressor
200 79.1%

T e e e L L bl b ) ) i

T T . -« S« ST, S S S R &
AP Y A Y T T o O 07 e P WP o
- M G AL A e I A

Heating crcpump
[estimate) 18.6%

m Brine pump [estimate)
2.3%

1

Ln
=

ki h
3

1

n
=]

T S N T & A
FE o E P bvﬁ* W g
L @ P F PP

Week (2015)

Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated the heat pump supply power
graph.

Figure 6 shows the operating pattern during a cold day on 20" January 2015.

The outdoor air temperature was between -5 and +5 °C, the ground temperature (at a depth of 1 metre, remote
from the ground loops) was 6 °C and the brine flow to the heat pump (while it was running) was 5.5 °C.

The output to space heating was between 31 and 32 °C, and the output to domestic hot water (while hot water
was being drawn off) was at a maximum of 51 °C.

The heat pump cycled approximately twice every hour, and ran for 12 - 14 minutes each time. This was well
within the limits for short cycling recommended from previous research [2].
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Site 33 - Typical operating pattern (temperatures) January 2015
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Figure 6 — Operating pattern on 20" January 2015

Figure 7 shows the operating pattern for a warm day on 20 July 2015, when the outdoor air temperature was
between 7 and 28 °C. The ground temperature was 15.5 °C, and the brine flow to the heat pump while it was

running was between 15.5 and 15.8 °C. The output to domestic hot water was up to 54 °C.

The heat pump ran once only during the day, for 21 minutes — apparently to replenish the temperature in the
domestic hot water tank in the heat pump. There was also some heat output to space heating: the heat meter
recorded 4 kWh during the day (four 1 kWh pulses were recorded several hours apart). The temperature of the
flow to the underfloor heating pipes was fairly steady all day at around 25 °C.

The heating circulating pump was running continuously. This would have caused any heat rejected to the internal
buffer tank to be circulated to the underfloor heating pipes. The pump would also have added a small amount of
heat: it is a nominal 100 W pump, so allowing for 30% of this power being added as heat to the water, it would

have added around 0.7 kWh.
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Site 33 - Typical operating pattern (temperatures) July 2015
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Figure 7 — Operating pattern on 20" July 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year’. For clarity, the brine and heat pump output temperatures have been plotted only for times when
the heat pump was running.

The temperature of the output to the underfloor heating reached a maximum of 32 °C during the coldest weather
in January, February and November. The effect of the weather compensation function can be seen, with reduced
output temperatures during warmer weather.

The domestic hot water output temperature was rarely above 50 °C, but it is noticeable that the domestic hot
water temperature did not affect the temperature of the space heating output. This is presumably a consequence
of the higher temperature needed for domestic hot water being provided by the desuperheater. This should have
a positive influence on the system performance.

The temperature of the brine flow to the heat pump was never more than 1.5 °C below the ground temperature®.
This suggests good ground collector design.

7 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.

8 The ground temperature was measured 1 metre below the surface at a location remote from the collector loops.
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Site 33 - Key temperatures
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) are above average, which would have had a positive influence on the system performance.

Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 33 is shown in red)
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Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,
compared to other systems with horizontal ground collectors. The low temperature difference on this system
indicates good collector performance.

Horizontal collector ground-brine temperature difference

12

The squares show the mean values.
10 | Thevertical bars show the range of values (mean * 2a).
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 33 is shown in red)

Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures were the lowest of all installations. This would
have had a positive influence on the system performance.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 33 is shown in red)
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Figure 12 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were the lowest of all systems
monitored. This would have had a positive influence on system performance.

Figure 12 — Daily mean heat pump output temperature (to space heating) compared to those of other systems that use
underfloor heating monitored in this project (site 33 is shown in red)

Comments

The performance of this system could not be determined with reliable accuracy because the heat output to
domestic hot water was not metered.

Aspects of this system that positively influenced its performance are:
e The source temperature was above average compared to other systems.
e The temperature of the output to the space heating system was the lowest of all systems monitored.

e The use of a desuperheater to provide domestic hot water allows the heat pump to operate with low
temperatures for the main output to space heating.

e No auxiliary heat was used.
Aspects of the system that may have negatively influenced its performance include:

e The heating circulating pump was run continuously throughout the year, using an estimated 19% of the
total electricity. It is not known whether this is required for correct operation of the heat pump, but if the
circulating pump could be switched off at times when there is no demand for space heating, a worthwhile
improvement in system performance could be realised.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 34 and performance results from
12 consecutive months of monitoring data.

Site 34 is a healthcare clinic.

A ground-source reversible heat pump (heating capacity 64 kWTH) extracts heat from boreholes in open ground
adjacent to the building and provides heat to an underfloor heating system throughout the 4-storey building. The
heat pump is also used for cooling in warm weather.

The seasonal heating performance factors measured over a year of operation
(2% January to 31% December 2015) were:

[ Total heat delivered by the heat pump ]

SPFH2 2.45
[ Electricity used by the heat pump + brine pump ]

[ Total heat delivered by the heat pump ]
SPFH4 2.23

[ Electricity used by heat pump + brine pump + buffer pump + heating circulation pumps ]

SPFH4 of systems that provide space heating only
(12 months)

45

=]

2

5

1.0 .
0 527 7 553 534

514 510 507 513

5

SPFH4
g

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influence its performance are:

e The brine temperature from the boreholes was always above 2 °C, and above average throughout the
year, compared to other systems monitored in this project.

e Weather compensation was used from March onwards to reduce the output temperature when the
outdoor temperature was higher.

Aspects of the system that may have negatively influenced its performance include:

e The brine pump used 16.6% of the total electricity used by the heat pump system, which was high
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).
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The buffer pump and heating circulating pumps used 9.5% of the total electricity, which was above
average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).

Weather compensation was not used before March, resulting in the heat pump output temperature being
higher than necessary.

Heating and cooling modes were both used during some days in the summer. This should be unnecessary
and may have been due to incorrect control settings.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Survey date 14/03/2014
Monitoring installed 14/07/2014
G/WSHP GSHP

Building type Healthcare clinic
Location Urban

Heat pump capacity kWtH 64

Number of heat pumps 1

Number of compressors 2

Heat source

Vertical boreholes

Heat emitters

Underfloor heating pipes

DHW

No

Auxiliary heat

Gas-fired boilers

Source pump

External to heat pump: 1 pump of 3 kW

Buffer pump

External to heat pump: 1 pump of 610 W max

SH circulating pumps

1 pumpset: 2 pumps of 900 W max (duty/standby, variable speed)
1 pumpset: 2 pumps of 450 W max (duty/standby, variable speed)

Buffer tank 1500 litre 2-pipe in flow
DHW cylinder N/A

Control BMS + heat pump controller
Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 1

Heat meter interface

Pulse (10 kWh/pulse)

Comments

The heat pump is reversible and is used to provide cooling during warm
weather. In cooling mode, heat is rejected to the boreholes.

Table 1 — System details

Site 34 is healthcare clinic in a 4-storey building, constructed in 2011. It was designed to be heated and cooled by
a heat pump, using underfloor pipes throughout the building.

This application entails extracting heat from the ground to provide space heating and alternately rejecting heat to
the same ground to provide cooling in a modern well-insulated building, located in an area with above-average
outdoor temperatures —annual mean 11.7 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). The
heating-mode seasonal performance of the system would be expected to be good.

Heat pump and monitoring systems

A dual-compressor reversible heat pump (thermal heating capacity 64 kW) is installed in a ground floor plant
room, to provide both space heating (SH) and cooling during warm weather.

In heating mode, heat is extracted via a brine loop from vertical boreholes® in open ground adjacent to the
building.

1 The number and depth of the boreholes is unknown.
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Domestic hot water (DHW) is provided by the gas-fired boilers installed in an upper-floor plant room. Hot water
from these boilers can be fed to the underfloor heating circuits if required, to boost the output from the heat

pump.
A 1500-litre 2-pipe buffer tank is installed in the flow from the heat pump to the underfloor heating.

Cooling mode
The heat pump is used in cooling mode during warm weather, with heat being rejected to the boreholes.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The outdoor air and ground temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

2The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.

7



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 34

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses an
ultrasonic flow meter installed in the return pipe, with matched temperature sensors installed in pockets in the
flow and return pipes. The calculator is battery-powered. Monitoring was via the pulse output.

The heat meter only records heat generated in heating mode.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL® procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by heat meter] — [heat added by buffer pump]

SPFH2 =
Electricity used by: [heat pump] + [brine pump]

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pump.

[Heat measured by heat meter] — [heat loss from buffer tank]
+ [heat added by SH circulating pumps]
SPFH4 =

Electricity used by: [heat pump] + [brine pump] + [buffer pump]
+ [SH circulating pumps]

e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 491 245, which represents 93.5% of the 12-
month period. Some of the intervals excluded were for times when the heat pump was operating in cooling
mode.

The mean SPFH2 and SPFHa values for this system, measured between 1% January and 31°t December 2015, are
shown in Table 2.

SPFH2 2.45

SPFH4 2.23

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 2.23 units of heat —whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system in heating mode. Data for all intervals when the
system was in cooling mode have been excluded. The higher SPF values after September were due to lower heat
pump output temperatures. This appears to have been due to a combination of weather compensation and
altered control settings.

4A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 34

Site 34 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collectors, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity use by the total heat pump system
(excluding cooling mode operation) and the outdoor air temperature are shown for reference. There was very
little heat output during the summer months, when the system was operated mainly in cooling mode.

There was no addition of auxiliary heat from the gas boilers at any time during the period monitored.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system
(excluding cooling mode operation)

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. Data for cooling mode operation has been excluded.

The brine pump used 16.6% of the total electricity, which is above average compared to other systems monitored
(range 2.3% - 29.8%, median 7.6%). This would have had a negative influence on the system performance.

The buffer pump and heating circulating pumps used 9.5% of the electricity, which is above average compared to
other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a negative influence on the
system performance.
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Site 34 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated the heat pump supply power
graph.

Figure 6 shows the operating pattern during a cold day on 23" January 2015, when the outdoor temperature was
between -2 and +8 °C.

Both heat pump compressors were in use until 10:30, by which time the outdoor temperature had risen to 4 °C
and the space heating load had reduced sufficiently so that one compressor was sufficient for the rest of the day.

The brine pump and the buffer pump both ran continuously all day. The space heating circulating pump ran from
04:00 to 19:15.

The temperature of the brine flow to the heat pump was fairly constant throughout the day, between 3 and 7 °C
while the heat pump was running. The ground temperature (measured 1 metre below the surface, remote from
the boreholes) was 5 °C.

The temperature of the output from the heat pump output was between 38 and 52 °C, and there was no
measurable loss of temperature through the 2-pipe buffer tank.
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Site 34 - Operating pattern (temperatures 1) 23 January 2015
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Figure 6 — Operating pattern on 23" January 2015

Figure 7 shows the operating pattern on 3™ June 2015, when the outdoor temperature was between 12 and 17
°C. The heat pump was reversed into cooling mode between 08:00 and 16:00, as can be seen from the heat pump
output temperatures. The heat pump was then off until the end of the day. It is not known why both heating and
cooling were used on the same day. This may have been due to an incorrect control strategy or setting.

The brine flow temperature during heating mode was between 9 and 10 °C. In cooling mode, when the system
was rejecting heat to the ground, the brine temperature rose to 15 °C. However, when the heat pump reverted to
heating mode at 16:30, the brine temperature quickly dropped back to 10.5 °C. The ground temperature was 12.7
°C.

The spikes in the heat pump power graph at 08:30 and 16:50 were probably due the changeover from heating to
cooling and back to heating causing large, rapid changes in fluid temperatures in the heat pump.
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Site 34 - Operating pattern (temperatures 1) 03 June 2015
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Figure 7 — Operating pattern on 3" June 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. For clarity, the brine and heat pump output temperatures have been plotted only for times when
the heat pump was running.

The reversal of the heat pump to cooling mode can be seen during warm weather in April and the summer
months. The operation of the weather compensation function can also be clearly seen, with the temperature of
the output to space heating reducing as the outdoor temperature rises.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Site 34 - Key temperatures 1
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. Days when the system was operating in cooling mode
have been excluded. The temperatures realised on this system (plotted in red) are well above average. This would
have had a positive influence of the performance.

Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 34 is shown in red)
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Figure 10 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperature range on this system was average during January and
February, but reduced after then when weather compensation was used (see the discussion below). The gap in
the temperature data between June and September corresponds to the cooling mode operation.

Figure 10 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 34 is shown in red)

Figure 11 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were above average until mid-April,
with a negative influence on system performance. Thereafter, the output temperatures were below average, with
a positive influence on system performance. The explanation for this behaviour is discussed below.

Figure 11 — Daily mean heat pump output temperature compared to those of other systems that use underfloor heating
monitored in this project (site 34 is shown in red)
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Weather compensation behaviour

Figure 12 shows the weather compensation behaviour during the year. During January and February, the daily
mean heat pump output temperature was constant. From March onwards, weather compensation appears to
have been used with the output temperature reducing as the outdoor temperature increased. This explains the
improved SPFH4 after March (see Figure 3).

Figure 12 — Weather compensation behaviour

Comments

The performance of this system (SPFH4 = 2.23) was just average when compared with other systems providing
space heating only that were monitored in the project (SPFH4 range: 1.42 to 4.10, median value 2.23).

Given the favourable operating conditions (high source temperatures, potentially low sink temperatures), the
performance of this system seems low. This is partly explained by weather compensation not having been used
during January and February, but the main reason is probably the high electricity use of the brine pump.

Aspects of this system that positively influenced its performance are:

The brine temperature from the boreholes was always above 2 °C, and above average throughout the
year, compared to other systems monitored in this project (at or above the 75" percentile of the range of
values for all systems monitored).

There was no measurable temperature loss through the 2-pipe buffer tank.

Weather compensation was used from March onwards to reduce the output temperature when the
outdoor temperature was higher.

Aspects of the system that may have negatively influenced its performance include:

The brine pump used 16.6% of the total electricity used by the heat pump system, which was high
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

The full brine flow rate should only be needed when both heat pump compressors are running, which
only happened for 7% of the total heat pump run time in 2015. So, for 93% of the time, a lower brine flow
rate would be adequate and reduced pump speed should reduce the overall electricity use of the brine
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pump® by around 60% — yielding an annual energy saving of around 3220 kWh and a potential cost saving
of £470 per annum’. The overall SPFHa would be increased by approximately 7%.

e The buffer pump and heating circulating pumps used 9.5% of the electricity, which was above average
compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).

e The heat pump output temperature during the first part of the year may have been higher than necessary
(as discussed above in the section on weather compensation behaviour). It may have been possible to
reduce the output temperature by several degrees, by adjusting the controls. This would have yielded an
improvement in performance.

e Heating and cooling modes were both used during some days in the summer. This should be unnecessary
and may have been due to incorrect control settings.

The extent to which the brine temperature is boosted when in heating mode as a result of heat being rejected to
the boreholes during cooling mode is unknown. The temperature of the brine flow to the heat pump seems to
follow the outdoor air temperature quite closely, so it could be deduced that the effects of any seasonal heat
storage in the ground are, on this system, quite small. It is considered, therefore, that the annual system
performance values (in heating mode) presented above are unlikely to be significantly higher than if the system
were not used for cooling in warm weather.

Bibliography
[1] “Directive 2009/28/EC of the European Parliament and of the Council,” Official Journal of the European Union,
20009.

[2] EA Technology, “The effects of cycling on heat pump performance,” DECC, 2012.

[3] D. Hughes, “Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source and Water-Source Heat
Pumps: Interim Report. URN 16D/013,” DECC, 2016.

[4] “Air conditioners, liquid chilling packages and heat pumps with electrically driven compressors for space
heating and cooling — Part 3: Test methods.,” EN 14511-3.

[5] “Quarterly Energy Statistics (https://www.gov.uk/government/collections/quarterly-energy-prices),” DECC.

[6] Carbon Trust, “Variable speed drives (ctg070),” Carbon Trust, 2011.

6 See the Carbon Trust report “Estimating savings from VSDs” [6].

7 Assuming an electricity unit cost of 14.7 p/kWh [5].

18



Monitoring of Non-Domestic
Renewable Heat Incentive
Ground-Source and Water-Source
Heat Pumps

Case Study — Site 35

Prepared by GRAHAM Energy Management
for BEIS (Department for Business, Energy & Industrial Strategy)
January 2018

Author
Eur Ing Dr David Hughes
for GRAHAM Energy Management

GRAHAM Asset Management Ltd

20 Wildflower Way

Belfast

BT12 6TA
www.grahamassetmanagement.co.uk

This report is the copyright of GRAHAM Asset Management Limited, prepared under contract to BEIS. The
contents of this report may not be reproduced in whole or in part, without acknowledgement. BEIS and GRAHAM
Asset Management Limited accept no liability whatsoever to any third party for any loss or damage arising from
any interpretation or use of the information contained in this report, or reliance on any views expressed herein.

Copyright © GRAHAM Asset Management Limited 2018

Dr David Hughes asserts his moral right under the Copyright, Designs and Patents Act 1988 to be identified as the
author of this work.

This case study has not considered the detailed design of the heat source or ground loop, sizing of the buffer vessel nor sizing
(or nature) of the heat emitters. All of these factors are known to be critical to the overall performance of a heat pump. The
data presented in this document should therefore not be taken as necessarily representing the performance of other
installations using the conceptual designs described. No information has been presented on the suitability of the systems as
to their intended purpose. Caution should be taken when extrapolating the data presented in this report to other
applications.

Any enquiries regarding this publication should be sent to siceteateam@beis.gov.uk.



http://www.grahamassetmanagement.co.uk/
mailto:siceteateam@beis.gov.uk

Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 35

Contents

EXECULIVE SUMIMAIY ittt ettt e ettt e e e e s e et bttt e e e e e s easaat b e et e eeeessaasabeeaeeeeessanassbeaeeeeeessannssbaaaeeessssannssanes 3
(€] (o1 oV PSPPI 5
A L= 0 1o [ - 11 SRS 6
Heat pump and MONITOMING SYSTEMS ...viiiiiiiiiee ittt rree e et e e e s st e e e s sabeeeessabeaesesabeeesesbeeesessseeeesnnsens 6
[ L2F L0 0[] (=T oY= PP P PP UPPPPPUPPTTNt 7
P OIMANCE FESUILS ....eeitee ettt ettt ettt e st e s bt e e s bt e e be e e sab e e s bt e e sabeesabeeeseeesabeeessseesaseesneeesabeeeseens 8
D L T T o= | Y] LSRR 8
Factors that iNflUENCE PEITOIMANCE........coi e e et e e e et e e e e ebt e e e e ebteeeesnteeeesnranaesans 10
=T 00T oL AU T L U 10
F AN Vol | =T A =To LU T o1y o T=T o | PR 10
@Yol | o= PP 11
Variation of heat demand with oUtdoOr TEMPEratUIE .........ccieciiii it e e e e e e e eaaeee s 11
Breakdown Of heat deliVEred ...ttt et e b s s e 11
ST EeE ] o Lo ) g o] =1 (=T ot d a Tol 1 YA U Y PP 11
[MIMEISION NEATEI USE... ittt ettt ettt e bt e s bt e s at e s at e st e e bt e bt e bt e s beesaeeeateeateebeesbeesneesanenane 12
L@ 1=T = AT ¥~ o Y- | =] o o 13
SOUICE ANd SINK TEMPEIATUIES ...eeiiiiieeeeciiieeeetteeeeectte e eetae e e e etteeeeebteeeesbteeeeebesaasassasaeassssaeassasassnssesassnssanasanns 15
L0070 0] 0 41T ) &3O 18
271 o] [ Lo} =4 =T o1 o 1V USRI 19



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 35

Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 35 and performance results from
12 consecutive months of monitoring data.

Site 35 is a terrace of three houses built in 2013. A pair of heat pumps (total thermal capacity 20 kW) installed in
an outdoor plant room extract heat from vertical boreholes in the garden area and provide space heating and
domestic hot water via underground pipes. Underfloor heating is installed in the ground floor rooms and
oversized radiators are used on the upper floors. The domestic hot water cylinder in each house is heated by hot
water from the heat pumps, boosted when required using an immersion heater.

The seasonal heating performance factors measured over a year of operation (1% January to 31° December 2015)
were:

[Heat delivered by the heat pumps]

SPFH2 2.38
Electricity used by: [heat pumps] + [brine pump]

Heat from: [heat pumps] + [buffer & SH circ pumps] + [immersion heaters]

SPFHa - [heat loss from buffer tank & undergound pipes] 1.54

Electricity used by: [heat pumps] + [brine pump] + [buffer & SH circ pumps] + [immersion heaters]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

3.0

25

2.0

15 I

1.0 I
530 505 557 551 560 528 562 335

539 529

SPFHA

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of the system that negatively influenced its performance include:

e The heat losses from the heat distribution system between the heat pumps and the houses (mainly the
buffer tank and the underground pipes) amounted to 25% of the total heat generated by the heat pumps.
Most of this was lost from the underground pre-insulated pipes — an estimated 22.6% of the total heat
output from the heat pumps.



The temperature of the heat pump output was at the same high level throughout the year, because of the
need to provide heat for domestic hot water. This precluded the use of weather compensation which
could have improved overall performance.

The electricity used by the brine and heating circulating pumps was high compared to other systems
monitored. This was partly due to the brine pump and both buffer pumps running at times when neither
heat pump was running — which also caused unnecessary electricity use and heat loss.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
e

Survey date 12/03/2014
Monitoring installed 15/07/2014
G/WSHP GSHP

Building type 3 dwelling houses
Location Rural

Heat pump capacity kWtH 20

Number of heat pumps 2

Number of compressors 2

Heat source

Vertical boreholes: 5x 90— 140 m

Heat emitters

Underfloor heating + oversized radiators

DHW

Yes

Auxiliary heat

Immersion heaters in DHW cylinders

Source pump

External to heat pumps: 390 W max

Buffer pumps

External to heat pumps: 2 pumps of 93 W max

SH circulating pumps

2 pumps in each house: 1 of 100 W used to draw hot water from the buffer
tank; 1 of 50 W used to circulate the underfloor heating

Buffer tank 400 litre 4-pipe

DHW cylinders 3

Control Room thermostats + heat pump controller + programmer
Weather compensation No

Heat meter type Ultrasonic

No. of heat meters 4

Heat meter interface Pulse (1 kWh/pulse)

Comments

Table 1 - System details

This site comprises a terrace of three dwelling houses, built in 2012.

The application entails extracting heat from the ground to provide space heating and domestic hot water to
modern, well-insulated houses in a location with the highest average outdoor temperatures of all sites monitored
—annual mean 12.5 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). A common heat delivery circuit
reduces the opportunity for the heat pumps to operate with low output temperature. The underground pre-
insulated pipes could be expected to lose a significant proportion of the heat from the heat pumps. The
performance of the system would be expected to be less than average.

Heat pump and monitoring systems

Two heat pumps (installed at the time of construction, total thermal capacity 20 kW) are installed in a small
outdoor plant room located approximately 10 m from the houses, and provide hot water to the houses for space
heating (SH) and for domestic hot water (DHW) via a total of approximately 26 metres of underground insulated
pipes. The heat emitters are underfloor pipes on the ground floor and oversized radiators on the upper floors.

The heat source comprises 5 boreholes (90 — 140 m deep) in the garden/parking area in front of the houses.
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A 400-litre 4-pipe buffer tank is installed in the plant room. Hot water from the buffer tank is drawn off as
required by the circulating pumps in the houses. Each house has two circulating pumps — one for space heating
and one for domestic hot water. Each house also has an immersion heater in the domestic hot water cylinder,
used as required by the occupants.

The system was originally designed to supply heat to a fourth house that has been built on an adjacent site.
However, that house was built with a separate heating system, so the heat pump installation is probably now
somewhat oversized.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The outdoor air temperature is also monitored.

It was not possible to install monitoring equipment in house 1. The energy use by the circulating pumps and
immersion heater in this house has been estimated as the mean of the other two houses. It was also only possible
to install monitoring on one of the house heat meters.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

One of the heat meters previously installed to meet RHI metering requirements was used to measure the heat
output of the heat pump. This heat meter is installed between the heat pump and the buffer tank. It uses an

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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ultrasonic flow meter installed in the return pipe, with matched temperature sensors installed in pockets in the
flow and return pipes. The calculator is battery-powered. Monitoring was via the pulse interface.

Three other heat meters are installed on this system: one at the supply to each house. These are used to account
for the heat losses from the underground pipes and the buffer tank.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of mean heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters and
excluding the heat losses from the buffer tank and the underground pipes.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counters connected to
the heat meters were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by heat meter Ho1] — [heat added by buffer pumps]

SPFH2 =
Electricity used by: [heat pumps] + [brine pump]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

8
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[Heat output from heat pumps] — [heat loss from buffer tank & underground pipes]
+ [heat added by circ pumps in houses] + [heat added by immersion heaters]
SPFH4 =

Electricity used by: [heat pumps] + [brine pump] + [buffer & SH circ pumps] + [immersion heaters]

e The heat added by the circulating pumps was estimated as 30% (the assumed pump efficiency?®) of the
electrical energy supplied to the pumps.

e The heat loss from the buffer tank and the underground pipes were determined from the readings from
all four heat meters®.

The number of 1-minute intervals selected as valid for analysis was 525 563, which represents 99.99% of the 12-
month period.

The SPFH2 and SPFHa values for this system, measured between 1t January and 315 December 2015, are shown in
Table 2.

SPFH2 2.38

SPFH4 1.54

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 1.54 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. Note that the energy used by the pumps and
immersion heaters in one house has been estimated as being the mean of the energy used by the similar
equipment in the other two houses.

There was a very big difference between the SPFH2 and SPFH4 values. This is mainly attributable to the large heat
loss from the underground pipes and the buffer tank — measured at 25% of the heat pump output.

The SPFH2 values were lower during warmer weather in the summer months. This can be explained by the
reduced load factor and shorter heat pump run times during warm weather, when the heat pumps were used
mainly to provide domestic hot water.

The SPFH4 values during the summer were extremely low — below 1.0 which is unusual, but is explained by the
heat loss from the underground pipes and buffer tank being greater than the heat demand from the houses.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

4 The readings for all heat meters were kindly supplied by the proprietor.
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump water from the source, and to circulate the hot water from the heat pump via the
buffer tank to the heat emitters in the building. These pumps use electricity, which can be a significant part of the
total electricity used by the system.

Some heat pump systems incorporate electricimmersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.
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It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.
Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output® from the heat pump system. The electricity used by the total heat pump
system and the outdoor air temperature are shown for reference. There was demand for heat all year, although
this was for domestic hot water only during the period 18" — 30" June when the heat pumps were not used.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

It was not possible to determine the breakdown of heat delivered to space heating and to domestic hot water on
this system.

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The energy used by the brine and heat circulating pumps
is quite high in comparison to other systems monitored in this project.

5 This is the “useful” heat output —i.e. after the heat losses from the buffer tank and underground pipes has been deducted.
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The brine pump accounted for 11.6% of the electricity used by the total heat pump system. This was above
average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%) and would have had a negative
influence on the system performance.

The buffer pumps and the space heating circulating pumps together accounted for an estimated 13.7% of the
total which was also above average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).
This would have had a negative influence on the system performance.

The estimated electricity used by immersion heaters was 5.5% of the total®.

Between 18" and 30™ June the brine pump and the buffer pumps were running continuously (although the heat
pumps were not running) — presumably because of incorrect control settings. The immersion heater use was also
higher than usual during the same period.

Site 35 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Immersion heater use

It is difficult to estimate the immersion heater use because the heater in house 2 was used for an hour every day
at the same time (04:00) until 7" November, but not at all thereafter. The reason for the sudden cessation of use
is not known.

The immersion heater in house 3 was not used at any time during the year, and there is no monitoring equipment
in house 1.

The data shown in Figure 5 is based on the assumption that the use in house 1 is the mean of the other two
houses.

6 This was measured in two of the houses and estimated for the third house. If only the measured use is taken into account, this was 3.6% of the total
electricity.
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Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 20" January when the outdoor temperature was between -3 and +12 °C.
Heat pump 1 was in use, as shown by the graph of the heat pump supply power. Heat pump 2 was not used.

The temperature of the output from the heat pump to the buffer tank was between 42 and 57 °C. The output
from the buffer tank to the houses was between 37 and 51 °C. The loss of temperature through the 4-pipe buffer
tank was high — between 5 and 6 °C.

It appears that the heat demand from the houses was at a maximum between 06:00 and 10:30. During this time
the heat pump was running continuously, with the output temperature falling steadily to 42 °C at 08:16. The
temperature of the output to the houses dropped to 37 °C. Thereafter, the temperatures increased steadily until
the heat pump stopped at 10:34.

The immersion heater in house 2 was on between 04:00 and 05:00, using 1.44 kWh’.

The bottom section of Figure 6 shows the operation of the circulating pumps as a stacked graph: the brine pump
(common to both heat pumps), the two buffer pumps and the circulating pumps in houses 2 and 3. It can be seen
that the brine pump and buffer pump 2 (which is connected to heat pump 2) were running at times when the
heat pump was not running. The reason for this is not known. The effect of running buffer pump 2 would
probably have been to circulate heat from the buffer tank into the pipework and condenser of heat pump 2,
thereby introducing an unintended heat loss.

7 The immersion heater is rated at 3 kW. It was switched on and off several times by the thermostat.
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Figure 6 — Operating pattern on 20*" January 2015

Figure 7 shows the pattern on 20" July when the outdoor temperature was between 11 and 26 °C. This time, heat
pump 2 was in use. The output from the heat pump was up to 56 °C, and the output to the houses was between
45 and 52 °C. The temperature loss through the buffer tank was between 5 and 6 °C.

As in January, the brine pump and both buffer pumps were run at times when the heat pump was not running.

The immersion heater in house 2 was in use between 03:00 and 04:00, using 1.29 kWh.
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Site 35 - Typical operating pattern (temperatures) July 2015
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Figure 7 — Operating pattern on 20" July 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. For clarity, the brine and heat pump output temperatures have been plotted only for times when
the heat pump was running. The buffer tank output and return temperature data for January are not available
because of a premature battery failure in the sensor.

The temperature of the output from the heat pump® to the buffer tank was always in the range 47 to 57 °C. The
output from the buffer tank to the underground pipe to the houses was in the range 45 to 51 °C until 3 April,
when it increased to 55 °C for some unknown reason.

Because hot water supplied to the houses was used to heat the domestic hot water cylinders, it was maintained
all year within the above range, and there was no opportunity of using weather compensation to reduce the
temperature for space heating during mild weather.

The heat pumps were not run between 18" and 30" June, although the brine pump and the buffer pumps appear
to have run continuously during this period. The reason for this is not known.

8 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.

2 Only one heat pump was used at a time.
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Site 35 - Key temperatures
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Figure 8 — Key temperatures measured during the period 1st January — 31st December 2015

Figure 9 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperature on this system was higher than average. This would have had a
negative influence on the system performance.

Figure 9 — Daily mean heat pump output temperature compared to those of other systems monitored in this project (site
35 is shown in red)

Figure 10 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were well above average, which
would have had a negative influence on system performance, although it should be noted that oversized radiators
are used on the upper floors of this site.
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Figure 10 — Daily mean heat pump output temperature compared to those of other systems that use underfloor heating
monitored in this project (site 35 is shown in red)

It is notable that, from July onward, the daily mean output temperature periodically dropped by several degrees.
The reason for this is not known, but it appears to be related to the operational pattern of the buffer pumps — as
shown in Figure 11. The top graph shows the hourly average heat pump output temperature. The middle and
lower charts show the tapestry of operation of the heat pumps and their respective buffer pumps. Heat pump 1
was in use only on 1%t July; heat pump 2 was used thereafter. However, buffer pump 1 was running at times on
some days. On those days, the mean output temperature was approximately 4 °C lower. This suggests that hot
water from heat pump 2 was being pumped through the condenser of heat pump 1, with a resultant loss of heat.
This would have had a negative influence on the system performance.
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Site 35 - Hourly average heat pump output temperature July 2015
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Figure 11 — Heat pump output temperature and tapestry of heat pump and buffer pump operation in July

Comments

The performance of this system (SPFH4 = 1.54) was the lowest of the systems providing space heating and
domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median value 2.41).

Aspects of the system that may have negatively influenced its performance include:

e The heat losses from the heat distribution system between the heat pumps and the houses (mainly the
buffer tank and the underground pipes) amounted to 25% of the total heat generated by the heat pumps.
Most of this was lost from the underground pre-insulated pipes — an estimated 22.6% of the total heat

output from the heat pumps.

e The temperature of the heat pump output was at the same high level throughout the year, presumably
because of the need to provide heat for domestic hot water. This has precluded the use of weather

compensation which could give improved annual performance.

o The electricity used by the brine and heat circulating pumps was high. This may be partly because the
brine pump and both buffer pumps were run at times when neither heat pump was running. This
introduced some unnecessary heat losses as well as incurring unnecessary electricity use. There appears
to be potential for the control strategy to be optimised, which could yield an improvement in

performance.
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e The use of the immersion heater in house 2 was high. The data suggests that this immersion heater was
not providing additional benefit and could have been switched off with negligible impact on the
temperature and availability of domestic hot water in the house.

e There was a significant loss of temperature (generally 5 — 6 °C) through the 4-pipe buffer tank. It is
possible that a different buffer tank arrangement would reduce this loss and give an improvement in
system performance. However, buffer tank design is a complex topic and is outside the scope of this
report.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate

Change).

This case study provides a brief description of the heat pump installation at Site 37 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 37 is public hall / sports pavilion built in 2012.

The ground-source heat pump (thermal capacity 17 kW) extracts heat from 880 m of horizontal ground loops, and
provides space heating via underfloor coils on the ground floor and radiators on the first floor, as well as domestic
hot water for general use and for showers.

Seasonal performance factors are not presented because characteristics of the heat meters, previously installed
for the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

Aspects of this system that positively influenced its performance are:

e The source temperature was high — well above average compared to other systems in the monitored
sample.

e The temperature of the heat pump output to space heating was below average compared to other
systems in the monitored sample.

e The brine pump used only 2.6% of the total heat pump system electricity, which was below average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the heat pump output to domestic hot water was often very high. This was because
of concerns about Legionella control, and necessitated extensive use of the immersion heater.

e The heating circulating pump ran continuously throughout the year.

1 The heat meter installation on this system uses strap-on temperature sensors. This technique is known [1] to be prone to unacceptably large measurement
errors and the performance values could therefore not reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhru Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFH4 SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

SitelD 37 |
Survey date 24/2/2014

Monitoring installed 28/5/2014

G/WSHP GSHP

Building type Village hall / sports pavilion

Capacity kWrH 17

Number of heat pumps 1

Number of compressors 1

Heat source Horizontal ground loops. 880m

Heat emitter Underfloor heating (ground floor); radiators (first floor)
DHW Yes

Auxiliary heat 7kW immersion heater inside the heat pump

Source pump Integrated into the heat pump: 35 — 185 W variable-speed
Buffer pump Integrated into the heat pump: 10 — 75 W variable-speed
SH circulating pump External to the heat pump: 70 W max

DHW circulating pump External to the heat pump: 78 W max

Buffer tank 200-litre 4-pipe

2 cylinders: one 500-litre for normal use; additional 750-litre cylinder for use
on days when the demand for hot water is expected to be higher than
normal. (Note: the additional 750-litre cylinder was drained and disconnected
on 2" June 2015.)

DHW cylinders

DHW distribution pump Yes: controlled by a timeswitch (times varied during the project)

Room thermostats (ground floor) + thermostatic radiator valves (first floor) +

Control timeswitch for additional DHW + heat pump controller

Weather compensation Yes

Heat meter type Mechanical (intended for use with antifreeze/water mixture)

No. of heat meters 2

Heat meter interface Pulse (100 Wh/pulse)

Comments Strap-on temperature sensors and mechanical flow meters are used for heat

metering. These were accepted for RHI metering at the time of installation.

Table 1 — System details

Site 37 is a public hall / sports pavilion built in 2012.

The application entails extracting heat from the ground to provide space heating and domestic hot water to a
modern, well-insulated building in a location with slightly below-average outdoor temperatures — annual mean
9.4 °C (the range for all systems monitored was 8.1 —12.5 °C, median 10.3 °C). The system performance would be
expected to be average or better.
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Heat pump and monitoring systems

A single heat pump of 17 kW thermal capacity, installed inside the pavilion in a first-floor plant room, is used to
provide both space heating (SH) and domestic hot water (DHW).

Heat is extracted from 880 metres of horizontal ground loops at a depth of approximately 1.2 metres in the field
adjacent to the pavilion. The manifold of the ground loops is approximately 50 metres from the heat pump.

The heat emitters are underfloor pipes on the ground floor and radiators with thermostatic valves on the smaller
first floor area.

A 200-litre 4-pipe buffer tank is installed between the heat pump output and the heating circuit.

Domestic hot water production

The system has two domestic hot water cylinders?. The main 500-litre cylinder (no. 1) is always in use, while the
secondary 750-litre cylinder (no. 2) is used at times when there is an expected high demand for domestic hot
water for showers.

The cold mains water enters the bottom of domestic hot water cylinder no. 2 and thence from the top of that
cylinder to the bottom of cylinder no. 1.

The high-temperature water from the heat pump is normally fed only to the heating coil in cylinder no.1. The
heating coil in cylinder 2 is fed via a 3-port diverter valve from the return leg of the coil in cylinder 1. In practice,
this arrangement causes the water in cylinder 2 never to be as hot as the water in cylinder 1. (See the schematic
in Figure 1.)

The heat pump has two hot water outlets: one for space heating (via an external buffer tank), the other for
heating the domestic hot water cylinders. A 3-port valve inside the heat pump diverts the output to either the
space heating or the domestic hot water coils.

The manufacturer’s manual for the heat pump states that the maximum output temperature is 65 °C when using
the compressor, or 70 °C when using the immersion heater.

Legionella sterilisation issues

After the monitoring equipment had been installed, the heat pump proprietor became concerned about the
sterilisation of the domestic hot water. From the temperature data being recorded, it emerged that it was very
unlikely that either of the domestic hot water cylinders was being heated to 60 °C (as recommended for
Legionella prevention).

In January 2015, temperature sensors were installed at the top of each domestic hot water cylinder to provide
additional information about the likely temperature in each cylinder.

Correspondence between the proprietor and the heat pump manufacturer and the installer eventually led to the
heat pump controller being reconfigured to ensure that the temperature of domestic hot water cylinder 1 was
raised to 60 °C or higher for at least part of each day. This resulted in the immersion heater being used much
more than previously, to generate the necessary temperature from the heat pump. The consequences of the
increased immersion heater use are notable in the performance results shown below.

At the same time, the proprietor observed that domestic hot water cylinder 2 might not actually be needed, as
the domestic hot water requirement seemed to be less than had initially been expected. Also, as the heat pump
system (as installed) seemed unable to raise the temperature in domestic hot water cylinder 2 to anywhere near

2 DHW cylinder no. 2 is no longer in use: it was drained and disconnected on 2" June 2015.

6



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 37

60 °C, but at times actually maintained the temperature within the Legionella risk range, it was decided to stop
heating domestic hot water cylinder 2.

At the time monitoring commenced, the immersion heaters in the domestic hot water cylinders were not
connected to an electricity supply. However, these have now been connected for emergency use only. The supply
to these heaters remains unmetered and the system proprietor has confirmed that they were not used during the
monitoring period.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and to domestic hot water, and
temperatures at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also
shown.

Electricity meters (denoted by the circular “E” symbols) were installed to measure the electricity used by the heat
pump and by the circulating pumps. Temperatures (“T”) were monitored at key points in the system using
surface-mounted probes®. The outdoor air and ground temperatures were also monitored.

Figure 1 — System schematic showing the monitoring instrumentation installed

3 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pump. Two heat meters are installed: one measures the heat supplied to the buffer tank (space
heating); the other measures the heat supplied to the domestic hot water cylinders.

The heat meters are of a type that uses mechanical multi-jet turbine flow meters and strap-on temperature
sensors. Although the use of strap-on temperature probes was as recommended by the meter manufacturer at
the time of installation, it is known from subsequent research [1] that this technique can result in large
measurement errors.

The heat calculators on this system were of a type intended for use with antifreeze in the working fluid. However,
it is not known whether any antifreeze was present in the heating circuit. This may have caused further error in
the heat metering.

Monitoring was via the pulse interfaces of the heat meters.

Because of the heat metering issues, it has not been possible to determine the system performance with any
useful degree of accuracy.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump including the internal source pump, but excluding
the internal buffer pump and immersion heater.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counters connected to
the heat meters were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL* procedures
tailored to suit this heat pump system.

4 Structured Query Language: a programming language used for managing data held in a relational database management system.
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The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump to SH & DHW] — [heat added by buffer pump]

SPFH2 =
Electricity used by: [heat pump (excluding immersion heater and buffer pump)]

e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

e The electricity used by the immersion heater inside the heat pump was determined using digital filtering
of the data from the electricity meter E01, using the technique described in Appendix H of the Interim
Report [3].

e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency’) of the
electrical energy supplied to the pump.

[Heat output of heat pump to SH & DHW] + [heat added by SH circ pump]

SPFH4 =
Electricity used by: [heat pump including internal pumps & immersion heater] + [SH circ pump]

e The heat added by the heating circulating pump was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pump.

e The buffer tank is inside the heated envelope. The heat loss from it was deducted from the total heat
output during times when the outdoor air temperature was above 15 °C (i.e. when there was output to
space heating that was probably not needed).

The number of 1-minute intervals selected as valid for analysis was 517 174, which represents 98.4% of the 12-
month period.

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 2 shows the daily SPFH2 and SPFH4 behaviour of the system. These values represent the combined space
heating + domestic hot water performance. The values during the summer months were lower, but it should be
remembered that the heat load during the summer is very low — mainly only domestic hot water — so the effect of
these lower values on the annual performance is very small.

5 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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The SPFH2 values increased somewhat after some changes were made (by a technician from the heat pump
supplier) to the heat pump controller on 3™ September. Prior to that date, the buffer pump ran continuously, but
after then it was run only when the heat pump compressor was running. This appears to be the reason for the
improvement in SPFH2. Any consequential improvement in SPFH4 is difficult to detect because of the scatter in the
daily values.

. Site 37 - Daily SPFs (relative values)
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Figure 2 — Seasonal performance factors SPFH2 and SPFH4 calculated daily (for space heating + domestic hot water
combined).

The heat pump in this installation provides heat for either space heating or for domestic hot water at any given
time. Figure 3 show daily SPFH4 (relative) values for space heating and for domestic hot water operation. It can
be seen that the performance in domestic hot water mode reduced after the adjustments were made to increase
the domestic hot water temperature in February 2015.

Site 37 - Daily SPFH4 for SH and DHW modes (relative values)
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated separately for space heating and for domestic hot
water.
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Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the source (input) and
sink (output) temperatures — referred to as the “temperature lift”. In theory, and generally in practice,
performance is best when the temperature lift is lowest. Therefore, it is desirable for the source temperature to
be as high as possible and for the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.
Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [4] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.
Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output to space heating and to domestic hot water. The electricity used by the total
heat pump system and the mean daily outdoor temperature are also shown for reference. Note that the kWh
values have been removed from the graph because of the high uncertainty of measurement of the heat meters.
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Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 2 shows the estimated breakdown of the heat delivered to space heating and to domestic hot water during
the period 1°t January — 31 December 2015.

Heat delivered to space heating 79.5%
Heat to domestic hot water (from heat pump) 4.5%
Heat to domestic hot water (from immersion heaters) 16.0%

Table 2 — Breakdown of heat delivered to space heating and domestic hot water

Breakdown of electricity use
A breakdown of the electricity use is shown in Figure 5.
The brine pump accounted for 2.6% of the electricity used by the total heat pump system, which was below

average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a
positive influence on the system performance.

The space heating circulating pump ran continuously (except for a few weeks in July 2015).
The buffer pump (the heat pump output circulating pump) operating pattern appeared to change on 3™
September. Prior to that date, the buffer pump ran continuously, but after then it was apparently run only when

the heat pump compressor was running. The reason for this is not known, although it is known that some
alterations were made (by a technician from the installation contractor) to the heat pump controller on that day.
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The buffer pump and the space heating circulating pumps accounted for 9.9% of the total electricity use, which
was slightly below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would
have had a small positive influence on the system performance.

The energy used by the immersion heater increased significantly following the change during the second week in
March in the control settings to increase the temperature of the domestic hot water. The high immersion heater
use during first week in August is understood to have been due to additional demand for domestic hot water
during an event in the hall. The immersion heater accounted for 27.3% of total electricity use. This is a high figure
that would have had a negative influence on system performance.

Site 37 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the pattern of operation on 19" January 2015 when the outdoor air temperature was between -5
and +2 °C and the ground temperature was 6.4 °C.

The heat pump ran approximately every 90 minutes for between 25 to 50 minutes each time.

The heat pump switched to domestic hot water mode between 11:20 and 12:00, using the vapour compression
system initially and then the internal immersion heater for 10 minutes to provide heat to the domestic hot water
coil at a maximum temperature of 62 °C.

The buffer pump ran continuously except when the immersion heater was on and the space heating circulating
pump ran all day.
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The temperature of the output from the heat pump to the buffer tank was up to 49 °C, and the temperature from
the buffer tank to the heating circuit was up to 44 °C. The loss of temperature through the 4-pipe buffer tank was
between 1 and 4 °C.

The temperature of the brine flow to the heat pump was between 4.5 and 6 °C while the heat pump was running.
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=== T05: Heat pump output to
DH caoil
T03: Heat pump output to
buffer tank
A A A A A | = o7 suter ok cutpt o
8 \ \\ / \/ TI: Indoor
T&: Qutdoor air
== TG Ground
T0Z: Brine return to ground
P L L loops
H = o i oo
= T01: Brine flow to heat pump
-10
Site 37 - Operating pattern (pumps) 19 January 2015
[ o e e e M s e . R = = - - F{] |= Brine pump
012 = Buffer pump
0.1 . .
E 008 = Heagting circ pump
0.06 {w e
0.04
0.02
a
Site 37 - Operating pattern (power) 19 January 2015
7
= Haat pump excluding
6 A . .
i immersion heater
5 ” i = |mmersion heater
A1 vt T F1 o1 vl o AL Sy T RNV o I ol B
4
E 3
2
1
o = B L L) L L Ly WEE U W [ T [ NN [ N ) S S |
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Mon 19 Jan Tue 20 Jan

2015

Figure 6 — Operating pattern on 19" January 2015

Concerns about the improper sterilisation (for Legionella prevention) of the domestic hot water led to the heat
pump controls being adjusted during March to generate higher temperatures in the domestic hot water cylinder.
This resulted in much greater use of the immersion heater in the heat pump.

Figure 7 shows the typical operating pattern on 19" May 2015 after the controls had been adjusted. Two
additional temperature sensors were installed in March to record the temperature at the top of each domestic
hot water cylinder. The temperature at the top of the main domestic hot water cylinder (no. 1) is shown on the
graph. It can be seen that the output from the heat pump to the domestic hot water coils was up to 69 °C. The
temperature at the top of the cylinder reached 63 °C and remained above 60 °C for over 10 hours.

The heat pump ran a number of times for between 10 and 20 minutes. The immersion heater was on for 90
minutes, as shown by the red line on the lower graph.

14



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 37

The buffer pump was running all day except while the immersion heater was on. The heating circulating pump ran
all day.

Site 37 - Operating pattern (temperatures) 19 May 2015
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Figure 7 — Operating pattern on 19*" May 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. The brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The increase in the temperatures at the top of the domestic hot water tank (light green line) and of the heat
pump output to the domestic hot water coil (red line) following adjustment of the control system for Legionella
control reasons can be clearly seen. A number of adjustments to the heat pump controller were made throughout
the year. The details of these adjustments are not known, but the changes in temperatures related to domestic
hot water can be seen.

The effect of weather compensation can be seen, whereby the heat pump output temperature was reduced as
the outdoor temperature increased.

6 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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The temperature of the brine flow to the heat pump closely followed the ground temperature. Under warm-
weather, low-load conditions it was slightly warmer than the ground. This is assumed to be due to the brine
warming up in the pipe while the brine pump was stopped.
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Figure 8 — Key temperatures measured during the period 1% January — 31 December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were well above average, especially after the change in operating pattern at the end of March. This would
have had a positive influence on the system performance.

16



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 37

Figure 9 - Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 37 is shown in red)

Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,

compared to other systems with horizontal ground collectors. The low temperature difference on this system
indicates good collector performance.

Horizontal collector ground-brine temperature difference

12

The squares show the mean values.
10 The vertical bars show the range of values (mean + 2a).
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 37 is shown in red)
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Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system were below average. This would
have had a positive influence on the system performance.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 37 is shown in red)

Figure 12 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were below average, which would
have had a positive influence on system performance.

Figure 12 — Daily mean heat pump output temperature (to space heating) compared to those of other systems that use
underfloor heating monitored in this project (site 37 is shown in red)
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Figure 13 shows the daily maximum temperature of the output to domestic hot water, compared to other
systems. After the adjustments made in March for Legionella control, the daily maximum temperatures on this
system (plotted in red) were for much of the time higher than any other system monitored.

Figure 13 — Daily maximum heat pump output temperature to domestic hot water compared to other systems monitored
in this project (site 37 is shown in red)

Comments

The performance of this system could not be determined with reliable accuracy because of known issues with the
heat metering arrangement installed.

Aspects of this system that positively influenced its performance are:

e The source temperature was high — well above average compared to other systems in the monitored
sample.

e The temperature of the heat pump output to space heating was below average compared to other
systems in the monitored sample.

e The proportion of total electricity used by the brine pump was lower than average compared to other
systems in the monitored sample.

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the heat pump output to domestic hot water was often very high. This was because
of concerns about Legionella control, and necessitated extensive use of the immersion heater. This site
sometimes (perhaps once a week) requires large quantities of hot water for the showers used during
sports events, while at other times only very small quantities are needed. It is not clear whether using the
heat pump is the most efficient method of providing the domestic hot water. If the heat pump were used
only for space heating, it would operate with a much-improved overall performance. The design of the
domestic hot water system should be re-examined to consider whether a different system might be more
suitable.
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e The heating circulating pump ran continuously throughout the year. The controls should be altered to
avoid this unnecessary waste of electricity by running the pump only when there is a demand for heating.

e There was a temperature loss of up to 4 °C through the 4-pipe buffer tank. This caused the heat pump to
run with an output temperature higher than needed for the heat emitters. It is possible that a different
buffer tank arrangement would provide better operating conditions. However, the design of buffer tanks
is a complex topic that is outside the scope of this report.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 39 and performance results from
12 consecutive months of monitoring data.

Site 39 comprises three dwellings and first-floor offices in a rural location. A single heat pump (thermal capacity
23 kW) extracts heat from an adjacent field using horizontal ground loops and provides space heating and
domestic hot water.

The seasonal heating performance factors measured over a year of operation (1% January to 31° December 2015)
were:

[Heat delivered by the heat pump] — [heat added by the internal buffer pumps]

SPFH2 3.02
[Electricity used by the heat pump excluding the internal buffer pumps]

Heat delivered by: [heat pump] + [immersion heater]

+ [heat added by heating ci — [heat loss f buffer tank
SPFH4 [heat added by heating circ pumps] — [heat loss from buffer tank] 293

Electricity used by: [heat pump] + [heating circ pumps] + [immersion heater]

SPFH4 of systems that provide space heating & domestic hot water
{12 months)

3.5

3.0

25

2.0

15 I

1.0 I
530 505 557 551 560 528 562 335

539 529

SPFH4

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of this system that positively influenced its performance are:
e Weather compensation was used to reduce the heat pump output temperature during warmer weather.
e The low-energy circulating pumps used only 0.3% of the electricity used by the total heat pump system.

e The buffer pumps and heating circulating pumps together used an estimated 2.9% of the total electricity,
which was the lowest of all systems monitored.

e The immersion heater in the domestic hot water cylinder was not used at any time during the year.



e The temperature of the output to the domestic hot water heater coil was lower than on some other
systems. The daily maximum temperature was rarely above 60 °C and more generally between 56 and
58 °C.

However, these last two points may have significance in the context of Legionella control, as the domestic hot
water temperatures may not be high enough to provide disinfection.

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the output to the heat emitters was not as low as might have been expected on a
system designed for use with a heat pump.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump



http://sepemo.ehpa.org/
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System details
L

Survey date 11/04/2014
Monitoring installed 25/06/2014
G/WSHP GSHP

Building type Dwellings and first-floor offices
Location Rural

Heat pump capacity kWtH 23

Number of heat pumps 1

Number of compressors 2

Heat source

Horizontal ground loops: 3 x 400m at 1.2 m depth

Heat emitters

Radiators fitted with thermostatic valves

DHW

Yes

Auxiliary heat

9 kW immersion heater in DHW cylinder

Source pump

Internal to heat pump: 890 W max

Buffer pumps

Internal to heat pump: 2 pumps of 170 W max

SH circulating pumps

4 pumps of 45 W max

Buffer tank 300 litre 4-pipe
DHW cylinder 500 litre
Control Heat pump controller + programmable thermostat in each building

Weather compensation Yes
Heat meter type Ultrasonic
No. of heat meters 2

Heat meter interface

Pulse (1 kWh/pulse)

Comments

Table 1 — System details

This site comprises three dwellings and first-floor offices within adjoining buildings, in a rural location.

The application entails extracting heat from the ground to provide space heating and domestic hot water in
buildings that have been refurbished with good thermal insulation, in a location with below-average outdoor
temperatures —annual mean 9.7 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). The system
performance would be expected to be average.

Heat pump and monitoring system

A ground-source heat pump (thermal capacity 23 kW) is installed in a room below the offices and adjacent to one
of the dwellings, to provide space heating (SH) and domestic hot water (DHW).

Heat is extracted from 3 x 400 metre horizontal ground loops at a depth of 1.2 metres, in a field approximately
100 metres from the heat pump plant room.

The heat emitters are radiators, sized for use with the heat pump and fitted with thermostatic valves.

The heat pump has two vapour-compression circuits and incorporates a brine pump and two heating circulating
pumps.

A 300-litre 4-pipe buffer tank is installed between the heat pump output and the heating circuits.

6



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 39

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The outdoor air and ground temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pump. Two heat meters are installed: one between the heat pump and the buffer tank and one
between the heat pump and the domestic hot water cylinder heating coil. Ultrasonic flow meters are installed in
the return pipes, with matched temperature sensors installed in pockets in the flow and return pipes. The
calculators are battery-powered. Monitoring was via the pulse interfaces.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.

7
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Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump including the internal brine pump but excluding the
internal buffer pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump to SH & DHW] — [heat added by internal buffer pumps]
SPFH2 =

Electricity used by: [heat pump] — [internal buffer pumps]

e This calculation required the electrical energy used by the buffer pumps inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the heat pump was running.

e The heat added by the buffer pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat output of heat pump to SH & DHW] — [heat loss from buffer tank]
+ [heat added by SH circ pumps] + [heat added by immersion heater]

SPFH4 =
Electricity used by: [heat pump] + [SH circ pumps] + [immersion heater]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pumps.

The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 524 452, which represents 99.8% of the 12-
month period.

The SPFH2 and SPFH4 values for this system, measured between 1% January and 31° December 2015, are shown in

Table 2:

SPFH2 3.02

SPFH4 2.93

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 2.93 units of heat —whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. There was a noticeable increase in the SPF values
from September to November compared to earlier months. This can be explained by the ground and outdoor air
temperatures being higher during the autumn months than they were during the spring (as shown below in
Figure 8), with the average temperature lift (heat pump input to output) being approximately 10 °C lower.

The dips in the SPF values during the summer months are due to the low space heating demand during those
periods, with the heat pump being used mainly for domestic hot water. However, the heat demand during the
summer was also low, so the effect on the overall annual performance was not very significant.

SPF

(=Y
(=]

10

Site 39 - Daily SPFs

# SPFH2
m SPFH4

lan Feb Mar Apr May Jun Ju Aug Sep Oct Mow Dec
2015

Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily
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Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity use by the total heat pump system and
the outdoor air temperature are shown for reference.

There was demand for both space heating and domestic hot water all year. The space heating demand varied
with the outdoor temperature. The domestic hot water demand varied from day to day but was similar
throughout the year.

10
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Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 3 shows the estimated breakdown of the heat delivered to space heating and to domestic hot water during
the period from 1% January to 31°* December 2015.

%

Heat delivered to space heating 89.1%
Heat to domestic hot water (from heat pump) 10.9%
Heat to domestic hot water (from immersion heater) 0.0%

Table 3 — Breakdown of heat delivered to space heating and domestic hot water

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The very low proportion of energy used by the space
heating circulating pumps (0.3%) was a consequence of the low-energy pumps installed on this system. The data
for the brine pump and the buffer pumps (which are inside the heat pump and were not separately metered)
have been estimated from the pump rating plates and from the heat pump manufacturer’s data sheets.

The brine pump used an estimated 5.7% of the total electricity which is below average compared to other
systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a positive influence on the system
performance.

The buffer pumps and heating circulating pumps together used an estimated 2.9% of the total electricity, which
was the lowest of all systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a positive
influence on the system performance.

Note: the electricity data records for 7" to 21t December are incomplete, so the values for these weeks have
been excluded from the chart.

11
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Site 39 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 21 January when the outdoor temperature was between -2 and +3 °C.
The temperature of the heat pump output to the domestic hot water coil was up to 60 °C, and the temperature to
the buffer tank was higher — up to 63 °C. The output from the buffer tank to the space heating circuits was up to
58 °C. The loss of temperature between the heat pump output and the buffer tank output was generally around 5
°C.

The high-frequency oscillation (between 6 and 12 cycles per hour) of the temperature of the return from the heat
emitters is unusual. A possible explanation is that the thermostatic radiator valves were hunting®. The effect of
this on the system performance is not known.

The ground temperature measured 1 metre below the surface at a location remote from the ground coils was 5.3
°C. The brine flow to the heat pump was between 2 and 4 °C while the heat pump was running, and the return to
the ground coils was never lower than -0.5 °C.

The lower graph shows the electrical power drawn by the heat pump. The use of one or two compressors is
shown by the steps in the power.

4 Hunting: a term often used to describe the undesirable oscillation of a control mechanism either side of the set point.
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Site 39 - Operating pattern (temperatures 1) 21 January 2015
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Figure 6 — Operating pattern on 21% January 2015

Figure 7 shows the typical pattern during July when the outdoor temperature was between 11 and 18 °C. The
effect of the weather compensation function can be seen: the maximum output temperature to the buffer tank
was (briefly) 48 °C. The output to the domestic hot water coil was up to 58 °C three times during the day as the

demand for domestic hot water was satisfied.

The power drawn by the heat pump is shown on the lower graph. Apparently only one compressor was in use.
The power was higher when the heat pump was working in domestic hot water mode, because of the higher

output temperature.
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Site 39 - Operating pattern (temperatures 1) 25 July 2015
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Figure 7 — Operating pattern on 215 July 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. The brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The effect of the weather compensation can be seen, with the temperature of the output to space heating being
lower during warmer weather. The daily maximum temperature of the output to domestic hot water varied
between 56 and 62 °C from day to day throughout the year.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Site 39 - Key temperatures - DHW
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures on this system (plotted in red)
were slightly below average compared to the other systems.
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Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 39 is shown in red)

Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,
compared to other systems with horizontal ground collectors. The temperature difference on this system was
above average, indicating slightly below average collector performance.

Horizontal collector ground-brine temperature difference

-
[

The squares show the mean values.
10 The vertical bars show the range of values (mean + 2a).
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 39 is shown in red)

Figure 11 shows the daily mean heat pump output temperature (to space heating) for this system compared to
other systems monitored in this project. The output temperatures on this system were slightly above average
during the winter and slightly below average in the summer months, compared to other systems monitored.
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Figure 11 — Daily mean heat pump output temperature to space heating compared to those of other systems monitored in
this project (site 39 is shown in red)

Figure 12 shows the daily maximum temperature of the heat pump output to the domestic hot water heating coil.
In general, the temperature on this system was lower than average. This would have had a positive influence on
system performance. However, it should be noted that the temperatures in the domestic hot water system may

not be high enough for adequate control of Legionella®.

Figure 12 — Daily maximum heat pump output temperature to domestic hot water compared to those of other systems
monitored in this project (site 39 is shown in red)

6 Legionella control is examined in more detail in the Final Report of this project [5].
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Comments

The performance of this system (SPFH4 = 2.93) was above average compared with other systems providing both
space heating and domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median
value 2.41).

Aspects of this system that positively influenced its performance are:
e Weather compensation was used to reduce the heat pump output temperature during warmer weather.
e The low-energy circulating pumps used only 0.3% of the electricity used by the total heat pump system.

e The buffer pumps and heating circulating pumps together used an estimated 2.9% of the total electricity,
which was the lowest of all systems monitored (range 2.9% - 20.5%, median 8.8%).

e The immersion heater in the domestic hot water cylinder was not used at any time during the year.

e The temperature of the output to the domestic hot water heater coil was lower than on some other
systems. The daily maximum temperature was rarely above 60 °C and more generally between 56 and
58 °C.

Note: These last two points may have significance in the context of Legionella control, as the DHW
temperatures may not be high enough to provide disinfection. The recommendations of the Legionella risk
assessment should be reviewed to ensure that proper disinfection is being carried out.

Aspects of the system that may have negatively influenced its performance include:

e The loss of temperature through the 4-pipe buffer tank output was high (around 5 °C). It is possible that a
different buffer tank arrangement would reduce this loss and yield improved system performance.
However, the design of buffer tanks is a complex topic and is outside the scope of this report.

e The temperature of the output to the heat emitters was not as low as might have been expected on a
system designed for use with a heat pump. The observed oscillation of the heating return temperature
suggests that there may be an issue with the heating controls. This should be investigated. A reduction in
the temperature of the output to the emitters would improve the overall system performance.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW+ry has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 40 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 40 is a short-term rental apartment complex comprising two buildings: one with eight apartments, the other
a laundry and office.

A single heat pump (thermal capacity 31 kW) extracts heat from horizontal ground loops and provides hot water
via a large central buffer tank to each of the premises for underfloor space heating and domestic hot water. The
limitations of this arrangement with regard to system performance are discussed and some suggestions made for
alterations that would improve the performance.

Seasonal performance factors are not presented because characteristics of the heat meters, previously installed
for the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

Aspects of this system that positively influenced its performance are:
e The source temperature was slightly above average compared to other systems in the monitored sample.
e Auxiliary heat was not used.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump output temperature was high and weather compensation could not be used because of
the need to provide hot water to the combined space heating and domestic hot water system. This is a
consequence of the system design.

e The brine pump accounted for an estimated 11.8% of the total electricity, which is above average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

1 The heat meter installation on this system uses strap-on temperature sensors. This technique is known [1] to be prone to unacceptably large measurement
errors and the performance values could therefore not reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 40

Survey date 28/02/2014

Monitoring installed 11/07/2014

G/WSHP GSHP

Building type Short-term rental apartments
Location Rural

Heat pump capacity kWtH 31

Number of heat pumps 1

Number of compressors 2

Heat source

Horizontal ground loops: 2.2 km at 1.2 m depth

Heat emitters

Underfloor heating pipes

DHW

Yes

Auxiliary heat

2 x immersion heaters in buffer tank

Source pump

Internal in the heat pump: 1 pump of 890 W

Buffer pumps Internal in the heat pump: 2 pumps of 1770 W

SH circulating pumps Dual pumpset: 2 pumps of 180 W max (duty/standby, variable-speed)

Buffer tank 1800 litre 4-pipe

DHW cylinder A thermal accumulator in each apartment provides DHW

Control Heat pump controller, with a heating programmer and a room thermostat in
each apartment

Weather compensation No

Heat meter type Mechanical

No. of heat meters 4

Heat meter interface

Pulse (100 Wh/pulse)

Comments

A solar thermal collector provides some heat to the buffer tank.
An immersion heater is installed in each thermal accumulator, but these were
isolated during the monitoring period.

Table 1 — System details

Site 40 is a short-term rental apartment complex comprising two buildings: one with 8 apartments, the other a
laundry and office.

This application entails extracting heat from the ground to provide space heating (SH) and domestic hot water

(DHW) to a modern well-insulated building, using a common heat distribution system that requires a constantly
high heat pump output temperature. The site is located in an area with below-average outdoor temperatures —
approximate annual mean 9 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). The system performance
would be expected to be somewhat below average.
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Heat pump and monitoring systems

A single heat pump (with two compressors and a total thermal capacity of 31 kW) provides hot water to each of
the premises for underfloor space heating and domestic hot water, via a central 1800-litre buffer tank. The
heating pipes to the office/laundry building run underground for a distance of approximately 25 metres.

The heat source is 2200 m of horizontal ground loops at a depth of approximately 1.2 m, in a field near the
entrance to the site. The ground loop manifold is approximately 200 m from the heat pump plant room.

A solar thermal collector array also provides heat to the central buffer tank.

Two immersion heaters in the buffer tank provide auxiliary heat when needed (although these have never been
used during the monitoring period).

Each apartment has its own combined thermal accumulator / domestic hot water cylinder with a 3 kW immersion
heater. All of these immersion heaters were isolated during the monitoring period.

Hot water is pumped from a coil in each thermal accumulator to the underfloor heating in the apartment, via a
mixing valve to reduce the temperature (to approximately 30 — 35 °C).

The system is controlled by the heat pump controller, with a heating programmer and a room thermostat in each
apartment.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown. Electricity meters (denoted by
the circular “E” symbols) have been installed to measure the electricity used by the heat pump and by the
circulating pumps. Temperatures (“T”) are monitored at key points in the system using surface-mounted probes?.

It was found that the ZigBee® wireless technology used by the monitoring equipment presented significant
difficulties with communication to all areas of this site, due to a combination of the extensive use of aluminium
foil-backed thermal insulation in the building creating an effective barrier to the radio signals and to the layout of
the site. Therefore, the outdoor air and ground temperatures were not recorded. The outdoor air and ground
temperatures shown throughout this document have been estimated using data from other sites in similar
geographical locations.

(@) Heatmeter
e

L | rrrrrrrrrrrrrrrrrrrrrrrrrrr Bapartments-- - - -- - oo oo
@ Electricity meter P
Apartment 1 Apartment 2

@ Temperature sensor | — DHW - DHW
i [ s [

DHW

Meeris boundary T T T T T —

p

L B |
% UFH UFH

SPFH2 boundary

&b
(5

Thermal store ’g >

Heat purbp (buffer tank)

| | H i

25 m underground

; pipe run

NV

‘ Electricity meters installed on
circulating pumps in 3 apartments.

Horizontal \ o1 /

| ground loops A

Other apartments and office/laundry
are similar.

Note: Passive system components such as valves and filters are not shown

Figure 1 — System schematic showing the monitoring instrumentation installed

2 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [7] for further details. Note that these temperature measurements were not used for heat metering.
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Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pump. Heat meter Ho1 is installed between the heat pump and the buffer tank. Meter Ho2 measures
the heat supplied by the solar thermal collector. Meters Ho3 and Ho4 are installed at each end of the underground
pipe to the office/laundry building, to measure the heat loss from the underground pipe.

The heat meters all use mechanical multi-jet turbine flow meters and strap-on temperature sensors. Although the
use of strap-on temperature probes was as recommended by the meter manufacturer at the time of installation,
it is known from subsequent research [1] that this technique can result in large measurement errors.

The heat calculators are of a type intended for use with antifreeze in the working fluid. It is understood that
ethylene glycol has been added to the heating circuit, although the concentration is unknown.

Heat meters Ho1 and Ho2 were monitored via their pulse interfaces. The heat meters Ho3 and Ho4 were read
manually.

Because of the heat metering issues, it has not been possible to determine the heat pump or system performance
with sufficient certainty for the results to be reported.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters (if
used).

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counters connected to
the heat meters were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL® procedures
tailored to suit this heat pump system.

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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Solar collector excluded from calculation

The SEPEMO project [3] recommends that for this type of bivalent system (heat pump + solar collector) the heat
from the solar collector be included in the numerator of the SPFH4 calculation and the electricity used by the solar
circulating pump in the denominator.

Inclusion of these values in the SPFH4 calculation is likely to yield very high SPFH4 values that are not very
meaningful for comparison with systems without solar collectors — because the ratio of heat to electricity in a
solar thermal system can be very high and does not have the same meaning as the SPF of a heat pump.

The SPFH4 results for this system do not include the heat output of or electricity used by the solar thermal
collectors.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump] — [heat added by buffer pumps]
SPFH2 =

Electricity used by: [heat pump (excluding buffer pumps)]

e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

e The heat added by the buffer pumps was estimated as 30% (the assumed pump efficiency®) of the
electrical energy supplied to the pump.

[Heat output of heat pump] + [heat added by SH circ pumps] + [heat added by immersion heaters]
- [heat loss from buffer tank] — [heat loss from underground pipes]
SPFH4 =

Electricity used by: [heat pump including internal pumps] + [immersion heaters] + [SH circ pumps]

e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C. The total heat loss from the buffer tank during the
monitoring period was estimated as 4.2% of the heat pump output.

e The heat loss from the underground insulated pipes to the office/laundry building was estimated using
the measured flow, return and ground temperatures at each calculation interval, and published heat loss
data for typical insulated pipes for underground use. The estimated heat loss from the pipes during the

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [8] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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monitoring period is 3.5% of the heat pump output. These calculations have been cross-checked with
readings from heat meters Ho3 and Ho4. The meter readings indicate a slightly lower heat loss of 2.4% of
the heat pump output. Considering the known heat metering issues, the agreement is reasonably good.

The number of 1-minute intervals selected as valid for analysis was 454 262, which represents 86.4% of the 12-
month period.

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 2 shows the daily SPFH2 and SPFH4 behaviour® of the system. The gaps in the data during April were due to
some difficulties with the electricity monitoring equipment.

The difference between the SPFH2 and SPFH4 values is mainly due to the heat loss from the buffer tank and the
underground pipes to the office/laundry building.
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Figure 2 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

5 The actual values are not shown because of the high uncertainty of measurement of the heat metering on this system. Relative values are shown to give
some indication of the scale of the behaviour.
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For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [4] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 3 shows the daily heat delivered by the heat pump and the solar collector. The electricity used by the total
heat pump system and the outdoor air temperature are shown for reference. It was impractical® to monitor the
circulating pumps in all apartments, so the heat provided by the circulating pumps in the apartments has been
estimated from the rated power of the pumps. Note that the kWh values have been removed from the graph
because of the high uncertainty of measurement of the heat meters.

The heat from the solar collector (not included in heat pump performance calculations) was only 1.2% of the total
heat delivered.

6 Because of the difficulties with radio communication on the site noted above.
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Figure 3 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

It was not possible to determine the breakdown of heat delivered to space heating and to domestic hot water on
this system.

Breakdown of electricity use

Figure 4 shows the weekly breakdown of electricity use. The electricity used by the brine pump and buffer pumps
was estimated from the pump ratings and analysis of the detailed electrical data recorded from the electricity
monitor.

The brine pump accounted for an estimated 11.8% of the total electricity, which is above average compared to
other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a negative influence on the
system performance. The high brine pumping power is probably explained by the length of the collector (2200 m)
and the long pipe run from the heat pump to the collector manifold (approximately 200 m).

The buffer pump and space heating circulating pumps together used 5.4% of total electricity, which is below
average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a
positive influence on the system performance.
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Site 40 - Weekly electricity use breakdown
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Figure 4 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 5 shows the operating pattern on 20" January 2015 when the outdoor temperature’ was between -1 and
+4 °C.

The heat pump ran three times for periods of between 1 and 8 hours, using both compressors most of the time.
The heating circulating pump ran at varying speed throughout the day.

The temperature of the brine flow to the heat pump was between 3 and 5 °C while the heat pump was running
(the ground temperature data is not available).

The temperature of the output from the heat pump to the buffer tank was generally always above 50 °C while the
heat pump was operating, and reached 63 °C twice during the day. The pattern was similar on other days in
January, with the temperature sometimes up to 63 °C three times in a day.

The loss of temperature through the 4-pipe buffer tank was generally less than 1 °C.

7 The outdoor air temperature was estimated from measurements at other sites in similar geographical locations.
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Figure 5 — Operating pattern on 20" January 2015

Figure 6 shows the operating pattern on 2" July 2015 when the outdoor temperature was between 15 and 20 °C.
The heat pump operated for four periods of between 1 and 3 hours, using both compressors during the first run.

The temperature of the brine flow to the heat pump was between 10 and 12 °C when the heat pump was
running.

The heating circulating pump ran at varying speed throughout the day, and the output temperature range was
similar to that in January. The maximum during the day was 64 °C.

The loss of temperature through the buffer tank was between 3 and 4 °C.
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Figure 6 — Operating pattern on 2" July 2015

Source and sink temperatures

Figure 7 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. The brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The indoor temperature was measured in one of the apartments. No readings were received from the indoor
sensor after 11" August.

The temperature of the brine from the ground loops was reasonably high throughout the year, with a minimum
of 2 °Cin February.

The output from the heat pump to the buffer tank was fairly high — varying typically from 52 °C to 62 °C. This was
needed because of the way the system works: hot water from the buffer tank is circulated to the thermal
accumulators in each apartment, where the heat is used for both space heating and domestic hot water. A lower
buffer tank temperature would probably be unable to supply the heat needed to each apartment.

The proprietor of the system mentioned that the buffer tank is normally maintained at 50 °C, and raised to 60 °C
once a week for Legionella control. However, it appears that the heat pump output temperature was raised to

8 Temperatures of the heat pump system were recorded at 2-minute intervals.
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over 62 °C once or more every day during January and February and again toward the end of the year, but much
less frequently during the summer. This suggests that there is a problem with the configuration of the controls.

There was no opportunity for weather compensation on this system because the combined output for space
heating and domestic hot water required fairly constant temperatures all year — always up to at least 58 °C.
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Figure 7 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 8 shows the daily mean brine flow temperature compared to the source temperatures of all other ground-
source and water-source systems monitored in this project. The temperatures realised on this system (plotted in
red) were slightly above average. This would have had a positive influence on system performance.

Figure 8 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 40 is shown in red)
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Figure 9 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were at the upper end of the values observed
on other systems. This would have had a negative effect on the system performance.

Figure 9 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored in

this project (site 40 is shown in red)

Comments

The performance of this system could not be determined with reliable accuracy because of known issues with the
heat metering arrangement installed.

Aspects of this system that positively influenced its performance are:

The source temperature was slightly above average compared to other systems in the monitored sample.
Auxiliary heat was not used.

The loss of temperature through the buffer tank was low: less than 1 °C during winter operation;
maximum 4 °C during warmer weather.

Aspects of the system that may have negatively influenced its performance include:

The heat pump output temperature was high and weather compensation could not be used because of
the need to provide hot water to the combined space heating and domestic hot water system. This is a
consequence of the system design.

It would be worth investigating whether the domestic hot water would be better provided using point-of-
use direct electric water heaters, so that the heat pump output temperature could be reduced and
weather compensation brought into use.

Another possibility might be to disconnect the thermal accumulators in the apartments, and feed the
underfloor heating directly from the main heating distribution circuit without using mixing valves. The
accumulators could then be used as conventional domestic hot water cylinders with immersion heaters.
The objective of any such change would be to reduce the heat pump output temperature and allow
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weather compensation to be used. However, this should be approached cautiously to ensure that the
system will work with reduced temperatures and that the use of direct electric water heating does not
negate the improved heat pump performance.

e The brine pump accounted for an estimated 11.8% of the total electricity, which is above average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).
The full brine flow rate should only be needed when both heat pump compressors are running, which
only happened for 24% of the total heat pump run time in 2015. The difference between the brine flow
and return temperatures (the “delta-t”) was generally between 1.0 and 1.2 °C when only one compressor
was running. This could probably be increased to, say, 3 °C (as per the rating conditions specified in
EN14511-2 [5]) by reducing the flow rate when using one compressor. This would reduce the electricity
used by the brine pump by 50% or more, decreasing the total annual electricity use by around 2000 kWh
— a cost saving of £294 (assuming a unit cost of 14.7 p/kWh [6]). A suitable inverter variable-speed drive
would need to be installed and the control system adapted to implement this. The ground collector heat
transfer calculations would also need to be checked to ensure proper operation at the reduced flow rate.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW+ry has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 48 and qualitative! performance

results from 12 consecutive months of monitoring data.

Site 48 is a residential care home. A heat pump (thermal capacity 14 kW) was installed to extract heat from a
hybrid ground and air heat collector in order to provide space heating to underfloor heating and radiators.
Domestic hot water is provided by a separate solar thermal + gas-fired system.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump was inadequately charged with working fluid (refrigerant) for part of the monitoring
period. This prevented the heat pump working correctly and its performance was impaired.

e The source temperatures were lower than on most other systems monitored: generally in the lower
quartile of the range of source temperatures, and lowest of all at times.

e The output temperature was unusually high between February and May following the working fluid
recharge in February.

e The brine and buffer pumps ran unnecessarily during the summer period when the heat pump was not in
use.

1 There were some operational problems with this system, and it was not possible properly to determine the system performance.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 48 |

Survey date 20/03/2014

Monitoring installed 10/07/2014

G/WSHP Combined ground/air-source: see notes below

Building type Residential home

Location Urban

Heat pump capacity kWtH 14

Number of heat pumps 1

Number of compressors 1

Heat source Combined ground and air heat collector

Heat emitters Underfloor heating pipes and radiators

DHW No

Auxiliary heat 3 kW immersion heater in heat pump (not used in normal operation)

Source pump Internal to heat pump: 300 W

Buffer/SH circulating pump Internal to heat pump: 150 W

Buffer tank 200 litre 2-pipe in return

DHW cylinder N/A

Control Heating programmer + wireless thermostatic radiator valves

Weather compensation Yes

Heat meter type Mechanical

No. of heat meters 1

Heat meter interface Pulse (1 kWh/pulse)

Comments There were operational problems with this heat pump and a full year’s
performance data is therefore not available.

Table 1 — System details

This site is a large detached Edwardian property that has been adapted and extended over the years to provide
accommodation for up to 24 older people.

The application entails extracting heat from the ground and air to provide space heating. The site is in a location
with average outdoor temperatures, but with required indoor temperatures higher than most other sites
monitored. (The mean outdoor temperature at the site during the period monitored was 10.2 °C. The range for all
sites was 8.1 — 12.5 °C, median 10.3 °C.) The system performance would be expected to be lower than average.

Heat pump and monitoring systems

A heat pump (thermal capacity 14 kW) was installed inside the building in 2012 to provide space heating (SH) to
underfloor heating pipes on the ground floor and radiators elsewhere.

The heat source was an “Energy Fence” which is a hybrid ground and air heat collector.
Figure 1 shows the installation in the garden of the house. Approximately 2/3 of the fence is below ground.

A 200-litre 2-pipe buffer tank is installed in the return from the heating circuit.

The heat pump and buffer tank are inside the heated envelope.
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Figure 1 — Energy Fence hybrid ground and air heat collector

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The outdoor air and ground temperatures are also monitored.

2The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
mechanical rotary-impeller flow meter installed in the return pipe, with matched temperature sensors installed in
fittings with the probes inside the flow and return pipes. The calculator is battery-powered. Monitoring was via
the pulse interface.

Immersion heater

The heat pump has an internal immersion heater that can be used for auxiliary heat. This heater is supplied via a
separate circuit and was not metered, because in normal operation of the heat pump it was always switched off.
However, between 25" September and 13" October, the heat pump was found to be faulty and the immersion
heater was used to provide some heat to the heating system. This was considered to be abnormal operation and
data from this period has been excluded from performance calculations.

Heat pump replacement

There were some problems with the operation of the heat pump during the monitoring period. It is understood
that the working fluid needed to be topped up on 2™ February and again on 14" October. The heat pump failed
on 12" December and was not used again thereafter. It has subsequently been replaced by an air-source heat
pump. It is understood that the decision to use an air-source heat pump was taken mainly because RHI support
for the Energy Fence heat collector had been withdrawn.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump including the internal brine pump, but excluding the
internal heating circulating pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL3 procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump] — [heat added by buffer pump]
SPFH2 =

Electricity used by: [heat pump including brine pump] — [buffer pump]

e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pump.

[Heat output of heat pump including immersion heater]

SPFH4 =
[Electricity used by heat pump including internal pumps and immersion heater]

e The heat added by the SH circulating pump was estimated as 30% (the assumed pump efficiency) of the
electrical energy supplied to the pump.

e The heat loss from the buffer tank was not deducted from the total heat output because the buffer tank
is inside the heated envelope. No heat was provided by the heat pump when the outdoor air temperature
was above 15 °C, so none of the heat loss from the buffer tank has been considered as wasted heat.

The number of 1-minute intervals selected as valid for analysis was 524 459, which represents 99.8% of the 12-
month period.

SPF results presented as relative values

Because of the operational problems noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this case
study as “relative” values, whereby each value is shown as an amount above or below a nominal performance.

Figure 3 shows the daily SPFH2 and SPFH4 behaviour of the system. Periods of abnormal operation as noted above
have been excluded. It can be seen that the performance was much lower before the working fluid was recharged
on 2™ February.

The higher SPF values between October and December were due to the system having operated with a reduced
output temperature.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [6] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 48 - Daily SPFs (relative values)

15
* o.%g, + SPFH2
%, W SPFH4
10 m ‘ e o
*
* " $eo ‘. +»
% o3 \ e
E Tef oo .
: * B -
o
B =
i
= 05 |#
[T
$2
&t
-1.5 *
Jan Feb Mar Apr May Jun Ju Aug Sep Oct Mo Dec

2015

Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the sources from which heat is being extracted are the ground and air, and the sink is the space
being heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground/air and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump brine through the heat collector, and to circulate the hot water from the heat pump
via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a significant
part of the total electricity used by the system.

Some heat pump systems incorporate electric immersion heaters to provide auxiliary heat at times when the heat
pump is unable to provide the heat required by the load — usually during very cold conditions.

It is desirable to minimise the electricity used by ancillary equipment.

10
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity use by the total heat pump system and
the outdoor air temperature are shown for reference. Note that the kWh values have been removed from the
graph because of the uncertainty of measurement due to the operational problems.

The low heat output in January was because the heat pump had lost some of its working fluid. It was re-charged
on 2™ February.

There was no demand for heat during the summer months. However, it can be seen that the electricity use during
the summer was quite high. This was due to the brine and buffer pumps having run regularly during this period,
even though the heat pump compressor was not running.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The estimated energy used by the brine pump and the
buffer pump was high, mainly because these pumps continued running unnecessarily during the summer months.

The brine pump accounted for an estimated 17.1% of electricity use, which is above average compared to other
systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a negative influence on the system
performance.

11



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 48

The buffer pump / heating circulating pump used an estimated 13.7%, which was also above average compared to
other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a negative influence on the
system performance.
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operating pattern on 3™ February 2015, after the heat pump working fluid had been
recharged. The outdoor temperature was between -4 and +4 °C and the ground temperature remote from the
Energy Fence was 5.6 °C.

The temperature of the heat pump output was between 31 and 56 °C. The temperature of the brine flow to the
heat pump was between -7 and 0 °C while the heat pump was running. It can be seen that the brine temperature
tended to follow the outdoor air temperature, showing the effect of the hybrid heat collector.
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Figure 6 — Operating pattern on 3™ February 2015

Figure 7 shows the operating pattern on 4" May 2015 when the outdoor temperature was between 8 and 17 °C
and the ground temperature was 10.8 °C. The heat pump output temperature was briefly up to 61 °C, but more
generally in the range 30 to 55 °C.

The temperature of the brine to the heat pump was in the range 4 to 12 °C, falling quite rapidly during each heat
pump run.
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Figure 7 — Operating pattern on 4" May 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year®. The brine and heat pump output temperatures have been plotted only for times when the heat
pump was running.

The low heat pump output temperature during January was due to the heat pump running without the full charge
of working fluid. The moderate output temperatures between late September and mid-October were due to the
immersion heater in the heat pump being used to provide some heat while the heat pump was not working.

5 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes and the ground
temperature every hour.
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Figure 8 — Key temperatures measured during the period 1% January — 31t December 2015

From February to May the output was generally high — up to 65 °C on some occasions. From mid-October to early
December the output temperature was lower than it had been from February to May, and varied with outdoor
temperature.

Weather compensation is a performance-enhancing technique whereby the temperature of the output to the
space heating emitters is reduced as the outdoor temperature increases (and the heating load therefore
decreases).

Figure 9 shows the different weather compensation behaviour during these two periods. The reason for the
change in behaviour is not known, but a possible explanation is that a high thermostat setting during the earlier
period prevented the weather compensation operating properly.

The improved SPFH4 from October to December can be seen in Figure 3.

Site 48 - Weather compensation
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Figure 9 — Weather compensation behaviour

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system

15



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 48

(plotted in red) were generally lower than on most other systems. This would have had a negative influence on

system performance.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 48 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system between February and May (after the working
fluid was recharged) were above the median value for other systems. This would have had a negative influence on
the system performance. Between October and December, the output temperature was more generally close to
the median value of other systems. This would have benefited the performance, as reflected in the daily SPFH4

behaviour shown in Figure 3.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 48 is shown in red)
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Figure 12 shows how the output temperature of this system compares to other heat pump systems that use
underfloor heating. The output temperatures on this system (plotted in red) were above average, which would
have had a negative influence on system performance.

Figure 12 — Daily mean heat pump output temperature compared to those of other systems that use underfloor heating
monitored in this project (site 48 is shown in red)

Comments

It was not possible to determine the annual SPF values for this system, because of the operational problems
noted above.

Aspects of the system that may have negatively influenced its performance include:

e The heat pump was inadequately charged with working fluid (refrigerant) for part of the monitoring
period. This prevented the heat pump working correctly and its performance was impaired.

e The source temperatures were lower than on most other systems monitored: generally in the lower
quartile of the range of source temperatures, and lowest of all at times.

e The output temperature was high between February and May following the working fluid recharge in
February. It is not known why the controls were set to provide such a high temperature. A possible
explanation is that the thermostat had been adjusted to a high setting prior to the recharge and was then
inadvertently left at the high setting.

After October, the output temperatures were more moderate and varied with weather compensation.
The period from 14™ October to 12" December was probably the only period of normal operation of this
system during the year monitored: the heat pump was properly charged with working fluid and the
heating controls appear to have been set correctly.

e The brine and buffer pumps ran unnecessarily during the summer period when the heat pump was not in
use. This wasted 1600 kWh of electricity at a cost of £235°. Switching these pumps off when not needed
would have improved the SPFH4 by an estimated 20%.

6 Assuming an electricity unit cost of 14.7 p/kWh [5].
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 51 and performance results from
12 consecutive months of monitoring data.

Site 51 is recreational building in a rural location.

A ground-source heat pump (thermal capacity 38 kW) extracts heat from 10 vertical boreholes beneath a car park
and provides heat for radiators and domestic hot water. Auxiliary heat is provided by a gas-fired boiler.

The seasonal heating performance factors measured over a year of operation
(2% January 2015 to 31 December 2015) were:

[Heat delivered by the heat pump]

SPFH2 2.69
[Electricity used by the heat pump (including the brine pump)]

[Heat delivered by the heat pump] + [heat added by buffer pump & SH circ pumps]
+ [heat added by DHW immersion heater] — [heat loss from buffer tank]
SPFH4 2.44
Electricity used by: [heat pump (incl brine pump)] + [buffer pump] + [SH circ pumps]
+ [DHW immersion heater]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

3.0

25

2.0

15 I

1.0 I
530 505 557 551 560 528 562 335

539 529

SPFH4

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of the system that may have negatively influenced its performance include:
e The gas-fired boiler was used much more than should have been necessary.

e The temperature of the output from the heat pump was always high (62 - 63 °C at the end of each run
cycle) —irrespective of whether the gas-fired boiler was also running, and irrespective of the outdoor air
temperature.

e The domestic hot water system is designed to be heated by water from the space heating buffer tank —an
arrangement that does not make best use of the temperature available from the heat pump, and
precludes the effective use of weather compensation by always requiring a high heat pump output
temperature.



e The domestic hot water immersion heater was used regularly — apparently unnecessarily.

e The temperature of the brine flow to the heat pump was lower than average compared to other systems
monitored.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details

Site ID 51

Survey date 21/03/2014
Monitoring installed 03/07/2014
G/WSHP GSHP

Building type Recreational building (golf club house)
Location Rural

Heat pump capacity kWtH 38

Number of heat pumps 1

Number of compressors 1

Heat source

Vertical boreholes

Heat emitters

Radiators

DHW

Yes

Auxiliary heat

Gas-fired boiler (44 kWTH)
3 kW immersion heater in DHW cylinder

Source pump

Internal to heat pump: 400W

Buffer pump

External to heat pump: 140W max

SH circulating pumps

2 pumps of 245W max

DHW circulating pump

1 pump of 24W

Buffer tank

1000 litre 4-pipe

DHW cylinder 500 litre

Control Heat pump controller + thermostatic radiator valves
Weather compensation No

Heat meter type Vortex

No. of heat meters 1

Heat meter interface M-Bus

Comments

The gas boiler appears to be operated in bivalent mode (two sources of heat
operating in parallel) rather than just as a backup

Table 1 — System details

Site 51 is recreational building in a rural location.

This application entails extracting heat from the ground to provide heat to a brick building that is around 50 years

old and is not insulated to modern standards. The building is located in an area with below-average outdoor

temperatures — estimated annual mean 9.4 °C (the range for all sites was 8.1 — 12.5 °C, median 10.3 °C). The heat
pump has a single output that provides heat simultaneously to both space heating and domestic hot water and
runs in (possibly unintentional) bivalent operation with a gas-fired boiler. The design performance of the system

would be expected to be below average.

Heat pump and monitoring systems

A ground-source heat pump of 38 kW thermal capacity is installed in a plant room in the basement of the
building. Heat is extracted via a brine loop from an estimated 10 vertical boreholes beneath a car park
approximately 100 m from the plant room.
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The heat emitters for space heating are radiators equipped with thermostatic valves. It is understood that the
radiators are those previously installed for use with an oil-fired boiler and have not been re-sized for use with the
heat pump.

A 1000-litre 4-pipe buffer tank is installed between the heat pump output and the space heating circuits. Hot
water from the buffer tank is also pumped through the heating coil of the domestic hot water cylinder. This is an
unusual arrangement that is unlikely to lead to the best possible performance of the heat pump system.

Auxiliary heat is provided by a 44 kWTH gas-fired boiler, and by a 3 kW immersion heater in the domestic hot
water cylinder.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating and domestic hot water, and temperatures
at key points in the system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

The gas-fired boiler has not been included in the SPFH4 boundary as it is understood that bivalent operation is not
intended. The boiler is not equipped with either a gas meter or a heat meter, so it is not feasible to accurately
determine the heat provided by the boiler.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?.

Figure 2 — System schematic showing the monitoring instrumentation installed

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [3] for further details. Note that these temperature measurements were not used for heat metering.
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Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the heat pump. The heat meter on this system is installed between the heat pump and the buffer tank. It uses a
vortex flow meter installed in the return pipe, with matched temperature sensors installed in pockets in the flow
and return pipes. The calculator is mains-powered. Monitoring was via the M-Bus interface.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump including the internal brine pump.
e SPFH4 represents the performance of the complete system, including the auxiliary immersion heater (but
not the gas-fired boiler) and excluding heat losses from the buffer tank.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of the heat pump]
SPFH2 =

[Electricity used by the heat pump including the internal brine pump]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.

8
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e The heat added by the buffer pump was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pump.

[Heat output of heat pump] + [heat added by buffer and SH circulating pumps]
— [heat loss from buffer tank] + [heat added by DHW immersion heater]

SPFH4 =
Electricity used by: [heat pump incl. brine pump] + [buffer and SH circulating pumps]
+ [DHW immersion heater]

e The heat added by the buffer pump and the heating circulating pumps was estimated as 30% (the
assumed pump efficiency) of the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

It was not possible to account for the heat supplied by the gas-fired boiler, as no heat meter or gas meter was
installed for the boiler. The electrical input to the boiler and the temperature of the boiler output were
monitored, so it is known when the boiler was operating.

The number of 1-minute intervals selected as valid for analysis was 524 494, which represents 99.8% of the 12-
month period.

The SPFH2 and SPFHa values for this system, measured between 1t January and 315 December 2015, are shown in
Table 2:

SPFH2 2.69

SPFH4 2.44

Table 2 — SPF values measured for the period 1% January to 31t December 2015

This means that for each unit of electricity used, this system delivers on average 2.44 units of heat —whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. These figures represent the combined space
heating + domestic hot water performance, not including the heat output from the gas-fired boiler. The wide
variation in the values in April and May appears to have been due to the gas boiler being used to provide most of
the heat (see Figure 6). During most of October, the heat pump was not used at all. The reason for this is not
known.

The increased SPF values during late November and December appears to have been due to the much increased
use of the heat pump after 3™ November. As shown in Figure 11, the daily mean heat pump output temperature
was generally between 60 and 62 °C until 25" November, after which it was lower — generally between 52 and 58

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [6] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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°C. This small reduction in output temperature coupled with the longer heat pump run times would be
responsible for the observed increase in performance.

Site 51 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily
(excluding heat from the gas-fired boiler)

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

10
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Some heat pump systems incorporate electric immersion heaters or gas-fired boilers to provide auxiliary heat at
times when the heat pump is unable to provide the heat required by the load — usually during very cold
conditions.

It is desirable to minimise the energy used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required to heat the building depends on various factors, particularly the outdoor
temperature.

Figure 4 shows the daily heat output from the heat pump and from the immersion heater in the domestic hot
water cylinder. The output from the gas boiler is not shown (it was not metered). The electricity used by the total
heat pump system, and the outdoor air temperature from site 37* are shown for reference. The heat delivery was
highest during November and December, and it can be seen in Figure 3 that the daily SPF values were also higher
during this period.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system
(excluding heat from the gas-fired boiler)

Breakdown of heat delivered

It was not possible to determine a breakdown of the heat delivery to space heating and domestic hot water on
this system.

4 The outdoor temperature was not recorded at this site. The temperatures at site 37 are believed to be broadly similar to those at this site.
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Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The heat pump electricity use was highest during
November and December, corresponding to the period of maximum heat delivery as shown in Figure 4. It is not
known why the heat pump use was lower in January and February, when the outdoor temperature was lower.
(The gas boiler was used much more at the start of the year than at the end of the year — see Figure 6.)

The domestic hot water immersion heater is controlled by a timeswitch with a manual override. Its use on several
occasions is unexplained. The heat pump and/or gas-fired boiler should have been able to meet the domestic hot
water demand, as they are considerably more powerful than the immersion heater.

The buffer pump and the heating circulating pumps accounted for 7.7% of the electricity used by the total heat
pump system, which was below average compared to other systems monitored (range 2.9% - 20.5%, median
8.8%). This would have had a positive influence on the system performance.

It was not possible to separately estimate the electricity used by the brine pump. It runs at the same time as the
compressor, so it was not possible to determine the power drawn by the brine pump from analysis of the
electricity metering data. The rating data for the pump is not available.

The immersion heater in the domestic hot water cylinder accounted for 2.8% of the total electricity. It is not
known why this heater was used at all, considering the availability of the gas-fired boiler.
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Figure 5 — Weekly electricity use breakdown

Gas-fired boiler operation and estimate of SPFxa for bivalent operation

A gas-fired boiler is installed to provide additional heat. This boiler was understood to be used only for auxiliary
heat and for backup. However, it appears to have been used in parallel with the heat pump (bivalent operation)
for much of the time.

It is possible to make an approximate estimate of the heat provided by the boiler, using measurements of the
boiler flow and return temperatures To7 and To8. Inspection of the data recorded from these sensors showed that
the temperature difference [T07 - Tog] varied as the boiler output was modulated with a maximum value of 16 °C,
which was assumed to correspond to the maximum rated boiler output of 44 kKWTH.

12
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Assuming a constant water flow rate® through the boiler, the boiler output in KWTH can thus be calculated as:

Haasgoiler = [T07 - TOS] * 440/ 16.0

Figure 6 shows the resulting estimated daily heat output of the heat pump and the boiler.

After 3" November the heat pump was in much greater use, with the gas-fired boiler being used only
occasionally. The reason for this is not known, but it seems likely that the boiler had been used more than
necessary as a result of inappropriate control strategy or settings.

Figure 6 — Daily heat delivered and electricity used by the total heat pump system
(including the estimated heat output of the gas-fired boiler)

An estimate of the SPFH4 for bivalent operation of the system can be made using the following equation:

[Heat output of heat pump] + [heat added by buffer and heating circ pumps]
— [heat loss from buffer tank] + [heat added by DHW immersion heater] + [heat from gas boiler]

SPFH4 =
Electricity used by: [heat pump incl brine pump] + [buffer and heating circulating pumps]
+ [DHW immersion heater] + [energy value of gas used by boiler]

Assuming a boiler efficiency® of 81% to determine the energy value of the gas supply, the estimated bivalent-
mode SPFH4 is 1.20.

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

5> The flow rate through the boiler was not measured.

6 The assumed boiler efficiency is the same as that used for estimating CO, and fuel bill savings in the Final Report [5].
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Figure 7 shows the operating pattern on a typical winter day on 5th January 2015 when the outdoor temperature
was estimated between 1 and 8 °C. The heat pump cycled on and off, running for 25 to 90 minutes at intervals of
an hour or more. However, the gas-fired boiler was running all day, providing a steady output temperature of 60
°C to mix with the output from the heat pump to the buffer tank. The output from the heat pump reached 63 °C.
This behaviour does not suggest best use of the heat pump. It might have been expected that it would run longer
(or continuously) with a lower output temperature to maximise the renewable heat generation, and that the gas-
fired boiler would be used if needed to boost the output. The reason for the system operating in this way is
unknown, but it suggests that the control strategy needs to be revised.

The temperature of the brine flow to the heat pump was between 2.5 and 5.5 °C.
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Figure 7 — Operating pattern on 5th January 2015

Figure 8 shows the operating pattern during a day on 5™ August 2015 when the outdoor temperature was
estimated between 11 and 21 °C and the space heating load would have been minimal. The gas-fired boiler was
not in use. It is notable that the heat pump output temperature was still up to 62 °C, which indicates that weather
compensation was either not enabled or had no effect. Again, this appears to have been the result of poor control
strategy.

The heat pump runs were for approximately 15 - 20 minutes each, at intervals of an hour or more. This was well
within the cycling guidelines determined from previous research [2].

The brine temperature while the heat pump was running was between 8 and 9 °C.
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Site 51 - Operating pattern (output temperatures) 05 August 2015
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Figure 8 — Operating pattern on 5" August 2015

Source and sink temperatures

Figure 9 shows the principal temperatures of the outdoor air, brine and the outputs from the heat pump, plotted
over the year’. The brine and heat pump output temperatures have been plotted only for times when the heat

pump was running.

The consistently high heat pump output temperature throughout the year is further indication that weather

compensation was not functioning.

7 Temperatures of the heat pump system were recorded at 2-minute intervals.
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Site 51 - Key temperatures
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Figure 9 — Key temperatures measured during the period 1% January — 31t December 2015

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures of all other
ground-source and water-source systems monitored in this project. The temperatures realised on this system
(plotted in red) were average during the early part of the year, but were at the low end of the range toward the
end of the year when the heat pump was in greater use. The lower brine temperatures would have had a negative
influence on system performance, because of the increased temperature lift required of the heat pump.

Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 51 is shown in red)
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Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were at the upper end of the values observed
on other installations. This would have had a significant negative influence on the system performance.

Figure 11 — Daily mean heat pump output temperature compared to those of other systems monitored in this project (site
51 is shown in red)

Comments

The performance figures presented for this system do not take account of the unmetered heat supplied by the
gas-fired boiler. The boiler was operated much of the time in parallel with the heat pump for reasons that are
unknown, and it seems from the recorded data that parallel operation of the heat pump and boiler was probably
not usually needed. During the relatively cold period of November and December, the heat pump provided most
of the heat output, so it would appear that it is capable of meeting the heat demand under most conditions.

This performance of this system (SPFH4 = 2.44) was average compared to other systems providing both space
heating and domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13, median value
2.41).

Aspects of the system that may have negatively influenced its performance include:

e The gas-fired boiler was used much more than should have been necessary. The heat pump should be
used whenever possible to maximise the renewable heat provided. The control strategy or settings should
be adjusted to make better use of the heat pump.

e The temperature of the output from the heat pump was always high (62 - 63 °C at the end of each run
cycle) —irrespective of whether the gas-fired boiler was also running, and irrespective of the outdoor air
temperature. During mild weather, the radiators presumably could operate at a lower temperature than
during the coldest periods. No advantage of this is being taken to reduce the heat pump output
temperature (i.e. weather compensation). It may be worth investigating whether there is an opportunity
to reduce the output temperature during mild weather, and to check that the weather compensation
function of the control system is correctly configured.

e Itis not known why the domestic hot water system is designed to be heated by water from the buffer
tank — an arrangement that does not make best use of the temperature available from the heat pump,
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and one that may preclude the effective use of weather compensation by always requiring a high heat
pump output temperature.

e The domestic hot water immersion heater was used regularly. It is unclear why this was necessary, as the
heat pump or the gas-fired boiler could have provided the heat at lower cost.

e The temperature of the brine flow to the heat pump was lower than average compared to other systems
monitored (during the period at the end of the year when the heat pump was being used more than it
had been previously).

An estimate of the bivalent-mode performance was made by estimating the heat output of the boiler using
temperature data. The estimated SPFH4 for bivalent operation during the period monitored was 1.20.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 53 and performance results from
12 consecutive months of monitoring data.

Site 53 is an office / warehouse building, located on a small suburban industrial estate.

A water-source heat pump (thermal capacity 30 kW) extracts heat from a river that flows past the building, and
provides heat to an underfloor heating system. The system is reversible to provide cooling when required,
although this capability is rarely used.

The seasonal heating performance factors measured over a year of operation
(2% April 2015 to 31 March 2016) were:

[Heat delivered by the heat pump] — [heat added by internal buffer pumps]
SPFH2 2.62

[Electricity used by the heat pump excluding internal buffer pumps + source & brine pumps]

[Heat delivered by the heat pump] + [auxiliary heat] + [heat added by SH circ pumps]
SPFH4 2.25
[Electricity used by the total heat pump system]

SPFH4 of systems that provide space heating only
(12 months)

SPFH4

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating only

Aspects of this system that positively influenced its performance are:

e The temperature of the brine at the inlet to the heat pump was above average compared to other
systems in the monitored sample for part of the monitoring period.

e The temperature of the heat pump output was below average compared to other systems in the
monitored sample, and below average compared to other underfloor heating systems.

Aspects of the system that may have negatively influenced its performance include:

e The electricity used by the open-loop river water pump was very high: 13.8% of the electricity used by the
total heat pump system. The river water and brine pumps together accounted for 16.0% of total



electricity which is considerably above the average electricity used by source pumps on other systems
monitored (range 2.3% - 29.8%, median 7.6%).

The indoor air temperature was not well controlled, leading to the heat pump operating at times when it
should not have been needed.

The reversing valves would have introduced some pumping and heat losses into the system and would
have increased the capital cost of the system — apparently unnecessarily, as the cooling arrangements
reportedly do not work adequately and are now not used.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
seep. s |

Survey date 22/01/2015

Monitoring installed 19/03/2015

G/WSHP WSHP

Building type Offices and warehouse
Location Suburban

Heat pump capacity kWtH 30

Number of heat pumps 1

Number of compressors 2 (2 vapour-compression circuits)
Heat source River water

Heat emitters Underfloor heating pipes
DHW No

Auxiliary heat Immersion heater 13 kW max

1) Underwater pump in the river: 1 kW

Source pumps
. 2) Internal to heat pump (for brine loop): 2 pumps of 145 W

Buffer pumps Internal to heat pump: 2 pumps of 70 W

1 pump of 40 W max (variable-speed)

SH circulating pumps
Sl 2 pumps of 45 W max (variable-speed)

Buffer tank 500 litre 4-pipe

Control Heat pump controller + wireless programmer & room thermostats
Weather compensation Yes

Heat meter type Vortex

No. of heat meters 1

Heat meter interface M-Bus

The system is equipped with reversing valves to provide cooling during warm
Comments th
weather

Table 1 — System details

Site 53 is a single-storey office and warehouse building, constructed in 2013 on a small suburban industrial estate.

The application entails extracting heat from river water to provide space heating via underfloor pipes in a modern
well-insulated building incorporating offices and a warehouse in a location with outdoor temperatures slightly
above the median for all sites monitored. (The mean outdoor temperature for site 53 was 10.7 °C. The range for
all sites was 8.1 — 12.6 °C, median 10.5 °C.) The design performance of the system in heating mode would be
expected to be high.

Heat pump and monitoring systems

A heat pump with two vapour-compression circuits and a total thermal capacity of 30 kW is installed in a corner
of the warehouse, adjacent to the office area. Water is pumped from a river that runs past the building though a
plate heat exchanger that transfers heat to brine and thence to the heat pump evaporator. The water is
discharged back to the river in an open-loop pumping arrangement, with the discharge above the river water
surface.

Heat is provided to space heating via underfloor heating pipes in the offices and fan-coil heaters in the
warehouse.
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The system can be reversed to provide cooling via the underfloor pipes. This arrangement is understood not to
work very well, and was not used during the monitoring period.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

A 500-litre 4-pipe buffer tank is installed between the heat pump output and the heating circuits. This buffer tank
is within the heated envelope, so the heat losses from it were not deducted from the system heat output.

Auxiliary heat can be provided by a 13 kW immersion heater. This was not used during the monitoring period.

Electricity meters (denoted by the circular “E” symbols) were installed to measure the electricity used by the heat
pump and by the circulating pumps. Temperatures (“T”) were monitored at key points in the system using
surface-mounted probes®. The outdoor air temperature was also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was used to measure the heat output of
the system. The heat meter on this system is installed between the buffer tank and the heating circuits. It uses a
vortex flow meter installed in the return pipe, with matched temperature sensors installed in fittings with the
probes inside the flow and return pipes. The calculator is mains-powered. Monitoring was via the M-Bus
interface.

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [1] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump and brine pumps.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters (if
used), excluding periods when the system was operating in cooling mode.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat measured by the heat meter] + [heat loss from buffer tank]
— [heat added by buffer pumps]
SPFH2 =

Electricity used by: [heat pump excluding the buffer pumps] + [river water pump]

e This calculation required the electrical energy used by the buffer pumps inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the power on the heat pump supply
circuit phase supplying the pumps was above a minimum value.

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the circulating pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat measured by the heat meter] + [heat loss from buffer tank]
+ [heat added by SH circulating pumps]

SPFH4 =
[Electricity used by the total heat pump system]

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The immersion heater has not been shown in the SPF equations as it was not used during the monitoring period.

The number of 1-minute intervals selected as valid for analysis was 525 914, which represents 99.8% of the 12-
month period.

The average SPFH2 and SPFHa values for this system, measured between 1% April 2015 and 31t March 2016, are
shown in Table 2.

SPFH2 2.62

SPFH4 2.25

Table 2 — SPF values measured for the period 1% April 2015 to 31t March 2016

This means that for each unit of electricity used, this system delivers on average 2.25 units of heat —whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The gap in the data in November was due to a
problem with the monitoring system?.

There was a wide variation in the SPF values from day to day. This is explained by the daily variation in heat
demand while the electricity used by the auxiliary pumps remained fairly constant.

It is also notable that during periods of zero heat demand the measured SPF values were below 1.0. These
unusually low values are explained by the auxiliary pumps continuing to run although not required because the
heat pump was not running. The total energy used during these periods was small, so the effect on the overall
annual SPF values was small. However, such energy wastage is undesirable.

The high SPF values for a few days after the restart at the beginning of January were due to the heat pump output
temperature being lower than normal while the building warmed up to normal operating temperature.

There is considerable scatter in the SPF values. This appears to have been due to the indoor thermostat(s) having
been adjusted from time to time, resulting in large variations in heat demand and heat pump output
temperature.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [4] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

4 No data was received from the electricity monitoring system between 7t - 22" and 23" — 26" November because of a data communication failure.

9



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 53

Site 53 - Daily SPFs
0 + SPFH2
35 : B 5PFH4
*
30 l; ¢ AA % 1
n oyt ot
Hgk e wr £
i 20 Lt 3 y N v Fing .
] * 'ﬂ ? ‘#‘ . By ': '.‘ o
u *
15 (m ,e . I'I.h +* .
[ | - [ |
10 »
0 ]
0.5 4
o L8t ff Seepigelin - A
Apr M ay Jun Jul Aug sep Oct Mo Dec Jan Feb Mar
2015-2016

Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the river water and the sink is the space being
heated.

Heat extraction from the source to the heat pump is via an open-loop circuit from the river, through a water-to-
brine heat exchanger, and through a brine circuit to the heat pump. The brine will always be colder than the
source, because a temperature difference between the river water and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the water from the source, the brine through the heat exchanger, and to circulate the
hot water from the heat pump via the buffer tank to the heat emitters in the building. Additional pumping power

is also needed on this system to pump the brine and the hot water through the reversing valves. These pumps use
electricity, which can be a significant part of the total electricity used by the system.
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An electric immersion heater is installed to provide auxiliary heat at times when the heat pump is unable to
provide the heat required by the load — usually during very cold conditions. This heater was not used during the
period monitored.

It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.
Variation of heat demand with outdoor temperature

The amount of heat required for the building depends on various factors, particularly the outdoor temperature.

Figure 4 shows the daily heat output from the heat pump system. The electricity used by the total heat pump
system and the outdoor air temperature are shown for reference. The heat output generally varied with the
outdoor temperature. The high output in early January was due to the system re-heating the building after the
shutdown over the Christmas/New Year break.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. The electricity used by the brine and buffer pumps in the
heat pump was estimated as described above.

The river water pump accounted for 13.8% of total electricity use. This high figure is explained by the nature of
the open loop water circuit, where the pump has to lift the water from the river to the heat exchanger in the
plant room (approximately 3 m vertical lift), rather than just circulate it through a closed loop.

11
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The brine circulating pumps used an estimated 2.2% of the total electricity.

The river water and brine pumps together accounted for 16.0% of total electricity which is considerably above
average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a
negative influence on the system performance.

The buffer pumps and the heating circulating pumps together used an estimated 10.0% of the electricity, which
was above average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have
had a negative influence on the system performance.

The electricity used by the heat pump during the summer months when there was no heating demand was due to
an internal single-phase load of 94 W — presumably the controls.

Site 53 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system, the electrical power drawn by the heat
pump and the thermal output power. The heat pump operating cycles are indicated by the heat pump supply
power graph.

Figure 6 shows the operational behaviour over a 3-day winter period, 14™" — 16" February 2016. The outdoor
temperature was between -4 and +6 °C. The indoor temperature was between 21 and 23 °C.

The demand for heat, as shown by the thermal power curve (“Heat output to SH” red line in the bottom section),
appeared to be fairly constant (although cycling as the heat pump cycled on and off) throughout the Sunday when
the premises were not occupied.

There was no heat output from midnight on Sunday until 08:00 on Monday. As there was no significant change in
outdoor temperature during this period, the change in demand was presumably a consequence of the control
programme.
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From 08:00 on the Monday, the heat pump ran continuously for 4 hours, with both compressors being used for
short periods of 4 — 11 minutes. Thereafter, it cycled on/off for the rest of the day, using only one compressor.
The minimum run time was 20 minutes, and the cycling behaviour was comfortably within the guidelines
recommended by previous research [2].

The outdoor temperature dropped to -4 °C during the night, and the heat demand increased, with the heat pump
using both compressors at times, until 10:30 on the Tuesday. The heat pump then did not run again until 14:40.

The outdoor temperature rose fairly quickly to 6 °C at 15:00 on Tuesday. The indoor temperature increased to 23
°C at the same time: this may have been due to some overshoot in the control system or to solar gain. It is not
known why the heat pump was operating when the indoor temperature was above 22 °C. This indicates a possible
problem with the control strategy.

The pattern of operation at the end of Tuesday was similar to that on the Sunday.
It is not known why there was a demand for heat all day on the Sunday or during the night.

The effect of weather compensation can be seen: the heat pump output temperature was generally higher when
the outdoor temperature was lower.
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Figure 6 — Operating pattern 14" - 16th February 2016
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Figure 7 shows the operating pattern during a day on 8" September 2015 when the outdoor temperature was
between 7 and 13 °C. The indoor temperature was between 21 and 23 °C.

The heat pump ran every 2 to 4 hours, with the run time varying from 15 to 30 minutes. This is good part-load
behaviour and is well within the cycling guidelines determined from previous research [2].

The river water pump ran whenever one or both heat pump compressors were running.
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Figure 7 —Operating pattern on 8" September 2015
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Source and sink temperatures

Figure 8 shows the principal temperatures of the outdoor air, river water, brine and the outputs from the heat
pump, plotted over the year®. The river water, brine and heat pump output temperatures have been plotted only
for times when the heat pump was running.

The river water temperature varied during the year between 7 and 14 °C. The temperature of the brine to the
heat pump was between -7 and +13 °C.

The temperature difference between the river water and the brine to the heat pump was between 3 and 4 °C
while the heat pump was running.

The heat pump output temperature varied between 23 and 56 °C. The temperature from the buffer tank to the
heating circuits varied between 22 and 55 °C.

The temperature loss through the buffer tank was generally between 1 and 2.5 °C.
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pump
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Figure 8 — Key temperatures measured during the period 1% April 2015 — 31t March 2016

Freezing in the river water circuit

At the end of March there was an incident of freezing in the river water circuit. Figure 9 shows the brine
temperature dropping below 0 °C on 28™ March and the river water return temperature dropping to -1.2 °C on
the 29" March. The heat pump continued to run approximately twice every hour for very short intervals of
around 2 minutes, but there was almost no heat output. This situation persisted until 31 March when the
problem was discovered. It is not known why this problem occurred. It is understood that the plate heat
exchanger was not damaged in this incident, although it was clearly an undesirable occurrence and illustrates
what can happen if there is no protection against freezing in water-source heat pumps.

> Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor temperature was recorded every 15 minutes.
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Site 53 - Temperatures (1) 21-31 March 2016
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Figure 9 — River water circuit freezing incident 28" — 315t March 2016

Figure 10 shows the daily mean brine flow temperature compared to the source temperatures (at the heat pump)
of all other ground-source and water-source systems monitored in this project. The temperatures realised on this
system (plotted in red) were above average during the first three months of the monitoring period, and
approximately average after August. The above-average temperatures would have had a positive influence on
system performance.
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Figure 10 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 53 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were below average compared to other
systems. This would have had a positive influence on the system performance.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 53 is shown in red)

Figure 12 shows the daily average temperature of the flow to the underfloor heating. The temperatures on this
system were below average compared to other underfloor heating systems monitored. This would have had a
positive influence on system performance.
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Figure 12 — Daily average temperature of the flow to the underfloor heating circuits compared to other underfloor heating

systems monitored (site 53 is shown in red)

Comments

The overall performance of this system (SPFH4 = 2.25) was average compared to other systems providing space
heating only that were monitored in this project (SPFH4 range: 1.42 to 4.10, median value 2.23).

Aspects of this system that positively influenced its performance are:

The temperature of the brine at the inlet to the heat pump was above average compared to other
systems in the monitored sample for part of the monitoring period.

The temperature of the heat pump output was below average compared to other systems in the
monitored sample, and below average compared to other underfloor heating systems.

Aspects of the system that may have negatively influenced its performance include:

The electricity used by the river water pump was very high: 13.8% of the electricity used by the total heat
pump system.

The river water and brine pumps together accounted for 16.0% of total electricity which is considerably
above average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

The buffer pumps and the heating circulating pumps together used an estimated 10.0% of the electricity,
which was above average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). The
control settings should be altered so that these pumps do not run during periods when there is no
demand for heat.

The indoor air temperature was not well controlled, leading to the heat pump operating at times when it
should not have been needed.

The reversing valves would have introduced some pumping and heat losses into the system and would

have increased the capital cost of the system —apparently unnecessarily, as the cooling arrangements
reportedly do not work adequately and are now not used.
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It is unclear why there is demand for heating during weekends and nights when the premises are unoccupied. It is
also unclear why the indoor temperature varies considerably. The control strategy should be reviewed to ensure
better control of the indoor temperature, with set-back during times when the building is unoccupied. This will
reduce the overall heat pump output temperature and yield improved performance and energy savings.

It would also be very desirable to review the mechanism in place to prevent freezing of the river water at the heat
exchanger.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 56 and qualitative! performance
results from 12 consecutive months of monitoring data.

Site 56 is a retail shop in a rural location.

A ground-source heat pump (thermal capacity 33 kW) extracts heat from horizontal ground loops, and provides
space heating via underfloor heating pipes and domestic hot water.

Seasonal performance factors are not presented because characteristics of the heat meter, previously installed
for the Renewable Heat Incentive and used to monitor this system, have led to unacceptably high uncertainties of
measurement of the heat delivered.

Aspects of this system that positively influenced its performance are:

e The electricity used by the buffer pump and the space heating circulating pump (4.9% of the total
electricity) was below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).

e The temperature of the brine flow to the heat pump was above average compared to other systems
monitored.

Aspects of the system that may have negatively influenced its performance include:
e The temperature of the heat pump output was above average compared to other systems monitored.
e Weather compensation was not used.

e The heat output during the summer did not reduce as would usually be expected. This may have been
due to faulty or incorrectly configured controls.

e The desuperheater of the heat pump is not used to provide heat for domestic hot water.

1 The heat meter installation on this system uses strap-on temperature sensors. This technique is known [1] to be prone to unacceptably large measurement
errors and the performance values could therefore not reliably be determined.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

Desuperheater A heat exchanger that removes heat from superheated gas discharged from a compressor.
This provides a small amount of heat at a temperature which is higher than that of the main
condensation process

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump
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System details
L

Survey date 24/01/2015
Monitoring installed 21/03/2015
G/WSHP GSHP
Building type Retail shop
Location Rural

Heat pump capacity kWtH 32.8
Number of heat pumps 1

Number of compressors 1

Heat source

Horizontal ground loops: total 1200 m

Heat emitters

Underfloor heating pipes

DHW

Yes

Auxiliary heat

Immersion heaters in buffer tank: 2 x 6 kW
Immersion heater in DHW cylinder: 1 x 3 kW

Source pump

Internal to heat pump: 1 pump of 1.25 kW

Buffer pump

Internal to heat pump: 1 pump of 180 W

SH circulating pumps

1 pump of 260 W max

DHW circulating pump

1 pump of 50 W max

Buffer tank

700 litre 4-pipe

DHW cylinder 300 litre

Control Heat pump controller + programmable thermostat
Weather compensation No

Heat meter type Ultrasonic

No. of heat meters 1

Heat meter interface Pulse (10 kWh / pulse)

Comments

Table 1 — System details

Site 56 is a retail shop located within a larger single-story retail facility in a rural location.

The application entails extracting heat from the ground to provide space heating and domestic hot water to the
shop. The outdoor temperature at the site was average compared to other sites monitored. (The mean outdoor
temperature at the site was 10.6 °C. The range for all sites was 8.1 — 12.6 °C, median 10.5 °C.) The design
performance of the system would be expected to be above average.

Heat pump and monitoring systems

A ground-source heat pump of 32.8 kW thermal capacity is installed in a room adjacent to an office area.

The heat source is 1200 m of horizontal ground loops at a depth of approximately 1.2 m. The manifold of the
ground array is approximately 200 m from the heat pump.

Heat is provided to space heating via a 700 litre 4-pipe buffer tank to underfloor heating pipes and to domestic
hot water via a 300 litre indirect cylinder.
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The heat pump is equipped with pipe connections to a desuperheater, intended for providing high temperatures
for domestic hot water. These connections have not been used.

Figure 1 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output, and temperatures at key points in the system. The system
boundaries for calculation of SPFH2 and SPFH4 are also shown.

Auxiliary heat can be provided by two 6 kW immersion heaters in the buffer tank and a 3 kW immersion heater in
the domestic hot water cylinder.

The system is controlled by the heat pump controller in conjunction with a wireless programmable thermostat.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The ground, outdoor air and indoor air temperatures are also monitored.

Figure 1 — System schematic showing the monitoring instrumentation installed

Heat metering

The heat meter previously installed to meet RHI metering requirements was installed with the temperature
probes strapped to the pipes and covered by a layer of pipe insulation. This arrangement is not as recommended
by the heat meter manufacturer and is known [1] to cause potentially large errors in the heat measurement. It
was not possible to determine the system performance with any reliable degree of accuracy because of this
uncertainty. The flow meter is an ultrasonic type, installed in the return pipe between the heat pump and the
buffer tank. The calculator is battery-powered. Monitoring was via the pulse interface.

2 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [5] for further details. Note that these temperature measurements were not used for heat metering.
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Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps and heaters (if
used).

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [2].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL3 procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meter was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump] — [heat added by buffer pump]
SPFH2 =

Electricity used by: [heat pump including the brine pump but excluding the buffer pump]

e This calculation required the electrical energy used by the buffer pump inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pump, calculated for intervals that the heat pump was running.

3 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e The heat added by the circulating pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat output of heat pump] — [heat loss from buffer tank] + [heat added by SH circ pump]
+ [heat added by immersion heaters]
SPFH4 =

Electricity used by: [heat pump] + [brine pump] + [SH circulating pump] + [immersion heaters]

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 525 864, which represents 99.8% of the 12-
month period

SPF results presented as relative values

Because of the heat metering issues noted above, it has not been possible to determine the system performance
with any useful degree of accuracy. The performance factors SPFH2 and SPFH4 are therefore presented in this
case study as “relative” values, whereby each value is shown as an amount above or below a nominal
performance.

Figure 2 shows the weekly® SPFH2 and SPFH4 behaviour of the system®. The SPF values reduced over the
monitoring period. The explanation for this appears to be that the indoor temperature set-point was reduced (as
seen in Figure 8) causing the daily heat demand to reduce, but without any reduction in the heat pump output
temperature or in the electricity used by the auxiliary pumps.

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [6] — and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).

5 The relatively high value of the pulse output (10 kWh / pulse) from the heat meter does not facilitate presentation of daily SPF values, because the small
number of pulses recorded each day leads to significant scatter in the daily heat measurement.

6 The actual values are not shown because of the high uncertainty of measurement of the heat metering on this system. Relative values are shown to give
some indication of the scale of the behaviour.
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Site 56 - Weekly SPFs (relative values)
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Figure 2 — Seasonal performance factors SPFH2 and SPFH4 calculated weekly

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated and the domestic hot water.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

Electric immersion heaters are installed in the heating buffer tanks and in the domestic hot water cylinder, to
provide auxiliary heat at times when the heat pump is unable to provide the heat required by the load — usually
during very cold conditions.
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It is desirable to minimise the electricity used by ancillary equipment.

Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [3] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required by the building depends on various factors, particularly the outdoor temperature.

Figure 3 shows the weekly heat output from the heat pump. The electricity used by the total heat pump system
and the outdoor air temperature are shown for reference. Note that the kWh values have been removed from the
graph because of the high uncertainty of measurement of the heat meters.

The immersion heaters were not used during the monitoring period.

Due to the location of the heat meter, the proportion of the total heat that was provided to domestic hot water
could not be measured on this system.

The weekly heat output measurement during the first few weeks was much higher than during later weeks when
the outdoor temperature was similar or lower. This appears to have been due to the indoor temperature set-
point having been reduced.

It is also notable that the heat output did not diminish significantly during the summer when the space heating
load should have been very low. This was possibly due to an inadequate control strategy — which should be
investigated.
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Figure 3 — Weekly heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

It was not possible to determine a breakdown of the heat delivery to space heating and domestic hot water on
this system.
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Breakdown of electricity use

Figure 4 shows the weekly breakdown of electricity use. The electricity used by the buffer pump in the heat pump
was estimated from the pump rating data and analysis of the detailed data recorded by the electricity monitor.
The brine pump was metered separately.

It can be seen that the electricity used during the first few weeks was higher than at any time later in the year.
This corresponds with the higher heat output shown in Figure 3.

The brine circulating pump used 7.6% of the electricity used by the total heat pump system, which was average
compared to other systems monitored (range 2.3% - 29.8%, median 7.6%).

The buffer pump and the space heating circulating pump together used 4.9% of the electricity, which was below
average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would have had a
positive influence on the system performance.

However, the space heating circulating pump was used throughout the warm summer period when heating would
not usually be needed. This was probably due to incorrect control settings and would have had a negative
influence on overall performance.
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Figure 4 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump. The heat pump operating cycles are indicated by the heat pump supply power graph.

Figure 5 shows the operating pattern over two days 8" — 9" January 2016 when the outdoor temperature was
between 2 and 9 °C. The heat pump operated for a long run of around 12 hours each day, and for several short
runs of between 3 and 10 minutes. The very short runs are undesirable for both performance and equipment
lifetime reasons. The possible cause of these is examined in the next section.
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The heat pump output temperature varied between 47 and 50 °C for most of each day, with peaks of up to 60 °C.
The temperature of the brine flow to the heat pump was between 5 and 8 °C while the heat pump was running.
The ground temperature’ was 7.4 °C at the start of the first day, and 6.7 °C at the end of the second day.
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Figure 5 — Operating pattern 8" — 9" January 2016

Figure 6 shows the behaviour during a 6-hour period on 9% January 2016, at the beginning of the daily heating
cycle.

The heat pump ran for 10 minutes at 04:00 to top up the domestic hot water. The maximum output temperature
was 58 °C.

The space heating circulating pump started running at 04:36 — initially for a series of short runs of 3 — 9 minutes.
After 06:44 it ran continuously until 17:45. The first two short runs apparently circulated heat from the buffer
tank. The heat pump started during the third run of the circulating pump and ran for three progressively longer
runs of 3, 6 and 12 minutes, before starting its continuous run at 05:50. The heat pump output temperature

7 The ground temperature was measured 1 m below the surface at a location remote from the ground collector.
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during the initial short runs was high (up to 58 °C) compared to the maximum of 50 °C during the continuous 12-
hour run.

The temperature oscillations are believed to be caused by the use of a smart thermostat (programmable
controller) that is intended for use with a boiler. It appears that this controller imposes on/off cycles that are not
appropriate for a heat pump system. Use of a different type of controller to avoid the short cycles and the
unnecessarily high output temperatures should have a positive influence on the overall performance and the life
of the heat pump.
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Figure 6 — Detail of operation on the morning of 9t January 2016

Figure 7 shows the operating pattern on 29" June 2015 when the outdoor temperature was between 12 and 23
°C. The indoor temperature was between 21 and 27 °C.

There was demand for space heating in the morning. The space heating circulating pump operated from 00:30 to
09:30 and the heat pump ran from 01:30 to 08:00. The maximum heat pump output temperature during this
period was 53 °C. The temperature of the brine flow to the heat pump was 14 °C at the start of the run and 11.5
°C at the end.
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The heat pump ran again for 30 minutes at 10:30 and for 8 minutes at 15:15 to provide heat to domestic hot
water. The maximum output temperature during these runs was 60 °C.
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Figure 7 —Operating pattern on 29'" June 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the ground, outdoor air, brine, output from the heat pump, and flow
and return from the buffer tank to space heating, plotted over the year®. The brine and heat pump output
temperatures have been plotted only for times when the heat pump was running. There was no data from the
indoor temperature sensor after 16" January.

The heat pump output temperature varied between 38 and 60 °C, the higher temperature being reached on most
days throughout the year, evidently for domestic hot water production.

8 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor and indoor temperatures were recorded every 15 minutes and
the ground temperature every hour.
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The output from the buffer tank to the space heating circuit was between 20 and 56 °C. There is no indication of
weather compensation being used. These temperatures are high for an underfloor heating system and would
have had a negative influence on the system performance.

The temperature of the brine flow to the heat pump generally followed the ground temperature to within £ 1.5
°C. The lowest brine temperature was 3.1 °C on 22" January.
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Figure 8 — Key temperatures measured during the period 1% April 2015 — 31t March 2016

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures (at the heat pump)

of all other ground-source and water-source systems monitored in this project. The temperatures realised on this
system (plotted in red) were above average compared to other systems. This would have had a positive influence
on system performance.
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Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 56 is shown in red)

Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,

compared to other systems with horizontal ground collectors. The low temperature difference on this system
indicates good collector performance.

Horizontal collector ground-brine temperature difference

12

The squares show the mean values.
10 The vertical bars show the range of values (mean + 2a).
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 56 is shown in red)
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Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were above average compared to other
systems. This would have had a negative influence on the system performance.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 56 is shown in red)

Figure 12 shows the daily mean temperature of the flow to the underfloor heating pipes compared to other
systems using underfloor heating monitored in this project. The temperatures on this system were above average
compared to other systems. This would have had a negative influence on the system performance.

Figure 12 — Daily mean temperature of flow to underfloor heating compared to other systems using underfloor heating
monitored in this project (site 56 is shown in red)
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Comments

The performance of this system could not be determined with reliable accuracy because of known issues with the
heat metering arrangement installed.

Aspects of this system that positively influenced its performance are:

e The electricity used by the buffer pump and the space heating circulating pump (4.9% of the total
electricity) was below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).

e The temperature of the brine flow to the heat pump was above average compared to other systems
monitored.

Aspects of the system that may have negatively influenced its performance include:

e The temperature of the heat pump output was above average compared to other systems monitored.

e Weather compensation was not used. If this can be implemented, the overall performance of the system
should improve.

e The heat output during the summer did not reduce as would usually be expected. This may have been
due to faulty or incorrectly configured controls. Avoidance of unnecessary space heating during the
summer will yield significant savings in annual electricity use.

e Itis not known why the desuperheater of the heat pump is not used. The manufacturer’s installation
manual shows an example of how the desuperheater (referred to as “hot gas”) can be used for heating
domestic hot water. This arrangement would allow the output to space heating to be at a lower
temperature, with a consequent improvement in the overall system performance.

e |t was observed that the heat pump tends to run for a number of short cycles during initial operation of
the heating system each day. Short cycling is known [3] to be undesirable as it impairs performance and
causes excessive wear and tear on the equipment. The control system should be altered to prevent this
happening.

e Underfloor heating may not be the most appropriate type of heat emitter for a retail shop. Fan-coil

heaters might give better overall system performance because they can be more easily controlled to
provide heat only during the times needed.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kWTH has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 57 and performance results from
12 consecutive months of monitoring data.

Site 57 is a detached house used as offices. It is in a rural location.

A ground-source, high temperature heat pump (thermal capacity 40 kW) extracts heat from horizontal ground
loops, and provides space heating via underfloor heating pipes and domestic hot water.

The seasonal heating performance factors measured over a year of operation
(2% April 2015 to 31 March 2016) were:

[Heat delivered by the heat pump] — [heat added by internal buffer pumps]

SPFH2 2.88
[Electricity used by the heat pump (excluding buffer pumps) + brine pump]

[Heat delivered by the heat pump] — [heat loss from buffer tank] + [heat added by SH circ pump]
SPFH4 2.73

[Electricity used by heat pump (incl aux heater & internal pumps) + brine pump + SH circ pump]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

25

2.0

15 I

1.0 I
530 505 539 557 551 560 529 528 562 535

Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

SPFH4

Aspects of this system that positively influence its performance are:
e No auxiliary heat was used.
e Weather compensation was used.
e The electricity used by the buffer pump and the space heating circulating pump (5.6% of the electricity)
was below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).
Aspects of the system that may have negatively influenced its performance include:

e The temperature of the brine flow to the heat pump was below average compared to other systems
monitored.



The electricity used by the brine pump (9.9% of the total electricity) was above average compared to
other systems monitored (range 2.3% - 29.8%, median 7.6%).

The temperature of the heat pump output was above average compared to other systems monitored.

Only an estimated 2.6% of the heat pump output was used for domestic hot water. It would probably be
better to install point-of-use water heaters and use the heat pump only for space heating. This would
potentially allow it to operate with lower output temperatures and fewer annual run hours, with
resultant improvement in system performance and a reduction in overall electricity use.

This is a high-temperature heat pump system (maximum output temperature 65 °C) that does not use
auxiliary immersion heaters. As would be expected, the performance was lower than that of other
systems operating with lower output temperatures, but better than systems that use immersion heaters
to achieve high temperatures. (If the system did not provide domestic hot water, a high-temperature heat
pump would not be needed.)



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 57

Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump



http://sepemo.ehpa.org/
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System details

Site ID 57

Survey date 23/01/2015
Monitoring installed 21/03/2015
G/WSHP GSHP

Building type Detached 3-storey house used as offices
Location Rural

Heat pump capacity kWtH 40

Number of heat pumps 1

Number of compressors 2

Heat source

Horizontal ground loops: 6 x 250 m at a depthof 1 —1.2 m

Heat emitters

Radiators with thermostatic valves. Some new oversized radiators were
installed for use with the heat pump. Others were previously used with an oil-

fired boiler.
DHW Yes
Auxiliary heat None

Source pump

External to heat pump: 1 pump of 890 W max

Buffer pumps Internal in heat pump: 2 pumps of 90 W

SH circulating pumps External to heat pump: 1 pump of 180 W max (variable speed)

DHW circulating pump None

Buffer tank 100 litre 3-pipe

DHW cylinder 300 litre

Control Heat pump controller + room thermostat + thermostatic radiator valves
Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 2

Heat meter interface

Pulse (1 kWh / pulse)

Comments

Table 1 — System details

Site 57 is a large, red brick, detached, 3-storey house in a rural location. It is used as offices and is understood to
be occupied only during normal business hours.

This application entails extracting heat from the ground to provide space heating and domestic hot water to a
brick building that is at least 50 years old and is not insulated to modern standards. The outdoor temperature at
the site was average compared to other sites monitored. (The mean outdoor temperature at the site was 10.6 °C.
The range for all sites was 8.1 — 12.6 °C, median 10.5 °C.) The high-temperature heat pump provides domestic hot
water without using auxiliary immersion heaters. The design performance of the system would be expected to be
below average.

Heat pump and monitoring systems

A ground-source heat pump of 40 kW thermal capacity is installed in the basement of the house. The heat pump
comprises two vapour compression circuits. One of these is capable of providing high-temperature (up to 65 °C)
heat to domestic hot water or space heating; the other is used for space heating only.
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The heat source is 6 x 250 m horizontal ground loops in the garden of the house, at a depth of approximately
1.2 m.

Heat is provided for space heating via a 100-litre buffer tank to radiators fitted with thermostatic valves. The
buffer tank is unusual in having three connections: the flow from the heat pump, the supply to the heating circuit,
and a connection to the return pipe. The tank is fitted with a fourth tapping which is unused. It is not known why
this arrangement was adopted, but it could be expected that the buffer tank would have some of the
characteristics of a 4-pipe buffer tank.

Domestic hot water is provided via a 300-litre thermal accumulator.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output, and temperatures at key points in the system. The system
boundaries for calculation of SPFH2 and SPFH4 are also shown.

There is no auxiliary heater installed on this system.

The system is controlled by the heat pump controller in conjunction with a room thermostat located in the
ground floor hallway and thermostatic valves on each radiator.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the
heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes®. The ground, outdoor air and indoor air temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

1 The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering

7



Monitoring of Non-Domestic Renewable Heat Incentive Ground-Source & Water-Source Heat Pumps - Site 57

Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pump. The heat meters on this system are installed between the heat pump and the buffer tank and
between the heat pump and the domestic hot water accumulator. Ultrasonic flow meters are installed in the
return pipes, with matched pairs of temperature sensors installed in fittings with the probes in pockets in the flow
and return pipes. The calculators are battery-powered. Monitoring was via the pulse interfaces.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump together with the source pump.
e SPFH4 represents the performance of the complete system, including all auxiliary pumps.

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. Readings from the battery-powered temperature sensors and the pulse counter connected to
the heat meter were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL? procedures
tailored to suit this heat pump system.

The SPF values were calculated as follows:

e The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump to SH & DHW] — [heat added by internal buffer pumps]
SPFH2 =

Electricity used by: [heat pump excluding buffer pumps] + [brine pump]

2 Structured Query Language: a programming language used for managing data held in a relational database management system.
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e This calculation required the electrical energy used by the buffer pumps inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the associated heat pump compressor
was running.

e The heat added by the circulating pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat output of heat pump to SH & DHW] — [heat loss from buffer tank] + [heat added by SH circ pump]
SPFH4 =

Electricity used by: [heat pump] + [brine pump] + [SH circulating pump]

e The heat added by the SH circulating pump was estimated as 30% (the assumed pump efficiency) of the
electrical energy supplied to the pump.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 15 °C.

The number of 1-minute intervals selected as valid for analysis was 525 858, which represents 99.8% of the 12-
month period.

The SPFH2 and SPFH4 values for this system, measured between 1%t April 2015 and 315 March 2016, are shown in
Table 2.

SPFH2 2.88

SPFH4 2.73

Table 2 — SPF values measured for the period 1% April 2015 to 31% March 2016

This means that for each unit of electricity used, this system delivers on average 2.73 units of heat — whereas a
direct electric heater would deliver only one unit of heat for each unit of electricity.

Figure 3 shows the daily SPFH2 and SPFH4 values for the system. The SPFH2 values were higher during warmer
weather in the summer months. The SPFH4 values also generally increased with warmer weather. The lower
values during June, July and August were a consequence of the very low space heating load factor resulting in
reduced system efficiency. The total heat delivered to space heating during the summer was very small, so the
overall effect of the low SPFH4 values is minimal.

3 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy that is transferred to the water is related to the pump efficiency. For the calculations used in this analysis, the pump efficiency has been
taken as 30% — the figure used in EN 14511-3 [5] —and it has been assumed that the proportion of energy transferred to the water is also 30%. While this
figure is unlikely to be correct for every pump, a sensitivity analysis has shown that the effect of assuming a higher energy transfer to the water of, say, 50%
of the electrical energy (rather than 30%) has only a minor effect on the calculated system performance of typically less than 1% (depending on the number,
size and placement of pumps in the system being considered).
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Site 57 - Daily SPFs
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Figure 3 — Seasonal performance factors SPFH2 and SPFH4 calculated daily

Factors that influence performance

Temperature lift

The main factor that influences the performance of a heat pump is the difference between the temperature of
the cold source at the input to the heat pump and the temperature of the hot output from the heat pump —
referred to as the “temperature lift”. In theory, and generally in practice, performance is best when the
temperature lift is lowest. Therefore, it is desirable for the source temperature to be as high as possible and for
the output temperature to be as low as possible.

For this system, the source from which heat is being extracted is the ground and the sink is the space being
heated and the domestic hot water.

Heat extraction from the source to the heat pump is via a brine circuit. The brine will always be colder than the
source, because a temperature difference between the ground and the brine is needed to transfer the heat.

Heat delivery from the heat pump to the heated space is via a hot water circuit. Again, this water will always be
warmer than the space because of the need for a temperature difference to transfer the heat.

An objective of good system design and operation should be to maximise the temperature of the brine at the
input to the heat pump, and to minimise the temperature at the heat pump output.

Ancillary equipment

Pumps are needed to pump the brine through the ground collector, and to circulate the hot water from the heat
pump via the buffer tank to the heat emitters in the building. These pumps use electricity, which can be a
significant part of the total electricity used by the system.

It is desirable to minimise the electricity used by ancillary equipment.

10
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Cycling

A heat pump will usually cycle on and off a number of times each day, depending on the heat demand. The
number and length of the run times will tend to reduce during warmer weather because of the reduced heat
demand.

Previous research [2] recommended that systems be designed to achieve a minimum run time of circa 6 minutes
under all conditions, to avoid the worst excesses of performance impairment due to short cycling.

Variation of heat demand with outdoor temperature

The amount of heat required for the building depends on various factors, particularly the outdoor temperature.

Figure 4 shows the daily heat output from the heat pump. The electricity used by the total heat pump system and
the outdoor air temperature are shown for reference.

The heat provided to space heating varied with the outdoor air temperature.

The heat provided to domestic hot water was approximately constant throughout the year.

Figure 4 — Daily heat delivered and electricity used by the total heat pump system

Breakdown of heat delivered

Table 3 shows the breakdown of the heat output from the heat pump to space heating and to domestic hot water
during the period from 1°t April 2015 to 31 March 2016.

%
Heat output from heat pump to space heating 97.4%

Heat output from heat pump to domestic hot water 2.6%

Table 3 — Breakdown of heat delivered to space heating and domestic hot water

11
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Breakdown of electricity use

Figure 5 shows the weekly breakdown of electricity use. As it was not possible to meter directly, the electricity
used by the buffer pumps in the heat pump was estimated from the pump rating data and analysis of the detailed
data recorded by the heat pump electricity monitor (E01).

The brine pump accounted for 9.8% of the electricity used by the total heat pump system, which was above
average compared to other systems monitored (range 2.3% - 29.8%, median 7.6%). This would have had a
negative influence on the system performance.

The buffer pumps and the space heating circulating pump together used an estimated 5.6% of the electricity,
which was below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%). This would
have had a positive influence on the system performance.

Site 57 - Weekly electricity use breakdown
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Figure 5 — Weekly electricity use breakdown

Operating pattern

To help understand the day-to-day operation of the system, it is useful to examine the detailed temperature and
power data recorded during typical high-load winter operation and during light-load operation in warmer
weather.

The graphs presented below show the key temperatures of the system and the electrical power drawn by the
heat pump. The heat pump operating cycles are indicated by the heat pump supply power graph.

Figure 6 shows the operating pattern on 9™ December when the outdoor temperature was between 3 and 10 °C.
The indoor temperature was 23 +0.5 °C.

The space heating circulating pump was running continuously all day, and it appears that there was no change in
the indoor temperature set point during the night.

The heat pump cycled on/off all day, approximately every 75 minutes. Each run was for between 30 and 60
minutes. Both compressors were used for part of the time during each run.
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The temperature of the heat pump output to the buffer tank varied between 34 and 59 °C. The output
temperature was highest when the outdoor temperature was lowest — indicating operation of the weather
compensation function.

There was no perceptible loss of temperature through the buffer tank.

The heat pump provided heat to domestic hot water twice during the day. The maximum temperature of the heat
pump output to domestic hot water was 65 °C.

The temperature of the brine flow to the heat pump was between 2 and 4 °C.

Site 57 - Operating pattern (temperatures 1) 09 Dec 2015
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Figure 6 — Operating pattern 9t December 2015

Figure 7 shows the operating pattern on 24™ June when the outdoor temperature was between 9 and 23 °C. The
indoor temperature was between 21 and 22 °C.

The space heating circulating pump was running until 09:00, indicating a demand for space heating.

The heat pump ran for 6 intervals of between 16 and 38 minutes. The higher compressor power drawn during the
fourth run was because heat was provided to domestic hot water, requiring a higher output temperature. The
heat pump ran for 15 minutes during the afternoon to provide heat to domestic hot water.

The maximum temperature of the heat pump output to the buffer tank was 51 °C, and the maximum
temperature of the output to domestic hot water was 65 °C.

There was a temperature loss of approximately 5 °C through the buffer tank. This may have been due to some of
the radiator thermostatic valves being closed, resulting in reduced flow through the heating circuit.
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The temperature of the brine flow to the heat pump was between 7 and 9 °C while the heat pump was running.

Site 57 - Operating pattern (temperatures 1) 24 June 2015
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Figure 7 — Operating pattern on 24" June 2015

Source and sink temperatures

Figure 8 shows the principal temperatures of the ground, outdoor air, brine, output from the heat pump, and flow
and return from the buffer tank to space heating, plotted over the year. The brine and heat pump output
temperatures have been plotted only for times when the heat pump was running. There was no data from the
indoor temperature sensor after 23 December.

The temperature of the brine flow to the heat pump was approximately 7 °C below the ground temperature
during winter conditions. The lowest brine temperature was -1 °C on 21 January.

The temperature of the output to domestic hot water was high: the daily maximum was generally between 64
and 65 °C. It is worth noting that, while these are high output temperatures for a heat pump, no auxiliary
immersion heater was used and the difference between the SPFH2 and SPFH4 performance was relatively small.

The output from the buffer tank to space heating varied with outdoor temperature (as a result of the weather
compensation function): the daily maximum varied from 42 °Cin early June to 65°C in January.

The temperature loss through the buffer tank (noted above) was evident during warmer weather conditions: the
heat pump output temperature (green line) was several degrees higher than the buffer tank output temperature
(orange line) between May and October.

4 Temperatures of the heat pump system were recorded at 2-minute intervals. The outdoor and indoor temperatures were recorded every 15 minutes and
the ground temperature every hour.
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Figure 8 — Key temperatures measured during the period 1% April 2015 — 31t March 2016

Figure 9 shows the daily mean brine flow temperature compared to the source temperatures (at the heat pump)
of all other ground-source and water-source systems monitored in this project. The temperatures realised on this

system (plotted in red) were below average compared to other systems. This would have had a negative influence
on system performance.

Figure 9 — Daily mean brine flow temperature compared to the source temperatures of other systems monitored in this
project (site 57 is shown in red)
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Ground collector effectiveness

Figure 10 shows the mean temperature difference between the ground and the brine flow to the heat pump,
compared to other systems with horizontal ground collectors. The high temperature difference on this system
suggests poor collector performance.

Horizontal collector ground-brine temperature difference
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Figure 10 — Ground-brine temperature difference compared to other horizontal ground-source systems monitored in this
project (site 57 is shown in red)

Figure 11 shows the daily mean heat pump output temperature for this system compared to other systems
monitored in this project. The output temperatures on this system were above average compared to other
systems. This would have had a negative influence on the system performance.

Figure 11 — Daily mean heat pump output temperature (to space heating) compared to those of other systems monitored
in this project (site 57 is shown in red)
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Comments

The overall performance of this system (SPFH4 = 2.73) was above average compared to other systems providing
both space heating and domestic hot water that were monitored in this project (SPFH4 range: 1.54 to 3.13,
median value 2.41).

Aspects of this system that positively influence its performance are:

No auxiliary heat was used.
Weather compensation was used.

The electricity used by the buffer pump and the space heating circulating pump (5.6% of the electricity)
was below average compared to other systems monitored (range 2.9% - 20.5%, median 8.8%).

Aspects of the system that may have negatively influenced its performance include:

The temperature of the brine flow to the heat pump was below average compared to other systems
monitored. The range of brine temperatures was greater than for most other systems monitored. This
may indicate that the ground collector is not optimally sized. Reference to the design data would be
needed to establish whether this is the case.

The electricity used by the brine pump (9.9% of the total electricity) was above average compared to
other systems monitored (range 2.3% - 29.8%, median 7.6%).

The temperature of the heat pump output was above average compared to other systems monitored.

Only an estimated 2.6% of the heat pump output was used for domestic hot water. It would probably be
better to install point-of-use water heaters and use the heat pump only for space heating. This would
potentially allow it to operate with lower output temperatures and fewer annual run hours, with
resultant improvement in system performance and a reduction in overall electricity use.

This is a high-temperature heat pump system (maximum output temperature 65 °C) that does not use
auxiliary immersion heaters. As would be expected, the performance was lower than that of other
systems operating with lower output temperatures, but better than systems that use immersion heaters
to achieve high temperatures. (If the system did not provide domestic hot water, a high-temperature heat
pump would not be needed.)

The temperature loss through the buffer tank varied between 0 and 5 °C. The 3-pipe arrangement is

unusual. It is possible that a different arrangement would yield better system performance. However, the
design of buffer tank systems is a complex topic that is outside the scope of this report.
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to their intended purpose. Caution should be taken when extrapolating the data presented in this report to other
applications.

Any enquiries regarding this publication should be sent to siceteateam@beis.gov.uk.
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Executive summary

The in-service performance of 28 non-domestic Renewable Heat Incentive ground- and water-source heat pumps
with a combined installed capacity of 1600 kW4 has been monitored over at least one heating season from mid-
2014 for the Department for Business, Energy and Industrial Strategy (former Department of Energy and Climate
Change).

This case study provides a brief description of the heat pump installation at Site 60 and performance results from
12 consecutive months of monitoring data.

Site 60 is a public hall which was refurbished in 2014 with the addition of a new extension that houses a public
café. A single heat pump (thermal capacity 40 kW) with dual vapour-compression units provides space heating to
the entire building, via underfloor heating pipes, and domestic hot water. A solar thermal collector also provides
heat to the domestic hot water cylinder, and an immersion heater in the cylinder is used for auxiliary heat and to
ensure that the water is heated above 60 °C every day for Legionella control.

The heat source is 8 x 100 m vertical boreholes located beneath the car park immediately adjacent to the hall.

The seasonal heating performance factors measured over a year of operation (1% April 2015 to 315 March 2016)
were:

[Heat delivered by the heat pump (excluding internal buffer pumps)]

SPFH2 3.23
Electricity used by: [heat pump (excluding buffer pumps)] + [brine pump]

[Heat delivered by the heat pump] + [heat from immersion heater]

SPFH4 + [heat added by heating circ pumps] 2.37

Electricity used by: [heat pump] + [brine pump] + [immersion heater] + [heating circ pumps]

SPFH4 of systems that provide space heating & domestic hot water
(12 months)

3.5

3.0

25

2.0

15 I

1.0 I
530 505 557 551 560 528 562 335

539 529
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Figure 1 — Performance of this system compared to other installations in the monitored sample
that provide space heating and domestic hot water

Aspects of this system that positively influenced its performance are:
e Weather compensation was used to reduce the heat pump output temperature during warmer weather.
e The source temperature was higher than average compared to other systems monitored.

e The brine pump used 6.6% of the total electricity, which was below average compared to other systems
monitored (range 2.3% - 29.8%, median 7.6%).



Aspects of the system that may have negatively influenced its performance include:
e The domestic hot water immersion heater use was very high: 15.6% of the total electricity.

e The buffer pumps were run continuously, using an estimated 12.9% of total electricity.
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Glossary

Auxiliary heat

Additional heat sources which are part of the heat pump system and which supplement the
output of the heat pump vapour compression cycle

Brine A water-glycol (antifreeze) mixture used for transferring heat at low temperature

DHW Domestic hot water

EPC Energy Performance Certificate

GSHP Ground-source heat pump

kw Kilowatt — measurement of power (electrical or thermal)

kWh Kilowatt-hour — measurement of energy (electrical or thermal)

kWhrth Kilowatt-hour (thermal)

MCS Microgeneration Certification Scheme

Pulse An electrical pulse, typically the momentary closing of a circuit, used by an energy or flow
meter as an output signal to indicate that a certain quantity of energy or fluid has been
measured

RHI Renewable Heat Incentive

SEPEMO SEasonal PErformance factor and MOnitoring for heat pump systems in the building sector —
see http://sepemo.ehpa.org/

SH Space heating

SPF Seasonal performance factor: the ratio of [thermal energy delivered] to [electrical energy
used], usually calculated over a year

SPFH2 SPF (in heating mode) of the heat pump, taking into account the energy used by the heat
source pump(s) (but excluding auxiliary heaters and the pumps needed to deliver the heat to
the sink)

SPFHa SPF (in heating mode) of the total heat pump system, taking into account all auxiliary pumps
and heaters

sQL Structured Query Language: a programming language designed for managing data held in a

relational database management system

Temperature lift

The difference between the source (input) temperature and the sink (output) temperature,
measured at the heat pump

Weather
compensation

A control mechanism that reduces the temperature of the water circulated to heat emitters
as the outdoor temperature increases

WSHP

Water-source heat pump



http://sepemo.ehpa.org/
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System details

Site ID 60 |
Survey date 28/01/2015

Monitoring installed 25/03/2015

G/WSHP GSHP

Building type Public hall with a café

Location Village

Heat pump capacity kWtH 40

Number of heat pumps 1

Number of compressors 2

Heat source Vertical boreholes: 8 x 100 m

Heat emitters Underfloor heating pipes

DHW Yes

Auxiliary heat 9 kW immersion heater in DHW cylinder

Source pump External to heat pump: 890 W

Buffer pumps Internal to heat pump: 2 pumps of 100 W

SH circulating pumps 2 pumps of 333 W max (variable-speed)

DHW circulating pump 1 pump of 25 W

Buffer tank 500 litre 4-pipe

DHW cylinder 400 litre

Control Heat pump controller + programmable thermostat
Weather compensation Yes

Heat meter type Ultrasonic

No. of heat meters 2

Heat meter interface M-Bus

Comments A solar thermal collector also provides heat to the DHW cylinder.

Table 1 — System details

Site 60 is a public hall, originally built in 1901 and refurbished in 2014, when an extension was added to
incorporate a public café.

This application entails extracting heat from the ground to provide space heating and domestic hot water to a
building that is reasonably well insulated and is in a location with an outdoor temperature that was below
average compared to other sites monitored. (The mean outdoor temperature at the site during the period
monitored was 9.1 °C. The range for all sites was 8.1 — 12.6 °C, median 10.5 °C.) The design performance of this
system would be expected to be above average.

Heat pump and monitoring systems

A ground-source heat pump of 40 kW thermal capacity is installed in a plant room inside the building. The heat
pump comprises two vapour compression circuits. One of these is capable of providing high-temperature (up to
65 °C according to the manufacturer’s specification) heat to domestic hot water or space heating; the other is
used for space heating only

The heat emitters are underfloor heating pipes throughout the old and new areas of the building.
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A solar thermal collector also provides heat to the domestic hot water cylinder, and an immersion heater in the
cylinder is used for auxiliary heat and to ensure that the water is heated above 60 °C every day for Legionella
control®.

The heat source is 8 x 100 m vertical boreholes located beneath the car park immediately adjacent to the hall. The
underfloor heating is arranged in 10 zones, with a room thermostat in each zone. A central programmer controls
the times for heating each zone, while the thermostats control the relevant zone valves on the underfloor heating
manifold. The heat pump controller manages the heat pump system.

A 500-litre 4-pipe buffer tank is installed between the heat pump output and the heating circuits. This tank is
within the heat envelope so the heat loss from the tank has not been deducted from the system heat output.

Figure 2 shows the schematic arrangement of the heat pump installation and the placement of the sensors
installed for monitoring electricity use, heat output to space heating, and temperatures at key points in the
system. The system boundaries for calculation of SPFH2 and SPFH4 are also shown.

Electricity meters (denoted by the circular “E” symbols) have been installed to measure the electricity used by the

heat pump and by the circulating pumps. Temperatures (“T”) are monitored at key points in the system using
surface-mounted probes?. The indoor and outdoor air temperatures are also monitored.

Figure 2 — System schematic showing the monitoring instrumentation installed

1 This is understood to be a requirement of the Legionella risk assessment for the site.

2The temperature probes used for monitoring were surface-mounted using a laboratory-validated technique. See Appendix | of the interim report for this
project [4] for further details. Note that these temperature measurements were not used for heat metering

7
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Heat metering

The heat meters previously installed to meet RHI metering requirements were used to measure the heat output
of the heat pump. The heat meters on this system are installed between the heat pump and the buffer tank and
between the heat pump and the domestic hot water accumulator. Ultrasonic flow meters are installed in the
return pipes, with matched pairs of temperature sensors installed in fittings with the probes in pockets in the flow
and return pipes. The calculators are mains-powered. Monitoring was via the M-Bus interfaces.

Performance results

The performance of the systems monitored in this project is presented in terms of the Seasonal Performance
Factor (SPF).

The SPF is a measure of average heat pump performance over time as external temperature and heat demand
changes. It represents the ratio of total heat output to total electrical input at different system boundaries
(denoted by SPFH1, SPFH2, etc., with a higher number indicating a wider system boundary with more ancillary
electrical equipment taken into account).

Two system boundaries have been considered for calculation of SPF:

e SPFH2 represents the performance of the heat pump (excluding the internal buffer pumps) together with
the source pump.

e SPFH4 represents the performance of the complete system, including all auxiliary pumps and the
immersion heater in the domestic hot water cylinder, but excluding heat provided by the solar collector

Heat pumps achieving an SPFH2 of 2.5 or more are considered as producing renewable energy under the EU’s
Renewable Energy Directive [1].

Data analysis

Readings of cumulative electrical energy and instantaneous power were recorded from the electricity meters at 1-
minute intervals. The M-Bus interface of the heat meter provided readings of total energy, flow and return
temperatures, temperature difference, flow rate and thermal power at 1-minute intervals. Readings from the
battery-powered temperature sensors were recorded every 2 minutes.

Data was transmitted securely from the monitoring system via the cellular network and the Internet to a data
server, where it was recorded in a “raw data” database. The raw data was subsequently processed by custom
software to generate a “clean” database of readings from all sensors at 1-minute intervals. Linear interpolation
was used to generate the 1-minute temperature and pulse count values from the raw 2-minute data.

The clean data generation process incorporated screening to ensure that each value was within the expected
range: out-of-range readings were discarded. Temperature sensor calibration adjustments were also applied at
this stage. The clean data was transferred to a Microsoft SQL Server® database for analysis using SQL® procedures
tailored to suit this heat pump system.

Solar collector excluded from calculation

The SEPEMO project [2] recommends that for this type of bivalent system (heat pump + solar collector) the heat
from the solar collector be included in the numerator of the SPFH4 calculation and the electricity used by the solar
circulating pump in the denominator.

Inclusion of these values in the SPFH4 calculation is likely to yield very high SPFH4 values that are not very
meaningful for comparison with systems without solar collectors — because the ratio of heat to electricity in a
solar thermal system can be very high and does not have the same meaning as the SPF of a heat pump.

3 Structured Query Language: a programming language used for managing data held in a relational database management system.

8
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The SPFH4 results for this system do not include the heat output of or electricity used by the solar thermal
collectors.

The SPF values were calculated as follows:

The electrical energy used by the heat pump and the circulating pumps was determined for each 1-
minute interval. These values were summed to generate daily, weekly and annual totals.

e The heat output recorded by the heat meters was determined for each 1-minute interval and summed as
for the electricity values.

[Heat output of heat pump to SH & DHW] — [heat added by internal buffer pumps]
SPFH2 =

Electricity used by: [heat pump excluding buffer pumps] + [brine pump]

e This calculation required the electrical energy used by the buffer pumps inside the heat pump to be
subtracted from the heat pump electricity meter readings. The buffer pump electricity was estimated
from the rated power of the pumps, calculated for intervals that the associated heat pump compressor
was running.

e The heat added by the circulating pumps was estimated as 30% (the assumed pump efficiency?) of the
electrical energy supplied to the pumps.

[Heat output of heat pump to SH & DHW] + [heat added by immersion heater]
+ [heat added by SH circ pumps]
SPFH4 =

Electricity used by: [heat pump] + [immersion heater] + [brine pump] + [SH circ pumps]

e The heat added by the heating circulating pumps was estimated as 30% (the assumed pump efficiency) of
the electrical energy supplied to the pumps.

e The heat loss from the buffer tank was estimated from published heat loss data for buffer tanks, using the
measured flow and return temperatures at each calculation interval to determine the temperature in the
tank and an assumed plant room temperature of 20 °C.

The buffer tank is inside the heated envelope, so the heat loss from it was deducted from the total heat
output only at times when the outdoor air temperature was above 15 °C (i.e. when there was output to
space heating that was probably not needed).

The number of 1-minute intervals selected as valid for analysis was 525 721, which represents 99.7% of the 12-
month period.

The SPFH2 and SPFH4 values for this system, measured between 15t April 2015 and 315 March 2016, are shown in
Table 2.

SPFH2 3.23

SPFH4 2.37

Table 2 — SPF values measured for the period 1% April 2015 to 31t March 2016

4 A pump works by transferring energy from electricity (supplied to the pump motor) to the water being pumped. The energy is transferred mainly as kinetic
energy to move the water through the pipe. However, all the energy transferred ultimately ends up as heat — mainly into the water. The proportion of the
electrical energy th