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Preface 

This report is part of the work within IEA HPT Annex 52 - IEA HPT Annex 52 - Long-term performance 
monitoring of GSHP systems for commercial, institutional, and multi-family buildings, with project period 
January 1st, 2018 to December 31, 2021. Annex 52 Operating Agent is Sweden. 

Annex 52 aims to survey and create a library of quality long-term measurements of GSHP system 
performance for commercial, institutional, and multi-family buildings. While previous work will be 
surveyed, the emphasis of the annex is on recent and current measurements. The annex also aims to 
refine and extend current methodology to better characterize GSHP system performance serving 
commercial, institutional, and multi-family buildings with the full range of features shown on the market, 
and to provide a set of benchmarks for comparisons of such GSHP systems around the world.  

The results from the annex will help building owners, designers and technicians evaluate, compare, 
and optimize GSHP systems. It will also provide useful guidance to manufacturers of instrumentation 
and GSHP system components, and developers of tools for monitoring, controlling and fault detection/ 
diagnosis. This will lead to energy and cost savings. 

 

This report has been carried out by researchers at the University of Leeds, School of Civil Engineering, 
investigating the long-term performance of heat pump systems in operation. Support and assistance in 
the collection and analysis of data has been provided by GI Energy, Siemens, and Harvey Skinner at 
the University of Southampton. 

Both the initial pile instrumentation and the time of the lead author have been funded by the EPSRC.  



 

  3 
 

 

Summary 
 
The Crystal is a multi-function building in the London Docklands. Two water to water heat pumps are 
designed to meet the heating, cooling, and domestic hot water needs. The Crystal has a gross floor 
area of 6,920 m² and is used for exhibitions, office space, and conferences. The heat pumps are 
connected to a system of 36 borehole heat exchanger installed to a depth of 150m adjacent to the 
building, and 160 foundation pile heat exchangers installed to 21m deep beneath the building 
footprint. 

The heating and cooling energy being delivered to the Crystal building has been monitored and 
recorded via three heat meters connected to the Building Energy Management System (BEMS). The 
BEMS has also monitored the heat exchanged with the ground via two additional heat meters, one for 
the energy pile ground loop, and one for the borehole ground loop. The collection of this data began 
in the spring of 2013. Additionally, a series of thermistors were installed on a single energy pile to 
allow the temperature evolution of the pile to be monitored. Temperature data from the single 
instrumented energy pile has been collected since the summer of 2012. The data from both the 
temperature sensors and the BEMS has been analysed up to the 23rd of March 2021, providing eight 
years’ worth of data. 

This report presents an investigation into the performance of the system using system data stored by 
the BEMS and uses seasonal performance factor as a KPI. The heat and cool demands of the 
building, and the heat exchanges with the ground via the energy piles and boreholes are also 
investigated, alongside the temperature evolution of the energy pile.  

Analysis over eight years shows the performance of the system to be diminishing following a peak of 
3.7 in the 2016-2017 season. This reduced performance corresponds to an increased use of the 
secondary heat pump, potentially due to a control strategy change. Despite the relatively balanced 
total annual loads of the building, significantly more heat is rejected to the ground than extracted, as 
the constant cooling required by the IT equipment allows for higher recovery levels in heating mode. 
This is likely responsible for the with greater performance of the system in heating mode compared to 
cooling mode. It is also noted that for the majority of the monitoring period the heat rejected to the 
ground is primarily directed to the energy piles, and the heat extracted is sourced from the boreholes. 
This could be adversely affecting the ground heat exchanger performance, and thus the system 
performance, as it can be seen that the energy piles are increasing in temperature year on year.  
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BACKGROUND 

The building 

The Crystal building in London, opened in September 2012, was built for Siemens as an exhibition of 
sustainable technologies as well as an office space and conference facility. The heating, cooling, and 
domestic hot water demand of the building was designed to be met primarily from ground source heat 
pumps, with the addition of solar thermal and immersion sources for hot water and an auxiliary chiller 
for extremely hot days.  

 

 
Figure 1. (Wilkinson, 2020) 

 
Figure 2. (Google Maps, 2020) 
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Table 1. Summary of the building features 

Location London, United Kingdom 
Year of building construction 2012 
Ground source system operation start date 2012 
Building Type Office & Exhibition building 
Building floor area (net, gross) 6,920 m² gross 
Analysed monitoring start date 2013 – March – 24th 
Analysed monitoring end date 2021 – March – 23rd 

 

Table 2. Summary of the system configuration 

Heat distribution Underfloor, trench heating (distribution temp X°C) 
Cooling distribution Passive chilled beams, VAV, Low velocity displacement 

ventilation 
Domestic hot water (DHW) production by system Heat pump  
Supplementary heat for DHW Solar thermal & Immersion 
Supplementary cooling Air cooled Chiller – 400kW 
Nominal capacity of supplementary heating for DHW Immersion – 40kW 
Design load for supplementary heating for DHW Solar Thermal – 13 MWh/yr, Immersion – 13MWh/yr 
Heating load (Predicted Building Demand) 307.20 MWh/year (44.39 kWh/m2,yr) 
Cooling load (Predicted Building Demand) 172.65 MWh/year (24.95 kWh/m2,yr) 
Heating load (Used for GL Design) 1293.56 MWh/year (186.93 kWh/m2,yr) 
Cooling load (Used for GL Design) 843.41 MWh/year (121.88 kWh/m2,yr) 
DHW 72.2 MWh/year (10.43 kWh/m2,yr) 
Heat pump type Water-to-Water 
Reversible Yes 
Compressor type 4 x Hermetic scroll 
Speeds Single Speed 
Heat pump system Centralized 
Number of heat pumps 2 
Nominal total heat pump heating capacity 814 kWth (2x 407 kW) 
Nominal total heat pump cooling capacity [kWth] 780 kWth (2x 385 kW) (Cooling only) 

628 kWth (2x 314 kW) (Cooling & Heating Simultaneously) 
Refrigerant R410a 

 

Tables 1 and 2 give the main characteristics of the building and the GSHP system.  It should be noted 
that the information has been collated from a number of sources. 

The heating and cooling loads shown include both the assumed thermal profile of the building, and the 
thermal profile used in the design of the ground loop system. The DHW load has been calculated from 
figures as published in(Alexander and Kiauk, 2014), suggesting that the 13MWh/yr to be produced by 
the solar thermal system would account for 18% of the total DHW load.  

The are 4 compressors and 4 capacity control steps for each heat pump, suggesting that each 
compressor is single speed only, with the activation of each compressor allowing for an additional 
capacity control step.  
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The ground source system 

The system has been designed to meet the ‘worst case’ scenario of providing up to 614kW of heating, 
which is expected to occur in January, and 614kW of cooling, which is anticipated to be in August, 
simultaneously and as such the ground loop has been designed for significantly larger loads than are 
expected, as shown in Table 2. 

These loads were designed to be met by two centralised WSHF-SXC 115D Clivet Heat pumps, capable 
of simultaneous heating and cooling at all times. This is achieved through heat recovery, avoiding the 
need for cycle inversion. If the heat pump is operating in heating mode, a three-point modulating valve 
is opened to allow for the ground loop fluid to mix with the fluid in the chilled water (CHW) loop. This 
allows the CHW set point temperature to be achieved, with the remainder of the heat needed to achieve 
the low temperature hot water (LTHW) set point coming from the ground loop. Similarly, if the heat 
pump operates in cooling mode, another three-point modulating valve can be opened to allow the heat 
generated to be discharged to the LTHW loop until the LTHW set point temperature is achieved. The 
remaining heat is then discharged to the ground loop. The heat pumps were designed to operate in a 
duty assist manner and have a heating capacity of 407kW, and a cooling capacity of 385kW when 
operating to provide cooling only, or a cooling capacity of 314kW, when providing heat and cool 
simultaneously. 

The ground source heat pumps are connected to a system of 36 deep boreholes and 160 pile heat 
exchangers. Each borehole is 150m deep and contains a single U-tube made from HDPE for circulation 
of the heat transfer fluid. They pass through the full sequence of London Basin geology with the lower 
two thirds of each ground heat exchanger being in contact with the Thanet Sands and Chalk aquifers. 
Each energy pile was constructed using Continuous Flight Auger (CFA) techniques, to an approximate 
depth of 21m, and founded in the London Clay. Above this, the upper half of the piles pass through 
Made Ground, alluvial clays, and river terrace deposits. The piles are either 600, 750, or 1200 mm in 
diameter. The centre of each pile each contain two HDPE U-tubes.  

Three 11 kW Grundfos TP80-330/2 single head pumps are used to circulate the fluid within the ground 
loop. The circulation pumps internal to the heat pumps move the fluid between the heat pumps and the 
low loss header. A 750-litre buffer vessel is installed between the heat pumps and each of the CHW 
and LTHW distribution loops, to reduce the short cycling of the compressors. Two 7.5kW single head 
Grundfos TP100-200/4 circulation pumps are installed after the buffer vessel, circulating the fluid to the 
plate frame heat exchanger which transfers energy the to the building distribution system. This is shown 
diagrammatically in Figure 4. 
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Figure 3. [The Crystal energy piles and boreholes layout – top view] 

 
Figure 4. [Crystal heat pump system schematic with reported system boundaries: Pictograms by TU 
Braunschweig IGS, used with permission within the course of IEA HPT Annex 52.] 
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Table 3. Summary of the ground source and sink 

Ground source 160 Energy Piles & 36 Boreholes 
Loop type Closed loop  
Ground composition See table 4 
Maximum Groundwater level [m] 2 m 
Annual mean air temperature (measured) 12.25°C 
Undisturbed ground temperature 12.8°C for Piles – 13.4°C over depth for boreholes 
Measured ground thermal conductivity (boreholes) 1.95 W/m,K for heat injection 2.07 for recovery 
Assumed Volumetric ground heat capacity 2.69 MJ/m3K 
Minimum ground heat exchanger exiting fluid temperature (ExFTmin) -2°C 
Maximum ground heat exchanger exiting fluid temperature (ExFTmax) 46°C 

 

The value given for the ground thermal conductivity has been derived through an on-site thermal 
response test (TRT) and is applicable for the 150m depth of the boreholes; no such value for the energy 
piles is currently available. During this TRT, the assumed ground volumetric heat capacity was given 
as 2.69MJ/m3. K and so this has been presented rather than the specific heat capacity. The details for 
the TRT can be found in (Loveridge et al., 2013) .Finally, the minimum and maximum heat exchanger 
fluid temperatures have come from the schematic of the system, rather than any measurements made. 
Initial measurements conducted have also shown that though the maximum groundwater level is around 
2 m below ground level, there are likely to be three aquifers; the river terrace deposits, perched water 
within the Lambeth Group sand lenses, and the major aquifer of the Thanet Sands and the Chalk. The 
water table from the deeper layers is between 8 m and 11 m below ground level. These values have 
come from piezometer measurements at various depths as shown in Figure 5. 

Table 4. Summary of the ground layers       Figure 5. Summary of the ground layers 

 

Strata Description  Depth 

Made 
Ground 

Fine to coarse 
brick and concrete 
gravel; soft to firm 
black sandy 
gravelly clay. 

3.3m 

Alluvium Very soft clayey 
silt, sandy clay, 
and peat 

6.3m 

River 
Terrace 
Deposits 

Medium dense 
silty fine to coarse 
sand and fine to 
coarse gravel 
(mainly flint) 

11.2m 

London 
Clay 

Stiff thinly 
laminated fissured 
silty clay with silt 
partings 

23.5m 

Lambeth 
Group 

Silty fine sand and 
fissured silty clay 

43.3m 

Thanet 
Sands 

Very dense, 
slightly silty fine 
sand 

56.1m 

Chalk Medium density 
(Grade B3) chalk 

>150m 
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Table 5. Summary of the ground heat exchanger – Boreholes 

Number of boreholes 36 
Borehole length 150 m 
Total borehole length 5400 m 
Borehole diameter 40 mm 
Borehole filling material Gravel for lower 2 thirds, grout upper third 
Borehole heat exchanger type Single U-tube 
Design Effective thermal resistance per unit length 0.085 Km/W  
Source side pipe characteristics HDPE (40/63/90/125/160mm) 

 

Table 6. Summary of the ground heat exchanger – Energy Piles 

Number of piles 160 
Pile length 21 m 
Total pile length 3360 m 
Pile diameter 600/750/1200 mm 
Pile material Concrete pile with steel cage 
Pile type 2 U-tube, 32mm diam pipes 
Source side pipe characteristics HDPE (40/63/90/125/160mm) 

 

Similarly, to the ground thermal conductivity, the value of the borehole thermal resistance had been 
derived through the initial on-site TRT. Pile thermal resistance has not been determined at this stage.  
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Monitoring 

The energy being delivered to the Crystal building has been monitored and recorded via a series of 
heat and electricity meters connected to the Building Energy Management System (BEMS). The BEMS 
has also monitored the heat exchanged with the ground via two additional heat meters, one for the 
energy pile ground loop, and one for the borehole ground loop. Unfortunately, the heat meters for both 
the energy pile and the borehole ground loops cannot differentiate the direction of heat transfer, either 
to or from the ground. As such, assumptions have been made to allow the calculation of energy 
extracted from and rejected to the ground. The data collected from the BEMS dates back to the spring 
of 2013; however, the borehole ground loop data has been included from 2015 onwards as prior to this 
the heat meters were not communicating correctly with the BEMS. 

Additionally, a single 1200 mm diameter energy pile was fitted with five thermistor strings to allow the 
temperature evolution of the pile to be monitored. The first thermistor string was attached to the central 
bundle of the two u-tubes down to a depth of 19 m. The remaining four thermistor strings were attached 
to the steel cage of the same energy pile, at equal spaces around its circumference, facing 
approximately North, East, South and West, down to a depth of 6.6m. The depth of each of the 
measurement points can be found in Table 7 below and is illustrated in Figure 5. The outer strings 
extended to a lesser depth since the steel cage was not required over the full depth of the pile.  

Table 7 - Depth of Thermistors 
Thermistor Level Depth Below Pile Cut Off Level (m) 

Central String Outer Strings 
1 0.7 0.75 
2 3.6 3.25 
3 7.1 6.6 
4 11.1 - 
5 15.1 - 
6 19.1 - 

 
Temperature data from this pile has been collected since the summer of 2012, however the central 
thermistors at levels five and six have been malfunctioning for large periods and as such only the first 
four thermistor levels have been included in this analysis. Gaps in the temperature data are also present 
due to data logger malfunctions. 

The data from both the temperature sensors and the BEMS has been analysed up to the 23rd of March 
2021. 

Table 8 details the measurements available either through the BEMS and the instrumented energy pile. 
Unfortunately, there is no information regarding which sensors were used for the data collection and as 
such the information on calibration and uncertainties in these values is also unavailable.  

Table 8 - Summary of the system monitoring  

Measurement Recorded Unit Typical Interval Comments 
GSHP Heat Generated kWh 30 min  
GSHP Cool Generated kWh 30 min  
GSHP A Elec Used Wh 15 min  
GSHP B Elec Used Wh 15 min  
Solar Thermal Heat kWh 30 min  
Chiller Cool Generated kWh 30 min  
Chiller Elec Used Wh 15 min  
Immersion Elec Used  Wh 15 min  
Energy Pile Energy kWh 30 min  
Borehole Energy kWh 30 min Data from 2015 
Ground Loop Pumps & Primary Circulating 
Pumps Elec Used 

Wh 15 min Primary circulating pumps are 
located after the buffer tanks 
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Secondary Circulating Pumps Elec Used Wh 15 min Secondary circulating pumps are 
located in the distribution system 

Pile Temperatures °C 60 mins  
Outdoor Temperature °C 15 min  
Outdoor Humidity % 15 min  
Heat Used for Domestic Hot Water kWh 30 min Calculated from other measurements 
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Performance metrics 

Table 9. Calculated system boundaries for the system according to the Annex 52 boundary schema.   

 
Of the available system boundaries defined by the original Annex 52 schema, only the boundaries 
shown in Table 9 are available to be reported. This is due to many of the measurements available in 
the BEMS being a combination of data sets. For example, the electricity to the ground loop circulation 
pumps is presented jointly with the primary load side circulation pumps thus preventing the analysis at 
boundary 0. 
Similarly, the internal circulation pumps for the heat pumps cannot be separated from the heat pump 
compressor electricity consumption. As such, H1/C1 and H1+/C1+ as per the original schema cannot 
be presented. In this instance the heat pumps’ internal circulation pumps are used to pump the flow to 
the buffer tanks, replacing the stand alone circulation pumps in boundary level 3, however as the 
ground loop circulation pumps cannot be separated from the primary circulation pumps, this boundary 
is also not applicable. As boundary level 2 is a combination of boundary 0 and 1, this is also not 
available for this case study.  
Despite this, there is value to evaluating the heat pump performance without the inclusion of the 
external circulation pumps, and as such a modified boundary level 1 has been reported. This is as per 
the Annex 52 schema, but with the inclusion of the heat pumps’ internal circulation pumps and is 
denoted as PF1* and PF 1+* throughout this report. This will allow an assessment of the impact of the 
external circulation pumps power requirements.  
 
Whilst the power for the building heating/cooling distribution pumps is also provided along with power 
for the sewage water treatment pump as a single value, it has been assumed that the sewage pump 
was not used over the monitoring period, thus allowing the calculation of the heat pump system at 
boundary level 5 and 5 plus. This is a reasonable assumption as data collected from the BEMS shows 
that the sewage plant did not use any electricity over the eight-year monitoring period, suggesting it 
was not used. It follows then, that the pump to this system would also not be operating. 

Boundary description HPT Annex 52 Boundary levels 

H1*/C1* H1+*/C1+* H4/C4 H4+/C4+ H5/C5 H5+/C5+ 

Ground Source (circulation 

pumps+ ground source)   X X X X 

Heat pump unit including 

internal energy use, 

excluding internal circulation 

pump X X X X X X 

Buffer tank (including 

circulation pumps between 

heat pump and buffer tank)   X X X X 

Circulation pump on load-side 

(between buffer tank & 

building Heating/Cooling 

distribution system)   X X X X 

Building Heating/Cooling 

distribution system     X X 

Auxiliary Heating/Cooling 

System  X  X  X 

Equivalent in the SEPEMO 

boundary schema 

H1/C1    C3 H4/C4 
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In the case of auxiliary boundaries, the immersion heater is assumed to be 100% efficient, and so the 
measurement of the electricity to the immersion is also used as the measurement of heat provided. 
No electricity information is provided for the solar thermal system, and as the contribution from the 
solar thermal system to the heat produced is relatively insignificant, comprising only 0.1% of the total 
heat produced, this has been neglected from the performance factor (PF) calculations. 
As it is not known where in the system the immersion heater is physically located, it has been 
included at each of the available system boundaries to provide a comparison. 
 
 
The system performance factors were calculated using the Equations (1) to (6). 
 
𝑃𝐹1∗ =	 "#$%!"#$&'(()!"#$

*)#+!"#$	&&*)#+!"#$	'
           (1) 

 
𝑃𝐹1 +∗=	 "#$%!"#$&'(()!"#$&*)#+())*+,-./

*)#+!"#$	&&*)#+!"#$	'&*)#+())*+,-./
         (2) 

 
𝑃𝐹4 =	 "#$%!"#$&'(()!"#$

*)#+!"#$	&&*)#+!"#$	'&*)#+!0	1(+2	$3)4,&*)#+$+-)5+6	0.57	1-+2	$3)4,
       (3) 

 
𝑃𝐹4+=	 "#$%!"#$&'(()!"#$&*)#+())*+,-./

*)#+!"#$	&&*)#+!"#$	'&*)#+!0	1(+2	$3)4,&*)#+$+-)5+6	0.57	1-+2	$3)4,&*)#+())*+,-./
     (4) 

 
 
𝑃𝐹5 =	 "#$%!"#$&'(()!"#$

*)#+!"#$	&&*)#+!"#$	'&*)#+!0	&	$+-)5+6	1-+2	$3)4,&*)#+"*2./75+6	1-+2	$3)4,
      (5) 

 
𝑃𝐹5+=	 "#$%!"#$&'(()!"#$&*)#+())*+,-./

*)#+!"#$	&&*)#+!"#$	'&*)#+!0	&	$+-)5+6	1(+2	$3)4,&*)#+"*2./75+6	0.57	1-+2	$3)4,&*)#+())*+,-./
    (6) 
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PERFORMANCE MONITORING RESULTS 

Building heating and cooling loads 

The BEMS reports the GSHP Cooling generation and GSHP Heating generation values directly from 
the corresponding heat meters. The the heat provided from the GSHP for Domestic Hot Water is 
calculated via Equation (7), which subtracts the heat consumption used for space heating in the 
various rooms in the corporate area of the building from the overall heat to that area. It is assumed 
that this value is not additional to the value of heat generated from the heat pumps in the BEMS but 
constitutes a proportion of this heat. However, little information is available on the building distribution 
loop and as such the reliability of the values produced from this calculation is unknown. This can 
sometimes produce erroneous values where the energy to the DHW from the GSHP is greater than 
the total heat energy the GSHP has produced.  

𝐷𝑊𝐻!"#$ = 𝐶𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒	𝐻𝑒𝑎𝑡𝑖𝑛𝑔	𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − 	𝐴𝐻𝑈1	𝐻𝑒𝑎𝑡𝑖𝑛𝑔	(𝑂𝑓𝑓𝑖𝑐𝑒𝑠	&	𝑀𝑒𝑒𝑡𝑖𝑛𝑔	𝑅𝑜𝑜𝑚𝑠) −
𝐴𝐻𝑈2	&	3	𝐻𝑒𝑎𝑡𝑖𝑛𝑔	(𝐴𝑢𝑑𝑖𝑡𝑜𝑟𝑖𝑢𝑚) − 𝑇𝑟𝑒𝑛𝑐ℎ	&	𝑈𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑜𝑟	𝐻𝑒𝑎𝑡𝑖𝑛𝑔   (7) 

The energy exchanged within the energy pile and borehole ground heat exchangers,is reported by the 
BEMS as positive values only. It is assumed that the BEMS is recording both extraction and rejection 
and as such assumptions have been made to allow for interpretation of this data. In the following 
analysis for each 15-minute interval, which is the smallest typical data increment available for this 
system, the larger of the two loads defines the operating mode for the whole of that interval. For 
example, if the heat generated during the 15-minute interval exceeds the cool generated plus the 
work from the compressors, it is assumed that the heat pump operated solely in heating mode for the 
15-minute period and all energy recorded for the energy piles and boreholes, was energy extracted 
from the ground. In this case the cool provided to the building is generated through recovery. The 
opposite situation is true if the cooling load plus the compressor work is larger for the 15-minute 
interval, and the energy exchanged with the ground is assumed to be heat rejected to the piles and 
boreholes. This is summarised in Equations (8) and (9). 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔	𝑀𝑜𝑑𝑒: 𝐺𝑆𝐻𝑃	𝐻𝑒𝑎𝑡	𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 > 𝐺𝑆𝐻𝑃	𝐶𝑜𝑜𝑙	𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 + 𝐺𝑆𝐻𝑃	𝐸𝑙𝑒𝑐	𝑈𝑠𝑒𝑑  (8) 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔	𝑀𝑜𝑑𝑒: 𝐺𝑆𝐻𝑃	𝐻𝑒𝑎𝑡	𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 < 𝐺𝑆𝐻𝑃	𝐶𝑜𝑜𝑙	𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 + 𝐺𝑆𝐻𝑃	𝐸𝑙𝑒𝑐	𝑈𝑠𝑒𝑑   (9) 

The values reported in Table 10 show the total heat and cool demands of the building. As per the 
assumptions detailed, this means that the space heating load was calculated as the total heat from the 
GSHP as reported by the BEMS minus the contribution to the DHW calculated by the BEMS using 
Equation (7). The DHW load reported in Table 10 the resulting value of Equation (7), plus the heat from 
the auxiliary systems i.e., the immersion and the solar thermal. Similarly, the cooling load includes the 
cool generated through the auxiliary chiller. 

The heating load % met by the heat pumps has been calculated using equation (10).: 

𝐺𝑆𝐻𝑃	(%) = 	 "%&'(	#(&*+,-	./&01	2#3!"#$
"%&'(	#(&*+,-	./&012#3!"#$12#3"%&'(	*+,(-'&12#3.--,(/0%1

× 100  (10) 

 

This gives the percentage of thermal energy provided by the GSHP with respect to the thermal energy 
delivered to the building. In this case, the remaining percentage would be the heat delivered by the 
auxiliary systems. The corresponding equation has been used for the cooling equivalent. 
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Table 10. Overall load characteristics 

Start of evaluation period March 23rd 2013 
End of evaluation period March 23rd 2021 
Building space heating load met by system [MWhth] 3720.9 
Building cooling load met by system [MWhth] 4187.7 
DHW load met by system [MWhth] 1306.5 
Thermal energy extracted from the ground [MWhth] 637.3 
Thermal energy injected to the ground [MWhth] 1482.9 
Thermal balance ratio (extracted/rejected) 0.43 
Heating load (incl. DHW) met by heat pumps (%) 94.57% 
Cooling load met by heat pumps (%) 99.58% 

 

Figure 6 shows the mean hourly heating/cooling load binned into the hourly average outdoor 
temperature bins, providing an energy signature for the building. 

 
Figure 6. [Measured building energy signature for The Crystal from March 2013 to March 2021] 

It can be seen that there is a consistent base load of cooling required, even at temperatures below zero. 
This is assumed to reflect the need for cooling the IT equipment in the building. Similarly, there is a 
base load of heat, though it is much smaller than the base cooling, and this is likely to reflect the need 
for domestic hot water year-round. Above 27°C the cooling loads deviate from the previous clearly 
defined trends, and the heating loads also see a slight disruption. This is likely due to the limited number 
of hours at these elevated temperatures; <2% of the hourly data points register an average temperature 
above 27°C. Thus, it is harder to generate a typical profile for such conditions. It is to be noted that with 
the data retimed to 15-minute intervals, ~10% of the data does not have corresponding temperature 
readings available from the BEMS. Hourly data from a nearby weather station has been used to backfill 
these gaps where possible. These values were then linearly interpolated to produce data points every 
15 minutes. Roughly 1% of the resulting data is still without a corresponding outdoor temperature value. 

Figure 7 and 8 show the annual and monthly heat and cooling requirements of the building, including 
the heat and cool produced by the auxiliary sources. It is worth noting that each bar in Figure 7 shows 
one years’ worth of data, with each ‘season’ starting in March and ending the following March. This is 
because data collection began in March 2013 and whilst data collection is still ongoing, it has only been 
analysed over an 8-year period, ending in March 2021. 
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Figure 7. [Heating and cooling per season (March to March), MWh/year]  

 
Figure 8. [Monthly heating, cooling, and DHW loads over the monitoring period] 

 

The significant reduction in demand during 2020 is likely due to the Covid pandemic, resulting in the 
building being left vacant, and thus the system lying dormant. The monthly data indicates this period to 
be from July 2020 to December 2020. The base cooling load discernible from the building energy 
signature is also clearly visualised in the monthly data, typically found to be between 20 and 30 MWh 
per month. Interestingly, whilst the seasonal variation of heating demand is ever present, the distribution 
of the loads appears to change somewhat after 2019, with a less clear peak in demand. This may be 
due to the change of ownership of the building in the summer of 2019 leading to a change in how the 
system is utilised, though it is hard to say for sure as Covid has impacted the data from around March 
2020, when the first UK lockdown was initiated. Similarly, any one year could be impacted by the climate 
in that year, so additional data collection may be required to determine whether this is an anomaly or a 
continuing trend. 
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Ground heat exchanger performance 

The energy exchanged with the ground has been categorized as heat extracted or heat rejected 
depending on the assumed mode of operation of the heat pump defined as per Equations (8) and (9). 
This means that during each 15 minute period, all energy exchanged with the ground will be solely 
attributed as heat extracted when in heating mode, and heat rejected when in cooling mode. In reality 
it is likely that this was not always the case and the heat pumps switched between the operating modes 
during the 15-minute interval. 
Figure 9 and Table 11 summarise the annual heat extraction and rejection based on these assumptions, 
and Figure 10 shows the monthly breakdown. It is worth noting, as with the energy loads, each ‘season’ 
of data begins in March. It is also important to repeat that the either through sensor error or BEMS error, 
the data recorded from the boreholes heat meter from March 2013 to January 2015, was erroneous 
and has been omitted.  

 
Figure 9. [Ground heat exchange per season (March to March),  MWh/year] 

 

Table 11. Seasonal ground heat exchange 

Start of 
evaluation period 

March 
25th 2013 

March 
25th 2014 

March 
25th 2015 

March 
25th 2016 

March 
25th 2017 

March 
25th 2018 

March 
25th 2019 

March 
25th 2020 

March 
25th 2013 

End of 
evaluation period 

March 
25th 2014 

March 
25th 2015 

March 
25th 2016 

March 
25th 2017 

March 
25th 2018 

March 
25th 2019 

March 
25th 2020 

March 
25th 2021 

March 
25th 2021 

Heat Extracted 

(MWh) 

78.53 23.26 30.11 69.22 124.9 175.4 75.56 60.34 637.32 

Heat Rejected 

(MWh) 

22.11 54.61 209.6 195.1 231.7 336.4 323.6 109.7 1482.82 
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Figure 10. [Monthly ground heat exchange (extraction and rejection)] 

This absence of reliable data could explain, at least in part, the significantly lower levels of heat 
extraction and heat rejection in 2013 and 2014. It can be seen that each season significantly more 
energy is rejected to the ground that is extracted from it, and this imbalance continues throughout the 
monitoring period. This is likely due to the recovery mode operation of the heat pump. When at peak 
heating load, during the heights of winter, the building still has the base load cooling demand required 
to cool the IT equipment. This means that the energy extracted to provide this cooling will then be used, 
via the heat pumps recovery mode, to provide some of the peak heating load. The opposite case is not 
true, as when at peak cooling load during the summer months, there is very little heating demand, and 
as such the majority of the heat removed from the building is not recovered and is rejected to the ground. 

Breaking the ground heat exchange down into heat extraction and rejection from the borehole and 
energy piles, as in Figure 11, provides additional insight into the system control strategy. 

 
Figure 11. [Monthly borehole and energy pile heat exchange (extraction and rejection)] 

Figure 11 highlights an interesting ground heat exchanger setup, with the energy piles seemingly being 
used predominantly for heat rejection, and the boreholes being used predominantly for heat extraction. 
This may not have been the case originally as there is a clear change in use of the energy piles from 
mid 2014, with little to no energy extracted from the piles beyond this point. It stands to reason that the 
borehole control strategy may have also been changed at this point in time, and so no accurate 
conclusion as to the effects of the omitted data can be drawn. A small amount of heat is rejected to the 
boreholes over the monitoring period, but this is insignificant compared to the heat rejected to the 
energy piles. The total heat extracted and rejected from each ground heat exchanger has been included 
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in Table 12 for reference, along with the mean heat exchange per unti length for the different heat 
exchangers. 

As the assumptions made for the mode of operation of the heat pumps is based on 15-minute 
intervals, to calculate the mean heat exchange per unit length of the two heat exchangers, Equation 
(11) was used.  

𝑀𝑒𝑎𝑛	𝐻𝑒𝑎𝑡	𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒	𝑃𝑒𝑟	𝑈𝑛𝑖𝑡	𝐿𝑒𝑛𝑔𝑡ℎ#(&*+,- =
4(&,	5(&*	(6*7&'*+/,	+,	89	:+,;*(	+,*(7<&=	×?

@/*&=	.(,-*5	/A	#(&*	B6'5&,-(7
   (11) 

 

Table 12. Ground Heat Exchanger Summaries 

 Boreholes Energy Piles 
Total Heat Extracted (MWh) 536.589 100.748 
Total Heat Rejected (MWh) 50.176 1432.703 
Mean heat extraction per unit length (heating) [W/m] 6.02 1.51 
Mean heat rejection per unit length (cooling) [W/m] 0.24 8.48 
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Overall system performance 

As the solar thermal system only produced 0.1% of the total heat, has no available electricity data and 
hasn’t provided any heat since 2015, it has been ignored in the calculations of all performance factors. 
Similarly, from comparison of the data for the air cooled chiller, Figure 12, it can be seen that the 
electricity data is not reliable across the monitoring period, suggesting the electricity meter is likely 
experiencing issues.The total cool provided by the chiller accounted for only 0.4% of the total cool, and 
the electricity recorded for the chiller only amounts to 6% of the total electricity for the heat pumps and 
chiller in cooling mode. This is just 4.1% of the total electricity used by the heat pumps and chiller.  

 
Figure 12. [Comparison of cool produced and electricity used by the air cooled chiller] 

 

Inclusion of these variables in the performance calculations would provide some large, likely inaccurate, 
differences between the boundaries and their ‘+’ counterparts such as MPF1* and MPF1*+ in July 2016, 
Figure 13. As such, the chiller has also been omitted from these calculations, meaning the only auxiliary 
heat/cool source included in the PF values is the immersion heater, which has been assumed to be 
100% efficient. 

  
Figure 13. [Effect of errnoeous auxiliary data - heating mode monthly performance factor (MPF)] 
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The data from the immersion heater is also somewhat fragmented. Looking at Figure 14 it can be 
seen that the BEMS had trouble recording the data for the immersion heater before September 2017. 
At this point a single large value was recorded, possibly being entered manually. When comparing 
this value to the following years it seems a reasonable cumulative total for the operating time and so 
has been averaged back to the previous reading so as not to lose that information. This does mean 
however, that there is no granular data for this time period and actual usage patterns cannot be 
determined. From 2017 onwards the values were recorded appropriately by the BEMS, roughly every 
15 minutes. 

 

Figure 14. [15 minutely data for immersion heater] 

 

As the GSHP system continually produces both heat and cool, the heating mode performance factors 
do not account for all of the heat delivered to the building. Instead, the heating mode performance 
factors give an indication as to the performance of the system delivering both heating and cooling, when 
the heating load is dominant. In this case the cooling is produced via recovery. Similarly, the cooling 
mode performance factors account for the cool and heat provided simultaneously to the building, whilst 
the heat pumps are in cooling mode.  

Equations (12) to (15) show an example of the calculations for the heating mode and cooling mode 
performance factors at system boundary level 4 and 4+, where the subscript denotes the operating 
mode of the heat pump (e.g. H=Heating Mode): 

 

	𝐶𝑜𝑜𝑙𝑖𝑛𝑔	𝑃𝐹4 = 	 C'*+<(	D//=21	E('/<(7(0	#(&*2
#$C	&,0	#$F	B=('21!7/;,0	.//%	&	$7+:&7H	D+7';=&*+/,	$;:%I	B=('2

     (12) 

	𝐶𝑜𝑜𝑙𝑖𝑛𝑔	𝑃𝐹4+=	 C'*+<(	D//=21	E('/<(7(0	#(&*2	1J::(7I+/,	B=('2
#$C	&,0	#$F	B=('21!7/;,0	.//%	&	$7+:&7H	D+7';=&*+/,	$;:%I	B=('21J::(7I+/,	B=('2

   (13) 

 

	𝐻𝑒𝑎𝑡𝑖𝑛𝑔	𝑃𝐹4 = 	 C'*+<(	#(&*#1	E('/<(7(0	D//=#
#$C	&,0	#$F	B=('#1!7/;,0	.//%	&	$7+:&7H	D+7';=&*+/,	$;:%I	B=('#

     (14) 

	𝐻𝑒𝑎𝑡𝑖𝑛𝑔	𝑃𝐹4+=	 C'*+<(	#(&*#1	E('/<(7(0	D//=#1J::(7I+/,	B=('#
#$C	&,0	#$F	B=('#1!7/;,0	.//%	&	$7+:&7H	D+7';=&*+/,	$;:%I	B=('#1J::(7I+/,		B=('#

  (15)  
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Figures 15 to 18 show the monthly heating mode performance factors at the varying system boundary 
levels. 
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Figure 15-Figure 18. [Monthly performance factors in heating mode for different system boundaries] 

The heating mode Monthly Performance Factors (MPFs) remain at a fairly consistent level throughout 
the winter months during the monitoring period, with lower performance factors typically occurring in 
the height of summer. As expected, the values of the MPFs decrease with increasing boundaries as 
more ancillary pumps are accounted for in the calculations. 

Where the system was not in the corresponding mode for at least 1% of the operational time over the 
month, the MPF has been omitted. This is because on such a small sample, one erroneous data point 
has the ability to skew the MPF value, as can be seen in September 2016 in Figure 19. During the 
summer months of July 2017, and July, August, and September 2020 the system actually operated 
solely in cooling mode.  

  

 
Figure 19. [Effect of erroneous data in small sample size - heating mode MPFs] 

Figures 20 to 23 show the equivalent MPFs for the system in cooling mode, and again, if the system 
was in cooling mode for less than 1% of the operating time that month, the MPF values have been 
omitted.  



 

  25 
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Figure 20 – Figure 23. [Monthly performance factors in cooling mode for different system boundaries] 

The cooling mode MPFs are typically lower than in heating mode by a value of 0.5-1. The performance 
factors remain at a fairly consistent level throughout the first 5 seasons of the monitoring period, though 
a noticeable drop off occurs from mid-2018. Excluding the two well performing months in early 2019, 
the system struggles to reach a performance factor above 2 from October 2018 onwards, a significant 
underperformance for the system. 

Initial investigations appear to show an increase in the use of HPB during this period, as in Figure 24. 
In heating mode, the effect of this on the performance of the system is somewhat offset by a reduction 
in the use of HPA, however in cooling mode, HPA continues to have a significant electricity footprint. 
This could indicate a change in control regimen, as the overall heat and cool provided to the building 
over the 2019-2020 period doesn’t not appear to deviate greatly from the preceding years. This is 
perhaps supported by the decrease in cool provided whilst in heating mode, and the increase in heat 
provided in cooling mode, suggesting that from mid-2018 onwards the system spent significantly more 
time in cooling mode, despite no obvious change demand from the building. In this case it is hard to 
separate cause and effect as there is no indication of the mode of operation of the heat pumps other 
than calculations using the electricity used. Thus it is impossible to determine if the additional electricity 
is due to additional time in cooling mode, or if the additional electricity is caused by a separate factor 
and this then suggests the system is in cooling mode as per Equations (8) and (9). It is again worth 
noting that the data from 2020 to 2021, particularly July to December, will have been significantly 
impacted by Covid, with drastically reduced demand. 

 

 
Figure 24. [Monthly heat pump heat & cool produced, and heat pump electricity used] 
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Through comparison of the different boundary levels, you can see the significant impact of the periphery 
circulation pumps to the overall system performance. Cooling mode MPF1*, covering the heat pump 
energy use including its internal circulation pump, has a peak greater than 4. This peak reduces to ~3 
at system boundary 4, which includes the ground loop and primary circulation pumps, and ~2.5 when 
the distribution system circulation pumps are included at boundary level 5.  

The very low performance factors produced in cooling mode in the summer of 2020 show that despite 
the reduced demand due to Covid, the system was not completely shut down, producing very small 
amounts of cooling. Upon further investigation it was found that the circulation pumps were still using 
small amounts of power consistently through this period. From Figure 25, it can be seen that both HPA 
and HPB were likely in standby mode for the majority of this period, with HPA drawing slighter more 
power than HPB from September to December. With the heat pumps dormant, there is no need for the 
primary and ground loop circulation pumps to be in operation, and so these were also dormant from 
September through to December though it is worth noting that these pumps were not turned off for large 
parts of the period from July to September, when there was minimal use of the heat pumps. This could 
constitute wasted electricity. Figure 26 shows that the minimal heating required by the building during 
this period was produced primarily by the immersion heater, and that is likely the reason that the 
distribution side pumps were never switched off; to allow the circulation of this energy. 

 
Figure 25. [15 Minutely electricity use during covid shutdown – Jun 2020 to Jan 2021] 

 
Figure 26. [Daily heat & cool during covid shutdown – Jun 2020 to Jan 2021] 
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The overall monthly performance factors calculated as per Equations (1) to (6) have been presented 
in Figure 27 – Figure 30. In this case, the total heat and cool, including both recovered heat and cool 
is accounted for.

 



 

  29 
 

 
Figure 27-30. [Monthly performance factors for different system boundaries] 

Again, a drop off in performance from mid-2018 can be seen across all system boundaries from these 
figures, supporting the theory that the system has spent an increasing amount of time in cooling mode 
from this point.  

The monthly electricity for the various system components has been displayed in Figures 31 and 32. 

 

 
 Figures 31 and 32. [Breakdown of electricity contributions.] 
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These figures show that the ground loop, primary circulation pumps and distribution side circulation 
pumps were optimized around January 2014, reducing their monthly electricity usage from a peak of 
around 15 MWh to less than 10MWh, where they remained for the monitoring period. It can also be 
seen that the control strategy for the system is likely to have changed a couple of times. From the start 
of the monitoring period, both heat pumps are operating for similar periods or time, up until mid 2015. 
This matches the original design intention of switching the duty heat pump every 7 days. From mid 2015 
onwards Heat Pump A appears to become the duty heat pump with minimal switching and little 
contribution from Heat Pump B until mid 2018. This corresponds with the period of increasing system 
performance. From mid 2018 onwards, it appears that the control strategy is switched again, with Heat 
Pump B becoming the duty heat pump, but Heat Pump A still providing a significant contribution. This 
corresponds to the decrease in performance to its current levels. 

The system performance has also been compared to the quantity of heat actively produced (i.e. heat 
produced in heating mode rather than recovered whilst in cooling mode) in Figure 33, and similarly the 
amount of cool actively produced in Figure 34. In these figures the PF value is for the whole system 
and so does include recovered heat and cool. 

 
Figure 33. [Binned hourly performance factor vs quantity of active heating provided] 

The PF of the system appears to increase roughly linearly with an increase in hourly active heating 
load, up to a value of around 175 kWh. At this point the PF appears to stabilize across all system 
boundaries, until a value of heat generation above ~ 320kWh. The cause of this is yet unknown and 
requires further investigation, though it may be down to a small sample size for each bin; the system 
only spent 0.25% of the time actively producing 320kWh or more of hourly heat generation. 

 
Figure 34. [Binned hourly performance factor vs quantity of active cooling provided.] 
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Similarly, the PF increases initially with an increase in cool produced, before plateauing at around 290 
kWh. Despite the peak hourly cooling load beng above 500 kWh, less than 0.6% of the total monitoring 
period was spent actively providing more than 290 kWh of cooling. 

Figure 35 shows the daily system PF as per Equations (1) to (6), against the daily mean outdoor air 
temperature. 

 
Figure 35. [Binned daily performance factor vs daily mean outdoor air temperature.] 

There appears to be a slight negative correlation between the air temperature and system performance, 
supporting the conclusion that the heat pumps are performing less favorably in cooling dominated loads. 
The remaining anomalies require further investigation to identify the cause of the high PF values. 

Table 13 provides a summary of the heating, cooling, and electricity usage for the system, including 
both the active heat/cool generated by the heat pumps as well as with the total heat/cool generated by 
the heat pumps. The electricity measurements for the load side circulation pumps are grouped with the 
ground loop (source side) circulation pumps as presented in the BEMS. Similarly, the load side 
distribution circulating pumps are grouped together and so cannot be split into heating distribution and 
cooling distribution, so only the total value for heating and cooling distribution pumps whilst in either 
heating or cooling mode has been included here. It is also not currently possible to separate the 
electricity used by the heat pumps compressors from the electricity used by the compressors, as such 
only the total electricity used is shown.  

Table 13. Provided heating and cooling and used electricity  

Start of evaluation period March 25th 2013 
End of evaluation period March 24th 2021 
Heat output from the ground source, used by heat pump for heating [kWh] 637337 
Heat output from the heat pump [kWh] 4754220 
Active heating provided [kWh] 3034754 
Heat output from supplementary heating between boundary 4 & 5 [kWh] 163081 
Cooling output from the ground source [kWh] 1482879 
Cool Output from the heat pump [kWh] 4170117 
Active cooling provided [kWh] 3474843 
Cooling output from supplementary cooling between boundary 4 & 5 [kWh] 17547 
Electricity used by source side circulation pumps and load side circulation pump between 
buffer tank and distribution system in heating mode [kWh] 

144076 

Electricity used by the heat pump compressor, including internal control system and internal 
circulation pump in heating mode [kWh] 

1226647 

Electricity used by the supplementary heating btw boundary 4 & 5 [kWh] 156260 
Electricity used for load side building heating & cooling distribution in heating mode [kWh] 189286 
Electricity used by source side circulation pump and load side circulation pump between 
buffer tank and distribution system in cooling mode [kWh] 

499149 
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Electricity used by the compressor in cooling mode, including internal control system and 
internal circulation pump in heating mode [kWh] 

2420598 

Electricity used for load side building heating & cooling distribution in cooling mode [kWh] 480200 
 

 

Table 14 provides a summary of the overall seasonal performance factors for the system over the whole 
monitoring period, both in heating and cooling mode as well as the overall system performance. 

 

Table 14. Performance factors over the monitoring period.  

Start of 
evaluation period 

March 
25th 2013 

March 
25th 2014 

March 
25th 2015 

March 
25th 2016 

March 
25th 2017 

March 
25th 2018 

March 
25th 2019 

March 
25th 2020 

March 
25th 2013 

End of 
evaluation period 

March 
25th 2014 

March 
25th 2015 

March 
25th 2016 

March 
25th 2017 

March 
25th 2018 

March 
25th 2019 

March 
25th 2020 

March 
25th 2021 

March 
25th 2021 

SPFH1* 2.61 2.91 3.23 3.70 3.53 3.02 2.55 2.31 3.04 
SPFH1+* 2.61 2.85 3.13 3.56 3.44 2.95 2.51 2.25  2.97 
SPFC1* 2.47 2.43 2.65 2.93 2.69 2.05 1.55 1.12 2.15 
SPFC1+* 2.47 2.35 2.54 2.80 2.60 2.02 1.54 1.10 2.09 
SPFHC1* 2.53 2.57 2.82 3.27 3.10 2.41 1.69 1.54 2.45 
SPFHC1+* 2.53 2.49 2.71 3.13 3.00 2.34 1.68 1.49 2.39 
SPFH4 2.25 2.59 2.84 3.24 3.21 2.71 2.36 2.19 2.72 
SPFH4+ 2.25 2.55 2.77 3.14 3.13 2.66 2.33 2.13  2.67 
SPFC4 1.76 1.76 2.15 2.36 2.30 1.78 1.45 0.95 1.78 
SPFC4+ 1.76 1.73 2.08 2.29 2.23 1.76 1.44 0.95 1.75 
SPFHC4 1.95 1.97 2.34 2.73 2.72 2.12 1.58 1.36 2.08 
SPFHC4+ 1.95 1.93 2.27 2.64 2.65 2.09 1.57 1.32 2.04 
SPFH5 2.00 2.35 2.47 2.70 2.78 2.40 2.14 1.96 2.39 
SPFH5+ 2.00 2.31 2.42 2.64 2.73 2.36 2.12 1.92  2.35 
SPFC5 1.39 1.55 1.83 1.92 1.91 1.56 1.34 0.76 1.53 
SPFC5+ 1.39 1.53 1.79 1.88 1.87 1.55 1.34 0.78 1.51 
SPFHC5 1.61 1.75 2.00 2.24 2.31 1.87 1.46 1.13 1.80 
SPFHC5+ 1.61 1.72 1.96 2.19 2.26 1.85 1.46 1.12 1.77 

* heat pump internal electricity use is included - not strictly boundary 1 as per Annex definition.  

 

Finally, Table 15 displays some additional key performance indicators for the system. 

Table 15. Additional performance indicators 

Start of evaluation period Month Day Year 
End of evaluation period Month Day Year 
Heating mode ratio of source & load side pumping electricity to heat pump electricity [%] 27.18% 
Cooling mode ratio of source & load side pumping electricity to heat pump electricity [%] 40.46% 
Ratio of supplementary heating provided to heat pump heating provided [%] 3.43% 
Ratio of supplementary cooling provided to heat pump cooling provided [%] 0.42% 
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Energy Pile Temperatures 

Figure 36 shows the evolution of the temperature of the instrumented energy pile, with the 
measurements averaged over the thermistor depth. This removes the axial variation from the pile 
temperatures which is addressed separately in the following section.  

 

 Figure 36. [Average circumferential temperature across energy pile] 

Overall, the pile temperature varied from just above 10°C when the pile was first thermally activated to 
a maximum value of close to 30°C in the hottest summer period. It can also clearly be seen that the 
temperature at the centre of the pile varied significantly more than at the edge of the pile, having a 
higher peak temperature in the summer, and a lower minimum temperature in the winter. This was due 
to the central temperature string being located on the heat transfer pipes. The thermal capacity of the 
concrete meant that the peak temperature variations were damped by the time the heat diffused out to 
the thermistor strings on the steel cage.  

There was also a slight increase in the average temperature with time, for both the centre and the edge 
of the pile, which is reflective of the energy piles being used more in cooling mode, storing rejected 
heat. This appears to be plateauing, though this is hard to gauge due to the large gap in data from 2018 
followed by the period of disuse due to Covid. This will become clearer as the data collection continues. 

Conversely to Figure 36, Figure 37 shows the temperature at the pile’s edge averaged between the 
four circumferential locations at each depth rather than averaged across its depth. This gives an 
indication of the axial temperature effects in the pile. It is noted that the temperature difference across 
the measurements typically remained less than two degrees, and that whilst initially the pile edge 
temperature increased with depth, this difference became smaller with time. 
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Figure 37. [Average temperature with depth across energy pile] 
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LESSONS LEARNT 

Design lessons learnt 

The actual operating loads of the building are significantly higher than predicted thermal loads. 
However, the values used in the design of the ground loop were extremely conservative and as such 
the ground loop is sufficient in size to be able to meet the additional demand comfortably, with the heat 
pump providing 100% of the space heating, and over 99% of the cooling. Even so, the low heat 
exchange rate per unit length of the heat exchangers indicate that the ground loop has been designed 
with a large safety factor. 

The imbalance of the heating and cooling loads of the building, coupled with the ability of the heat 
pumps to operate in recovery mode and provide heating and cooling simultaneously, has led to more 
heat being rejected to the ground than being extracted from it. The peak heating load is greater than 
the peak cooling load, however it occurs at a time where there is also significant cooling demand. The 
cooling demand is kept at a fairly high level, even in the winter months, due to the need to cool the IT 
facilities. This means that a large portion of the heat required in the winter months can be met through 
recovery, taking the heat from the CHW loop, thus simultaneously meeting the required cooling load. 
This results in less heat being extracted from the ground loop. Conversely, when the cooling load is at 
its peak, there is relatively little heat demand, resulting in the bulk of the heat energy removed from the 
CHW loop being rejected back into the ground rather than being redirected to the building. This 
imbalance would mean that less heat extraction is required in total, leading to the steady increase in 
average ground temperature year on year. 

The instrumented energy pile does demonstrate an increasing temperature, though this is likely to be 
higher than the average increase caused by the ground heat exchange imbalance alone. Figure 11 
suggests that the energy piles are almost exclusively being used for energy rejection from 2014 
onwards, with the heat extraction occuring in the boreholes. This approach would mean that whilst the 
average ground temperature would be increasing, there would be localized variances. The 
temperatures around the boreholes would likely be decreasing due to the continued heat extraction, 
and the temperatures around the energy piles would increase with the continual heat rejection, as 
demonstrated in Figures 36 & 37. 

Without the corresponding extraction from the piles and rejection to the boreholes, the efficiency of the 
ground heat exchange would also decrease as the surrounding ground approached the temperature of 
the heat exchange fluid, potentially negatively impacting the performance of the system. The increase 
in temperature of the energy piles would limit the efficiency of the continued heat rejection, and similarly 
the temperature of the energy being extracted from the boreholes would decrease, requiring more work 
from the system to achieve the required set point temperatures. Again, this is hard to validate as no 
temperature data for the heat pumps is available, but if this is the case, a change in control strategy to 
rebalance the use of the energy piles and boreholes could see an increase in performance. It is 
important to restate that this interpretation is based on the assumptions used to determine operating 
mode in Equations 8 & 9. 

It can be seen from Figures 33 and 34 that the PF is linked to load being produced by the heat pumps, 
with the performance improving particularly as the cooling load increases. It is possible that the low 
performance at low loads is due to an increase in cycling of the heat pumps, degrading the performance 
through the run-on time for the circulating pumps and compressors, though this cannot be confirmed 
as the typical data interval for this system is 15 minutes. 

The period from July 2020 to December 2020, during Covid, provided a unique opportunity to monitor 
the recovery of the ground with little to no use of the system. It can be seen that the temperatures within 
the energy pile dropped by 1.5 to 3.9 degrees over this time. If the overall trend of rejecting more heat 
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than is extracted continues in the long term, this could be a useful starting point for assessing how long 
may be required for the ground to recover. 

 

Circulating pumps and operating faults 

Unfortunately, as the ground loop circulation pumps are not distinguishable from the primary circulation 
pumps in the data, no comparisons between the two can be drawn.  

The imbalance in the ground heat exchangers can explain at least in part the increase in ground loop 
and primary circulation pumps power consumption in cooling mode compared to heating mode noted 
in Table 15. 

The auxiliary chiller, whilst not providing significant cooling at any point, was however in use throughout 
the monitoring period. This is despite the heat pump rarely if ever reaching its cooling capacity limit. 
This would suggest that the control strategy was not to use it as a backup but rather to assist the heat 
pump system and meet these peak loads. Unfortunately, as the chiller electricity data is not reliable, it 
is difficult to understand the impact of this on the overall efficiency. 

The solar thermal system has also been severely underutilized. This was designed to meet 13 MWh 
per year, 18% of the designed domestic hot water demand, and whilst operational from March 2013 to 
August 2015 only generated 6.8MWh, which is 1.9% of the total domestic hot water in this same period. 
From 21st of August 2015 onwards, either the system has been taken offline completely, or the meters 
have not been recording the data.  

 

Improvement measures 

Despite the apparent wealth of data available for this system, the grouping of key datasets and lack of 
temperature readings has prevented deeper analysis of the performance of the heat pumps. The nature 
of the data from several of the meters would also suggest that the meters are not being routinely 
monitored as several seem to indicate malfunction or present erroneous data. This detracts from the 
overall analysis possible. This highlights the difficulties faced in monitoring such large systems, and the 
need for continuous monitoring, and maintenance, of the equipment used to allow for meaningful 
analysis.  

Unfortunately, the analysis of this system began in earnest at the same time as the ownership of the 
building changed hands. A lack of communication with the new owners has made resolving these issues 
impossible to date. It is also unclear how much information on this system was provided to the new 
owners at the handover and this may be one of the reasons that the performance of the system has 
deteriorated over the past few years. 

A key improvement measure would entail revisiting the control strategy, to try and rebalance the use of 
HPA and HPB, as running them both simultaneously when the first is not at capacity appears to have 
caused a decrease in the system performance, seen from mid-2018 onwards. Rebalancing the use of 
the energy piles and boreholes may also produce an increase in heat exchanger performance and thus 
system performance, though this would need to be validated with temperature data not presently 
available. 
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Future work 

It is hoped that through the continued collaboration with the new owners of the Crystal, additional data 
will be made available, allowing for further detailed analysis to be conducted.  

Obtaining the breakdown of the grouped datasets to determine the individual contribution of each of the 
circulation pumps would allow a much more detailed analysis of the system. Additionally, the following 
datasets should be available according the documentation, and access to these would be invaluable to 
further understand how the system performance could be improved.  

1. Heat pump operating mode 

2. Fluid temperature data 

a. Entering and leaving ground loop 

b. CHW and LTHW flow to and return from building loop 

c. CHW and LTHW flow to and return from buffer tank 

d. Flow and return from the low loss header to the heat pumps 

Finally, additional information on the system itself would also be beneficial to validate some of the 
assumptions made in the analysis, including: 

1. Whether the domestic hot water value provided is a part of the heat generation value or 
supplementary to it 

2. The make and model of the meters to to allow error calculations 

3. Exact locations of meters in the system  

4. Control system details e.g. weather compensation settings 
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Project data access 

The data generated through this project will be made available in a data repository, subject to the 
approval of the partners and collaborators, however the raw data used as the basis for the analysis 
may not be shared as it is commercially sensitive and owned by the owners of the GSHP systems. 

The data produced through the project, such as the MATLAB analysis code, and raw data owned by 
the primary investigator, such as pile temperature data, will be uploaded to the Research Data Leeds 
repository upon completion of the PhD project encapsulating this analysis.  
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