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Abstract
The UK government’s Carbon Plan-2011 aims for 80% carbon emission reduction by 2050, and
the 2009 UK National Renewable Energy Action Plan has set a target of delivering 15% of total
energy demand by renewable energy sources by 2020. Ground Source Heat Pump (GSHP)
systems can play a critical role in reaching these goals within the building sector. Achieving
such benefits relies on proper design, integration, installation, commissioning, and operation
of these systems. This work seeks to provide evidence to improve the practices in design,
installation and operations of large GSHP systems. This evidence has been based on collection
and analysis of data from an operational large-scale GSHP system providing heating and
cooling to a university building.
The data set is of significance in that it is collected from a large-scale system incorporating
fifty-six borehole heat exchangers and four heat pumps. The data has been collected at high
frequency since the start of operation and for a period of three years. The borehole heat
exchanger data is intended to form a reference data set for use by other workers in model
validation studies. The ground thermal properties at the site have been estimated using a
novel combination of numerical model and parameter estimation methods. The utility of the
reference data set has been demonstrated through application in a validation study of a
numerical borehole heat exchanger model.
The system heat balances and power consumption data have firstly been analysed to derive a
range of performance metrics such as Seasonal Performance Factors. Analysis has been carried
out at the system and individual heat pump level. Annual performance has been found
satisfactory overall. A series of analyses have been carried out to investigate the roles of
circulating pump energy, control system operation and dynamic behaviour. Monitoring data
from one of the heat pumps has also been analysed in further detail to make comparisons with
manufacturer’s steady-state performance data and with consideration to variations in fluid
properties. Some modest degradation from stated performance has been identified. The most
significant operational factors accounting for degradation of overall system performance have
been excessive pump energy demands and short cycling behaviour. Some faults in operation of
the system during the monitoring period have also been identified.
A series of recommendations are made as to ways to improve the design and operation of
large-scale GSHP systems based on this evidence. These recommendations are chiefly
concerned with better design for part-load operation, reduction in pump energy demands and
more robust control systems.
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Chapter 1

Chapter 1 Introduction
1.1 Background
The increase in greenhouse gas emissions and consequential impact on climate change play a
significant role in world's social, economic, and environmental status. However,
implementation of low-carbon technologies for building heating and cooling can contribute to
the solution to the problem. The technical, financial, and behavioural barriers to adoption of
such technologies are challenging and have to be eliminated through better practices.
Forty-six percent of the United Kingdom’s total energy requirement is associated with heat,
and two-thirds of this requirement comes from domestic and non-domestic buildings (DECC,
2012). According to 2009 data, the energy requirement for cooling accounts only 0.05%, but
this proportion is expected to rise due to climate change (DECC, 2012). The UK meets the
majority of heating requirements (around 80%) through burning fossil fuels which is
unsustainable and has to change. The goal set by the UK government's Carbon Plan for 80%
carbon emission reduction by 2050 requires widespread implementation of zero carbon
buildings, decarbonisation of the grid, and wide scale adoption of heat pump technologies
(DECC, 2011). The proposals like heat networks supported by multiple low-carbon energy
sources will play a significant role in the future heating strategy. The Renewable Directive 2009
has set a target of delivering 15% total energy demand of the UK using renewable energy
sources by 2020. The national renewable action plan has noted that 12% of heat demand has
to be met by renewable energy sources otherwise achieving the 15% renewable energy target
will be difficult (DECC, 2009). The renewable heat proportion can only be compromised if there
is a significant development in other sectors.
The selection of particular low carbon technologies depends on the scale and nature of the
application and suitability of the technology. In the UK, large-scale ground source heat pumps
in heat networks has been proposed in the future of heating strategic framework (DECC,
2012). Also, the suitability of the ground source heat pumps to meet heat demand in the offgas grid locations has been discussed in many documents. The Renewable Action Plan DECC
(2009) proposes 953 ktoe energy from geothermal heat pumps by 2020 but it was 120 ktoe
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until the year 2010, which shows the increase of confidence in the ground source heat pump
technology and its share.
This chapter explains the research challenges that have been identified in the area of Ground
Source Heat Pump (GSHP) systems. The aims and objectives of the thesis are defined, and the
thesis structure is detailed. The literature review that identifies research gaps present in the
subject matter and on which aims and objectives are formulated is presented in the following
chapter.

1.2 Research challenges
The barriers to the implementation of any low-carbon technology depend on the perspective
of the way the problems are analysed such as the suitability of the technology to the
requirement, availability of the resources, and the financial arrangements. Feuvre & St John
Cox (2009) listed eight main barriers to GSHP growth in the UK such as the UK electricity
network, competition with the gas distribution network, and accesses to the housing stock.
Moreover, Underwood (2011) gives the reasons for weaker growth of GSHP technology in the
UK as follows,


The cost involved in GSHP installation are higher than other choices of renewable
sources of energy. The support of the government subsidy for the GSHP technology is
not enough to overcome the cost barrier.



The UK mild winter and summer climate makes difficult to justify the case for GSHP
technology over ASHP.



Further, the need for better practices in the design, installation, and commissioning of
GSHP are greater in the UK.

This work seeks to provide evidences to improve the practices in design, installation and
operations of the GSHP system in the UK. As part of this Ph.D. work, the operational large-scale
GSHP system at De Montfort University (DMU) has been monitored over three years during its
start of life period. The improvements in GSHP design practices can be achieved through the
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development of advanced BHE models which requires validation using BHE operational data.
So far the BHE data sets have been publically available are from small-scale domestic or nondomestic GSHP systems and experimental GSHP installations. The literature survey will show
that there is a research gap in the availability of high-quality data set for the BHE model
development and validation. Also, it is stated that high-quality data should include careful
calibration of monitoring setup that provides accurate measurement of high precision
operational data. Moreover, there have been many cases of reported problems in the available
data sets regarding the continuity of data measurement due to the failure of monitoring setup.
Also, it is critical that the data should begin from the starting days of GSHP System operation
that is essential for the BHE validation.
Further, it is acknowledged that BHE operational data set should be complete; including
thermal properties so that it can be used for the purpose of validating BHE models. Primarily,
ground thermal conductivity is estimated using simpler line source method, and in some cases
complex numerical parametric methods are used to find an extensive range of thermal
properties of the ground and BHE arrangement. However, the numerical estimation of ground
thermal properties uses BHE model which accounts only thermal conduction, not thermal
convection due to ground water flow or flow through pipes. So a BHE model considering
ground water flow and flow through pipes in conjunction with parameter estimation technique
has been applied for estimation of ground thermal properties. The parameter estimation
method in conjunction with BHE numerical model helps to find all thermal properties required
for BHE numerical simulation that is not possible with common analytical mathematical
models.
Furthermore, it has been found that the detailed GSHP system performance analysis of largescale GSHP system is rarely published. The approach of performance analysis and the type of
GSHP system are highly varying in nature, and mainly dealing with domestic GSHP system or
experimental setup. The large GSHP system chosen for performance study meets the cooling
and heating demand of a university building throughout the year. Moreover, it has been found
that the system performance is highly dynamic and extending the scope of performance
analysis to provide suggestions for better performance.
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Finally, it has been observed that there is a limited literature on individual heat pump
operational performance analysis. So the work has been extended to make a detailed analysis
of an actual heat pump’s dynamic operational performance and also the performance is
compared against manufacture's catalogue performance using the curve-fit heat pump model.

1.3 Aims and objectives
The aims of this thesis can be summarised as follows,


To derive a high-quality BHE operational data set for validation of Borehole Heat
Exchanger (BHE) model from a large-scale ground source heat pump (GSHP) system
installation at Hugh Aston Building, De Montfort University (DMU)



To estimate ground thermal properties using parameter estimation technique in
conjunction with 2D numerical BHE model which will be supplemented with BHE
operational data set



To demonstrate validation of BHE numerical model using BHE operational data set and
estimated thermal properties.



To evaluate Heat Pump(HP) performance



To evaluate GSHP system performance and investigate the system operations to
identify faults, deficiencies and potential means of performance enhancement

The following objectives are set out to achieve the above-said aims,


To do a literature review in the area of the BHE model development and validation,
thermal response test and thermal properties estimation, GSHP system monitoring
and performance analysis, and the heat pump model and performance evaluation.



To understand the building energy load, GSHP system and its components, and
operation and control.
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To plan and set up monitoring arrangement to collect data necessary to do
performance analysis of GSHP system and its components, and supply BHE operational
data.



To do the uncertainty analysis on performance calculation. The uncertainty analysis
should include measurement error and uncertainty due to fluid properties.



To develop parameter estimation model in conjunction with detailed two-dimensional
numerical BHE model and validate the same using publically available four different
TRT data sets. The line source estimation also has to be used to validate the parameter
estimation model.



To estimate multiple thermal properties of the BHE arrangement and analyse the
sensitivity of the ground thermal conductivity to different parameters. The
contractor’s TRT data and parameter estimation technique have to be used.



To review extended two-dimensional numerical BHE model and demonstrate the use
of BHE data set for validation of the BHE model over short and long timescales. The
BHE operational data and estimated thermal properties have to be used.



To analyse the ground loop behaviour, building energy demand, and system efficiency.
The impact of pump energy on the system efficiency and the detailed analysis of the
GSHP system dynamic behaviour have to be considered separately.



To develop curve fit HP model, so that manufacturer’s catalogue data can be used to
compare with actual heat pump performance. Typical HP cooling and heating
performance have to be analysed, and the detailed analysis of the parameters
influencing HP performance have to be carried out.



To demonstrate the utility of the BHE operational data set, a detailed two-dimensional
numerical BHE model will be validated using collected BHE multi-year operational
data.
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To conclude with principal findings, suggestions to improve the GSHP system, HP
operational performance, and the recommendations for further work.

1.4 Thesis structure
Bearing the planned objectives in mind, the thesis has been structured into eight chapters
each concentrating a specific objective. The current chapter presents the research problem,
aims and objectives, and thesis structure.
Chapter 2 begins with the introduction of GSHP technology and presents a subject specific
literature survey; BHE model development and validation, thermal response test and thermal
properties estimation, GSHP system monitoring and performance analysis, heat pump model
and performance evaluation.
Chapter 3 explains the GSHP system layout and monitoring set up. The details of the Building,
GSHP system configuration, system operation and control, and the instrumentation are
discussed. Also, the chapter presents the uncertainty analysis for the HP performance
calculation.
Chapter 4 estimates the thermal properties of the BHE arrangement using parameter
estimation technique in conjunction with detailed two-dimensional BHE numerical model.
According to the literature review, the ideal BHE operational data set should include thermal
properties of the BHE arrangement. So, the whole set of five thermal properties are estimated,
and they are supplemented with the BHE operational data that can be used for BHE model
development and validation. Further, the uncertainties involved in estimation of thermal
properties are analysed through sensitivity analysis.
Chapter 5 presents an extensive analysis of large-scale Ground Source Heat Pump (GSHP)
system operational performance. The study focuses on ground loop behaviour, building energy
demand, system efficiencies, and dynamic operation of the system. This exercise also provides
high precision, continuous BHE operational data for three years from the very beginning of the
GSHP system operation.
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Chapter 6 presents the performance study concerning one of the heat pumps that forms part
of functioning GSHP system. The analysis is based on the principle that the actual performance
of the HP is compared against the predicted ideal performance based on the manufacturer's
catalogue performance data. The deviation of actual performance from the expected
performance is extensively analysed.
Chapter 7 demonstrates the usage of the DMU BHE operational data in an advanced BHE
numerical model validation. The validation of a detailed BHE two-dimensional numerical
model is performed over a long term and short term period. The chapter uses the BHE
operational data presented in chapter 5 and the thermal properties estimated in chapter 4.
Chapter 8 concludes the thesis with principal findings, suggestions for efficiency
improvements, and recommendations for future work.
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Chapter 2 Literature review
This chapter reviews the publically available literature to show how the gaps in the existing
research have informed the planning of this research. The chapter starts with an introduction
to BHE and GSHP technology and presents a literature review for the following areas of
research:


Borehole Heat Exchanger (BHE) model development and validation



Thermal Response Test (TRT) and estimation of the thermal properties



GSHP system monitoring and performance evaluation



Heat Pump (HP) model development and HP performance evaluation

2.1 Ground Source Heat Pump (GSHP) technology
The Ground Source Heat Pump (GSHP) system operating at De Montfort University includes
two principal components Borehole Heat Exchangers (BHEs) and Heat Pumps to meet the
cooling and heating requirements of a large university building. This section introduces these
two principal components.
2.1.1 Borehole Heat Exchanger (BHE)
The ground temperature below the depth of 10m is relatively stable over the year, and it is
well suited to act as a heat sink or a heat source for the heat pump. In the BHE, the ground
acts as a large and stable energy store, and during summer months, excess heat is partly
stored in the ground and is extracted during winter months for heating. BHE is the best choice
of the ground heat exchanger for the application of balanced heating and cooling demand in
non-domestic buildings.
The BHE are commonly used ground heat exchangers because of their advantages over other
types of ground heat exchangers such as less space requirement, suitability over a broad range
of sizes and types of buildings, higher efficiency, and provision of energy storage. The depth of
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the boreholes varies between 15m and 200m, and the diameter varies between 100mm
150mm, depending on the ground conditions and energy demand of the applications. The
distance between boreholes is typically maintained at more than 5m to minimise thermal
interference. BHE uses U-tubes made of high-density polyethylene pipes to circulate heat
transfer fluid that extracts or rejects heat from/into the ground. The gap between the U-tube
and borehole wall is filled with grout material to avoid leakage of heat transfer fluid, and the
thermally enhanced grout material provides better thermal contact between heat transfer
fluid and the ground.
2.1.2 Heat pump technology
Heat pump operates using the vapour compression cycle (similar to the domestic refrigerator
in reverse) to extract heat from a low-temperature source and delivering it to a hightemperature sink. The vapour compression refrigeration cycle in Figure 2-1 explains the
function of a heat pump, and the same is shown in the Pressure - Enthalpy (P-H) chart.
Figure 2-1 Vapour compression cycle schematic and P-H chart

The vapour compression cycle utilises the properties of the working refrigerant fluid that
changes its state during the processes evaporation, compression, condensation, and
expansion. The combination of these four processes forms a vapour compression cycle that is
used to transfer heat from one location (source) to another location (sink).
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Evaporation (4-1): This process happens when the refrigerant passes through the evaporator.
The refrigerant absorbs heat from a heat source (ground) as it changes the state from liquid to
vapour at constant pressure. The vapour enters into the compressor.
Compression (1-2): The pressure of the vapour is raised to a higher pressure of condenser
using a compressor. The compressor is generally driven by electricity and modern efficient
scroll compressors are widely used.
Condensation (2-3): The high-temperature vapour condenses to liquid while passing through
the condenser. The condensation happens at constant pressure process and rejects heat. The
rejected heat is used for space heating or hot water production.
Expansion (3-4): The high pressure condensed liquid passes through the expansion device and
reaches the pressure of the evaporator and changes from liquid to a two-phase fluid at low
pressure.
In the equipment studied in this work the refrigerant circuit is reversible. A multi-port valve is
used to reverse the connections between the heat exchangers and compressor. An alternative
expansion device is also included in the circuit so that the heat exchanger on the building
(load) side of the system can be used as both a condenser and evaporator. Details of the heat
pump equipment in the experimental study are described in Chapter 3.

2.2 BHE model development and validation
This section presents the literature review of BHE model development and its validation. One
of the applications of the BHE model is the estimation of thermal properties of the ground, and
Chapter 4 uses the GEMS 2D numerical BHE model to predict the thermal properties of DMU
site. Moreover, in Chapter 7, a numerical BHE model is validated using the actual operational
BHE data. Accordingly, this section serves as a literature review for the topics in Chapter 4 and
Chapter 7. The research gap in the availability of high precision continuous BHE operational
data required for BHE model development has been identified, and the same has been
approached as one of the main aims of the thesis. Moreover, the use of thermal properties
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estimated by parameter estimation method in the simulation of BHE behaviour for multiyear
operation has been identified as another aim of the thesis.
2.2.1 BHE model development
There have been a number of analytical or numerical BHE models that have been reported to
evaluate heat transfer inside and outside of boreholes. This section only reviews limited
number of BHE models, and the more detailed literature review of BHE model development
can be found in Florides and Kalogirou (2007), Yang et al. (2010), and He (2012).
Ingersoll and Plass (1948) applied the line source model for ground thermal property
estimation, and Carslaw & Jaeger (1947) developed cylindrical source model for GLHE
application. The implementation of line or cylindrical source model needs further adjustment
for U–tube leg-to-leg heat transfer at short timescale, and the heat build-up in the ground
between boreholes that will have a significant impact on local borehole heat transfer at long
time scales. These are taken account in the detailed representations of the BHE that is possible
in numerical BHE models.
Eskilson (1987) determines the thermal response of a single borehole to a unit step heat pulse
through two-dimensional explicit finite difference simulation and this temperature distribution
is used for multi-borehole configuration. This model has borehole with finite length and
diameter and doesn’t take account of thermal resistance and capacitance of the borehole as
the borehole resistance was considered separately. Data from this 2D model was
superimposed to find the overall response in arrays of several BHE. The dimensionless
temperature vs. time curve derived by Eskilson in this way is called a g-function, and
interpolating g-functions will result in individual response factor to a specific unit heat pulse.
The response of ground loop heat exchanger to unit step function can be used to derive the
overall response. This model can provide a long-term response to the heat extraction and
rejection, but due to the lack of local borehole geometry it cannot accurately predict a shortterm response (Yavuzturk et al., 1999).
Yavuzturk et al. (1999) developed a numerical model based on a two-dimensional fully implicit
finite volume formulation for parameter estimation of ground thermal properties and
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calculation of the thermal response pulses at short time scales. The short-term response
factors are an extension of Eskilson’s long-term response factors and make it useful for short
time simulation. In Yavuzturk (1999) model, an algorithm was used to develop different
numerical grids that represent borehole geometry in terms of pipe, borehole and shank
spacing. The authors describe using a ‘pie’ shaped representation of pipe in polar coordinates
and its dense computational grid requirement. A boundary-fitted grid system that requires less
dense grid has been suggested for pipe representation that would help to reduce the
computational load.
Xu & Spitler (2006) have modified the earlier said two-dimensional numerical short time step
model to include the thermal mass of the fluid. The short time response function is replaced by
the one-dimensional numerical model representing fluid that accounts the convective
resistance as a function of the fluid temperature, flow rate, and fluid properties. As the model
is two-dimensional such that the variations of temperature along the depth of the borehole
are not accounted for. The thermal behaviour along the depth are accounted for in the series
of three-dimensional model developments described below.
There have been a significant number of three-dimensional BHE models reported in the
research literature. Three-dimensional models developed by Wetter (1997) and De Carli et al.
(2010) use two different models separately accounting the thermal response inside the
borehole and outside the borehole. This approach eliminates the complex mesh generation
and reduces the time requirement for simulation. He (2012) developed a three-dimensional
numerical model applying finite volume method. A multi-block mesh generating software has
been used to accurately represent the geometries in and around the borehole. The fluid
circulation through the pipe has been explicitly modelled and also the ground beneath the
borehole is represented. The short time response of this model has been thoroughly
investigated against the experimental values and a two-dimensional model. The suggestion by
the author for an extended version of the two-dimensional model has been carried out by
Rees (2015). The extended two-dimensional model includes the pipe model that accounts for
the dynamic response of fluid circulation through the BHE and connecting pipes.
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2.2.2 Data set and validation
This section discusses about the data sets available for BHE validation and the details of the
studies that have subsequently used this data for BHE validation. Moreover, the requirements
for the suitable data set for BHE validation have been identified.
Yavuzturk & Spitler (2001) specified suitability of the field data for BHE validation purposes.
They state that suitable data should be complete with high-quality independent measurement
of the thermal properties of the ground and accurate measurement of at least the inlet and
out temperature fluid temperatures and the fluid flow rate. Moreover, the measurements
should have been from the beginning of system operation. Also, the geometry of the borehole
and the properties of the fluid and the borehole backfilled materials have to be provided with
the data set. Further, Cullin et al. (2015) have pointed out the rare access to ideal data sets
that are multiple years, continuous data, for a range of different system sizes, climate
conditions, and range of system parameters such as number and depth of boreholes.
2.2.2.1 Data set & GSHP system details
Maxey Elementary School building, Lincoln, US
The Maxey Elementary School building is served by 54 heat pumps for the floor area of 6500
m2. The system includes 120 boreholes of array 10 X 12. Each borehole has a depth of 73.2 m,
diameter of 114.3 mm, and spaced 6.1 m between them. The diameter of U-tube is 25.4 mm,
and the gap between the borehole and U-tube is filled with bentonite for the top 3 m. The
heat transfer fluid is 22% propylene glycol mixture and pumped by variable speed circulation
pump with a maximum flow rate of 36.2 L/s. The monitored data includes measurement of the
flow rate, inlet and outlet temperatures of the BHE, and the shortcomings of the monitored
data have been discussed in Yavuzturk and Spitler (2001). They report that data have been
collected through building management system, and there are some intervals the data are
missing and the causes are unknown. The monitoring started during November 1995 and failed
to collect the first three months operational data since the system started operation in May
1995. The thermal disturbance during the initial operating period has been adjusted through
filling the data using the data from the next year. The missing data have been filled using
engineering estimates, and the reliability of data filling is questioned. Moreover, the
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inconsistency of measurements such as temperature response when there is no flow and no
temperature response when there is a flow were questioned. It is concluded that the
inconsistency is due to an error in data acquisition. Also, the location of the instrumentation is
not ideal where the measurement is affected by heat loss or heat gain through the horizontal
piping system. There has also been a high frequency of anomalies when the flow rate is below
3.15 L/s, so the data at times when the flow rates below 3.15 L/s have been removed. It can be
seen that the continuity of data has been affected by many failures of the monitoring system,
and the continuity of data affected the validation process.
Oklahoma State University hybrid GSHP experimental facility, US
The OSU experimental facility has a hybrid GSHP system that includes two heat pumps, two
storage tanks, and a fan coil. The load-side includes twin test cells, a pond loop heat
exchanger, and a cooling tower. The source-side has three boreholes. The heat pump capacity
is 10.6 kW and can provide cooling or heating. The borehole diameter is 114 mm, and the
depth is 75 m, spaced 6 m apart. The pipe outer diameter is 26.67 mm. The ground thermal
conductivity is 2.55 W/(m.K) and the undisturbed temperature is 17.3 °C. The fluid flow rate
during the operation is 0.63 L/s. The minutely data have been collected from 03/2005 to
06/2006. The data covers multiple components of the HGSHP system including BHE, and it has
been used for components performance evaluation and validation by many authors ( Hern,
2004; Gentry et al., 2006; Gentry, 2007; He, 2012; Cullin et al., 2015).
Valencia Polytechnic University, Spain
Ruiz-Calvo & Montagud (2014) have supplemented the reference data set of Valencia system
in their paper with operational details about the system. Valencia Polytechnic University
system has six boreholes ground heat exchanger each borehole diameter of 150 mm, depth of
50 m, spaced 3 m apart in 2x3 rectangular formation. The boreholes are backfilled with soil,
and its thermal conductivity is 1.6 W/(m.K). The undisturbed ground temperature is 19.5°C.
The system fluid flow rate is 0.76 L/s. The minutely data have been collected for the period of
6 years from 2005 to 2011 at the inlet and outlet of the BHE and heat pump, and also power
consumption data also have been measured. The system is operated for only weekdays, and
the heating mode is on between late October and April. In first three years, the system was
operated only 15 months out of first 36 months which includes eight months of the
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consecutive system off, or no data. Cullin et al. (2015) have used the average of last three
years data due to continuity issues with the first three years data.
ASHRAE Headquarters, Atlanta, US
The ASHRAE headquarters system supplies heating and cooling requirement of the second
floor of the building that has an area of 3250 m2. The system has 12 boreholes, each with a
depth of 122 m and spaced 7.6 m apart in 2x6 rectangular formation. The ground thermal
conductivity is 3.25 W/(m.K) and the undisturbed ground temperature is 20.2 °C. The system
flow rate is around 9.5 L/s. The data is available for every 15 minutes for the system from
March 2010 until the end of 2012. As the system started 21 months prior to March 2010, the
prior data were filled through curve- fit estimation using air temperature.
2.2.2.2 Validation
Yavuzturk and Spitler (2001) used monitored data of Maxey Elementary School to validate
their short time response BHE model, and the validation included the comparison of predicted
heat pump entering fluid temperature with corresponding actual values. The deviation
between actual and predicted temperature are greater during when the data-set has low flow
rate or spurious data or frequently disruptive data. The best agreement happens between
prediction and actual heat pump entering temperature when the data-set has continuous
data, and the flow rate is moderate or high. The paper has detailed the operational GSHP
system and the shortcomings in the monitored data that was discussed in the previous section.
The data collected from Oklahoma State University experimental facility has been initially
reported in Hern (2004) and Gentry et al. (2006). The data set has been used for validation of
numerical BHE models by He (2012) & Rees (2015), and the same has been used for comparing
different BHE models by Spitler et al. (2009).
He (2012) has reported using Oklahoma State University data for validating of her threedimensional BHE numerical model in two ways, short time scale validation and long time scale
validation. In short time scale validation, the hourly data have been used for first 14 days of
March 2005 to build the thermal history of the borehole and on the 15th day, minutely values
have been used to validate short time behaviour of the BHE. In long time scale validation,
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hourly average values of inlet temperatures and flow rates have been given as input to the
model, and simulated hourly outlet temperature and Heat transfer rate have been compared
with experimental values of 16 months.
Rees (2015) has also used the Oklahoma State University experimental data to validate his
extended two-dimensional numerical BHE model. Like He (2012), the validation has been
carried out in two ways. Firstly, short time scale validation compares the simulated minutely
borehole outlet temperatures with actual experimental values for a month. In short time scale
validation, it has been shown that the extended two-dimensional model can account time
delay caused by fluid transit through the horizontal pipe and match better with the
experimental value. Secondly, the simulated monthly heat transfer and monthly mean outlet
temperature are compared with experimental data for 16 months. Also, the daily mean outlet
temperature has been compared with corresponding experimental values. The author has
called for more high-frequency data to investigate borehole short time behaviour caused by
thermal mass and interaction of control systems.
Cullin et al. (2015) have used data set from four different real systems for validating two
commonly used methods for designing BHE. The four data sets are Oklahoma State University
data, Valencia Polytechnic University data, ASHRAE headquarters data, and DMU data
produced from this study. The two design methods are ASHRAE handbook design equation and
simulation-based design tool, and they are used to find design length of the BHE. The methods
need building loads, physical parameters of the BHE, and minimum and maximum exit fluid
temperatures from BHE as input. The predicted design length of the BHEs are compared with
the actual BHE depth and found that the simulation-based model predicts more accurate than
ASHRAE method. The authors stressed the need for data set from a variety of GSHP system
BHEs such as large systems that are cooling dominated or heating dominated.
Ruiz-Calvo & Montagud (2014) have used the data set of Valencia system to validate the
GLHEPRO design software using one-year BHE data between May 2009 and Apr 2010.
GLHEPRO software was found to predict the thermal response of BHE fairly accurately, and the
monthly average BHE temperature prediction coincides closely with experimental values.
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2.3 Thermal Response Testing (TRT) Methods
This section presents the literature review for the work reported in chapter 4 where the
thermal properties of the DMU Site are estimated using in-situ measured TRT data. This
literature survey reviews the development of the concept of TRT, development of TRT
equipment, and the use of line source method, cylindrical source method, and parameter
estimation methods combined with BHE models to estimate thermal properties. The critical
features of the parameter estimation method conjunction with BHE numerical model have
been identified, and the parameter estimation conjunction with GEMS 2D BHE model to
estimate the thermal properties of the DMU site is approached in chapter 4. The estimated
thermal properties are used in multiyear validation of BHE numerical model using real BHE
operational data as suggested by Underwood (2011).
Further literature review of this topic can be found at recently published review papers of
Spitler & Gehlin (2015), Zhang et al.(2014), and Rainieri et al.(2011).
2.3.1 Background
The thermal properties of the ground and the BHE arrangement play a critical part in the
design and operational performance of the GSHP system and so the precise estimation of
these properties becomes a necessary part of the GSHP system planning.
The ground properties like thermal conductivity and specific heat capacity are not directly
measurable using instruments. Historically, the estimation of the thermal properties was
carried out through identification of rock formation and experimentally testing of borehole
samples. The common commercial practice is to use line source theory for estimation of
ground thermal conductivity and borehole resistance due to its simplicity and fastness. The
theory of line-source estimation of thermal properties is dealt with in detail in chapter 4.
Presently, the commonly practised TRT method that measures the thermal response for an
imposed heat flux was proposed by Mogensen (1983). The TRT procedure uses an inverse
method of calculating thermal properties using BHE models of one form or another – either
analytical or numerical. Testing facilities for carrying out thermal response tests have been
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simultaneously developed in the US by Austin (1998) and in the Sweden by Eklöf & Gehlin
(1996).
2.3.2 Parameter estimation method and numerical model
Shonder and Beck (1999) developed a one-dimensional model that accounts for inlet and
outlet pipes as one equivalent co-axial pipe and introduced the heat capacity of the pipe and
the fluid mass. The one-dimensional model is combined with parameter estimation technique
to evaluate the thermal conductivity of ground and grout. The model has been validated using
experimental data with a close agreement with a known thermal conductivity of sand.
Austin (1998) used the parameter estimation technique in conjunction with a two-dimensional
numerical model to determine the thermal conductivity of the ground surrounding the
borehole. To predict the thermal properties of the ground, an experimental apparatus has
been built to impose heat flux on the borehole and measure temperature response through
inlet and outlet fluid temperature. In this parameter estimation method, various inputs such as
thermal conductivity are adjusted systematically in a numerical model representing the
borehole and surrounding ground such that the minimum value is obtained for the difference
between the actual temperature response and the model-predicted temperature response.
Several parameter estimation (optimisation) techniques can be used to arrive the minimum
value, and these techniques have been analysed and compared by Jain (1999). Moreover, the
O'Neill's implementation of Nelder-Mead simplex method with exploratory search has been
suggested as the best method for the optimisation process (Jain, 1999).
Spitler et al. (1999) listed the required data to use single parameter estimation as the grout
thermal conductivity, thermal characteristics of the pipe, convective coefficient, U-tube
spacing, constant borehole diameter and highly accurate representation of borehole geometry
in the numerical model.
The shorter time for the TRT duration can be achieved through models that can perform with
good accuracy for a shorter amount of time. Austin and Yavuzturk (2000) suggested extending
the model to three-dimensional with the actual representation of borehole geometry using a
boundary-fitted grid. This estimation procedure is computationally intensive due to a number
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of objective function evaluations involved, and this can be reduced through better initial
values using analytical estimation so that whole process takes less time.
2.3.3 Inter-model comparison for TRT
Gehlin and Hellström (2003) compared four models for evaluation of thermal test data. Two
models were based on the line source theory, one based on cylinder source theory and other
based on the one-dimensional numerical model. The data set contains temperature response,
heat load and undisturbed ground temperature with borehole geometry details. The two linesource approximation models showed the closest agreement with measured temperature
response. The cylindrical source approximation model and numerical model had a sensitivity to
the inclusion of initial data. The minimum response test duration was suggested as 50hrs. The
difference between line source and numerical model estimation was stated as 4%, and the
deviation between estimation minimises when the test duration increases. For variable heat
injection, the numerical model was suggested as best suitable and for a simple application, line
source approximation model was suggested.
2.3.4 The UK experience
Underwood (2011) acknowledged the lack of design data and design methods applicable to the
UK conditions are reasons behind the wide range of varying national design and installation
practices. Further, the author insisted the lack of ground conditions data for the UK that are
required for GSHP design and performance analysis. The conventional Line Source TRT
procedure helps to find only the ground thermal conductivity and BHE thermal resistance.
Underwood (2011) developed a numerical BHE model in conjunction with a Trust Region
search algorithm to find four critical parameters namely formation average thermal
conductivity, formation volume thermal capacity, borehole thermal resistance, and grout
volume thermal capacity that are required for successful design and performance analysis of
BHE. Commercial TRT test data from 13 UK sites were analysed using the proposed parameter
estimation method and line source method. The thermal properties estimated through these
two different methods were tabulated and compared. The author also suggested carrying out
validation testing for one or more years of BHE operation using the results derived from one of
these kind of thermal properties estimation from TRT test data of initial 48-72 hours.
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Moreover, the investigation of the use of three-dimensional model against another
mathematical model for shorter duration TRT data was suggested.
Banks et al. (2013) have undertaken large-scale compilation of in-situ TRT results of 61 UK
sites. The line source method has been used for the estimation of the thermal properties. The
review of the results provided the statistical analysis of thermal resistance, thermal
conductivity, and the undisturbed ground temperature. The median, 25th percentile and 75th
percentile values of thermal conductivity were derived as 2.25, 1.86, and 3.0 W/(m.K)
respectively. The median, 25th percentile and 75th percentile values of undisturbed ground
temperature were calculated as 11.7, 12.3, and 13.2 °C respectively. Moreover, the median,
25th percentile and 75th percentile of thermal resistances are listed as 0.09, 0.22 and 0.14
mKW-1.

2.4 GSHP system monitoring and performance analysis
This section presents the literature study of GSHP system monitoring and performance analysis
(the subject of Chapter 5 of this thesis). As the available research work ranges between
different scales and application, two classifications have been made in this review.
2.4.1 Small-scale experimental GSHP studies
There have been many publications available on performance analysis of domestic-scale, and
small-scale non-domestic experimental GSHP applications. However, the type and scale of the
GSHP system and its applications, the climatic location of the GSHP System, the level of
monitoring and analysis, and the details of presentation highly vary. The contribution from
each of the publication towards research in GSHP applications differs. Here, in this survey, a
selected number of such works have been studied and presented.
National- level residential heat pump field trials
Energy Saving Trust (2010) undertook extensive residential building heat pump monitoring in
the UK to evaluate the performance in real-life conditions. It monitored 83 residential heat
pumps that included 43 GSHPs and different types of heat pumps installed by fifteen
manufacturers, and the monitoring period was from July 2007 to June 2010. It has reported
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that best HP performance depends on design, installation, and commissioning. Further, it has
been revealed that the highest COP is 3.0, and the mid-range COPs are between 2.3-2.5.
Dunbabin & Charlick (2012) have presented the detailed analysis of the data intending to
identify the factors influencing the performance. Moreover, the case studies have been
presented to show examples of poor and good performing GSHP systems. Further, the revision
of installation standards has been discussed. Dunbabin et al. (2013) have presented the
analysis of the impact of the interventions to improve the performance of selected 44 heat
pumps. The interventions have been minor, medium, and major changes to the existing heat
pump systems and the case studies have been presented for each case.
Miara et al. (2011) have presented the detailed evaluation of the performance of heat pumps
in Germany, and their study uses the data collected by the 'Heat Pump Efficiency Project' from
Oct 2005 to Sep 2010. The project monitored 110 heat pumps that included 56 GSHPs, and the
average area of the heated building was 199 m2. The efficiencies of the heat pumps have been
determined considering different system boundaries and time periods and the performance
influencing factors have been evaluated. It has been reported that the seasonal performance
factor for the monitoring period has been 3.9 for the ground source heat pump.
GeoCool plant, Valencia Polytechnic University, Spain
This section presents the work of researchers who used the GeoCool plant facility at Valencia
Polytechnic University, Spain. The researchers are Montagud et al. (2011), Ruiz-Calvo &
Montagud (2014), and Edwards et al. (2011).
Montagud et al., (2011) have presented performance analysis of the GeoCool plant as part of a
European Union project to adapt the GSHP to cooling dominated climates. The paper presents
the performance factors and the temperature evolution during five years of operation
between Feb 2005 and Apr 2010. The degradation of the performance and the thermal
response of the ground over these years have been studied. Moreover, Urchueguía et al. (
2008) compared the first year operational performance of GSHP with ASHP. According to the
comparison, the GSHP saves 37.18% during cooling operation and saves 43.17% during heating
operation in terms of primary energy consumption for the southern European coastal climate.
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GeoCool plant at Valencia Polytechnic University serves a building with a floor area of 250m2
that includes nine offices, a computer classroom, a corridor and an auxiliary room. An ASHP
and a GSHP work alternatively and the water-to-water heat pump has a cooling capacity of
15.9 kW and heating capacity of 19.3 kW. The network of sensors is used to monitor flow rate,
temperature and power rate. The set return temperature to the building circuit is 9°C for the
cooling operation. The compressor switches on at 12°C and switches off at 9°C, and the
circulating pump is switched on 1 minute before the compressor start and switched off 1
minute after the compressor stop. The two daily performance factor DPF1 and DPF2 are
analysed, and the difference between the two is the inclusion of external circulation pump
power.
The thermal response of the ground is analysed through looking into the mean BHE return
temperature, and it has been reported that this temperature is the same approximately 17°C
after five years of operation in Feb 2010. The strong recovery of the ground is observed in this
project due to the reasons of the balance between heat extraction and rejection, lower spring
energy requirement, holidays, and underground water effects.
The paper presents Daily Performance Factors (DPF) for a typical cooling day and a heating
day, and a monthly average DPF for the five years. DPF during the winter season were 20%
lower than summer season that is due to the temperature lift during the winter season being
higher as the supply to the building is maintained at 45°C against the summer supply at 10°C.
The supply temperature has been changed to 11°C for cooling and 43°C for heating to study
the impact of temperature lift on DPF values, and it has been reported that the improvement
of 4%, 3.7% in DPF for cooling and heating respectively.
Daily Performance Factors DPF2 and DPF3 that considered other electrical demands were also
investigated. DPF2 is 10% lower than DPF1 during four years of operation other than the year
2005 when it is 30% lower due to the continuous pumping of circulating fluid through BHE. The
circulating pump consumes 10% of compressor power, and it can be reduced in this project
through reducing pressure loss due to monitoring instruments set up on the external fluid
circuit. Moreover, the parameter DPF3 that includes power consumption on building side fluid
circulation is reported in Ruiz-Calvo & Montagud ( 2014), and it is 13% lower than DPF2.
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Ruiz-Calvo & Montagud (2014) have presented the operational details such as switching on/off
of the system components and data processing of the Valencia data set, and they have
commented on performance improvement modifications. The placement of storage tank to
the supply side of the building and insertion of control sensor after the storage tank have been
performed in May 2009. Furthermore, the part load operational details have been studied, and
it has been found that the system is mainly operated below half load. So, the suggestion for
the improvement of the performance has been reported, and it is to replace the one
compressor of HP with two smaller compressors.
Edwards et al. (2011) have presented case studies to improve the performance of GSHP
system. The cases are different control strategies, which are simulated using MATLAB system
model that includes all GSHP system components. Prior to the analysis, the system model has
been validated using operating data of Valencia data set. The control of fan coils has been
devised into two strategies, and they are continuous fan operation and on/off operation. The
impacts of control on seasonal performance have been presented for selection of different
return temperatures and external atmospheric temperatures. The chosen external
temperature varies between 26 °C and 32 °C for cooling mode and between 8 °C and 14 °C for
heating, and the return temperature varies between 35 °C and 45 °C for heating mode and
between 9 °C and 15 °C for cooling mode. The room set-point temperatures used in the
controls of the HP operation is 22 °C for heating and 23 °C for cooling. The metrics SPF 1 to SPF4
defined according to (Nordman et al., 2010) have been analysed. It has been reported that
increase in building load affects the SPF negatively. Moreover, the increase in return
temperature improves SPF positively for cooling, and a decrease in return temperature
improves SPF positively for heating.
Social housing bungalows, Harrogate, UK
Stafford (2011) has illustrated the importance of detailed monitoring scheme and found that
simpler monitoring schemes used in some UK trials could significantly underestimate SPF. The
detailed monitoring scheme implemented in the Harrogate trial provided the data required to
calculate SPF for different system boundaries (Nordman et al., 2010) that can be useful to
compare similar energy systems. The simpler monitoring scheme may include uncertainty in
the calculation of SPF that is affected by many parameters such as location of monitoring
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instruments, inclusion of power consumption of system elements, and distribution system
setup. The comparison of detailed monitoring scheme against simpler monitoring scheme is
made by the results of annual monitoring of ten similar GSHP systems. The ten GSHP systems
are located in the UK serving single or two-bedroom social housing bungalows with the floor
area of 60-70m2. The heat pumps were IVT C6 model and served by single borehole of 50 m
depth. The heat pump can serve DHW and SH, and includes 165 L storage tank and a 6 kW
electrical resistance cassette heater. For example, the SPF calculation result will lead to
different values according to the inclusion of distribution pump power, and the difference for
the monitored systems vary between 0.28 and 0.08. Moreover, in another case, the detailed
monitoring scheme can calculate the heat loss from the storage tank that in the simpler
monitoring scheme would have been misleading and resulting in SPF underestimation.
Stafford & Lilley (2012) comment further on the Harrogate study and the monitoring
measurements and analysis. The aim of this paper was to detail the performance of a selected
heat pump in the context of the group so that the performance of the remaining heat pumps
can be studied using few easily obtainable measurements. Furthermore, the factors affecting
relative performance have been approached. It has been listed that the limited data set should
include ground loop return temperature, building supply temperature, compressor power
consumption and details of building fabric and occupants behaviour.
The above procedure of relative performance analysis can be implemented for a group of
similar GSHP systems. The easily measurable critical parameters can be used to narrow down
the cause for the relatively poor performance of a particular system. The listed critical
parameters are internal and outdoor temperatures, compressor power (to identify cycling
behaviour), and hot water temperature.
The SPF of the heat pumps was found to range from 1.99 to 2.54 with an average of 2.20. As
the SPF of the selected heat pump (A) is 2.22, there was scope for improvement to match the
best performing heat pump SPF. According to the data, the selected heat pump performed
relatively well in summer and performed poor in winter, which shows the heat pump-A
operated efficiently in DHW production and operated inefficiently for space heating. The
factors affecting heat pump performance have been examined relatively for all heat pumps to
find the cause for relatively poor and good performance. The good DHW performance for the
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heat pump-A is achieved by relatively low set temperature for DHW. As the space temperature
of the heat pump-A is relatively average, the average SPF is expected, but low SPF indicates
other causes. The heating cycling was counted for each heat pump and compared, and this
showed heat pump-A had 59 cycles that are higher than the observed cycle range 19-39.
Moreover, it was shown that the cycling rate is linearly proportional to heat loss rate that
causes the inefficient operation. It has been reported that the poor performance is caused by
heat pump cycling operation.
New municipality hall of Pylaia, Greece
Michopoulos et al.(2013) have reported the performance of the GSHP system at Municipality
Hall of Pylaia in Greece serving a building complex area of 2420m2 that consists of offices,
meeting rooms and an auditorium. The GSHP system consists of 11 water-to-water heat
pumps and the BHE that includes 21 boreholes of 80m depth. The operation of the GSHP
system is monitored for eight years since Jan 2003 covering 93 months, and the data are
logged for every 10 minutes. The heat transfer between the building and BHE have been
analysed, and the hourly maximum heat extraction was 50 W/m (heat transfer rate per unit
BHE length) and the hourly heat rejection ranged between 40 and 210 W/m. The average
seasonal energy exchanged between the building and BHE is 20 W/m2 during winter and 40
W/m2 during summer. The weekly SPF of heat pumps and the SPF of the system are reported
as between 5.0-6.2 and 4.5-5.5 for heating respectively, and between 4.1-5.9 and 3.6-4.5 for
cooling respectively. The average BHE fluid temperature ranges between 21- 24 °C during the
heating mode, and it ranges between 32-35 °C during cooling mode. Moreover, the average
soil temperature 18 °C shows that the GSHP system rejected more heat than it extracted. The
same system has been reported by Michopoulos et al.(2007) in which the performance of the
first three years has been studied.
Pusan National University, South Korea
Kim et al. (2012) have presented the performance of the actual operation of a GSHP system in
a school building, South Korea. The first and second floor of the building area of 1193 m2 is
served by ten heat pumps of capacity 29 kW. The GSHP system includes BHE consist of 24
boreholes depth of 175m, and ten heat pumps each have two compressors of one inverter
type and the other fixed type. The monitoring system recorded data over two years, which
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include outdoor and indoor temperatures, inlet and outlet circulating fluid temperatures,
compressor power, and building cooling and heating loads.
The ground temperature measurements indicated that the temperature below the depth of
10m was not affected by the atmospheric temperature. The average cooling load is estimated
as 17.8 kW that is 61.4% partial load, and the average heating load is 32.6 kW that is 50.6%
partial load. The COP of the heat pump is reported as between 4.3-8.3 for heating operation
and between 6.0-10.9 for cooling operation. Moreover, the system COP is reported as
between 3.0-6.2 during heating and between 4.3-7.4 during cooling. Additionally, it has been
reported that not much change in sub-terrain temperature as the thermal conductivity of 3.08
W/(m.K) has helped to diffuse the heat. Also, the inverter controlled compressor was able to
keep power consumption low during partial load operation, and it has been shown that load
variation of day operation during different days did not affect the COP in a noticeable way.
University of Vigo, Spain
Fernández-Seara et al. (2012) have presented the experimental performance of a laboratory
GSHP setup for simultaneous production of SH and DHW. The detailed explanation on the
experimental setup and details can be found in the paper. The part of work analysed the
influence of condenser and evaporator inlet temperatures on the performance of space
heating. The increase of condenser inlet temperature from 20 °C to 50 °C decreases the COP by
48.7% and heating capacity by 5.6%. In contrast, the increase of evaporator temperature from
0°C to 15°C increases the COP by 32.3% for the condenser inlet temperature 25°C and
increases the COP by 29.6% for the condenser inlet temperature 45°C. Moreover, the increase
of condenser temperature from 25°C to 40°C decreases the COP by 41.4% for the evaporator
inlet/outlet temperature 15/12°C. Also, it has been reported that the heat transfer rate
increases when the evaporator inlet temperature increases and the condenser inlet
temperature decreases. Regarding the compressor power consumption, it increases by 35% for
the raise of condenser inlet temperature from 25°C to 45°C and increases by 8% for the raise
of evaporator inlet temperature from 0°C to 15°C.
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2.4.2 Large-scale GSHP system applications
There have been a very limited number of publications available on the performance analysis
of Large-scale GSHP systems, and here, few researchers’ works have been presented.
Office building, Croydon, UK
Witte & Van Gelder (2007) monitored a borehole thermal energy storage of the GSHP system
operating to meet the cooling and heating demand of a UK office building in Croydon, UK. The
work has aimed to compare the actual operating condition with the original design, and the
actual energy load and average borehole fluid temperature are considered for the analysis.
The building is a three-story office surface area of 3000m2 that includes offices and warehouse
facilities. The offices are served by 85 water to air heat pumps, and the warehouse area of 690
m2 is served by a water-to-water heat pump of 26 kW. The heat pumps are connected in
parallel so that the simultaneous heating and cooling loads are balanced, and the unbalanced
energy demand is met by borehole heat exchanger. The installed capacity is 225 kW of heating
and 285 kW of cooling. The BHE includes 30 boreholes each depth of 100m and distanced 5m
apart. The thermal conductivity of the site was estimated using an in-situ TRT procedure and
was estimated to be 2.2 W/(m.K) with a far-field temperature of 11.6 °C.
The estimated annual energy load is 120 MWh cooling and 95MWh heating, and considering
the average heat pump performance factor, the load on the BHE becomes 65 MWh heat
extraction and 145 MWh heat rejection. Moreover, the design predicted the rise of ground
temperature from 13.5 °C in the first year to 17°C in the 25th year. The design also included the
provision of a dry cooler to limit the rise of ground temperature due to unbalanced load on
BHE.
The system has been monitored between September 2000 to July 2003, and the variables such
as BHE inlet and outlet temperature were collected for every 20 min from Building
Management System. The recorded minimum and maximum BHE return temperature are
4.2°C and 26.8 °C respectively, and these are within the design limits of heat pump operation.
The measured heating load on the BHE is 30 % lower, and the cooling load is 20% higher that
accounts imbalance factor of 3.15, but the design imbalance factor is 1.85.
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Moreover, the comparison of measured temperatures with predicted temperatures using the
software EED and TRNSYS have been made. The measured loads are used as input to the
software to predict the temperatures and the predicted temperatures fairly close to the
measured values for the first year. The measured temperature has the higher amplitude than
simulated prediction, and the reason for this have been identified as the climatic temperature
impact on the horizontal pipe. Moreover, the inclusion of horizontal piping in TRNSYS
simulation has yielded better fit with the measured values. Further, the author has promised
for detailed analysis of data set in future for the system behaviour during daily cycling.
Archives building, Shanghai, China
Zhai & Yang (2011) have presented the experience on the GSHP system application in a cooling
dominated archives building area of 8000 m2 in Shanghai. The GSHP system includes two heat
pumps capacity of 500 kW cooling capacity, 280 boreholes diameter of 180 mm and depth of
80 m each, Air Handling Units (AHU), and circulating pumps. Fan coils were used for offices and
corridors, and AHUs have been used for the remaining part of the building. The components
were connected through tubes and valves, and details of the system functioning can be found
in the paper. The data were collected for every minute, which includes temperature and flow
rate measurements of key components.
The control of building indoor temperature and humidity have been set to fluctuate between
19 °C and 24 °C, and between 45% and 60% respectively for the whole year. The AHU units
have two coils, one for cooling which has flow and return set for 7 °C and 12 °C, and other for
heating that has flow and return set for 45 °C and 40 °C. The system works continuously
meeting the building loads under different seasons operating in different modes. The
performance on the typical summer day and winter day performance have been presented.
The average outdoor temperature and relative humidity are 35 °C and 53% for the typical
summer day, and 8.9 °C, 69.5% and for the typical cooling day.
On the typical summer day, the average cooling capacity and COP are 472 kW and 5.4
respectively. The average inlet and outlet temperature of the evaporator are 8.1 °C and 11.7
°C, and the average inlet and outlet temperature of the condenser are 32.4 °C and 34.3 °C. The
total heat extracted from the condenser for the whole day is 51.19 GJ, and 41.68 GJ of total
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heat is rejected to the ground. Moreover, it has been reported that the average heating
capacity and COP for the winter day are 463.7 kW and 5.2 respectively.
The mean COP for summer, winter, and transition seasons are reported as 4.7, 4.6, and 3.9
respectively. The total heat rejected and heat extracted to and from the soil are 2861 GJ and
2192 GJ for a year, which accounts imbalance of 23%. However, if the heat is not directed to
AHU, the total heat rejected to the ground will be 4292 GJ, which increases the imbalance to
48.9 %. The initial ground temperature was 18 °C, and it has been found that 18.5 °C after the
one-year operation. The increase of 0.5 °C is acceptable, and the reheating operation in AHU
using heat recovery from the condenser helped to maintain the energy balance of the ground.
Moreover, the paper has investigated the GSHP application for similar archives buildings in a
different climate of China to see the impact of heat imbalance on ground temperature, and it
has suggested for hybrid GSHP system such as using cooling towers to meet the challenges of
the ground heat imbalance.

2.5 Heat pump model and performance evaluation
Chapter 6 evaluates the actual performance of the operational heat pumps and compares
actual performance with the manufacturer's stated performance using a model. This section
presents the available literature on heat pump models and evaluation of the heat pump
performance.
2.5.1 Heat pump model
The successful implementation of the GSHP application depends on its reliability and efficient
operation. Water source heat pumps have been used in building and environmental
applications for many years, and the modelling of heat pumps has been considered extensively
for improved performance. Detailed literature study on heat pump model development can be
found in Jin (2002), and this section presents an extract of the same.
Most HP models are targeted at the design of heat pump systems and can be classified as
deterministic models. Deterministic models are detailed models that represent the
thermodynamic and heat transfer behaviour of individual equipment components explicitly.
One disadvantage of deterministic models is that they need more detailed information about
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the physical parameters, and these are not often available for commercial equipment (Jin,
2002).
So-called ‘equation fit models' are widely used in the building energy calculations. This type of
model has one or a few polynomial equations that characterise the heat pump performance,
and these equations are simply fit to commonly available catalogue data. For equation fit
models, the main disadvantage is that the model may not be valid beyond the range of the
catalogue data used to determine the equation coefficients (Jin, 2002; Jin and Spitler, 2003).
Tang (2005) proposed the curve-fit water-to-water HP model, and the model includes three
governing equations that have been formulated using variables influencing HP performance
divided by reference values. The performance influencing parameters are fluid inlet
temperatures and flow rates on both load and source sides. The set of performance
coefficients has been generated using generalised least square methods at reference
conditions from catalogue data. Due to unavailability of the experimental data, catalogue data
of three different heat pumps of different capacity have been chosen for verification of the
model. The predictions for heating and cooling mode are compared with catalogue values. The
RMS error for the load side and source side heat transfers, and power consumption are less
than 5% for cooling mode, and the heating mode RMS error was slightly higher than cooling
mode RMS.
The third category of heat pump models is those that rely on parameter estimation. Such
models incorporate physical models of the main heat exchanger and compressor components.
Values of the component parameters (e.g. compressor displacement) are found using a
parameter estimation procedure and catalogue data (Jin, 2002). The parameter estimation
process compares model outputs with the full range of catalogue data such as load and source
side entering the fluid temperature, power consumption, heat transfer rate and flow rates.
This type of model can make realistic predictions over a wider range of inputs. The model
developed by Jin (2002) was validated using experimental data from Oklahoma State
University, and the percentage error between the model prediction and experimental data was
9% for load side heat transfer, 20% for source side heat transfer and 12% for compressor
power consumption.
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Tang (2005) compared the performance of curve-fit water-to-water HP model against the
parameter estimation HP model of Jin and Spitler (2003). Comparing to the parameter
estimation model, it has been reported that curve-fit model performs better for a specified set
of data. The prediction of power consumption results in greater RMS error than heat transfer
prediction for both models. Moreover, the type of data is important than a number of data
points in the case of the curve-fit model, but the parameter model needs more data points for
better performance. The parameter estimation HP model is considered as complex and
computationally expensive compared to simple curve-fit HP model.
The amount of research work relating to experimental validation of HP models working on
both heating and cooling mode is significantly limited. Gentry et al. (2006) simulated the
performance of Hybrid Ground Source Heat Pump system using the component-based
simulation software HVAC Sim+. Seven months of five minutely experimental data were used
for validation of system simulation. They concluded that best results were obtained using a
parameter estimation based heat pump model instead a simple equation-fit model.
2.5.2 Performance evaluation of GSHP applications
Water-to-water heat pumps are used in the GSHP system operating at DMU that has been
monitored as part of this Ph.D. The installation condition and continuously changing
application environment affect the HP performance and leading to lower than manufactures
prescribed performance. So, the catalogue performance can be targeted through fault finding
in the operation and improving the practices or modifying the system components. Kim et al.
(2013) and Magraner et al. (2010) have applied the above said principle in their work at Korea
Institute of Energy Research (KIER) and Valencia Polytechnic University respectively.
Korea Institute of Energy Research (KIER)
Kim et al. (2013) have systematically verified the actual performance of the water-to-water
GSHP against the manufacturer's specified performance data. The GSHP system includes 10
kW heat pump and 200 m depth of BHE, serving 96 m2 floor area of heating dominated office
building at Korea Institute of Energy Research (KIER), and the system arrangement with
monitoring can be found in the paper. The system was being operated for five years without
any repairing.
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The catalogue performance data provided by the manufacturers have been the result of
laboratory testing conditions following certain standard conditions. However, the actual
performance of the water-to-water heat pump operating as a part of the GSHP system will be
influenced by multiple conditions that are normally not considered in standard testing. The
manufacturer’s performance data include the Entering Water Temperature (EWT), Leaving
Water Temperature (LWT), flow rate, capacity, compressor power, and COP. The deviation
between actual performance and manufacturer's specified performance have been reduced
through problem identification and rectification. Some of the performance degradation factors
have been mentioned in the paper, and they are the refrigerant leak, refrigerant partial pipe
blockage, water strainer blockage, and compressor failure. The level of verification can be
simple to complex and the measurement requirements for the different level of verification
vary. In the complex verification process, component level observations have to be made to
narrow down the problem identification process.
In Kim et al. (2013) the verification was performed in three stages. Initially, test without any
modification was carried out, and secondly, the compressor was replaced, thirdly the
expansion valve replaced. The six set test conditions were followed, and each set condition
uses different EWT, LWT. The measurements were made after each replacement, and the
performance compared with ideal catalogue performance.
At first, the result has shown the poor performance of HP that is 45% lower than ideal heating
COP. Moreover, the compressor power consumption has been 14% higher than catalogue
compressor power. Subsequently, the compressor replacement has been carried out, and it
has improved the deviation from ideal heating COP to 24.1%. Similarly, the cooling
performance test was carried out and the additional parameters (degree of super-heat and
sub-cool) considered. The sub-cool, super-heat analysis suggested changing the expansion
valve, and this improved the COP from -19% to +10.2% and reduced the power consumption
from 16.9% to -10.5%.
The annual performance of GSHP system has been simulated for four cases using TRNSYS
software on the basis of field test results. The cases were an initial test, replacement of
compressor, and replacement valves during heating, cooling. Moreover, it has been reported
that the compressor replacement and the expansion valve replacement helped to reduce the
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annual heating energy consumption by 29.4% and annual cooling energy consumption by
12.3% respectively.
Valencia Polytechnic University
Magraner et al. (2010) compared the actual performance of GSHP during heating and cooling
operation against the simulation using design procedures. The GSHP System under
investigation is GSHP system at Valencia Polytechnic University, Spain. The modular simulation
software TRNSYS has been used to represent the exact components of the actual working
system such as BHE and water-to-water heat pump.
The water-to-water heat pump component model based on nominal values of heat pump
capacities and performances takes manufacturer's catalogue data as input. As this project
recharged propane as the refrigerant to improve the performance the catalogue data had to
be corrected. Similarly, the duct ground heat storage model component model was used to
represent BHE and the parameters defining BHE such as ground thermal properties supplied as
input parameters. The actual experimental hourly thermal loads have been used to simulate
the GSHP system and this thermal load provides the inlet temperatures to the HP model and
signals for on/off operation.
The simulated performance has been examined over a year in two ways, the accumulated
long-term performance factor that accounts the integral values for each season, and the shortterm day performance that considers the integral value over each day. The simulation
overestimates the performance factor by 15 to 20% of corresponding experimental values
which is acceptable considering the error due to measurement uncertainties. Moreover, the
tendencies of simulated and experimental values over the year are similar indicating the
systematic discrepancies. Further, it has been observed the discrepancies are greater during
heating and smaller during cooling demand. The discrepancies have been examined by
analysing the sensitivity of system performance to GSHP system parameters and the ground
thermal properties. It has been identified that the heat pump nominal coefficient performance
is the critical parameter affecting the GSHP system performance.
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As the heat pump performance coefficients used in the simulation of the heat pump are from
steady state test and the actual heat pump mainly operates at partial load, some performance
degradation factor needed to be considered. The implementation of simple correlation
between partial load factor and performance degradation helped to bring down the difference
between the simulated values and experimental values within 3% for the heating season and
7% for the cooling season. However, it has been reported that the different degradation
coefficients for cooling and lower thermal loads may bring down the difference further. The
authors also stressed the requirement of a better description of the heat pump in order to
reduce the discrepancies during lower loads. A more detailed BHE model was suggested to be
helpful if the parameters related to BHE are to be better predicted.

2.6 Conclusions on literature review
This chapter has presented a review of existing literature on the following topics related to
GSHP applications: i) Borehole Heat Exchanger (BHE) model development and validation, ii)
Thermal Response Test (TRT) and estimation of the thermal properties, iii) GSHP system
monitoring and performance evaluation, iv) Heat Pump model development and performance
evaluation.
Accurate prediction of thermal behaviour of the ground for multiple years using BHE models is
critical for the successful implementation of GSHP applications. Moreover, the BHE model can
be successfully used to predict the thermal properties of the ground. Accordingly, this chapter
has reviewed a limited number of BHE models to understand the progress of BHE model
development from line-source theory to a three-dimensional model that includes detailed BHE
physical representation of the borehole.
Yavuzturk & Spitler (2001) specified suitability of the field data for the BHE validation
purposes. The data should be complete with high-quality independent measurement of the
thermal properties of the ground, and accurate measurement of at least the inlet and outlet
fluid temperatures and the fluid flow rate. Moreover, the measurements should have been
from the beginning of the operation. Also, the geometry of the borehole, the properties of the
fluid and the borehole backfilled materials have to be supplemented with the data set.
Further, Cullin et al. (2015) has recently noted the continued lack of access to ideal data sets
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that are for multiple years, continuous data, for a range of different system sizes, climate
conditions, and system parameters such as number and depth of boreholes. The details of
available BHE data set such as Valencia Polytechnic University for the validation purpose have
been discussed. Moreover, the lack of availability of high precision quality data for the BHE
model development and validation has been established. Accordingly, providing a high-quality
precision BHE data set from operational large-scale GSHP system has been set as one of the
main objectives of this work. This data set is intended to be made openly available for the use
of other researchers.
The thermal properties of the ground and the BHE arrangement play a critical part in the
design and operational performance of the GSHP system. So the precise estimation of these
properties becomes a necessary part of the GSHP system planning. The traditional
commercially used Line-source estimation process can only evaluate thermal resistance and
the thermal conductivity, but the parameter estimation method conjunction with BHE model
can evaluate multiple thermal properties that can be helpful to reduce the error in the
prediction. Moreover, it has been suggested by Underwood (2011) to simulate multi-year BHE
thermal behaviour using the BHE operational data set and thermal properties estimated by
parameter estimation method. Accordingly, the estimation of thermal properties by parameter
estimation method in conjunction with a two-dimensional BHE numerical model and the
validation of extended two-dimensional BHE model using BHE operational data set are set as
additional objectives of this work, and they are presented in chapter 4 and 7 of this thesis.
The GSHP system monitoring and performance analysis of actual working systems can prove
the credibility of the GSHP implementations. There have been many publications available on
performance analysis of domestic-scale and medium level/ experimental GSHP applications,
but the performance analysis of large-scale GSHP systems are limited. Besides, a limited
number of performance analysis of actual working GSHP system have been studied and
presented. Hence, the detailed performance analysis of the large-scale functional GSHP system
has become the another aim. Moreover, the type and scale of the GSHP system and its
applications, the climatic location of the GSHP System, the level of monitoring and analysis,
and the details of presentation highly vary. So, the contribution from each of the publication
towards research in GSHP application is different according to the individual work.
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The successful implementation of the GSHP application depends on its reliability and efficient
operation. The modelling of heat pump operation and detailed performance analysis have
been considered for improved performance. The installation condition and continuously
changing environment of the GHSP application affect the HP performance and leading to lower
than manufacture's prescribed performance. So, the catalogue performance can be targeted
through fault finding in the operation and improving the practices or modifying the system
components. Kim et al. (2013) and Magraner et al. (2010) have applied the above said principle
in their work at Korea Institute of Energy Research (KIER) and Valencia Polytechnic University
respectively. Accordingly, comparison of the actual performance of the HP with manufacturer's
catalogue performance is one of the objectives of this work, and this analysis is presented in
chapter 6. It is intended that the findings of the overall performance analysis may indicate
practical measures for improvement of design approaches, operational control and fault
detection in large GSHP systems.
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Chapter 3 System description and instrumentation
The detailed analysis of the system and heat pump performance carried out in later chapters
(4–7) are based on the data and resources from the functioning GSHP system at Hugh Aston
Building, De Montfort University (DMU), Leicester, UK. The city of Leicester is located at
52° 38′ 0″ N, 1° 8′ 0″ W, 60m above the sea level. The yearly average maximum and
minimum temperatures calculated over the period 1981-2000 are 13.8°C, 5.9°C respectively
(Met Office, 2015). The change of outdoor air temperature over the monitoring period 20092012 is discussed in the chapter 5.
Chapter 4 is concerned with the estimation of the ground thermal properties of the DMU site,
and chapter 7 presents the validation of a newly developed BHE model using DMU BHE
operational data. Chapter 5 presents the detailed performance analysis of the actual working
GSHP system, and chapter 6 focuses on individual heat pump performance. The analysis in
chapter 5 and 6 uses data from three years monitoring of the GSHP system. This chapter
describes the system being monitored and the means by which measurements were taken
over the monitoring period.
This chapter presents details of the building, borehole array, heat pump, system configuration,
circulating fluid pumps, instrumentation, system operation and control, and the operating
faults. The system configuration (section 3.4) explains the GSHP system arrangement and
critical operating parameters with the help of a schematic diagram. The details of
instrumentation include information of the temperature and flow sensors, power meter, data
logging, calibration, and uncertainty analysis. Some of the content discussed in this chapter has
been already published in the papers Naicker and Rees (2011) and Naicker and Rees (2010).

3.1 Building
The Hugh Aston building opened in spring 2010 and is the home of the DMU faculty of
Business and Law. The 16,467 m2 building comprises three linked wings of between seven and
five storeys, formed around the open central atrium (Figure 3-1). The building includes a
variety of accommodation including classrooms, academic offices, a mock courtroom, large
lecture theatres, meeting rooms, library, IT facilities, and retail outlets. The building has been
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designed to be the university's foremost low energy building and has been awarded a BREEAM
rating of Excellent. The building includes some sustainable design features including grey water
recycling, daylight-linked lighting, solar shading, solar hot water generation as well as the
geothermal heating and cooling system described here. The classrooms have been designed to
operate using mixed-mode ventilation that incorporates night ventilation control. The GSHP
system provides all Fan Coil Unit (FCU) and Air Handling Unit (AHU) cooling (360kW peak
capacity) of the building and all the underfloor heating (330kW peak capacity). The remaining
proportion of heating requirement is met by boiler system and evacuated type solar thermal
panels.
Figure 3-1 Hugh Aston building - De Montfort University

3.2 Borehole array
The source side of the system is served by 56 boreholes, each with a diameter of 125 mm and
depth of 100 meters. Figure 3-2 shows the arrangement of borehole arrays. The average
distance between two boreholes is around 5m, and the boreholes are in two arrays with 19
located outside the building and the remainder installed below the central courtyard. Each
borehole has a U-tube inserted that consists of an SDR11 pipe with an outer diameter of 32
mm. The borehole is partly backfilled with drill cuttings and grouted over the top 25m. Grout
thermal conductivity has been specified by the installation contractor to be 2.0 Wm-1K-1. The
borehole heat exchanger is served by a variable-speed circulation pump with flow rate
capacity of 30 L/s. The flow is varied in four-speed steps depending on how many heat pumps
are operating.
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Figure 3-2 Geothermal borehole field layout ( source: Geothermal International)

3.3 Heat pump
The GSHP system has four Water Furnace EKW130 heat pumps that are two-stage reversible
devices with two scroll compressors and a set of plate heat exchangers. The operating capacity
of the heat pump is 130kW, and the performance data for the heat pump for cooling and
heating operating under part and full load conditions are presented in the Appendix-B. Here,
the part load indicates that one compressor is operating to meet the energy requirements.
According to manufacturer’s catalogue, the EKW heat pump design supports the cooling
operation with the source liquid temperature between -1.1°C and 32.2°C, and the heating
operation between 16°C and 49°C (WaterFurnace, 2013).
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Figure 3-3 shows the features of an EKW Water Furnace heat pump, and it uses R- 410A as the
refrigerant. The heat pump has two refrigerant circuits. Each circuit includes a hermetic motor
scroll compressor, bidirectional thermal expansion valve, reversing valve, braze plate heat
exchanger, low and high-pressure safety switches, freeze protection, service ports, and liquid
filter dryers. The heat exchanger is an oversized dual circuit copper brazed plate water to
refrigerant heat exchanger. The water circuit is common to two refrigerant circuits, and during
the full load operation full mass of the heat exchanger is used. It has one set of fluid inlet and
one set of fluid outlet connections.
The heat pumps local electrical controller is used to avoid short cycle operations, activate
safety controls, and change operation between cooling and heating as per the load
requirement. The control includes such as time delay on compressor operation, shutdown on
low or high refrigerant pressure, and the full list of control and fault information can be found
at the catalogue WaterFurnace (2006). The microprocessor is used to execute the sequences
of functions and can communicate with Building Automation System (BAS) using BacNet
protocols. In this Ph.D. work, BacNet protocol is used to collect the status of the compressor,
mode of cooling or heating, source and load fluid temperatures for every minute of operation.
The details about the collection of data from BAS is discussed in section 3.7.
Figure 3-3 Features of the EKW Water Furnace heat pump (WaterFurnace, 2006)

42

Chapter 3

3.4 System configuration
The GSHP system supplies all of the cooling needs and a portion of the building's heating
demand. Figure 3-4 displays the arrangement of four heat pumps each cooling capacity of 130
kW inside the plant room.
Figure 3-4 GSHP system operating to meet cooling and heating requirements of Hugh Aston building

The system is designed to meet the peak cooling load of 360 kW and heating load of 330 kW.
The cooling load is met through switching on the heat pumps in order from the left according
to the load up to three heat pumps operating for cooling at a time. Similarly, the heating load
is met through switching on the heat pumps in order from the right according to the load up to
two heat pumps operating for cooling at a time. A schematic of the main components and the
placement of monitoring sensors is shown in Figure 3-5.
The 'source-side' of the system consists of a Borehole Heat Exchanger (BHE) array and header
pipes to which the heat pumps add or extract heat as fluid is circulated by circulating pump.
Heat can be added or extracted concurrently by any heat pump so that the temperature of the
fluid entering the ground loop is dependent on the balance of heating and cooling being
demanded at a particular time. The header pipes arrangement supporting inlet and outlet of
the heat pump is shown in Figure 3-6.
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The 'load side' of the system is divided between warm and chilled water headers: each with
their own circulating pump. Each heat pump can switch between adding heating water or
chilled water to the respective headers. The manifolds are, in turn, connected to the building's
heating and chilled water distribution systems. Chilled water is supplied to the building's
central air conditioning equipment and local fan coil units. Warm heating water is circulated to
some zones that have under floor heating.
Figure 3-5 Schematic of the GSHP system functioning at Hugh Aston building

About the monitoring sensors arrangement, the locations of ten temperature sensors, three
flow sensors, and four power sensors are shown in Figure 3-5. Each loop has two temperature
sensors, one for fluid flow temperature and the other for fluid return temperature
measurement. Each loop has one flow sensor. The inlet and outlet of source and load side fluid
temperature of one Heat Pump (HP1) are monitored, so that individual heat pump
performance can be analysed. The half hourly power consumption is collected through power
sensors. The details of each type of sensors are discussed in section 3.6. The information about
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the circulating pumps is discussed in section 3.5, and the system operation and control are
discussed in the section3.8.
Figure 3-6 Header pipe arrangement supporting inlet and outlet of heat pumps

3.5 Circulating pumps
There are three sets of circulating pumps associated with the system, and these are for the
ground loop, heating header, and chilled water header. Figure 3-7 shows the circulating pumps
operating on cooling loop and ground loop. Figure 3-8 shows circulating pump on the ground
loop before insulation and the circulating pump on the heating loop. These are the variable
speed pumps that vary the flow in steps according to how many heat pumps are operating.
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Figure 3-7 Circulating pumps on the cooling loop and ground source loop

Figure 3-8 Ground source pump and loop during installation & circulating pump on the heating loop
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The cooling dominated GSHP system designed to have four 130 kW heat pumps, three heat
pumps for cooling and two for heating. The first three heat pumps 1,2,3 are given cooling
duties in sequence, and the last two heat pumps 4,3 are given heating duties in sequence.
Accordingly, the maximum heat pumps operating for cooling operation at one particular time
can be three and for the heating operation it can be two. The maximum heat pumps operating
at any particular time can be four, and the fluid flow rate on the source side loop and load side
loop should be provided by the corresponding circulating pump operating at an appropriate
speed. Consequently, the ground loop pump is controlled with four-speed steps 53%, 69%,
85%, and 99%. The circulating pump on the cooling loop is operated in three- speed steps 70%,
80%, and 90%. The circulating pump on the heating loop is operated in two- speed steps 80%
and 90%.
In this GSHP system operation, the observed four flow rate steps for ground loop are 7.5L/s,
15L/s, 21.5L/s, and 28L/s. For cooling loop, the three flow rate steps are 6L/s, 13L/s, and 18/s.
Likewise, for heating loop, the two flow rate steps are 9L/s and 15L/s. The speed settings
noted above were determined during commissioning of the system in order to achieve these
nominal flow rates. The selection of flow rate and speed of the circulating pump directly
affects the electrical power consumption, and it is discussed in detail in next section with the
help of the pump curves for each circulating pumps. The specification for all the circulating
pumps is detailed in Table A-1 in Appendix A.
3.5.1 Pump curves
The GSHP system performance analysis performed in chapter 5 accounts the electrical
consumption of the circulating pumps. As the monitoring setup did not have the facility to
measure the electrical power consumption of the circulating pump directly, the measurement
of the flow rate and speed of the pump are used to calculate the electrical consumption and
hydraulic power of the three different set of circulating pumps on the ground, warm, and chill
loops. The manufacturer's web application-GRUNDFOS WEBCAPS (Grunfos, 2015) provides
pump curves for different speeds of the pump that provides the electrical power and efficiency
of the pump and motor, and these values vary with flow rate (shown in Figure A-3, Figure A-4,
and Figure A-5 in Appendix A). The pump curves shown in Figure 3-9 to Figure 3-13 have been
developed from manufacturer's data (GRUNDFOS WEBCAPS) for each circulating pump at a
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different speed that can give electrical power, hydraulic power, and shaft power for any flow
rate at a particular speed. The correlation equations for the same are also listed in the
Appendix A (section-A.1) for the three circulating pumps that include two equations each for a
different range of flow rates at a chosen speed. The equation has to be chosen according to
the flow rate measurement and speed measurement.
Hydraulic power is the power spent on the fluid circulation, and this energy is added to the
heat content of the fluid. It is calculated by multiplying the electrical power with the efficiency
of the pump and motor combined. Shaft power is calculated by multiplying electrical power
with motor efficiency.
Figure 3-9 presents the pump curves for warm loop circulating pump at 60% and 90% speed.
The highest efficiency occurs at 9 L/s for 60% speed, and at 14 L/s for 90% speed. The highest
efficiency is 50% at 60% speed and 56% at 90% speed. Here, efficiency is the efficiency of
pump and motor.
Figure 3-10, and Figure 3-11 presents pump curves for chill loop circulating pump at 70%,80%,
and 90% speed respectively. The efficiency does not vary too much between the selected
speeds 70%, 80%, and 90%. The highest efficiency occurs at 25.8 L/s, 28 L/s, and 30.8 L/s for
70%,80%, and 90% speed respectively, and they are 64.7%, 66.7%, and 67.2%. The efficiency
includes pump and motor.
Figure 3-9 Pump characteristic curves for warm loop circulating pump at 60% and 90 % speed respectively
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Figure 3-10 Pump characteristic curves for chill loop circulating pump at 70% and 80 % speed respectively
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Figure 3-11 Pump characteristic curves for chill loop circulating pump at 90 % speed
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Figure 3-12 and Figure 3-13 show pump characteristic curves for ground loop circulating pump
at 53%, 69%, 85% and 100% of speed. For 53% of speed, the highest efficiency is 74.4%, and it
occurs at 20.3 L/s. For the remaining speeds, the efficiency of the pump increases with flow
rate and reaches highest at around maximum allowed flow rate 30 L/s.
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Figure 3-12 Pump characteristic curves for ground loop circulating pump at 53% and 69 % speed respectively
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Figure 3-13 Pump characteristic curves for ground loop circulating pump at 85% and 100 % speed respectively
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The analysis of pump curves suggests that much consideration should be given to study pump
curves to decide about the speed of each circulating pump for the required flow rate. The
GSHP system flow rate in each loop (ground, chilled, warm) is decided according to the
number of heat pump needed to run to meet the building energy demand. Each heat pump
has its optimum flow rate and temperature difference to achieve the highest SPF. So, deciding
the speed and flow rate also play a critical part in achieving better SPFs additional to
eliminating unnecessary circulating pump operation.
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3.6 Instrumentation
The overall efficiency of the GSHP system can be determined by comparing the heat
exchanged with the ground with that delivered to the building, and the difference between the
two is provided by the refrigeration system compressors. Consequently, the main
measurements of interest in this exercise are the heat transfer rates in the ground loop and
header systems. These are determined by primary measurements of fluid flow and return
temperature and simultaneous flow rate. Figure 3-14 shows the temperature and flow sensors
on the ground loop. Measuring this data at relatively high frequency also allows the
characteristics of the heat pumps and the control system operation to be monitored.
Figure 3-14 Temperature and flow sensors on the ground loop

As the performance evaluation needs heat transfer and power data, the temperature and flow
measurements for every minute, and power measurements for every half hour have been
made. The monitoring started from January 2010 and complete data set for Borehole Heat
Exchanger (BHE) is available from 12/01/2010 to 13/02/2013. The temperature measurements
have been collected with less interruption, but there have been problems in flow
measurement during the initial period, and the missing data have been derived from
systematic prediction from the continuously available temperature measurement and
knowledge of the pump nominal operating flow rates. The completeness of the available data
for the ground loop, chill water loop, and warm water loop are listed in Table C-3 which is
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available in Appendix C. Moreover, Appendix C discusses the process followed to fill the
missing data for the ground loop.
Additionally, there is a list of data such as on/off timing of compressor, circulating pump, and
flow switch have been collected from Building Management System (BMS) between January
2011 and July 2012. These data have provided additional information for the analysis of the
dynamic operation of GSHP system.
3.6.1 Temperature sensors
The temperature measurements are required at inlet and outlet of the borehole field, chilled
water, and warm water header (see the schematic in Figure 3-5). Resistance Temperature
Detector (RTD) sensors have high accuracy and repeatability, and they are chosen for the
primary temperature measurements. Robust industrial pattern Pt100 sensors of various
lengths (250, 100, 80mm) and 6mm diameter are inserted into pockets in the plant room pipe
work as per monitoring requirement ( see Figure 3-15). Obtaining accurate heat transfer data
requires that the temperature differences that are accurate, and chosen sensors have Class A
accuracy. Hence each pair of sensors, including the cable and data logger input, was carefully
calibrated prior to installation in the pipes, and it is explained in the section 3.6.5. The
borehole temperatures at 5m and 100m depth are measured with Thermistors attached to the
U-tube during installation. A four wire system is used for sensor connection with data loggers
throughout the installation.
Figure 3-15 Temperature sensors on cooling loop inlet and outlet
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3.6.2 Flow sensors & Flow meter
Three ultrasonic flow meters are used to measure volumetric flow rates on the ground,
heating, and cooling loops. As the heat transfer calculation requires mass flow rate, the
volumetric flow rates on each loop (ground, chilled, warm) is multiplied with respective fluid's
density value to derive mass flow rate as in the following equation,
Mass flow rate (kg/ s) = density (kg/ m3) x Volume flow rate (m3/s)
In this type of flow meter, ultrasonic waves are transmitted through the wall of the pipe and
the fluid from a clamp-on emitter. The ultrasonic pulses pass through the fluid, are reflected by
the pipe and received at a second clamp-on sensor. The motion of the fluid causes a shift in
the transit time of the ultrasonic pulses that is correlated with fluid bulk velocity. The
ultrasonic flow meter has the advantage of being non-invasive but also of high accuracy (±0.5
% measured value). The specification of the Katronic Transit type Clamp-on flow meter and
sensors is listed in Table A-2 in the appendix-A. The calibration of the flow meter has been
carried out by the manufacturer. Each flow meter is configured for the appropriate pipe
thickness, pipe material, and fluid properties.
The flow meter sensors were positioned according to manufacturer's guidelines at carefully
chosen positions on the ground, cooling and heating loop pipes. Figure 3-16 shows the sensor
placement on the ground loop prior to insulation and the flow meter display mounted on the
steel frame. The measurements are logged into the internal memory of the flow meter and
periodically downloaded. As the dynamic nature of the GSHP operation is of interest, flow rate
data is logged every minute.
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Figure 3-16 Close-up snapshot of flow sensor on the ground loop & flow meter fixed on the metal frame

3.6.3 Power metering
Heat pump performance evaluation needs the compressor electrical power consumption to
the desired effect either heating or cooling. During monitoring setup, it was decided to use
existing electrical sub-metering arrangements and used data collected by the DMU Estates
Department. The electrical power monitoring setup includes automatic programmable panelmounted meters (Autometers IC 910), data reader (Data Bird), and data Logger. Figure 3-17
shows actual power meter display and a data reader used to transmit the meter readings. The
meter can display the measurement and send the pulse out to the data reader. The data
reader communicates with data logger through Low power radio waves, and the periodic data
collection can be downloaded from data logger using the software. The type of power meter
employed in this setup is highly accurate Class 1 meter (Autometers Systems, 2011). The half
hourly power measurement involves some uncertainty (regarding time synchronisation) while
combining the power measurement with highly dynamic heat pump cyclic cooling and heating
operation.
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Figure 3-17 Power meter display and data reader (Data Bird)

3.6.4 Data logging
Data loggers were used to record the primary temperature and flow measurements. The data
acquisition units Fluke 2640 NetDAQ and Fluke 2635 Data Bucket (Figure 3-18) were chosen to
collect data over annual periods. Each data logger provides 20 channels for measurement. The
data logger stores the measured value for every scan in its internal memory and these values
were retrieved by a Local PC. Remote access to this PC allows the logger equipment to be
managed and data transferred at convenient intervals. The manufacturer's software packages
were used to build the data acquisition units and database, transfer the configuration to the
instrument, acquire data from the instrument, and manage the database.
Regarding the specifications of the data Loggers; For the RTD Pt100 temperature sensor, the
resolution is 0.02°C and accuracy is (3 sigma) ± 0.05 °C for Hydra logger unit, and for NetDAQ
unit, the accuracy is ± 0.06 °C, and the resolution is 0.003 °C (Fluke, 2010). Calibration of the
whole measurement system is discussed next.
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Figure 3-18 Data monitoring station & data loggers

3.6.5 Calibration
Temperature sensors have been calibrated to minimise the uncertainty in the temperature
measurements, and this has been done by inserting the sensors in a temperature bath along
with a high accuracy reference thermometer and correlating the measurements. An extremely
insulated container acted as the constant temperature bath, and a Fisher Scientific traceable
digital thermometer with accuracy ±0.05 °C and resolution 0.001°C (Fisher Scientific, 2010)
used as a reference thermometer (See Figure 3-19). Sensor readings were recorded using the
same Fluke 2640 NetDAQ data logger utilized in the completed installation. The immersion and
positioning of the sensors and thermometer in the bath were carefully controlled. The
arrangement of a temperature probe in the constant temperature bath is shown in Figure
3-20. The temperature in the bath was varied in some stages between near freezing and
approximately 60°C during the calibration procedure. The sensor and reference thermometer
values have been correlated, and a linear correction is defined for each sensor. The calibration
correlation for sensor 7 and 8 is shown in Figure 3-21, and they are linear with some offset.
Also, RMS error between the set of sensors on each circulating fluid loop are calculated to aid
the uncertainty analysis, and it is discussed in the next section.
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Figure 3-19 Calibration setup & the reference thermometer

Figure 3-20 The arrangement of temperature probes in constant temperature bath

Figure 3-21 Data fitting – Regression analysis for sensor 7, 8
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3.6.6 Uncertainty Analysis
This section intends to estimate the uncertainty involved in the evaluation of performance
parameter COPH and COPC. First, the (Eqn. 3.1) for the parameter COP is presented, and it
identifies the parameter of interest Heat Transfer (Q). The parameter Q is evaluated using a
combination of parameters (Eqn. 3.2) in which some parameters are fluid properties and some
variables are constantly monitored using sensors. As the operation of the GSHP System is
dynamic in nature, the fluid properties are influenced by temperature variations. So the
uncertainty due to the fluid properties is discussed first. Then the measurement error due to
the accuracy of the sensors is detailed. Finally, various errors are systematically combined as
per the guidance of Taylor (1997), and the error range for the parameter COP is found
separately for cooling and heating.

(Eqn. 3.1)

where,
-

Coefficient of Performance
Heat Transfer (kW)
Compressor Work (kW)

(Eqn. 3.2)

where,
-
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Heat Transfer (kW)
Volume flow rate (m3/s)
Density (kg/m3)
Specific heat (j/kg K)
Temperature difference (K)
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3.6.6.1 Uncertainty due to fluid properties
The calculation of the heat transfer (Q) requires the value of the properties such as density and
specific heat for the circulating fluid. Moreover, it requires the measurement of the flow rate
that depends on the fluid property viscosity. So, these properties of the fluid have to be given
values, but these values vary according to the temperature of the fluid. This section tries to fix
the range of values for the properties mentioned above.
As the GSHP system has three circulating fluid loops, the physical properties variations on
these loops are considered. The temperature of the circulating fluid through these three
operating loops changes throughout the heat pump operation and it is observed that for 95%
of the operating time, the values are as follows,
Ground loop

-

10 to 20 °C

Chill loop

-

4 to 12 °C

Warm loop

-

45 to 55 °C

The concentration of propylene glycol in the ground loop circulating fluid has been provided by
Kilfrost Ltd. fluid analysis report, which is 20%. However, due to some loss of the circulating
fluid on the ground loop side during the GSHP system operation, the uncertainty about the
concentration level of propylene glycol is given consideration to fix the values for the
properties. The concentration level of propylene glycol is considered to vary between 15 and
20%.
Table 3-1 lists density, specific heat, and the viscosity of different % of propylene glycol
mixture at various temperatures. Figure 3-22 illustrates how the properties are influenced by
the change in temperature of 15 % propylene glycol mixture. The range of variations in density
and specific heat is small, and contribution of error due to density and specific heat are
predicted to be very minimum. The physical property viscosity influences the flow rate
measurement, and variation of viscosity at a lower temperature is comparatively higher.
However, the ground loop fluid temperature varies between approximately 10°C and 20°C, and
the impact of the viscosity for this range of temperature is expected to be considerably
smaller.
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Table 3-1 Density( kg/ m3), Specific Heat( kJ/kg K), Viscosity (m Pa s) for propylene glycol mixture for different
temperatures and various concentration level (ASHRAE, 2001)
% Glycol mixture
/ Temperature
(°C)
10
°C
15°C
20°C
25°C

Density (kg/m3)
10%
15%
20%
1011.24 1016.96 1022.68
1009.75 1015.33 1020.91
1008.13 1013.57 1019.01
1006.40 1011.70 1016.99

% Glycol mixture /
Temperature (°C)
10 °C
15°C
20°C
25°C

% Glycol mixture
/ Temperature
(°C)
10
°C
15°C
20°C
25°C

Specific Heat (kJ/kg °K)
10%
15%
20%
4.058 4.0045 3.951
4.067 4.0145 3.962
4.075 4.024 3.973
4.083 4.033 3.983

Viscosity (m Pa s)
10% 15% 20%
1.89 2.34 2.79
1.63 1.995 2.36
1.42 1.72 2.02
1.25 1.495 1.74

Figure 3-22 Density( kg/ m3), Specific Heat( kJ/kg K), Viscosity (m Pa s) for water at different temperatures
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3.6.6.2 Measurement error
The heat transfer (Q) calculation needs the value of temperature difference and the flow rate.
To estimate the overall uncertainty in Q, the errors arising from the temperature and flow
sensors have to be known. This section estimates the error ranges for the temperature
difference and the flow rate, which are used to estimate the error range for COP.
Temperature Measurement
There are five sets of sensors are used to measure the inlet and outlet temperatures of
circulating fluid at load side and source side of heat pump and GSHP system. The temperature
difference (∆T) is found through subtracting entering fluid temperature from leaving fluid
temperature. The parameter T is dynamic during operation and influences greatly the value
of total uncertainty for performance evaluation. The larger contribution of uncertainty due to
T measurement is acknowledged and the calibration of matched pair of temperature sensors
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are carried out. ∆T error (

) is the relative temperature difference between each set of

sensors at a range of standard reference temperature. The temperature difference of matched
pair sensors is evaluated as up to 0.04 C against the error of up to 0.16 C for each individual
sensor with reference temperature sensor.

Here,
Entering Fluid Temperature
Leaving Fluid Temperature
Temperature difference across the heat exchanger

Here,

- ∆T error

Figure 3-23 shows the ∆T error of sensors on source side of HP1 operation for the range of
reference standard temperature 3°C-62°C according to the calibration measurements.
However, the ∆T error for the source-side temperature range 8°C-21°C is given importance,
and it varies between ±0.04°C.
Figure 3-23 ∆T Error for the source side temperature measurement – HP1 operation
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As earlier, Figure 3-24 shows the ∆T error of sensors on load side of HP1 operation for the
range of reference standard temperature 2°C-68°C. However, the ∆T error for the cooling
temperature range 4°C-12°C and the heating temperature range 44°C-55°C is given
importance. The ∆T error for these two ranges varies between ±0.05°C.
Figure 3-24 ∆T Error for the load side temperature measurement – HP1 operation
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The information about the Temperature difference (∆T) during the HP1 and GSHP system
operation is important to select the reference ∆T value. The reference ∆T value is to be used in
the total uncertainty calculation.
Figure 3-25 shows the percentage of occurrences of ∆T for the cooling and heating operation
of HP1. For cooling, approximately 90% of the operating time ∆T is between 2°C and 3°C on the
load side. Moreover, 70% of the time between 2.5°C and 3.5°C on the source side. For heating,
approximately 80% of the operating time ∆T is between 1.5°C and 2.5°C on the load side.
Moreover, 80% of the time between 1.5°C and 2.5°C on the source side. Table 3-2 shows the
statistics of ∆T for cooling and heating operation of HP1 on the load side and source side.
Average ∆T for the cooling on the load side and source side are 2.36°C and 2.72°C respectively.
Average ∆T for the heating on the load side and source sides are 2.28°C and 2.44°C
respectively.
The percentage of occurrences of ∆T for the cooling and heating operation of the GSHP system
is discussed in the section 5.3.3.5.2 and it changes between 0-3C for three loops of GSHP.
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Moreover, it can be noted that approximately 56% of occurrence T is greater than 1C for
cooling loop and it is greater than 1C for 55% of occurrence for heating loop.
Figure 3-25 % Occurrences of the ∆T for cooling and heating ( sample size - 274 hours of heating, 578 hours of
cooling ) – HP1 operation
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Table 3-2 Statistics of data for the temperature measurement – HP1 operation

maximum
minimum
average
median

Cooling ∆ T (°C )
Heating ∆ T (°C )
load side source side load side source side
11.16
24.98
10.90
14.07
1.80
1.22
1.70
1.61
2.36
2.72
2.28
2.44
2.16
2.83
1.92
1.99

Flow measurement
As with ∆T, information about the flow rate during the HP and GSHP system operation is
important to select a reference flow rate value. The reference flow rate value is to be used in
the total uncertainty calculation.
Figure 3-26 illustrates the percentage of occurrences of flow rate for cooling and heating
operation of HP1. Approximately 70% of the operating time, the flow rate is between 6 L/s and
7 L/s on the load side for cooling. Moreover, approximately 98% of the operating time, the
flow rate is between 5 L/s and 8 L/s on the source side. Approximately, 98% of the operating
time, the flow rate is between 8 L/s and 10 L/s on the load side for heating. Furthermore, 95%
of the operating time, the flow rate is between 5 L/s and 7 L/s on the source side. Table 3-3
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shows the statistics of the flow rate of cooling and heating operation of HP1 on the load side
and source side. The average flow rate for cooling operation on the load side and source side
are 6.9 L/s and 8 L/s respectively. The average flow rate for heating operation on the load side
and source side are 8.9 L/s and 6.1 L/s respectively.
The change of flow rate for GSHP system operation is discussed in the section 5.3.3.5.1. There
are distinctive flow rate groups 0-7, 10-14, 15-18 L/s indicating three range of supply directed
by the number of heat pumps under operation.
Figure 3-26 % Occurrences of the flow rate (L/s) for cooling and heating ( sample size - 274 Hours of heating, 578
hours of cooling) – HP1 operation
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Table 3-3 Statistics of data for the flow measurement- HP1 operation

Cooling - Flow (l/s) Heating - Flow (l/s)
load side source side load side source side
maximum 9.538
15.364
9.857
7.559
minimum 1.212
1.005
1.572
1.533
average 6.935
8.021
8.984
6.107
median
7.168
6.607
8.993
6.233
Table 3-4 provides relative uncertainty of flow measurement for three ultrasonic flow meters
A, B, and C, which have been used on the ground, cooling, heating loop respectively. The
uncertainty values have been supplied by the flow meter manufacturer Katronic Technologies
Ltd, and the same are used in the uncertainty analysis.
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Table 3-4 Relative uncertainty for the ultrasonic flow meters A, B, C

Flow rate
Meter - A
Meter - B
Meter - C
(l/s)
(Ground Loop )( %) (Cooling Loop)( %) (Heating Loop)(%)
3.5
1.6
1.6
2.4
7
1.2
0.8
0.8
10.5
0.533
0.533
0.8
13.8
0.6
1
0.4

Power measurement
The kWh meters are panel type and can be programmed using press keys on the meter. The
uncertainty of automatic energy meter system depends on the accuracy of instrument
transformers and meter. The combined transformer and meter accuracy is ±1 % and estimated
uncertainty for power measurement is ±1.732 %. The accuracy values are obtained from
manufacturer’s data sheet.
3.6.6.3 Total uncertainty
The total uncertainty is estimated by combining all the uncertainties arising from each source
of errors. The source of errors is identified from the heat transfer and COP equations. When an
equation for the parameter has subtraction or addition, the total uncertainty can be estimated
by first adding the square of individual uncertainties and then taking the square root of
resulting addition. In this section, the uncertainty for heat transfer is found first, and then
uncertainty for COP is determined.
Uncertainty for heat transfer
As stated earlier in the (Eqn. 3.2), heat transfer (Q) depends on the volume flow rate, density,
specific heat, and temperature difference. So, the uncertainty of Q can be estimated by adding
the square of individual uncertainties and then taking the square root of the resulting addition
which is shown in the (Eqn. 3.3).
Table 3-5 lists reference values and error range for the measured variables and parameters
that are required in the (Eqn. 3.3). Table 3-6 and Table 3-7 provide statistics of uncertainty in
the heat transfer rate across load side and source side for cooling and heating operation of HP1
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and GSHP system. For both heating and cooling of GSHP system operation, the uncertainty for
heat transfer rate calculation on the load-side can be up to ± 9.0 %. However, it can be said
that more than 55% of occurrence the uncertainty is less than ±4.5%

(Eqn. 3.3)

∆T error (K)
Error range for specific heat (J/(kg K))
Error range for density (kg/m3)
Error range for volume flow rate (m3/s)
Error range for heat transfer rate (kW)

-

Reference temperature difference (K)

-

Reference specific heat (J/(kg K))

-

Reference density (kg/m3)

-

Reference volume flow rate (m3/s)

-

Heat transfer (kW)

Table 3-5 Reference values and the error range of the measured variables and parameters for calculation of
HP1 operation

-

Reference Value
Error Range
Cooling
Heating
Cooling
Heating
Load side Source side Load side Source side Load side Source side Load side Source side
Volume flow rate ( l/s)
6.935
8.021
8.984
6.107
± 0.8 %
± 1.0 %
± 0.8 %
± 1.2 %
∆T (°K )
2.36
2.71
2.28
2.43
± 0.015
± 0.022
± 0.012
± 0.023
999.735 1018.13
987.95
1018.13
±0.235
± 4.56
±2.26
± 4.56
Density ( kg/m3)
Specific heat ( kJ/kg °K ) 4.19985
4.013
4.18155
4.013
± 0.00765 ± 0.062 ±0.00145
± 0.062
Parameter
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Substituting the values from Table 3-5 in (Eqn. 3.3) , the error in heat transfer across load side
for cooling operation of HP1 ( average T for cooling is considered) ,

= 1.05%

In the case of GSHP system operation, the T is less than 0.5C for 25% of time for cooling
operation and the RMS T error between matched pair of sensors is 0.04 K . So,

= 9.03%

Table 3-6 Uncertainty in the heat transfer rate across load side and source side for heating and cooling – HP1
operation

Heating
Cooling
Load side Source side Load side Source side
Average
± 0.99
± 2.21
± 1.05
± 2.17
Maximum ± 1.1
± 2.44
± 1.18
± 2.72
Minimum ± 0.84
± 2.01
± 0.83
± 2.01
δQ (%)

Table 3-7 Uncertainty in the heat transfer rate and COP for heating and cooling operation – GSHP System

Uncertainty for COP
As stated earlier in the (Eqn. 3.1), COP depends on the heat transfer rate and compressor
power requirement. So, the uncertainty of the COP can be estimated by adding the square of
individual uncertainties and then taking the square root of the resulting addition that is shown
in the (Eqn. 3.4).
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(Eqn. 3.4)

Error range for COP
Error range for power (kW)
Error range for heat transfer rate (kW)
-

Coefficient of performance

-

Reference power (kW)

-

Reference heat transfer rate (kW)

Table 3-8 and Table 3-9 provide the result of uncertainty analysis for the COP for heating and
cooling operation of HP1 and GSHP system respectively. The average uncertainty in the COP
evaluation for both heating and cooling operation is estimated as approximately ±2.0% for HP1
operation. However, the uncertainty of COP for GSHP system is highly influenced by the
dynamic nature of T and it is less than 5.0 % for 55% of occurrences.
Table 3-8 Uncertainty for the COP heating and the COP cooling – HP1 operation

δCOP (%)
Average
Maximum
Minimum

Heating
± 2.00
± 2.05
± 1.93

Cooling
± 2.03
± 2.10
± 1.92

Table 3-9 Uncertainty for the COP heating and the COP cooling – GSHP System operation
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3.7 Data collection from BMS (Building Management System)
Since the dynamic nature of the heat pump operation was given importance in the
performance analysis, more operational data were needed. The initial monitoring setup had
limitations on monitoring individual heat pump operation like compressors on/off, flow
switches open/close, the speed of the circulating pumps, and the heat pumps cooling/heating
status. Accordingly, it was decided that the communication between heat pumps and building
management system to be used. Finally, the data required for the system analysis and
individual heat pump number-1 have been achieved in full for selected periods. For example,
the electrical power consumption of the circulating pump is calculated using the speed of the
pump and the flow rate of the fluid. Moreover, it is used to find the pump to compressor
power ratio in chapter 5. The screen snapshot of the BMS control software is shown in Figure
3-27.
Figure 3-27 Screen snapshot of BMS heat pump control (tac by Schneider Electric, 2009)

3.8 System operation and control
The heat pumps are two-stage devices, and so in principle there are eight stages altogether.
The heat pumps are operated in sequence, much like many multiple boiler and chiller
installations. The total number of compressor stages is increased according to the header
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temperature difference compared to the respective set point temperature. When the set point
is satisfied, the heat pump and circulating pumps are switched off. Figure 3-28 illustrates the
control of eight stages of four heat pumps. The PID (Proportional Integral Derivative)
controllers account flow temperature, return temperature, and set-point temperatures of the
cooling and heating headers. Furthermore, the BMS controller generates outputs in the
percentage of the load that decides the number of stages required to meet the load
percentage. For example, 25% of heating load switches on stage 1, and when it reduces to 5%,
stage 1 is switched off. The cooling load is given priority over heating load when the third or
fourth stage of HP 2 is required to run concurrently for both cooling and heating requirement.
The selection of lead and lag compressors and run time for the selection can be made through
the user interface.
Figure 3-28 Main loop control (tac by Schneider Electric, 2009)

Figure 3-29 illustrates the control after the stages of the heat pump are called into operation
and includes the control logic. The call can be two stages (lead & lag) or a single stage (lead
only) of a heat pump or multiple heat pumps. Initially, lead and lag compressors readiness is

70

Chapter 3
checked, and if any failure to start, the flag is set. Then, heating and cooling mode is checked,
and if heating is required, the isolation valve for heating is opened and made sure that the
valve for cooling is kept closed. If the cooling mode is required, the opposite is done (i.e., the
isolation valve for cooling is opened, and the valve for heating is kept closed). Next, the lead or
lag or lead and lag compressors are switched on as per the requirement, and the flow check
timer is set for 30 seconds. If both compressors have failed to start, and the mode of energy
requirement (cooling and heating energy) is changed, the load side valves are closed. If both or
any one of the compressor is started without failure, the source side valve is opened, and the
flow is checked.
So far, the control dealt with activating compressor, opening the load side and source side
valves. Figure 3-30 illustrates the algorithm which determines the speed of circulating pumps.
The speed of the circulating pump is decided based on the number of the source valves kept
open. For example, the opening of three source valves activates circulating pump speed of
75%. The flow check timer is set for 30 seconds which detects failure of the duty circulating
pump and changes to standby circulating pump. Like source side pump, the number of load
side valves opened for cooling, and heating mode decides the speed of the corresponding
circulating pump. The circulating pump control for chilled water and warm water loops are
shown in Figure A-1 and Figure A-2 available in appendices-A.
There is time delay maintained between the compressor switch-on and circulating pump
switch-on. The time delay of two minutes is maintained between load side circulating pump
and compressor, and 90 seconds between source side circulating pump and compressor. In
both cases, the circulating pump leading by set time delay before compressor start.
The flow of control for operating compressors, valves, circulating pump and speed mode of
operation result in cycles of GSHP system operation. The cyclic operation of individual heat
pump for cooling, heating, and simultaneous cooling and heating are discussed in detail with
performance analysis in chapter 6. The control strategy currently followed to operate DMU
GSHP system is conventional but probably not optimal.
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Figure 3-29 Heat pump stage control (tac by Schneider Electric, 2009)
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Figure 3-30 Source circulating pump control (tac by Schneider Electric, 2009)
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3.9 Operating faults
The observed operating failures mainly related to malfunctioning of valves opening and
closing, and this problem led to the wrong amount of flow rate circulated through load side
and source side loops. The performance loss due to wrong flow rate is discussed in chapter 5.
The occasional spillage of source side circulating fluid above the ground could be seen in Figure
3-31. Moreover, there have been reported source side fluid leakage below the ground and the
accountability of the leakage is difficult during GSHP operation. The loss of circulating fluid has
to be refilled to avoid performance degradation.
Figure 3-31 Leak on heat pump source side & circulating fluid spill on the ground

The setting of flow rate for an individual heat pump was not uniform during heating and
cooling operation. The flow rate directly affects the performance, and it is discussed in chapter
5 and 6. So, careful consideration of setting the flow rate for each individual heat pump have
to be given importance and maintained during operation.
There has been time set for minimum on-time for compressor and short cycle time delay.
However, the set time did not eliminate short cycling operation that led to performance
degradation. The impact of cycle time duration on performance is discussed in chapter 5, 6.
The careful selection of on-time setting for compressor is needed to avoid short cycling.
The utilisation (the operating Hours) of GSHP system is discussed in chapter 5. The settings on
the BMS system can be reset with optimised parameter and the utilisation hours per month
could be improved.
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3.10 Conclusions on system description and instrumentation
One of the main aims of the thesis is to analyse the performance of an individual heat pump
and the GSHP system which includes the collection of operational data. Before starting the
performance analysis, this chapter has explained the components of the GSHP system and its
operation. Further, the details of the monitoring instruments and arrangement also have been
described.
The GSHP system under study supplies daily energy requirement of a university building. It
includes four 130 kW reversible chillers, three set of circulating pumps, a set of borehole
arrays, and a group of pipes and headers. The features, specifications of the above said
building and the GSHP system components have been discussed in detail. The circulating pump
details included pump curves that are used for calculation of electrical power consumption in
the chapter 5. The importance of selection of the flow rate and corresponding speed of the
circulating pump has been discussed as the efficiency of the pump and motor changes with the
flow rate and speed.
Since the performance analysis and the BHE data set need high-quality measurement, the
selected instrumentation used in the monitoring has been calibrated and its uncertainty
analysed. The instrumentation and the calibration of temperature sensors have been
explained in this chapter. The monitoring system includes temperature sensors, flow sensors,
power meter, and data loggers. As the GSHP system operation is highly dynamic, more data
have been collected from the BMS to include dynamic aspect during performance evaluation.
The uncertainty analysis for the COP calculation for HP1 and GSHP system have been carried
out separately, and it is estimated to be ± 2% for both cooling and heating operation of HP1.
The uncertainty of COP for GSHP system is highly influenced by the dynamic nature of T and
it is less than 5.0 % for 55% of occurrences.
The understanding of the operation of GSHP system is critical to evaluate the performance.
The GSHP system components are controlled by series of logical operations during heating and
cooling operation and this has been explained with a flow charts. The closing and opening of
the valves, the sequence of switching on/off the circulating pumps and compressors have also
been discussed.
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The operating failures in opening and closing of valves cause the poor performance through
wrong order of circulating pumps operating for higher or lower flow rates. Further, the
pumping of non-uniform flow rate also has been discussed and this will be examined further at
the end of chapter 5.
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Chapter 4 Thermal response test analysis
Vertical loop Ground Source Heat Pump (GSHP) systems exchange heat with the ground
through Borehole Heat Exchanger (BHE) arrays. The BHE models helps to improve the design of
BHE and GSHP system to optimise the operational and first cost. The literature review studied
the availability of BHE operational data for development of better BHE design models and set
out the requirements for an ideal BHE data set. One of these requirements is independent
measurement of the ground thermal properties at the monitoring site. It is this requirement
that is addressed in this chapter.
This chapter estimates effective thermal properties of the ground using a parameter
estimation method combined with an implementation of the GEMS 2D numerical Borehole
Heat Exchanger (BHE) model. The term "effective" is used because the estimation of individual
thermal property actually includes the influence of multiple parameters. Estimation of actual
real value for particular thermal properties is complicated due to nature of the ground physical
environment. The estimated thermal properties along with DMU BHE operational data will be
used in chapter 7 to show validation of a recently developed BHE numerical model.
The TRT method gives the procedure to determine thermal properties of the ground which
have significant control over heat extraction and injection. TRT methods mostly use simple
analytical and numerical BHE models to determine the thermal properties that lack detailed
representation of BHE and assumes heat transfer as solely heat conduction.
This chapter presents the evaluation of thermal properties of the ground using classic line
source model and detailed GEMS2D numerical model in conjunction with a parameter
estimation method. One of the main features of GEMS2D is an explicit representation of
borehole components and dimensions with different properties assigned to the various parts
of BHE. Furthermore, use of a parameter estimation model gives the opportunity to find
thermal properties that are required while simulating BHE numerical model that is not possible
with line source method. In the case of line source method, it is possible only to predict the
thermal conductivity of ground and borehole resistance, and this is not enough when using a
detailed BHE numerical model. The evaluation uses the DMU contractor’s TRT data which
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contains minutely inlet and outlet temperatures of the circulating fluid measured at a test
borehole for 47 hours. This data is presented in section 4.1.
This chapter firstly presents the TRT data with some introduction to the line source model. The
estimation of ground conductivity is made using line source analysis in order to compare the
results with parameter estimation method. Secondly, a two-dimensional BHE numerical model
coupled with Parameter Estimation Model (PEM) is discussed. The new PEM is capable of
handling any number of parameters and the validation of the model is exercised using four
different TRT data sets. This PEM is initially applied to estimate the thermal conductivity of the
ground and grout while fixing values of remaining parameters such as the thermal capacity of
soil and grout. Next, five parameters, namely thermal conductivity of ground and grout, the
thermal capacity of ground and grout, and ground water velocity are estimated
simultaneously. Finally, a sensitivity analysis for thermal conductivity estimation with regard to
different parameters is presented to evaluate the uncertainties involved with the parameters.

4.1 TRT Data from the DMU site
Thermal response tests are based on the temperature response of the ground to a thermal
load imposed during the test period. A typical TRT equipment arrangement is shown in Figure
4-1.
Figure 4-1 Typical TRT system showing temperature and flow measurement
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The typical TRT equipment includes a pump for circulating fluid through test borehole, electric
heaters for imposing thermal load, valves, pipes and water supply. There are measuring
instruments to measure inlet and outlet borehole temperatures, the flow rate of the
circulating fluid and power supplied to the heaters. Data loggers are used to recording these
measurements at predetermined time intervals.
Table 4-1 Thermal response test data (supplied by the contractor)

Borehole diameter
Borehole Depth
Spacing between pipe
Pipe size
Pipe material & specification

0.125 m
100 m
Average
0.032 m
PE SDR11

Grout thermal conductivity
Test Duration
Logging interval
Constant Power supply

2.0 W m-1K-1
47 hrs
60 sec
5734 W

Figure 4-2 The flow and return fluid temperatures over the TRT period
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The required test data varies with the analysis method and model usage. The TRT data for the
borehole field has been supplied by the contractor is listed in Table 4-1, and this is used for the
estimation of thermal conductivity of the ground here. The test data includes flow and return
temperatures of the circulating fluid through test borehole for the corresponding imposed
thermal power as shown in Figure 4-2. During the starting period of the test shown in Figure
4-3, there are noticeable fluctuations in inlet and outlet temperatures that are thought to be

79

Thermal response test analysis
due to variations in the power supply and/or flow rate. Elimination of some of the initial hour
data is considered in the following analysis. In particular, the TRT data presented in this
chapter is the same as that reported in Naicker & Rees (2010) except the first sixty-six minutes
data are removed for the reason mentioned above.
Figure 4-3 Experimental uncertainties due to power and flow supply fluctuation during initial start-up
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4.2 Line-source analysis
The line source model (Ingersoll and Plass, 1948; Mogensen, 1983) defines a logarithmic
relationship between borehole temperature and constant heat input as follows,
α

Here,
= Circulating fluid mean temperature =
Q

= Power supplied to circulating fluid (W)

K

= Thermal conductivity

t

= Start Time

γ

= Euler’s constant (0.5772)

rb

= Borehole radius
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Rb

= Thermal resistance (K/ (W/m))
= Undisturbed temperature of the ground

H

= Effective borehole depth

α

= Thermal diffusivity (k/ρ cp where c is the thermal capacity) (m2/s)

Analysis of data for the line source model is done by plotting the average of flow and return
temperature against the natural log of time. The slope(m) of the plotted trend line is used for
estimation of the ground thermal conductivity using the following equation,

(Eqn. 4.2)
Figure 4-4 The influence of elimination of initial hours data on slope of the regression line
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The form of the model in Eq. 4.1 is strictly valid only for time (

. It should be

remembered that heat has to be transferred through the borehole pipes and surrounding
grout material before it affects the ground outside the borehole. Consequently, the first hours
of data are sensitive to the borehole and grout properties rather than the ground properties. It
is conventional to exclude some of this data from the analysis. Selection of the data in practice
remains a matter of judgement for the analyst.
Table 4-2 The thermal conductivity estimation with hours of data elimination -line source model estimation

Analysis of data for the line source model is done by plotting the average of flow and return
temperature against the natural log of time. The slope(m) of the plotted trend line is used for
estimation of the ground thermal conductivity using the following equation,

(Eqn. 4.3)
Figure 4-4 shows the test temperature on a logarithmic time scale with varying number of
hours of the data excluded from the curve fitting. It can be seen that it is the data later in the
test (after approximately 3 hours) that best fits a logarithmic profile. The logarithmic
correlations fitted to different data ranges, and the corresponding thermal conductivity
estimations, are shown in Table 4-2. Although a logarithmic profile can be fitted to some
ranges very successfully, the derived slope and conductivity varies. Figure 4-5 shows the
exclusion of data beyond 3 hours has very little influence on the estimation of thermal
conductivity value. Also according to the Table 4-2, the difference between the estimation by
eliminating three and ten hours data comes around approximately 0.06%.
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Figure 4-5 K soil value estimation through various time slot - time slot chosen between moving start time and fixed
end time

4.3 Numerical analysis
Parameter estimation methods combined with a numerical BHE model provides the
opportunity to estimate the maximum possible thermal properties of BHE. In this chapter,
Numerical analysis of TRT data uses a two-dimensional version of three-dimensional BHE
model developed by He (2012) and is briefly explained in the following section. The detailed
explanation of the BHE model can be found in the thesis by He (2012).
4.3.1 Two-dimensional numerical model
The dynamic two-dimensional numerical model based on finite volume general elliptical multiblock solver (GEMS3D) is used for simulation of BHE. Here, the two-dimensional model refers
to one-unit depth of three-dimensional BHE model and upper/lower surface adiabatic
boundary conditions. The GEMS3D model applies the finite volume method to solve the
general diffusion equation on two-dimensional boundary fitted grids. The 3D parametric grid
generation algorithm (PGRID3D) is used to generate a two-dimensional representation of BHE,
and it is shown in Figure 4-6. The borehole, pipe, grout and ground are represented by grid
blocks with associated properties. The heat flux is applied to the inner surface of pipe
boundary and an initial temperature is applied to all materials. The simulation has been done
with a time step of one minute to match the available experimental temperature data.
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Figure 4-6 Numerical grid cell representation for ground, grout, pipe, fluid flow ( close-up snapshot of the
borehole grid geometry)
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Figure 4-7 Simulated numerical model showing the impact of water flow at 40th hour for DMU TRT data

The combined model (BHE model and parameter estimation model) requires input through
four input files. First three files supply input to BHE model and the other for parameter
estimation algorithm. For BHE model, one file supplies the geometric representation of BHE,
which is output file of PGRID3D software, another file provides the property values, and
another one provides heat supplied through the power supply. Figure 4-7 shows a visualization
of the output of the simulated model at the 40th hour (obtained from the Para view
visualisation software) and the influence of groundwater flow on temperature distribution can
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be seen. The parameter estimation method is employed conjunction with GEMS3D BHE model
to adjust ground thermal properties to obtain accurate results. The experimental temperature
for every time step is provided to parameter estimation model through a further input file, and
it is compared with the output of GEMS3D model value. The difference is minimised through
adjusting thermal properties of BHE model by Nelder -Mead Simplex method. The parameter
estimation model is explained in the next section.
4.3.2 Parameter estimation
The parameter estimation method used in this work is similar to the method used by Austin
(1998). The simplex minimisation procedure (Nelder and Mead, 1965) is used to optimise the
input parameters of two-dimensional numerical BHE model to obtain the minimum difference
between experimental and predicted values. The algorithm for the parameter estimation
model is presented in Figure 4-8.
The two-dimensional adaptation of GEMS3D numerical finite volume model (Rees and He,
2013) is chosen for the prediction of ground loop outlet temperature. The numerical model's
input parameters such as known borehole dimensions are fixed, but unknown parameters
such as thermal parameters are systematically adjusted to get the output. The output from the
model is used to derive objective function SSE (Sum of Squares of Temperature difference).
The SSE is checked against preferred minimum tolerance, and if the condition is not satisfied,
the input parameter to the numerical model is varied using the Nelder- Mead simplex
algorithm. When the SSE is less than minimum preferred tolerance, the model stops, and the
optimised inlet parameters are given as output.

(Eqn. 4.4)
Where,
= Total number of experimental data points
= Average experimental ground loop temperature at nth data point
= Average predicted ground loop temperature at nth data point
= Sum of squares of temperature differences for n data points
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Figure 4-8 Flow diagram for parameter estimation algorithm

The initial guess of the variable input parameters plays a significant part in reducing the time
required to optimise the objective function. There are five input thermal parameters
considered for optimisation in this work, and they are thermal conductivity and volumetric
specific heat capacity of grout and soil, and groundwater velocity. The other fixed parameters
are obtained from the contractor’s data.
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4.3.3 Validation of parameter estimation model
The numerical model used with the parameter estimation model needs to be validated before
implemented for TRT analysis. This section uses TRT data available in various published
research articles and compares the results with already published thermal properties.
Table 4-3 TRT data collected from various sources for validation - 1

Table 4-4 TRT data collected from various sources for validation - 2
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The available TRT data are listed as Groenholland data, Sandbox data-2011, Sandbox data2000 saturated sand and Sandbox data-2000 dry sand. The Table 4-3 & Table 4-4 list the set of
parameters used for the purpose of validation that have been collected from various research
sources.

4.3.3.1 Sandbox data-2011
This section deals with data collected from Beier et al., 2011 and further information regarding
test setup and data can be found in Beier et al. (2011).
Figure 4-9 Numerical Grid Representation of Sandbox-2011 using PGrid3D Software

Figure 4-9 shows the numerical grid representation of the sandbox arrangement that is
generated using grid generation software PGRID3D. It shows both a close-up snapshot of the
borehole arrangement and one-unit depth of three-dimensional sandbox that is considered as
a two-dimensional representation. As the setup is symmetrical, only half of the testing
arrangement is shown. The representation includes ten blocks representing the sand,
aluminium pipe, grout and u-tube.
Table 4-5 Comparison of predicted K soil value with other estimations
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Table 4-5 provides the estimation of thermal conductivity of soil and grout through different
sources. The prediction of numerical method agrees well with the remaining sources. The
deviation of prediction from experimental estimation is 4.7%.
The Figure 4-10 provides the SSE at each step with thermal conductivity values of soil and
grout. The optimisation ends at the 53rd step with K soil and K grout values as 2.705 W/(mK)
and 0.992 W/(mK).
Figure 4-10 Sum of error for selection of K soil, K grout values at series of steps

The Figure 4-11 compares simulated temperature for optimised thermal conductivities with
experimental values, and the average temperature error between the prediction and
experimental temperatures is calculated around 0.39°C. The deviation between prediction and
experimental temperatures are higher during the beginning of the test, and the reason can be
the uncertainties associated with u-tube positioning inside the borehole. Also, the number of
cells associated with the grid generation can be another reason.
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Figure 4-11 Simulated mean ground loop temperature for the optimised K soil, K grout values and observed
experimental temperature
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4.3.3.2 Sandbox data-2000
The data presented in this section is collected from Austin and Yavuzturk (2000) and further
details can be acquired from the same. The sandbox arrangement is used for two sets of TRT
results, one for saturated sand and the another being dry sand. The numerical grid for the box
arrangement is shown in Figure 4-12 and it includes sand, grout, aluminium pipe and u-tube.
Figure 4-12 Numerical grid representation of Sandbox-2000 TRT arrangement using PGrid3D software
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4.3.3.2.1 Saturated sand
Table 4-6 provides the Ksoil and Kgrout estimation from different evaluation methods. The
deviation between K soil values is very minimum compared with K grout values. The calculated
difference between experimental estimation and numerical prediction is 2% for Ksoil value and
13.7% for Kgrout value. The cause of the greater difference in K grout might come from error
representing actual borehole elements in numerical grid representation and assumption of the
higher volumetric heat capacity of grout.
Table 4-6 Comparison of predicted K soil value with other estimations - Saturated sand

The Figure 4-13 shows the variation of Ksoil, Kgrout values with the corresponding SSE. The
optimised values are achieved at 43rd step, and the thermal conductivities are Ksoil = 2.295
W/(m.K) and Kgrout = 0.642 W/(m.K). The minimum SSE is 44.2°C, and the comparison between
predicted and experimental temperatures is shown in Figure 4-14. The average error between
experimental and predicted temperatures for optimised thermal conductivities is 0.21°C, and
the maximum error contribution comes from starting period of the TRT.
Figure 4-13 Sum of error for selection of K soil, K grout values at series of steps
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Figure 4-14 Simulated mean ground loop temperature for the optimised K soil, K grout values and observed
experimental temperature

4.3.3.2.2 Dry sand
The following is the estimation of the thermal conductivity of dry sand as the data provided in
Austin and Yavuzturk (2000). Table 4-7 compares the estimated values of thermal conductivity
of dry sand and grout from various sources, and the predicted value deviates 28.2%, 20.6%
respectively for sand and grout. The deviation looks like significant due to the assumption of
greater volumetric thermal capacity (1.34 and 3.49 MJ/(m3.K) for sand and grout respectively).
If the volumetric heat capacity is brought down to the lower value (0.67 and 2.68 MJ/(m3.K)
for sand and grout respectively), the thermal conductivity values will go up (0.259 and 0.744
W/(m.K) for sand and grout respectively).
Table 4-7 Comparison of predicted K soil value with other estimations -Dry sand

The Figure 4-15 shows the optimisation of Ksoil, Kgrout with a change in SSEs. The optimisation is
arrived at 53rd step, and the minimum SSE is 51.6°C. The Figure 4-16 compares the predicted
mean ground loop temperature with experimental values, and the major difference occurs
while starting period of TRT. The average temperature error is 0.24°C for the case of above
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said higher volumetric capacity selection, and for the other circumstances of lower volumetric
heat capacity selection the average temperature error is 0.14°C.
Figure 4-15 Sum of error for selection of K soil, K grout values at series of steps

Figure 4-16 Simulated mean ground loop temperature for the optimised K soil, K grout values and observed
experimental temperature

4.3.3.3 Groenholland data
Witte et al. (2002) built a TRT system able to both inject and extract heat during TRT and also
provides the facility to vary heat change rate. The work involved analysis of data by bootstrap
method using Monte Carlo simulation and parameter estimation conjunction with a twodimensional model of Austin and Yavuzturk (2000). The data presented in this section involves
heat extraction from the ground and the grid representation is shown in Figure 4-17.
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Figure 4-17 Numerical grid representation Groenholland's TRT borehole

Table 4-8 shows the Ksoil and Kgrout values derived through the different estimation process. The
numerical prediction of this chapter deviates 3.3% and 11.2% from the earlier prediction by
Witte et al. (2002) for Ksoil, Kgrout respectively. The greater deviation in Kgrout results from
accounting uncertainties due to other factors such as shank spacing.
Table 4-8 Comparison of predicted Ksoil value with experimental values

Figure 4-18 shows the changes in K soil and K grout values at each step with resulting SSEs. The
optimised thermal conductivity values are arrived at step 23 with minimum SSE as 72°C. The
optimised values are K soil = 1.952 W/(m.K) and K grout =2.546 W/(m.K). The Figure 4-19
compares the predicted mean ground loop fluid temperature with experimental values for
optimised thermal conductivities and the average temperature error is 0.21°C. The Figure 4-20
shows zoomed picture of initial and end period of TRT temperatures where the greater
difference occurs.
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Figure 4-18 Sum of error for selection of Ksoil, Kgrout values at series of steps

Figure 4-19 Simulated mean ground loop temperature for the optimised Ksoil, Kgrout values and observed
experimental temperature
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Figure 4-20 Simulated mean ground loop temperature for the optimised Ksoil, Kgrout values and observed
experimental temperature during beginning and end of experiment
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4.3.4 DMU TRT data analysis
In the earlier sections, the numerical model in conjunction with the parameter estimation
method has been validated against available research data. The prediction of Ksoil values does
not show any significant difference from the published estimations. In some cases, differences
occur in the estimation of the Kgrout due to some uncertainties arising from other key
parameters such as shank spacing, volumetric capacity and possibly grid representation.

4.3.4.1 Two-parameter estimation of K soil, K grout
This section uses the DMU TRT data to find two key parameters Ksoil, Kgrout. The twodimensional numerical model in conjunction with parameter estimation model has been used
and the results are compared with the earlier prediction by line source estimation. The Figure
4-21 shows the close up view of borehole elements and the one-unit depth of threedimensional ground that is considered as a two-dimensional model. The grid representation
includes five blocks representing U-tube, grout, and ground.
Figure 4-21 Numerical grid representation of DMU TRT borehole using PGrid3D software

Table 4-9 presents the estimation of Ksoil, Kgrout values with SSE and average temperature error
for a different period of data eliminations. The hours of data elimination ranges from first one
hour to ten hours. The removal of data more than two hours does not make a bigger
difference in the estimation of thermal conductivities and also the error between the
predicted and experimental ground loop temperatures does not change significantly. The
estimation of Ksoil = 3.22 W/(m.K) and Kgrout = 0.657 W/(m.K) can be considered reasonable
values for BHE simulation purposes.
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Table 4-9 The thermal conductivity estimation with hours of data elimination -Numerical model conjunction with
parameter estimation

The Figure 4-22 gives the values of Ksoil, Kgrout, SSE at each step of iteration in the estimation
process. It can be seen in this graph that the final step with minimum error happens at the
163rd step and takes considerable time. Initial values of Ksoil, Kgrout are fixed far away from
expected result to show the process of optimisation. The time required for the process can be
reduced by fixing reasonable starting values for Ksoil, Kgrout. The Figure 4-23 compares the
predicted ground loop temperature for the optimised thermal conductivity values with
corresponding experimental values. The uncertainty in experimental ground loop temperature
during the starting period of TRT can be seen through fluctuations.
Figure 4-22 Sum of error for selection of K soil, K grout values at series of steps - no elimination of data
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Figure 4-23. Simulated mean ground loop fluid temperature for the optimised K soil, K grout values and observed
experimental temperature - no elimination data
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The Figure 4-24 compares Ksoil, Kgrout estimations from numerical estimation and line source
estimation. This comparison is made for a different number of hour data elimination while
starting time. The minimum difference happens at two hours of data elimination, and it is
calculated as 0.3%. The TRT data analysis without eliminating any data produces the huge
difference between two methods of estimations. The reason has been already discussed as the
uncertainty in ground loop temperature due to power or flow rate fluctuations. So, these data
have to be eliminated to arrive proper analysis. The line source method overestimates the
value when the elimination goes beyond three-hour and underestimates below three-hour
elimination. So, the correct Ksoil value can be 3.16 W/(mK).
Figure 4-24 Comparison of K soil (Wm-1K-1) value between line source and numerical parameter estimation
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4.3.4.2 Exhaustive search method
The exhaustive search method differs from the parameter estimation in the way it searches for
the optimum thermal conductivities of ground and grout. Instead of using some search
algorithms, the SSE is obtained for a whole range of Ksoil and Kgrout and the values are graphed
to show the SSE as a surface. The Figure 4-25 shows SSE for a range of Ksoil and Kgrout values for
DMU TRT data set. The minimum SSE occurs for a combination of Ksoil and Kgrout values and a
general idea of optimum Ksoil and Kgrout can be gathered from figures shown below. The
exhaustive search method is a time-consuming process and can not be implemented for
multiple parameters optimisations.
Figure 4-25 3D surface graph showing variation of sum of error for different K soil, K grout values
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4.4 Parameter estimation -detailed analysis
In earlier sections, there were two parameters Ksoil and Kgrout that were estimated in the TRT
data parameter estimation analysis. These two parameters acted as a surrogate for the impact
of other parameters such as volumetric heat capacity and groundwater flow. This may be one
reason this two-parameter analysis does not result in the perfect match between predicted
ground loop temperature for optimised parameters and corresponding experimental values.
To reduce the average error between predicted and experimental temperatures the approach
of multiple parameter analysis has been performed in this section. The sensitivity analysis of
thermal conductivity of the ground regards to each parameter helps to identify the uncertainty
involved with the corresponding parameter.
The parameter chosen for sensitive analysis are water volume (i.e. thermal mass) inside the Utube, the volumetric heat capacity of the ground, uncertainty in grout material, Initial ground
temperature, Groundwater flow and Power supply uncertainty.
4.4.1 Considering influence of water inside pipe during numerical analysis
The earlier sections did not consider water inside the pipe, so the influence of water heat
capacity has been introduced by placing a layer of water cells inside the U-tube. The results
have been summarised in the Table 4-10 and it can be seen the average error between
predicted and experimental ground loop temperatures have not come down. However, the
Kgrout value has gone up by 170% and there is no big change in Ksoil value.
Table 4-10 Optimised thermal conductivity of soil, grout for minimum error - comparison between no water cells
and introducing water cells inside pipe

The Figure 4-26 and Figure 4-27 compare the predicted and experimental values. The initial
period has been zoomed in Figure 4-27 and the difference can be seen due to the presence of
water cells in the U-tube.
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Figure 4-26 Simulated mean ground loop fluid temperature for optimised K soil, K grout values - comparison
between no water cells and introducing water cells inside pipe
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Figure 4-27 Simulated mean ground loop fluid temperature for optimised K soil, K grout values - during initial 5
hours
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4.4.2 3D analysis - 30 m grout on the top of the backfill material
There have been uncertainties about the information on materials used for the backfilling
boreholes at DMU. Accordingly, estimating thermal properties assuming backfilling materials
as 30m grout and 70m soil has been considered. Here, the three-dimensional numerical model
has been used for BHE. The parameter estimation has taken much time to finish each step, so,
it has been terminated without optimising the thermal properties. The result has been
presented in Table 4-11 and it shows higher error between predicted and experimental ground
loop temperatures. The Figure 4-28 compares the predicted and experimental ground loop
temperatures over TRT period.
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Table 4-11 Optimised thermal conductivity of soil and grout for minimum error between experimental and
simulated mean ground loop fluid temperature - For 30m grout on the top and remaining borehole backfilled
with sand

Figure 4-28 Simulated mean ground loop fluid temperature for optimised K soil, K grout values - 30 m grout on the
top and remaining borehole backfilled with sand and whole borehole filled with grout
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4.4.3 Sensitivity to volumetric heat capacity of soil
As the transient conduction heat transfer BHE model strongly depends on thermal diffusivity,
the assumption value of volumetric heat capacity affects the optimisation of thermal
conductivity. The range of volumetric heat capacity value has been chosen to see the
sensitivity of thermal conductivity estimation. The results are presented in Table 4-12 and
shows the Ksoil value goes up when volumetric heat capacity comes down. This inverse relation
compensates the values of each other but does not have any impact on the estimated K grout
value or temperature error between predicted and experimental ground loop temperatures.
Figure 4-29 and Figure 4-30 show the predicted and experimental ground loop temperatures
over different time periods for three set of volumetric heat capacity values.
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Table 4-12 Optimised thermal conductivity of soil and grout for minimum error between experimental and
simulated mean ground loop fluid temperature - for different ground volumetric heat capacity

Figure 4-29 Simulated mean ground loop fluid temperature for optimised K soil, K grout values - different volumetric
heat capacity values

Figure 4-30 Simulated mean ground loop fluid temperature for optimised K soil, K grout values during first 10 hrs different volumetric heat capacity values
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4.4.4 Sensitivity to initial ground temperature
As borehole response to the imposed heat flux depends on the far-field temperature of the
ground, so the fixing initial ground temperature is important. This section examines the impact
of three initial ground temperatures (10°C, 11.7°C, 13°C) on the thermal conductivities of
ground and grout. This analysis has been done for eliminating some hours of initial data, and
elimination of initial five-hour data brings down the average error to 0.07°C. Apart from this,
between different initial temperature there is not much variation in average temperature
error.
Table 4-13 shows the results for different cases, and cases differ in terms of removal data
during starting and initial ground temperature. In the case of eliminating initial five-hour data
and 11.7°C initial ground temperature, there is around 16% increase in grout thermal
conductivity for every 1°C rise. The increase in ground temperature decreases the Ksoil value by
less than 3% and a reduction in initial ground temperature increases the Ksoil value by less than
3%. The Figure 4-31 and Figure 4-32 show the predicted ground loop temperature and
experimental temperature for different initial temperatures over different TRT period.
Table 4-13 Optimised thermal conductivity of soil and grout for minimum error between experimental and
simulated mean ground loop fluid temperature - for different initial ground temperature
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Figure 4-31 Simulated mean ground loop fluid temperature for optimised K soil, K grout values - different initial
ground temperature
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Figure 4-32 Simulated mean ground loop fluid temperature for optimised K soil, K grout values during first 10 hours different initial ground temperature
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4.4.5 Sensitivity to groundwater flow
The presence of groundwater will have an impact on design and operation of GSHP BHE
system. Moving groundwater will have a combination of heat diffusion and heat advection on
BHE depending on the hydraulic gradient. Accordingly, this section analyses the impact of a
range of groundwater flows on Ksoil, Kgrout and temperature error between predicted and
experimental ground loop temperatures. The increasing flow rate does not help to bring down
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the error between prediction and experimental values. It can be seen in Table 4-14 that the
flow rate is inversely related to the estimated thermal conductivity of the ground and directly
proportional to the thermal conductivity of grout. The analysis reveals that the DMU data set is
not affected by ground flow in a big way. The Figure 4-33, Figure 4-34, and Figure 4-35
compares the predicted and experimental ground loop temperatures for different cases over
different periods of TRT. The higher flow rate has higher deviation between prediction and
experimental values.
Table 4-14 Optimised thermal conductivity of soil and grout for minimum error between experimental and
simulated mean ground loop fluid temperature - For different ground water velocity

Figure 4-33 Simulated mean ground loop fluid temperature for optimised K soil, K grout values for different ground
water velocity
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Figure 4-34 Simulated mean ground loop fluid temperature for optimised K soil, K grout values for different ground
water velocity during first 10 hours
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Figure 4-35 Simulated mean ground loop fluid temperature for optimised K soil, K grout values for different ground
water velocity during last 12 hours
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4.4.6 Sensitivity to power supply error
As the DMU TRT raw data had much fluctuation during the initial period, there was a concern
about the actual power supply and also possible uncertainty in the quality of power. This
section looks into the sensitivity of power rate on the thermal conductivity estimation. The five
different power ratings have been chosen and the results are presented in Table 4-15. There is
no big impact on Ksoil and average temperature error. The increase in power rating increases
the Kgrout value. The Figure 4-36 and Figure 4-37 compare the predicted ground loop
temperature for optimised thermal conductivity with experimental values over different TRT
period.
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Table 4-15 Optimised thermal conductivity of soil and grout for minimum error between experimental and
simulated mean ground loop fluid temperature - for different power supply

Figure 4-36 Simulated mean ground loop fluid temperature for optimised K soil, K grout values for different power
supply
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Figure 4-37 Simulated mean ground loop fluid temperature for optimised K soil, K grout values for different power
supply during first 10 hours
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4.4.7 Multiple parameter estimation
The sensitivity analysis of different parameters has been carried out in the previous sections.
The analysis reveals that the impact of one parameter will have been compensated by the
other parameters or combination of parameters. In some cases, the influence of a single
parameter is not significant enough for consideration. It could be concluded that whatever
parameters or combination of parameters used or derived should be used as the
corresponding full set of input parameters for numerical simulation of the BHE. It is also
possible that the most reasonable results could be obtained by allowing a larger set of
parameter values to be estimated simultaneously.
This section has chosen five parameters for optimisation that can achieve minimum error
between predicted and experimental ground loop temperatures. So the optimised set of five
parameters will be used in chapter 7 to simulate DMU BHE data.
Table 4-16 Optimised parameters(K soil, K grout, ground water velocity, volumetric heat capacity of soil and grout)
for minimum error between experimental and simulated mean ground loop fluid temperature

The Table 4-16 presents results of parameter optimisation and it includes two cases one set
eliminating initial 1-hour data and another no elimination of data. Moreover, also one set
considers groundwater flow but the another does not. The one-hour data eliminated with
considering ground water flow yields lower temperature error.
Figure 4-38 and Figure 4-39 belong to the case no data eliminated and includes groundwater
flow. The Figure 4-38 shows the change of all five parameters with the SSE at each step. The
Figure 4-39 compare the predicted ground loop temperature for optimised parameters with
corresponding experimental values.
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Figure 4-38 Sum of error for selection of multiple parameters (K soil, K grout, ground water velocity, volumetric heat
capacity of soil and grout) at series of steps

Figure 4-39 Simulated mean ground loop fluid temperature for the optimised parameters (K soil, K grout, ground
water velocity, volumetric heat capacity of soil and grout) and observed experimental mean ground loop
temperature
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The number of cells present in the grid representation also influence the thermal properties of
the BHE elements. The number of cells is increased to improve the BHE model simulation
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accuracy, and the ground water flow is not considered to make it simple. The final optimised
parameters are shown with an error in the Table 4-17. The grid representation in Figure 4-40 is
the representation of BHE used in this chapter to estimate final effective thermal properties
and BHE simulation in chapter 7.
Figure 4-40 New grid representation of BHE ( increase of 946 Cells)

Table 4-17 Final optimised values for the parameters that are obtained from new grid representation

4.5 Conclusions on TRT results
The ideal BHE operational data set should be supplied with thermal properties, and this
chapter has detailed the TRT analysis to estimate the effective thermal properties that
characterize the DMU installation. The DMU BHE operational data set with estimated thermal
properties will be available for researchers to develop advanced BHE models, and the utility of
the data set has been demonstrated in chapter-7.
The numerical BHE model applied in conjunction with parameter estimation method has been
used to derive the thermal conductivity and volumetric heat capacity of ground and grout. The
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numerical BHE model used in this chapter has been adopted from Rees & He, 2013. The
parameter estimation process is similar to Austin & Yavuzturk (2000). The numerical BHE
model conjunction with parameter estimation model has been validated against available TRT
data. The validation has produced thermal conductivity estimates that match well with
published thermal properties. In one case there is some deviation due to the selection of
parameters used for BHE model. Prediction of thermal conductivity depends on selection
values for other parameters such as thermal heat capacity and grid representation of BHE
elements.
The prediction of effective thermal conductivity of ground by both conventional line-source
method and numerical parameter estimation method have been compared and found not to
vary significantly vary. The initial two-hour data removal helps to eliminate uncertainty in TRT
data and yields ground conductivity values of 3.16 and 3.17 W/(m.K) by line source method
and a parameter estimation method respectively. The parameter estimation method probably
has more advantages where the power is measured throughout the test and may vary.
The sensitivity of thermal conductivity of soil and grout regarding parameters such as
groundwater velocity has been analysed. It has been found that the impact of one parameter
is compensated by other parameter or group of parameters. For example, the decrease in
volumetric heat capacity increases thermal conductivity value. So it is important to use the
same group of parameters and grid representation in BHE simulation as in the parameter
estimation procedure.
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Chapter 5 System performance
This chapter presents an extensive analysis of system performance of a large-scale Ground
Source Heat Pump (GSHP). The study focuses on ground loop behaviour, building energy
demand, system efficiencies, and dynamic operation of the system. This work provides insight
into actual system operations during the three years monitoring period, leading to proposals
for performance enhancement that are presented in chapter 8. The performance analysis of
individual heat pumps is presented in chapter 6.
The GSHP system was installed by Geothermal International and was commissioned during the
end of the year 2009. The Estates Department of DMU started to operate the system from
beginning of the year 2010.
The GSHP system meets full cooling and partial heating requirements of the Hugh Aston
Building at De Montfort University. The system is designed for a cooling capacity of 360 kW
and heating capacity of 330 kW. It consists of four Water Furnace reversible heat pump units
of 130 kW cooling capacity, and two arrays of Borehole Heat Exchangers (BHE) that includes 56
boreholes each with a depth of 100 m. The detailed Schematic of GSHP plant and performance
monitoring arrangements are available in chapter 3. Also, the chapter 3 gives the details about
the availability of data over the monitoring period which are used in this chapter for
performance evaluation.
The literature search revealed that the performance studies have been conducted largely on
small (Hepbasli, 2003) and medium level capacity GSHP systems (Luo et al., 2015). In existing
research work, some were dealing with the experimental set-up (Sebarchievici and Sarbu,
2015) and some focused on in-situ measurements (Hwang et al., 2009). There are few studies
dealing with large systems (Witte and Van Gelder, 2007), but the level of analysis covered in
this current research is distinctively detailed in nature. There are few data set (Ruiz-Calvo and
Montagud, 2014) made available for researchers who need actual operational data for their
research work (Cullin et al., 2015). This exercise provides high precision, continuous data for
three years from very beginning of the GSHP system operation. The unique nature of the
system under study is that it deals simultaneously cooling and heating requirements of the
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large university building throughout the year. The research studies already available on GSHP
systems mostly deals with seasonal needs of building energy, either cooling or heating, not
simultaneous cooling and heating throughout the year. The detailed literature review has been
presented in chapter 2.

5.1 Ground loop behaviour
This section presents the operational details of the BHE array. The analysis mainly involves the
measurements of ground flow and return temperatures, the flow rate of circulating fluid
through BHE, ground temperatures at 5m and 100m, and outdoor air temperature. The heat
exchange rate is calculated using the following equation, and heat extraction from the ground
is noted as negative and heat rejection to the ground is shown as positive.
(Eqn.5.1)

where,
= Heat exchange rate (kW)
= Mass flow rate of the circulating fluid (kg/s)
= Specific heat capacity of the circulating fluid ( kJ/kg K)
= Circulating fluid flow temperature (°C)
= Circulating fluid return temperature (°C)
The analysis covers the period from 12th January 2010 to 13th February 2013. The values of
minutely temperatures, flow rates, and heat exchanges are either averaged or summed over
the hourly, daily, and monthly period as required for analysis. Hourly mean values are
calculated by averaging 60 minutes of measurements for each hour. Monthly daily mean
values are calculated for each month which are mean values of 30 or 31 daily values, and the
daily values are the sum of 1440 minute values. Monthly values are the sum of all 1440
minutely values of 30 or 31 days.
Figure 5-1 shows hourly mean values of the ground loop flow and return temperatures, and
circulating fluid flow rates from January 2010 to February 2013. This 38 month period covers
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three full years with little interruption in data availability. The mean values are calculated
when there is flow through the ground loop. Apart from few months, the flow temperatures
are higher than return temperatures, and it shows that heat is rejected to ground reflecting
cooling dominated GSHP system. The swing in ground loop flow temperature is larger
comparing with return temperatures. These larger swings happen due to change in cooling and
heating requirements of the building and the thermal mass of the circulating fluid. The return
temperatures reflect the thermal diffusivity of the ground which decides the rate of heat
exchange.
The ground loop flow rate is activated in four nominal levels 7.5, 15, 22.5, 30 L/s, according to
the number of operating heat pumps. It can be observed that some days there are faults in
fixing the flow rate, particularly the end of July 2011 and start of August 2011 where the flow
rate is around 3 L/s. The ground loop flow temperature attains peak values during low flow
rates such as these.
Figure 5-1 Hourly mean - ground loop flow and return temperatures with corresponding flow rate
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The ground loop return temperature varies between 11°C and 19°C and flow temperature
changes between 9°C and 27°C. ground loop return temperatures reflect ground temperatures
and during summer months are higher than winter months as heat rejection during these
months are greater than heat extraction from the ground. The ground loop return
temperature in the year 2011 is slightly higher than the year 2010 as an increase in ground
temperature due to unbalanced heat rejection to the ground. In the year 2012, the ground
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loop return temperature drops to the level of the year 2010 due to lower ground temperature
resulted from lesser use GSHP system.
Figure 5-2 illustrates the hourly changes in borehole temperatures at 5m and 100m depths,
outdoor air temperature, and ground loop return temperature. Borehole temperature at 100
m swings lesser compared with borehole temperatures at 5m as the temperature at 5m is
influenced by atmospheric air temperature. The changes in the ground temperature range
between 11°C and 19°C compared with the significant variation in Air Temperatures that lie
between -5°C and 29°C. This feature clearly demonstrates the value of using the ground as a
heat sink or source. This is thermodynamically advantageous for the purpose of heat rejection
or heat extraction and can yield higher performance than Air Source Heat Pumps (ASHP).
Figure 5-2 Hourly mean - borehole temperature at 100m and 5m depth, ground loop return temperature and air
temperature
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Figure 5-3 shows the daily mean values of mean ground loop temperature and outdoor air
temperature. the dotted red line in the figure highlights the initial ground temperature, 11.3
°C. The mean ground loop temperature is the average of ground loop flow and return
temperature. The mean ground loop temperatures are less variable than the air temperatures
and mostly not going below the initial ground temperature in this study.
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Figure 5-3 Daily mean - ground loop mean fluid temperature, air temperature, and initial ground temperature
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Figure 5-4 shows monthly daily mean heat extraction from the ground, heat rejection to the
ground, and net heat exchange with BHE. The monthly daily mean ground loop temperatures
and air temperatures are superimposed over the heat exchanges in this figure. Heat extraction
from the ground reflects the heating requirements of the building that change with seasonal
temperatures. In summer months of the year 2010, the cooling requirements are
comparatively higher and resulting in greater heat rejection to the ground. Especially in the
year 2012, the BHE is not much used comparing with the remaining part of the monitoring
period. Cooling is still required in the winter due to some building zones with high internal heat
gains. The change in ground loop temperature reflects the change in net heat exchange with
BHE. The maximum monthly daily mean heat rejection is around 0.8 MWh, and the maximum
monthly daily mean heat extraction is around 0.4 MWh.
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Figure 5-4 Monthly daily mean - heat extraction, heat Rejection, net heat exchange, ground loop mean
temperature and air temperature
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Figure 5-5 presents the values of monthly heat extraction, heat rejection, and net heat
exchange for BHE over three years. The lowest monthly heat rejection is 0.271 MWh during
September 2012, and the highest is 23.1 MWh during July 2010. The heat rejection does not
exactly follow the seasonal weather comparing with the change in heat extraction, and this
happens due to cooling load coming from the laboratory that houses equipment and
computers. The heat extraction mostly follows the seasonal requirements of heating apart
from the third year, 2012. The maximum monthly heat extraction is 14.2 MWh during
December 2012, and the lowest is 0.003 MWh during July 2012.
Figure 5-5 Monthly heat extraction( MWh), heat rejection( MWh) and net heat exchange ( MWh) for BHE
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Figure 5-6 highlights the changes in heat extraction rate and heat rejection rate for each
month over the monitoring period. Heat extraction varies mainly between 30 kW and 50 kW
except some months in the third year-2012 where lower utilisation resulting in the lower rate
of extraction. The heat rejection varies mainly between 45 kW and 75 kW except few months
in third year-2012. This picture explains the heat rejection rate always greater than heat
extraction rate throughout the monitoring period.
Figure 5-6 Monthly mean heat extraction rate (kW) and heat rejection rate (kW)
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Figure 5-7 shows the number of operational days in which BHE is used for either heat rejection
or heat extractions for each month. The BHE array is usually used more than 25 days in a
month, but there are few months when BHE is used less than ten days. Mostly, in a month, the
number of days BHE is used for heat extraction is equal to heat rejection days apart from some
exceptions such as July 2012.
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Figure 5-7 Number of operational days for BHE heat rejection and heat extraction
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Figure 5-8 shows the percentage of hours BHE is used for heat extraction and heat rejection in
every month as this is helpful to see the distribution of hours for heat extraction and heat
rejection. Mostly, for every month, the heat rejection hours are greater than heat extraction
hours. In July, August, September 2012, there is practically no heat extraction from BHE. From
the last two figures, even the BHE is used for an equal number of days for heat extraction and
heat rejection, there are huge variations in percentage operating hours for each case. The BHE
is mostly used for heat rejection than heat extraction.
Figure 5-8 Monthly percentage operating hours for BHE heat extraction, heat rejection
90
80

% Operating Hours

70
60
50

40
30

20
10
0

Time ( mmm-yy )
% Operational Hours - Heat Extraction

120

% Operational Hours - Heat Rejection

% Operational Hours - Ground Loop Heat Exchange

Chapter 5
The maximum monthly heat extraction is 13 MWh, and the rejection is 23 MWh. The highest
monthly mean heat extraction rate is 53 kW, and the monthly mean heat rejection rate is 73
kW. The ground loop mean temperature varies between 11.3°C to 19°C in a year. The
maximum monthly daily mean heat rejection is 0.5 MWh, and the maximum monthly daily
mean heat extraction is 0.8 MWh. These numbers mentioned above can be used to
characterize the BHE usage and its behaviour.
The study of ground behaviour consequently reveals that the BHE is largely used for heat
rejection rather than heat extraction. The lower BHE usage hours in third year-2012 helped the
ground to recover nearly to its initial temperature 11.3°C. The rate of heat extraction and heat
rejection per BHE length is probably lower compared to other installations. For heat rejection,
the maximum rate of heat exchange per unit depth of borehole (W/m) is around 13.3, and for
heat extraction it is around 9.4 W/m. These W/m values are very low compared with other
installations and it can be said that the BHE is underused. No data is available to say what was
assumed at the design stage.

5.2 Building energy demand
This section presents an analysis of energy supplied to the building. Building energy
requirements are met through circulating fluid through cooling and heating loops. The
temperature and flow measurements at these loops are used to calculate cooling and heating
energy supplied to the building according to equation 5.2. This study separately measures
cooling and heating energy supplied to the building unlike some studies (Luo et al., 2015)
where these values are derived from ground loop data and compressor work input.
(Eqn. 5.2)

where,
= Heat exchange rate (kW)
= Mass flow rate of the circulating fluid (kg/s)
= Specific heat capacity of the circulating fluid ( kJ/kg K)
= Circulating fluid inlet temperature (°C)
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= Circulating fluid outlet temperature (°C)
The analysis covers the period from February 2010 to July 2012. The monthly energy
demand(MWh), monthly daily mean energy demand (MWh), monthly energy supply rate (kW)
for cooling and heating are considered. The number of operational days and percentage of
operational hours is also detailed for cooling and heating.
Figure 5-9 shows monthly daily mean values of cooling and heating demand for the building
with superimposed outdoor air temperature. The pattern of heating demand closely resembles
with changing air temperature. Heating requirements are higher in winter months and lower in
summer months. In the case of cooling requirement, there is no noticeable pattern with
changing air temperature. Cooling demand is mainly influenced by operating hours of
laboratory equipment and computers additional to other cooling requirements. The monthly
daily mean heating demand varies between 0.06 MWh and 0.78 MWh. The monthly daily
mean cooling demand varies between 0.12 MWh and 0.68 MWh. The monthly daily mean total
building energy demand varies between 0.12 MWh and 1.3 MWh.
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Figure 5-9 Monthly daily mean - heating and cooling demand (MWh) with outdoor air temperature
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Figure 5-10 illustrates the monthly heating, cooling, and total energy demand over the
monitoring period. The monthly heating demand varies between 3 MWh and 16 MWh, and
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monthly cooling demand changes between 4 MWh and 21 MWh. The monthly total building
energy demand varies between 6 MWh and 36 MWh. the monthly heating demand is climate
dependent but this is not the case for cooling demand.
Figure 5-10 Monthly heating, cooling, and total energy demand (MWh)

Building Energy Demand (MWh)

40
35

30
25

20
15
10

5
0

Time (mmm yy)

Monthly Heating Demand (MWh)

Monthly Cooling Demand (MWh)

Monthly Total Building Energy Demand (MWh)

Figure 5-11 shows changes in monthly heating and cooling energy supply rate. The monthly
cooling supply rate varies between 18 kW and 50 kW and heating supply rate changes
between 18 kW and 72 kW. The rate of heating during the third year 2012 is persistently
higher compared to the first two years 2010 and 2011. In the case of cooling supply rate, it is
comparatively lower in the third year, 2012.
Figure 5-11 Monthly heating and cooling energy supply rate (kW)
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Figure 5-12 highlights the number of operational days for cooling and heating for each month.
The heat pumps are operated minimum twenty days for cooling and ten days for heating in a
month. However, they are run mostly more than twenty-five days per month. The number
cooling operational days are higher than heating operational days. The total operating hours in
a month can give a better understanding of the operational usage of the GSHP system.
Accordingly, Figure 5-13 can be very useful to know the percentage of hours the heat pump
system is operated in a month. The GSHP system is operated for heating up to 75% of
operating hours for some months, and 65% of the operating time for cooling in some moths. In
particular, there is no relationship between climatic temperature change and percentage
operational hours for heating and cooling operation.
Figure 5-12 Number of operational days per month for heating and cooling
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Figure 5-13 Monthly percentage operational hours for heating and cooling for the period Feb 2010 to July 2012
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There are greater variations in each month regarding energy demand, operating hours and
energy supply rate that indicate the dynamic nature of system operations and other operating
conditions. For example, in the month of March 2012, 6.7 MWh cooling demand is met at the
rate of 71 KW by operating the GSHP system for 13 % operating hours. However, in October
2010, 7.5 MWh cooling demand is met at the rate of 18 kW by operating the GSHP system for
63 % operating hours. The heat pump system has to operate more hours to meet greater
energy demand if it operates supplying lower energy rate. The lower energy supply rate results
from lower flow rate and temperature difference, and this situation arises due to highfrequency cycling. So these parameters are given importance for further analysis in section 5.3.

5.3 System efficiencies
This part of the chapter has three sections dealing with overall system efficiency, pump
energy, and dynamic behaviour.
The system efficiency is evaluated for different system boundary definitions. The precise
definition of the system boundary is necessary to compare the performance of the GSHP
system with equivalent energy system performance and published data. The term Seasonal
Performance Factor (SPF) is mainly useful to evaluate the operations of energy systems
subjective to different climatic influences over any time period. The season can be any period
for further comparison, for example, day, month or year. The term Coefficient of Performance
(COP) is used to specify the performance of energy system operating in the laboratory
environment subjective to a controlled environment (Nordman et al., 2010). Accordingly, the
analysis presented in this section uses SPF for defining the performance of the GSHP system
under real-world operation meeting the cooling and heating requirements of Hugh Aston
building of DMU.
The GSHP system under study uses the three set of circulating pumps to supply and deliver
energy and this monitoring work especially focuses on the unnecessary circulation of fluid
resulting in system performance degradation. The electrical power consumption of the
circulating pumps is calculated using performance characteristic curves as the speed of the
pumps are measured as described in chapter 3. The dynamic behaviour of the system induces
frequent short cycling and this is one of the factors influencing the performance that has been
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investigated. This section provides detail analysis of cycling duration and number of start-up
per hour against seasonal performance factor.
5.3.1 Overall system efficiency
The definition of system boundary helps to evaluate the performance of the system and
differentiates the energy consuming components. The boundary definition methodology
developed in "SEPEMO" project has been followed in this work (Zottl and Nordman, 2012).
Here, four definitions of system boundaries for four different Seasonal Performance Factors SPF1, SPF2, SPF3, SPF4 are used according to which circulating pumps are included in the
analysis in addition to the heat pumps. Figure 5-14 shows a schematic of the GSHP system with
these system boundaries.
Figure 5-14 Schematic showing the heat and work transfer across the different system boundary definitions for
SPF1, SPFC1, SPFH1, SPF2, SPF4 evaluation
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SPF1 considers four heat pump units alone. SPFC1 covers heat pumps operating for producing
cooling energy, and SPFH1 covers heat pumps operating for producing heating energy. The
evaluation of SPF1, SPFC1, and SPFH1 as follows,

(Eqn. 5.3)

(Compressor work includes heat pumps producing heating energy)

(Eqn. 5.4)

(Compressor work includes heat pumps producing cooling energy)

(Eqn. 5.5)

(Compressor work includes heat pumps producing both heating and cooling energy)
SPF2 includes four heat pump units and circulating pumps for circulating fluid on the sourceside (ground loop pumps). SPF4 covers all units as SPF2 and additionally includes circulating
pumps on chilled water and warm water loops.

(Eqn. 5.6)

(Eqn. 5.7)

In the above equations,
- Seasonal Performance Factor for cooling, heating respectively
- Compressor electrical power for all four heat pumps respectively
- Circulating pump electrical power for ground, heating, cooling loops
respectively
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- Useful thermal energy for heating, cooling respectively
Figure 5-15 summarises Seasonal Performance Factor SPF1, SPFC1, and SPFH1 over two and half
year period between Feb 2010 and July 2010. It can be seen that in all months SPFC1 is greater
than SPFH1, and this is due to temperature lift being greater for heating than cooling in all
months. The SPFC1 are consistently higher during the first year than the second year. The SPFH1
are comparatively lower during the first year than the second year. SPFC1 varies between 5.61
and 3.24, and SPFH1 fluctuates between 4.07 and 1.68. SPF1 varies between 4.42 and 2.56. Even
though there are occasionally small values like SPFH1 for the month June 2010, the median
values for SPF1, SPFC1, SPFH1 are calculated over the monitoring period as 3.54, 3.98, 3.3
respectively.
Figure 5-15 Monthly SPFH1, SPFC1, SPF1 values for the period Feb 2010 to July 2012
6

5

SPF

4

3

2

1

0

Time ( mmm yy )

SPF H1

SPF C1

SPF 1

Figure 5-16 shows SPF1, SPF2, SPF4 values fluctuating over the monitoring period. The
variations in the SPF1 are caused by many factors such as cycling and temperature lift and will
be discussed in the coming sections. The difference between SPF1 and SPF2 is greater in months
like July 2012. The difference between SPF2 and SPF4 is larger in some months like April 2011
and smaller in some months like June 2010. Accordingly, the variations between these SPFs
and its causes are discussed in next section. The median values for SPF2, SPF4 over the period
Feb 2010- July 2012 are calculated as 2.97, 2.47 respectively.
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Figure 5-16 Monthly SPF1, SPF2, SPF4 values for the period Feb 2010 to July 2012
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Figure 5-17 Seasonal Performance Factors - SPFH1, SPFC1, SPF1, SPF2, SPF4 for selected seasons
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Figure 5-17 summarises the mean values of SPFH1, SPFC1, SPF1, SPF2, SPF4, and the Figure 5-17
compares the same over three different seasonal periods. The first two cases, May 2010 to
April 2011 and May 2011 to April 2012 representing first and second whole year respectively.
So, the comparison between first and second year can be made. The third case gives the value
for the whole two and half years monitoring period from Feb 2010 to July 2012.
Table 5-1 Seasonal Performance Factors - SPFH1, SPFC1, SPF1, SPF2, SPF4 for selected seasons

Year ( Season)
May -2010 to April -2011
May -2011 to April -2012
Feb -2010 to July -2012

SPF H1
2.89
3.55
3.19

SPF C1
3.99
3.87
4.06

SPF 1
3.31
3.67
3.54

SPF 2
2.69
3.16
2.97

SPF 4
2.22
2.61
2.49
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The SPFH1 increases from 2.89 in the first year to 3.55 in the second year, but SPF C1 decreases
from 3.99 in the first year to 3.87 in the second year. The SPFH1 change between first and
second year is significant, and contributing factor can be longer cycle time and comparatively
smaller temperature lift. The change for SPF2 and SPF4 between first and second year is
positive that is increased values indicating better management of circulating pumps.
For the selected period, Feb-2010 to July-2012, the SPF2 which includes ground source
circulating pump energy is 2.97, and SPF4 which includes all circulating pump energy is
calculated as 2.49. These values can be considered for comparing with alternate technologies.
5.3.2 Pump energy
This section presents an analysis of the circulating pump energy and its relationship to the
total energy demands. Moreover, the Impact of the compressor to pump power ratio on SPF is
examined and the analysis of monthly operating hour percentage for ground, chill, and warm
loop circulating pumps are made. As the monitoring setup did not support measuring pump
electrical energy consumption, pump characteristic curves of the corresponding pumps
provided by the manufacturer are used to derive energy consumption details. Pump
characteristic curves for the circulating pumps on ground, chill, and warm loops have been
discussed in chapter 3. Also, the chapter 3 has given details of the calculation of circulating
pump electrical power consumption from above said pump curves.
5.3.2.1 Circulating pump to compressor power ratio
This section presents the influence of circulating pump to compressor power ratio on SPF for
different system boundaries. This ratio is that of the circulating pump energy demand in
relation to the compressor demand. This parameter also relates to the difference between
SPF1 and SPF4.
Figure 5-18 shows the influence of circulating pump to compressor power ratio on SPF for
SPF2, and SPF4 system boundaries. SPF2 boundary includes only ground loop circulating pump,
and SPF4 boundary includes ground, chill, and warm loop circulating pumps. The power ratio
for SPF2 boundary various between 0.1 and 0.3, and increase in power ratio inversely affect the
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SPF2. Same like SPF2 boundary, the increase in power ratio for SPF4 boundary results in lower
SPF4, and it various between 0.3 and 0.7.
Figure 5-18 Monthly pump to compressor power ratio for SPF2, SPF4 system boundaries Vs monthly SPF2, SPF4
respectively
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Figure 5-19 presents the influence of circulating pump to compressor power ratio on SPF
degradation. For the SPF2 system boundary, the degradation varies between 30% to 80%. For
the SPF4 system boundary, the degradation varies between 70% to 160%.
Figure 5-19 The influence of pump to compressor power ratio on SPF2 (left) and SPF4 (right) values.
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5.3.2.2 Unnecessary operation of the circulating pumps
This section presents the details of the unnecessary operation of circulating pumps in the
source-side and load-side loops of the GHSP system. In general, the circulating pumps are
expected to run for more hours than the compressors as the control system is designed to wait
120 or 180 seconds between switching on a pump and starting a compressor. The control
system also checks the status of flow switches after opening a valve before starting a
compressor.
Figure 5-20 compares monthly operational hours (as a percentage) for the circulating pumps,
heat pump compressor and when useful cooling is measured across the chilled water manifold.
It can be clearly seen that from Oct 2011 to Feb 2012 the circulating pump operates
continuously which is far higher than compressor operational hours. This is almost certainly a
fault. In all months, the circulating pump operating hours is greater than compressor
operational hours, but there are also differences between months. For example, comparing
between months March 2012 and May 2012 for the approximately same level of compressor
operating time there is a considerable difference in circulating pump operating hours. This
could be expected to some degree as the number of on/off cycles depends on the heating and
cooling demands. In some months there appear to be faults and at other months the built-in
time delay leads to excessive pump energy demand. Consequently, there appears to be
significant opportunity to reduce the unnecessary circulating pump operational hours.
Figure 5-20 Monthly percentage operational hours of heat pump cooling and chill loop circulating pump
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Figure 5-21 and Figure 5-22 display other examples of the unnecessary operation of chill loop
circulating pump. The day 18/08/2011 is picked up where two heat pumps operate for few
cycling between 08 and 16 hours, and one heat pump operating in cycling from 04 hrs. The
System has to supply 7 L/s for one HP operation, and 15 L/s for two HP operation. Instead, the
system circulates 7 L/s when there is no HP operating, 15 L/s during one HP operating, and 21
L/s while two HP operating. The flow switch (open/close) did not follow cycling operations of
the heat pump compressor. This might have been corrected through proper monitoring and/or
a more robust control system.
Figure 5-21 demonstrates unnecessary circulating pump operation in the chilled water loop on
two different occasions. In Figure 5-21, the day 03/02/2012 is considered. The number of heat
pumps (HP) operating, the number of load-side valves open along with total flow rate through
load-side loop have been shown for every minute. It can be seen that one heat pump is
operating and cycling but two valves are kept open continuously while one more valve opens
and closes synchronised with HP compressor operation. It can be concluded that the system
circulates flow rate (18 L/s) required for three HPs, but only one HP is operating. The system
circulates fluid at a flow rate of 12 L/s when there is no heat pump operation. This fault is
thought to be related to one or more bad flow switches.
Figure 5-21 An example of unnecessary circulating pump operation on chill loop
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Figure 5-22 displays another example of the unnecessary operation of chill loop circulating
pump. The day 18/08/2011 is picked up where two heat pumps operate for few cycling
operations between 08 and 16 hours, and one heat pump operating in cycling from 04 hrs. The
System has to supply 7 L/s for one HP operation, and 15 L/s for two HP operation. Instead, the
system circulates 7 L/s when there is no HP operating, 15 L/s during one HP operating, and 21
L/s while two HP operating. The flow switch (open/close) did not follow cycling operations of
the heat pump compressor. This might have been corrected through proper monitoring and/or
a more robust control system.
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Figure 5-22 An another different example for unnecessary circulating pump operation on chill loop
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Figure 5-23 similarly captures the unnecessary operation of circulating pump on the building
warm water loop. It can be clearly seen that there is a significant difference between
compressor and circulating pump operational hours for the months Jan 2011 and April 2011. in
all months, the circulating pump operational hours slightly higher than compressor operational
hours which illustrates the circulating pump lead the compressor in each cycle by some
minutes. The lead time of the circulating pump for this system is two minutes. Reducing this
would provide an opportunity for optimisation of system energy demands.
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Figure 5-23 Monthly percentage operational hours of heat pump heating and warm loop circulating pump
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Figure 5-24 summarises percentage operating period of compressors, cooling or heating loop
circulating pump, ground loop circulating pump and energy delivered. The system has a lead
time of three minutes for ground loop circulating pump, and two minutes for cooling or
heating circulating pump ahead of compressor operation. The difference between operation of
each unit can be seen in this figure. There may be opportunities for optimisation of lead time
for each case. The unnecessary operation of the ground loop circulating pump is much less
than that of the circulating pumps in the cooling and heating loops.
Figure 5-24 Monthly percentage operational hours of heat pumps and ground loop circulating pump
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Figure 5-25 shows the percentage of unnecessary operational hours of cooling and heating
loop circulating pumps for each month. The unnecessary operation of cooling loop circulating
pumps during the second year is consistently higher, and could have been avoided. In some
months it has operated over 50 % of time unnecessarily.
Figure 5-25 Monthly percentage operational hours of unnecessary operation of warm and chill loop circulating
pumps
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5.3.3 Dynamic behaviour
This part of the chapter explores the dynamic nature of the operational GSHP system in
meeting cooling and heating demand of the university building. The investigation of the impact
of the dynamic operation on the performance starts by studying performance metrics. These
are derived from highly dynamic primary measured variables: Flow rate (L/s), Temperature(°C),
and Electrical power (kW). The performance metrics that have been examined are Seasonal
Performance Factors (SPFs), building heating and cooling demand (kWh), and heating and
cooling rate (kW).
Seasonal Performance Factors
The histograms in Figure 5-26 and Figure 5-27 illustrate the occurrence of SPFH1 and SPFC1
values calculated on daily and hourly basis respectively. The data displays the same trend over
the ranges for cooling and heating. The difference between the daily and the hourly chart is
that more extreme values (over 7 and below 1) can be seen on the hourly chart. The
occurrence of these extreme values is due to uncertainty in half-hourly power measurement
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and dynamic variation of GSHP system operation, and these extremes are eliminated in daily
calculations.
There are some noticeable differences between heating and cooling performance levels. For
example, the percentage occurrence of SPFC1 in the range 3.5-4 is far higher than SPFH1.
Similarly, the percentage occurrence of SPFC1 in the range 4.5 - 5 is 15% compared with 3% for
SPFH1. The data shows that SPFC1 values of greater than 3.5 occur around 60% of the operating
period and for only 30% for SPFH1. The distribution of both SPFH1, SPFC1 values mostly range
from 1 to 7 and shows the dynamic nature of performance. The performance appears to be
influenced by a range of dynamic variables. A step-by-step investigation has been undertaken
to identify the most likely important features of dynamic behaviour. This study has initially
examined metrics such as energy demands and the relationship to flow rates and this gives
some insight into the operation of the system at part loads.
Figure 5-26 % Occurrence of daily SPFH1, SPFC1 over the monitoring period Feb 2010 to July 2012
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Figure 5-27 % Occurrence of hourly SPFH1, SPFC1 over the monitoring period Feb 2010 to July 2012
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As SPF is directly related to the building energy demand met by the GSHP System, some
importance has been given to study the dynamic nature of building cooling and heating
demand. The percentage occurrence of hourly and daily demand over different ranges are
presented in Figure 5-28. It should be noted that a single heat pump has a nominal capacity of
130 kW in two stages i.e. a single compressor can provide nominally 65 kW of cooling.
Figure 5-28 % Occurrence of hourly, daily heating and cooling load in kWh over the monitoring period Feb 2010 to
July 2012
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The hourly heating and cooling demand in the ranges 5-10 and 10-15 kWh have greater
occurrences than any other range and account for approximately 50% of occurrences.
Similarly, the daily heating and cooling demand in the range of 100-400 kWh have occurrences
that account approximately 60% of operating conditions. The hourly demand above 45 kWh
accounts less than 5% of conditions and daily demands above 800 kWh occur less than 5% of
the time.
Figure 5-29 and Figure 5-30 show the relationship between dynamic variation in daily energy
demand (kWh) on SPFs. The higher energy demands appear to be related to smaller ranges in
SPFs. For example, daily cooling demands more than 800 kWh have SPFC1 in a narrow range
around 5. It should be noted that there are many occasions lower daily energy demand also
provides higher SPFs but the range of values at lower demand is much greater. For example,
the daily cooling demand less than 200 kWh also provides SPFC1 higher than 4 but also, on
some occasions, lower than 2. It is important to understand the way in which higher or lower
energy demand (kWh) is met by GSHP system. Accordingly, the coming sections study this
further by examining mean energy supply rate (kW), cooling supply rate, heating supply rate,
and operational hours.
Figure 5-29 The influence of daily building energy demand (kWh) on daily SPF H1, SPFC1 during heating and cooling
mode
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Figure 5-30 The influence of daily building energy demand (both heating and cooling) on SPF1
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5.3.3.1 Rate of heating and cooling energy delivered
This section makes an analysis of variations of performance according to mean heating and
cooling heat transfer rates. These data are calculated from the energy delivered averaged over
the time of active heating or cooling in a given hour or day interval.
The Figure 5-31 displays the percentage occurrence of the mean rate of energy delivered (kW)
when averaged over hourly and daily intervals for both cooling and heating. The rate of cooling
delivered over the range 30-40 kW accounts nearly 40% of occurrences. Approximately 60% of
occurrences happens over the range of 20 to 50 kW for heating. There is no significant
difference in trends between hourly and daily averaging periods, but some reduction and
increase respectively in the range of 20-30 kW and 40-50 kW daily energy delivered.
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Figure 5-31 % Occurrence of hourly, daily heating and cooling load in kW over the monitoring period Feb 2010 to
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Figure 5-32 shows the dynamic relationship of rate of heating and cooling energy delivered
(kW) with respective SPFs in the form of a scatter plot. In general, the trend between the rate
of energy delivered and SPF is a positive increase. For example, the rate of energy delivery 80
kW provides greater SPF than the rate of energy delivery at 20 kW. There are significant
variations in SPF for the same rate of energy delivery, and this happens due to the operational
time and cycling associated with the particular rate of energy delivery. For example, there are
incidents for 40 kW energy delivery rate providing both SPF of over 5 and below 2. A few
unusually high SPFs are results of uncertainty associated with half hourly power measurement.
Operational time and cycle time will be studied in the following sections.
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Figure 5-32 The influence of hourly building energy demand (kW) on hourly SPF during heating and cooling mode
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5.3.3.2 Operational time
Initial analysis suggested the operating cycle patterns be one of the critical factor influencing
SPF levels. This section deals the dynamic nature of the daily and hourly operational data for
the cooling and heating operation by quantifying the proportions of active operation in a
particular hour or day.
Figure 5-33 details the percentage occurrence of six ranges of operational time - Minutes/
Hour, and Hours/Day. For minutely analysis, 35% of operational minutes heating was inactive
and 20% of operational minutes cooling was completely inactive. Nearly 45% of operational
minutes of cooling and 40% of operational minutes of heating GSHP system operated between
11-30 minutes/hour. Only about 7% of operational minutes, system operated for 51-60
minutes/hour. Same like minutely analysis, in hourly analysis, nearly 20% of operational hours
heating did not work, and 12% of operational hours cooling did not work. At the maximum,
37% of operational hours cooling operated for 9-12 hours/day. Heating operated for 0-12
hours/day for nearly 60% of operational hours. About 8% of operational hours the GSHP
system operated for more than 17 hours/day. This way of quantifying part load operation
highlights the fact that this particular system operated at part load for a good deal of the
monitoring period. Other ways of quantifying part-load behaviour are examined below.
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Figure 5-33 % of Occurrence of hourly, daily heating and cooling operational time in Minutes/Hour, Hours/Day
respectively for the monitoring period Feb 2010 to July 2012
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5.3.3.3 Cyclic operation
Figure 5-34 Shows a cooling day cyclic operation between 8.00 and 19.00 on both source-side
and load-side. The inlet and outlet temperatures, and flow rate of the load-side and sourceside are considered. Flow rates on both load- and source-side are around 6 L/s. The load-side
outlet temperature indicates cooling starts at 9°C and cut off at 6°C. The source-side inlet
temperature being around 14°C during system operation and the remaining time the sensor
measurement is influenced by room temperature. Figure 5-35 displays the compressor on/off
timing during the day.
From both Figure 5-34 and Figure 5-35, it is clear that system worked with relatively short cycle
lengths. The cycle time varies between 6 to 3 minutes. The heat pump operation can also be
quantified in terms of cycle length and also the number of starts per hour. This is examined in
following sections.
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Figure 5-34 A day cooling operation for an example of short cycle operation - load-side, source-side temperature
and flow rate
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Figure 5-35 Compressor on/off timings for the day cooling operation on 10/03/2012
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5.3.3.3.1 Cycle time
To make cycle time and start-up analysis, the data have firstly been filtered to collect data
while only one heat pump is operated.
The six ranges of cycle time are grouped as 0-10, 10-20, 21-30, 31-40, 41-50, 51-60 min/cycle.
The percentage occurrence of SPFH1 for these six groups are displayed in Figure 5-36. The
range SPFH1 3-4 has more occurrences than any other SPFH1 range, and the cycle time 31-40
min/cycle has more occurrences in the range SPFH1 3-4, and that is 56%. For cycle times greater
than 20 min/cycle, there is very less chance of the SPF being lower than 2. For the SPF H1 range
4-5, it can be clearly seen that the increase in cycle time provides a higher percentage of
occurrences of these high values. Overall, the increase in cycle time assures higher chances of
getting greater SPFs.
Figure 5-36 % of Occurrence of range of hourly SPFH1 values for different cycle time (i.e., min/cycle) - Heating
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The above exercise is repeated for cooling in Figure 5-37. For cycle time greater than 50
min/cycle does not have an occurrence of SPFC1 less than 3, and for cycle time 41-50 min/cycle,
97% of occurrence are in the SPFC1 range 3-6. For cycle time 31-40 min/cycle, 84% of
occurrences are in the SPFC1 range 2-6, and nearly the same level of occurrences happened for
cycle times in the range 21-30 min/cycle. For cycle time less than 10 min/cycle, 75% of
occurrences happened in the SPFC1 range of 1-4. In summary, there is good evidence that
higher cycle times yielded better SPFC1 levels.
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Figure 5-37 % of Occurrence of range of hourly SPFC1 values for different cycle time (i.e., min/cycle) - Cooling
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The same data used in the earlier analysis is employed to make a box-whisker plot between
ranges of cycle time and SPF for heating and cooling in Figure 5-38 and Figure 5-39
respectively. The figure shows that an increase in duration of cycle gives greater assurance of
higher SPFs. The SPF values are widespread during lower cycle times and narrowing to small
range toward higher cycle times. The larger maximum and minimum SPF values during lower
cycle time might have been enhanced by uncertainties in power measurement as well as
dynamic system operation. It can be clearly seen that median SPF is smaller during lower cycle
times, and getting larger with an increase in cycle time.
Figure 5-38 Box-Whisker plot for range of hourly SPFH1 values for different cycle time (i.e., min/cycle) - Heating
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Figure 5-39 Box- Whisker plot for range of hourly SPFC1 values for different cycle time (i.e., min/cycle) - Cooling

5.3.3.3.2 Starts per hour
Figure 5-40 illustrates the percentage occurrence of the different range of SPF for different
numbers of start per hour. Here, one to three start-up per hour are considered for heating,
and, for cooling, four start-ups per hour are considered. There is no significant level of
influence of compressor starts per hour on SPF distribution, and no noticeable correlation can
be seen in the figure. In dynamic operation, starts per hour is not a good indicator to see the
impact on SPF because a start-up event can be associated with a longer or shorter cycle time.
Figure 5-40 % of Occurrence for range hourly SPFH1, SPFC1 values for different number of start-ups / hour
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The same data are presented in a box-whisker form in Figure 5-41, and there is no significant
influence of compressor starts per hour on SPF.
Figure 5-41 Whisker- Box plot for hourly SPFH1, SPFC1 for different number of start-ups / hour

5.3.3.4 Compressor electrical consumption rate (kW)
Compressor electrical power (kW) data are presented in histogram form in Figure 5-42. Figure
5-42 displays the percentage occurrences of hourly and daily mean compressor power (kW).
For cooling, 80% of occurrences have a power consumption 4-12 kW, and less than 10%
occurrences have a daily mean of less than 8 kW. The distribution of compressor power
consumption rate for heating is more widespread over the ranges than cooling. For example,
nearly 10% occurrences happened over each range from 6-8 kW to 18-20 kW for heating.
These data confirm that one HP is operated to meet the cooling requirement, and one HP is
operated for the heating requirement.
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Figure 5-42 % Occurrence of hourly, daily heating and cooling heat pump compressor power in kW over the
monitoring period Feb 2010 to July 2012
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5.3.3.5 Influence of primary parameters on SPFs
The rate of energy delivery depends on the flow rate and temperature difference across loadside. The compressor electrical consumption is affected by the temperature lift between load
and source-side temperatures. This section makes an analysis of the impact of the parameters
flow rate, temperature difference, and temperature lift on SPF and whether this accounts for
any of the variations in performance.
5.3.3.5.1 Flow rate(L/s)
Figure 5-43 presents the SPFH1 values for the dynamic Flow rate values. There are distinctive
Flow rate groups 0-7, 10-14, 15-18 L/s indicating three range of supply directed by the number
of Heat Pumps under operation. Within each range, an increase in flow rate increases the
SPFH1, but there is also a wide range of SPFH1 occurring for similar flow rates. For example, flow
rate 4 L/s has the SPFH1 range of 2-4. The occurrence of different SPF values for the same flow
rate indicates that SPFH1 is influenced by many parameters not only flow rate or energy
delivery rate (kW).
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Figure 5-43 The correlation between hourly flow rate and SPFH1 during heating mode
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Figure 5-44 Shows SPFC1 variations with corresponding flow rate for cooling. Like heating, an
increase in flow rate increases the SPF. The number of heat pumps operated for heating
should be two, according to design. Here the figure shows three groups of flow rate, indicating
a second and third group of flow rate might have been supplied to second heat pumps. Also,
the lower SPFC1 values for corresponding higher flow rates are caused by repair in flow switch
control wrongly supplying flow. For example, 16 L/s flow rate has SPFC1 of less than 1, is caused
by supplying 16 L/s flow through the load-side loop while only one heat pump was operating.
Figure 5-44 The correlation between hourly flow rate and SPFC1 during cooling mode
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5.3.3.5.2 Temperature difference (∆T)
The temperature difference between inlet and outlet of load-side and source-side fluid flow
decides the temperature lift against which compressor has to work. It also influences the
amount of heat transfer across load-side and source-side heat exchanger. So this section
studies the dynamic influence of temperature difference of load-side flow on SPFs.
Figure 5-45 presents the occurrence of a range of hourly mean temperature difference during
the monitoring period. Mostly, temperature differences measured at the warm water header
were between 0.0-1.99 °C which accounts approximately 90% of occurrences. For the chilled
water header, around 94% of occurrences were in the range 0-1.99 °C. Accordingly, these
ranges of temperature difference are given importance in the further analysis in Figure 5-46
which gives correlation between temperature difference and SPF. The higher temperature
difference naturally corresponds to higher energy demand (kWh) and has been found to
correspond to greater SPF. Otherwise, variations in temperature difference do not account for
the scatter in the SPF values found.
Figure 5-45 Percentage occurrence of hourly mean temperature difference (∆T) for warm and chill water header
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Figure 5-46 Correlation between (∆T) and hourly SPFs for heating and cooling

5.3.3.5.3 Temperature lift
The electrical energy consumption for the energy delivery is highly dependent on the
temperature lift, and it is one of a critical factor while designing GSHP system. The occurrences
of ranges of temperature lift and its relation with SPF for cooling and heating are presented in
Figure 5-47 and Figure 5-48 respectively.
The temperature lift for cooling was mainly in two ranges 9.1-10.0 °C and 5.1 -6.0 °C, which
approximately accounts for 30% and 25% of occurrences respectively. These two ranges are
due to the system having the cooling supply set-point initially at 6°C and being later changed to
9°C. The temperature lift for heating was in the range 30.0-34.99 °C for 85% of occurrences
and 35.0-40.0 °C for 15% of occurrences. So the analysis in the Figure 5-48 covers the range
30.0-34.99 °C. From both Figures, it is illustrated that short range temperature lift does not
have a significant influence on SPF, but it is clear that kWh influences the SPF. Otherwise,
variations in lift do not account for the scatter in the SPF values found.
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Figure 5-47 Correlation between temperature lift and hourly SPFC1 & % occurrence of temperature lift (°C)

Figure 5-48 Correlation between temperature lift and hourly SPFH1 & % occurrence of temperature lift (°C)

5.4 Conclusions on system performance
The chapter has analysed extensively the operation of the GSHP system of a large university
building. The analysis included ground loop behaviour, building energy demand, system
efficiency and dynamic operation of the system.
The high precision data set for ground loop for the period 12/01/2010 -13/02/2013 has been
used for analysis of ground loop behaviour. The study on the dynamic operation of the system
was made possible using more detailed BMS data collected from Jan 2011 to July 2012.
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The BHE array has been used more for heat rejection than heat extraction, and this is thought
to be in-line with design intentions. The initial ground temperature is found to be 11.3°C, and
the ground loop mean temperature changes between 11.3°C and 19°C in a year. The maximum
monthly daily mean heat rejection is 0.5 MWh, and the heat extraction is 0.8 MWh. Mostly,
the monthly mean heat extraction rate varies between 30 and 52 kW, and the monthly mean
heat rejection rate changes between 45 and 75 kW. The maximum monthly heat extraction is
13 MWh during December 2012, and the maximum heat rejection is 23.1 MWh during July
2010. The maximum rate of heat rejection and heat extraction per unit depth of BHE is found
as 13.3 W/m and 9.4 W/m, and these values are relatively low compared to other installations.
The BHE array is normally used for 25 days per month with few exemptions when it was used
less than ten days. The percentage of BHE usage hours for heat rejection is far greater than
usage for heat extraction.
The monthly daily mean heating demand varies between 0.06 MWh and 0.78 MWh, and the
monthly daily mean cooling demand varies between 0.12 MWh and 0.68 MWh. The monthly
heating demand changes between 3 MWh and 16 MWh, and the monthly cooling demand
changes between 6 MWh and 36 MWh. The monthly cooling supply rate fluctuates between
18 kW and 50 kW, and the monthly heating supply rate fluctuates between 18kW and 72 kW.
The cooling and heating demand, cooling and heating energy supply rate have huge variations
between each month.
The Seasonal Performance Factor (SPF) definitions published by the SEPMO Project have been
followed in this study so that GSHP System Performance can be compared with other
equivalent energy systems. For selected period, Feb-2010 to July-2012, the SPF1, SPFH1, and
SPFC1, are calculated as 3.54, 3.19, and 4.06 respectively. The SPF2 and SPF4 are evaluated as
2.97 and 2.49, and they include different circulating pump energy demands according to their
boundary definition.
Unnecessary circulating pump operation was found to be significant at times and could have
been eliminated to improve SPF2, SPF4. For example, it has been found that the circulating
pump has been operated 50% time unnecessarily in some months. The relationship between
pump to compressor power has been detailed, and it is shown that 40% increase in the pump
to power ratio causes 80% degradation in SPF4.
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The chapter has detailed the level of dynamic behaviour involved in actual working system
meeting the building energy demand. The secondary and primary parameters have been
accounted, and their dynamic nature has been discussed. The secondary parameters were
Seasonal Performance Factors (SPF), Building Energy Demand (kWh), Energy Supply Rate (kW),
Operational Time, Cycle Duration, and Compressor Start-ups. The Primary parameters were
Compressor Power Consumption (kW), Flow rate (L/s), Temperature Difference (∆T), and
Temperature Lift.
In actual operation of the GSHP system, the required energy rate of the building fluctuates
according to the climatic conditions and the heating, cooling requirements. The required
energy rate will decide the number of heat pumps required to meet the demand, and the
fluctuation of building energy demand incites cyclic operation of the heat pump. The operating
parameters are dynamic and have to be studied and optimised either at the design stage or
during operation. The fixing or varying one parameter could lead to either slight or significant
changes in other parameters. So careful consideration of the selection of parameters will
optimise the GSHP System Performance.
The SPF values are highly dynamic throughout the monitoring period, and the daily SPFC1 varies
mainly between 1-7, and the daily SPFH1 varies mainly between 1.5-5.5. The analysis shows
60% of the operating time SPFC1 is greater than 3.5, and it is 30% of the operating time for
SPFH1. The change of SPF is due to dynamic nature of the operating parameter, and the analysis
has been approached step by step. It has been found that 75% of occurrences the cooling is
operated at a rate of 20-50 kW and the heating is operated at a rate of 20-50 kW for 60% of
occurrences. Also, it has been found that for the same rate of energy delivery the SPF varies
hugely, and it is understood that it is caused due to the way heat pump is operated such as
cyclic time operation. It has been found that the increase in cycle time provides a higher
percentage of occurrences of the greater SPFs. For example, the cycle time greater than 50
min/cycle does not have occurrences of SPFC1 less than 3.
The energy delivery rate depends on ∆T across the load side and the flow rate, and the
compressor work requirement depends on the temperature lift between the load side and
source side temperatures. So, governing these parameters becomes critical to control the SPF.
The higher ∆T and flow rate provide greater SPFs. However, a particular flow rate providing a
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range of SPFs show other influences such as cycle time. Moreover, it has been found that the
GSHP system has been operating for a short range of temperature lift values, and it does not
have big noticeable influence over SPF comparing with other parameters such as energy
delivery rate, cycle time.

156

Chapter 6

Chapter 6 Heat pump performance
Chapter 5 examined the overall system performance of a functioning large-scale GSHP system
that supplies operational energy demand of a university building. This chapter aims to evaluate
the performance of one of the heat pumps forming part of the above said GSHP system.
Moreover, this chapter examines the question of whether the heat pump equipment is
performing as stated by the manufacturer and how much detrimental heat pump performance
plays a role in determining overall system performance. A Heat Pump (HP) model based on the
manufacturer's catalogue data is used to compare the operational performance against the
expected performance of an individual heat pump. Furthermore, the factors influencing the
dynamic performance of the heat pump are investigated through detailed analysis.
As the working heat pump's internal operating data such as refrigerant's pressure and
temperature are not accessible for monitoring a curve-fit HP model has been preferred. The
curve-fit HP model only requires input which are easily accessible. Additionally, detailed HP
models need various physical parameters relating to dynamic performance which are normally
not provided in the catalogue. Literature study on available HP models has been presented in
chapter 2 and the detailed study of available HP models can be found in Jin (2002), Shenoy
(2004), and Tang (2005).
In the following sections, firstly, the manufacturer's data is studied to understand the influence
of inlet parameters on the performance of the HP. Secondly, a curve-fit heat pump model is
implemented using the manufacturer’s data. Manufacturer's catalogue performance data have
been used as input to the Energy Plus worksheets (EnergyPlus, 2013) to generate power
coefficients and capacity coefficients that are inputs to the HP curve fit-model. The uncertainty
analysis of the heat pump performance outputs has been reported in chapter 3.
The performance analysis is based on the principal that the actual performance of the HP is
compared against the predicted ideal performance based on the manufacturer's catalogue
performance data. The deviation of actual performance is examined in some detail. This
general approach is similar to the work of Kim et al. (2013) where the gap between actual
performance and manufacturer’s data was reduced through some system corrective measures.

157

Heat pump performance
In another work, Magraner et al. (2010) compared the actual performance with the simulated
performance based on design values and established that partial load operation causes the
performance degradation around 5%.
In a similar manner to the analysis of overall system performance reported in chapter 5, this
chapter studies the influence of parameters such as temperature lift, cycle duration, and
energy demand but on individual HP performance. The actual HP system uses 20% glycol water
mixture for source-side heat exchanges, and the influence of glycol mixture on the
performance is also discussed.

6.1 Heat pump manufacturer’s catalogue data
The selected heat pump for the analysis is ordered as number-1 of the four heat pumps
comprising the GSHP system. The heat pump takes control from an internal microprocessor
unit that is interfaced with the building BMS and operates in either cooling or heating mode.
On some days, it operated on both cooling and heating simultaneously.
The manufacturer's performance data for Water Furnace 130 kW heat pump for both cooling
and heating (WaterFurnace, 2006) have been presented in Appendix B (Table B-1, Table B-2).
The set of fluid inlet temperatures and the flow rates on both source- and load-sides are
considered in the performance data. The data set includes the outlet fluid temperatures,
heating or cooling capacity, heat extraction or heat rejection, compressor power, and the
Coefficient of Performance (COP) for a different set of inlet parameters. This section tries to
relate the influence of HP inlet parameters to stated output parameters and characterise its
expected performance.
Figure 6-1 illustrates the influence of the temperature lift on the COP for both cooling and
heating operation. The correlation between lift and COP is negatively inclined. The greater lifts
tend to result in smaller COPs and, correspondingly, smaller lifts result in higher COP values.
For the DMU GSHP system, the measured lift for cooling ranges between 8°C and 15°C, and the
lift for heating varies between 31°C and 41°C. The average temperature lift for cooling is 12°C
and 36°C for heating. It can be seen that a lower temperature lift has a bigger range of COP
compared with a larger lift. For example, the cooling lift of 12°C corresponds to COP in the
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range 5 to 7.5, but the heating lift of 36°C corresponds to lower COP of around 3.8. So, the fact
that a relatively small range in temperature lift corresponds to a relatively large range in COP
shows that other than temperature lift, some other parameters are also affecting COP. Figure
6-3 and Figure 6-3 show more parameters from manufacturer's performance data and attempt
to visualise the characteristics using surfaces.
Figure 6-1 Correlation between the temperature lift Vs the COP Cooling & COP Heating ( using catalogue data)
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Figure 6-2 shows how COP is fluctuating for a range of entering fluid temperatures and the
flow rates on both source and load-side. In the first picture, the Entering Load-side
Temperature (ELT) and Entering Source-side Temperature (EST) are considered. In the second
figure, Leaving Source Temperature (LST) and Leaving Load Temperature (LLT) are shown. In
both figure, the flow rates of 4.5, 7, 8.5 L/s are considered on the load-side, but for simplicity,
the flow rate 7 L/s is considered on the source-side. The smaller gap between ELT and EST (i.e.,
temperature lift) ensures higher COP, but the opposite results in lower COP. For example, ELT
of 10°C and EST of 10°C provides COP of 7.1, and ELT of 10°C and EST of 20°C gives a COP of
5.5. In contrast, ELT of 10°C and EST of 45°C gives a COP of 2.7. Regarding the flow rate, the
higher flow rate on either load-side or source-side decreases the temperature difference
across the corresponding heat exchanger, which influences the temperature lift thus providing
higher COP. For example, ELT of 10°C and EST of 20°C provides COP of 5.5 for the flow rate of
8.5 L/s. In contrast, if the flow rate is decreased to 4.5 L/s, COP becomes 5.2.
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Figure 6-2 Influence of the variables ELT, EST, S. Flow, and L. Flow on the COP - catalogue data
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Figure 6-2 and Figure 6-3 show how cooling capacity (kW) varies for a range of ELT, EST, and
flow rates on both source and load-side. As the COP is directly proportional to the desired
effect(kW), the pattern of relationship between desired effect and entering fluid temperatures
is similar to the relationship between COP and entering fluid temperatures discussed earlier.
For the same flow rate, the smaller temperature lift ensures higher cooling capacity (kW), but
the opposite results in lower kW. For example, a flow rate of 4.5 L/s, ELT of 10°C and EST of
20°C gives a capacity of 133.73 kW. In contrast, an ELT of 10°C and EST of 45°C results in a
capacity of 98.67 kW. Regarding the flow rate, the higher flow rate results in greater heat
exchange and influences the temperature lift, which benefits higher desired effect. For
example, ELT of 10°C and EST of 20°C provides kW of 133.73 for the flow rate of 8.5 L/s. In
opposition, if the flow rate is decreased to 4.5 L/s, the capacity becomes 125.64 kW.
Figure 6-3 Influence of the variables ELT, EST, S. Flow, and L. Flow on the Cooling Capacity (kW) - catalogue data
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Chapter 6
In conclusion, the heat pump inlet parameters ELT, EST, load-side and source-side flow rate
have the primary influence on the desired capacity (kW) and nominal COP. The selection of
entering temperatures (ELT, EST) on the load- and source-side determine the temperature lift.
The choice of the flow rate on the load and source-side influences the temperature lift and
energy capacity. According to thermodynamic laws, the performance of heat pump directly
proportional to desired capacity (kW) and indirectly proportional to temperature lift.
Accordingly, careful consideration and proper analysis are needed to select all these inlet
parameters at the design stage.

6.2 Curve-fit heat pump model
The curve-fit Heat Pump (HP) model discussed in this section is adopted from TANG( 2005).
Two governing equations are proposed below, (Eqn. 6.1) for the load-side heat transfer rate
and (Eqn. 6.2) for power. In the (Eqn. 6.3), the source-side heat transfer is calculated using
heat balance, which is the addition of the load-side heat transfer and power.

(Eqn. 6.1)

(Eqn. 6.2)

(Eqn. 6.3)

-

Load side heat transfer rate (kW)

-

Source-side heat transfer rate (kW)

-

Compressor power (kW)

-

Reference load-side heat transfer rate (kW)

-

Load-side inlet temperature (K)

-

Source-side inlet temperature (K)

-

Reference temperature (K)

-

Load-side flow rate (m3/sec)
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-

Load-side reference flow rate (m3/sec)

-

Source-side flow rate (m3/sec)

-

Source-side reference flow rate (m3/sec)
-

Capacity coefficients

-

Power coefficients

The proposed governing equations include coefficients, the inlet parameters affecting
performance, and corresponding reference values for the inlet parameters. The performance
influencing inlet parameters considered in the equations are load-side inlet temperature and
flow rate and source-side inlet temperature and flow rate. The reference values are the
respective values of inlet parameters at the highest capacity value of the catalogue data. The
reference temperature is considered as 283K. The procedures are same for cooling and
heating operation, so the heating and cooling will have two independent sets of reference
values for all parameters, and they are presented in Table 6-1. The specified reference
conditions are the same for both HP model and the Energy Plus worksheet used to generate
the coefficients.
Regarding the coefficients, the capacity and power coefficients are generated by employing
Energy Plus worksheets that use the generalised least square method and the catalogue data
at specified reference conditions. The catalogue data for cooling and heating operations are
presented in Appendix B (Table B-1, Table B-2). Two sets of data are provided by the
manufacturer, one for the full load operation and the another for the part load operation. The
catalogue data includes 144 data points for cooling and 114 data points for heating. However,
108 data points for cooling and 63 data points for heating have been selected for generating
coefficients as this data points cover operating conditions of the DMU GSHP system. The
power and capacity coefficients generated for cooling and heating catalogue data are
presented in Table 6-1.
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Table 6-1 Parameter values for the curve-fit model - Calculated using Excel sheet supplied with the Energy Plus

Heating
Full Load Part Load
Number of Data Set
63
63
3
8.50E-03
8.50E-03
Load side reference flow rate (m /s)
3
8.50E-03 8.50E-03
Source side reference flow rate (m /s)
Reference Load side Heat transfer rate (W) 202462.50 101231.20
Rated Compressor Power (W)
32994.60 16497.30
Power Coefficient A1
-6.501858 -6.501858
Power Coefficient A2
5.578654 5.578654
Power Coefficient A3
1.601417 1.601417
Power Coefficient A4
-0.132792 -0.132792
Power Coefficient A5
0.038991 0.038991
Capacity Coefficient B1
-2.726801 -2.726802
Capacity Coefficient B2
-0.628596 -0.628596
Capacity Coefficient B3
4.005748 4.005750
Capacity Coefficient B4
0.007992 0.007992
Capacity Coefficient B5
0.094909 0.094909
Parameter

Cooling
Full Load Part Load
108
108
8.50E-03 8.50E-03
8.50E-03 8.50E-03
242636.20 121318.10
23960.56 11980.30
-7.241129 -7.241117
1.975573 1.975570
6.216023 6.216013
0.037371 0.037371
-0.213651 -0.213651
-1.197006 -1.197006
3.068411 3.068411
-1.396023 -1.396023
0.089867 0.089867
0.033507 0.033507

Table 6-2 presents the RMS error analysis result generated by Energy Plus worksheet for
cooling and heating mode. It can be seen that the RMS error and average error for all cases are
less than 2% and this is considered acceptably low. So, the coefficients for capacity and power
can be further used for validating the HP curve-fit model. For validation of the curve-fit model,
the catalogue data for heating and cooling mode are separately used for both part load and
full load conditions.
Table 6-2 Error analysis results for curve-fit model - Energy Plus Excel sheet

Error Analysis

Heating
Cooling
Full Load Part Load Full Load Part Load

QL RMS error
P RMS error
QS RMS error

2.07612 1.03806 2.44645 1.22323
0.19088 0.09544 0.51091 0.25546
2.15662 1.07831 2.33506 1.16753

QL RMS error (%)
P RMS error (%)
QS RMS error (%)

1.23693 1.23693 1.63663 1.63663
0.55031 0.55031 1.77288 1.77288
1.67421 1.67421 1.26665 1.26665

QL Average error (%) 1.01844 1.01844 1.32896 1.32896
P Average error (%) 0.40110 0.40110 1.42812 1.42812
QS Average error (%) 1.40082 1.40082 1.02771 1.02771
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The purpose of validating HP curve-fit model is that to check the ability of the proposed
governing equations to predict the whole range of catalogue outlet parameter values for the
corresponding input parameter values. Figure 6-4 shows the correlation between the
prediction of HP model and catalogue performance for the cooling mode of operation. The
correlation is done for cooling capacity, heat rejection rate, power rate, and the COP. It can be
clearly seen that correlation coefficient is approximately 1 and indicates the prediction by the
HP model is nearly perfect.
Figure 6-4 Simulated performance vs. Catalogue performance - cooling
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Table 6-3 lists the RMS Error between HP model prediction and catalogue performance. The
RMS error for power is greater than RMS error for cooling capacity and heat rejection rate. The
RMS error for all cases are less than 2% and is considered acceptable given some inaccuracy
involved in the catalogue data.
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Table 6-3 RMS error between model prediction and catalogue performance for cooling

Uncertainty Number of
Data Points
Full Load
Part Load

108
108

Heat
Rejection
(kW)
2.33506
1.36313

Cooling
Capacity
(kW)
2.44645
1.49629

Power (kW)

0.51091
0.06526

Heat
Rejection
(%)
1.27%
1.27%

Cooling Power (%)
Capacity
(%)
1.64%
1.77%
1.64%
1.77%

Figure 6-5 presents the correlation between simulated performance and catalogue
performance for heating. Similar to cooling, heating RMS error analysis is presented in Table
6-4. RMS error for heat extraction is higher than RMS error for heating capacity, power, and
the RMS error for all cases are less than 2%. Hence, it can be concluded that the proposed
curve-fit model and coefficients can predict the catalogue performance data for the given
input parameter with acceptable RMS error. This curve-fit model and coefficients have
accordingly been used for further performance evaluation of the heat pump.
Table 6-4 RMS error between the model prediction and the catalogue performance for heating

Uncertainty Number of
Data Points
Full Load
Part Load

63
63

Heat
Extraction
(kW)
2.15662
1.07831

Heating
Capacity
(kW)
2.07612
1.03806

Power (kW)

0.19088
0.09544

Heat
Heating Power (%)
Extraction Capacity
(%)
(%)
1.67%
1.24%
0.55%
1.67%
1.24%
0.55%
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Figure 6-5 Simulated performance vs. Catalogue performance - heating
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6.3 Performance analysis
This part of the chapter includes typical cooling and heating performance analysis and detail
analysis of the parameters influencing the performance of a single heat pump.
6.3.1 Typical cooling and heating performances
The performance analysis of the chosen heat pump of the heat pump system is analysed in
detail for cooling, heating and simultaneous cooling and heating operations. As the heat
pumps are operated for actual energy requirements of a university building, the cooling and
heating requirements change dynamically. Moreover, there is a constraint in the fullness of the
data collection due to limitations in the measurements available. In particular, flow rates are
measured for the whole loops rather than individual heat pumps and so the heat pump flow
rate can only be identified when the BMS data shows the one of interest (HP-1) is working
alone. Finally, considering the factors mentioned above, the data for the heat pump number-1
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are extracted as sub-sets of the data to examine cooling, heating and simultaneous cooling and
heating operations.
The amount (hours) of data considered in performance analysis is 552 hour data during the 44
days of cooling operation and 192 hour data during the 18 days of heating operation.
6.3.1.1 Cooling performance
The performance analysis is done in two ways, hourly and daily. The day 25/07/2011 is
selected for hourly analysis, and the daily analysis includes 44 days of data when HP-1
operated only for cooling during the whole day.
The analysis compares actual measured performance with simulated ideal performance based
on the manufacturer’s data. The parameters considered for comparison are load-side and
source-side outlet temperatures, load-side and source-side heat transfer rates, power, and
COP. Figure 6-6 compares the load-side outlet temperature, and Figure 6-7 compares the
source-side outlet temperature from 9.00 to 15.00. The Figure 6-6 and Figure 6-7 also show
the Inlet fluid temperature and flow rate. The flow rate is approximately 7 L/s on both the load
and source-side. The Inlet temperature fluctuates mostly between 11°C and 8°C on the loadside and between 14°C and 17°C on the source-side. The outlet temperature fluctuates mostly
between 10°C and 4°C on the load-side and between 16°C and 22°C on the source-side. The
deviation between simulated and experimental outlet temperature is modest but the
deviation appears systematic in nature. In particular, measured temperature differences are
consistently lower than those predicted by the model. Section 6.3.2 investigates some of the
parameters influencing the performance such as cycle duration.
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Figure 6-6 Comparison of the simulated outlet temperature with the experimental measurement for the load-side
heat exchanger
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Figure 6-7 Comparison of the simulated outlet temperature with the experimental measurement for the sourceside heat exchanger
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The deviation of experimental performance from simulated Ideal performance can be
investigated by examining correlations when the data are compared in a scatter plot. Figure
6-8 compares the simulated heat transfer on the load-side and source-side, and power with
the corresponding experimental values and there are good fits to linear correlations between
the data. The slope of the correlations indicate the experimental load-side heat transfer is
approximately 7% lower than simulated load-side heat transfer and the source-side heat
transfer is 15% lower. The correlation for the compressor electrical power is good for most of
the hours.
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Figure 6-8 Hourly cooling performance - load-side, source-side heat transfer and power
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Figure 6-9 shows the percentage deviation of simulated energy transfers integrated over each
hour of one day from the experimental energy transfers. The simulated load-side heat transfer
is always higher than the experimental actual heat transfer (i.e. positive deviation). The power
deviation is both negative and positive which is thought partly due to the uncertainty involved
with the power data. One of the reasons for the power deviation is the uncertainty involved in
the power meter measurement that reads electrical consumption for every half-hour.
Moreover, the equation uses the power to predict source-side heat transfer, and it causes
more uncertainty in the prediction of source-side heat transfer resulting in higher deviation.
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Figure 6-9 Percentage deviation of the model prediction from the hourly experimental values for the load-side,
source-side heat transfers and the compressor power input

% Deviation of Model Prediction from Experimental values

60%
40%
20%

0%
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

-20%

-40%
-60%

Q Load
Q Source
Power

-80%

-100%
-120%
Time (Hour)

The deviation of experimental performance from the simulated performance could also result
from uncertainty involved in the experimental energy imbalance. Figure 6-10 presents the
energy imbalance for the experimental performance. It can be seen that the energy imbalance
mostly in the range of 0-10%, but there is also occasional high values such as 40%. These
energy imbalances are unaccounted during the analysis and could cause uncertainty in the
experimental performance values. Mostly, these imbalances are caused by sudden compressor
on/off during short cycle operation, and no proportional useful energy is delivered. The
connection between operational hours and energy imbalance can be understood by
simultaneously looking into the Figure 6-11 and Figure 6-10. The hours that have the lower
cycle time operation have the higher percentage of energy imbalance (e.g., hour 2 and 4).
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Figure 6-10 Energy imbalance for the cooling operation on 25/07/2011
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Figure 6-11 Heat pump operational hours in minutes and the cycle duration for the day 25/07/2011
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Figure 6-12 compares the simulated and experimental values for the whole day 25/07/2011,
and it includes COP and all the energy transfers across the heat pump system boundary. The
power requirement is approximately equivalent for both the cases. The experimental load-side
heat transfer is 721 kWh that is 12% lower than the simulated Ideal heat transfer 826 kWh.
The actual performance is considerably lower, so the detailed analysis becomes necessary. The
detailed analysis of the parameter influencing the performance is discussed in section 6.3.2.

171

Heat pump performance
Figure 6-12 Energy transfer for the day 25/07/2011 with the COP ( both experimental and simulation values)
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Figure 6-13 compares the simulated and the experimental load-side and source-side daily heat
transfers, and power. In all comparisons, the correlation coefficient is nearly one and this
indicates consistency in the selected data set. It can be clearly seen that the actual load-side
heat transfer is approximately 18% lower than the manufacturer's catalogue-based model
suggests. The correlation between the experimental and simulated power is good, and the
deviation is very minimum. One of the reasons for the lower performance is that the
simulation uses catalogue data which is prescribed for steady state operation, but the actual
operation of the heat pump is highly dynamic according to the load. Dynamic factors are the
subject of further analysis in section 6.3.2.
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Figure 6-13 Daily cooling performance - load-side, source-side heat transfer and power
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6.3.1.2 Heating performance
Similar to the earlier analysis of the cooling performance, the heating performance analysis
has been done for a day 15/01/2012 when HP-1 operated alone to provide the cooling
requirements of the building. Moreover, 18 days of data covering 192 hours of heating
operation are selected for daily heating performance analysis.
Again like earlier analysis, the actual performance is compared against the manufacturer’s
catalogue performance. Figure 6-14 compares the simulated load-side outlet temperature, and
Figure 6-15 compares the simulated source-side outlet temperature with the corresponding
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experimental values from 9.00 to 17.00. The Figure 6-14, Figure 6-15 also show the fluid inlet
temperature and flow rate. The flow rate is approximately 9 L/s on the load-side and 6 L/s on
the source-side. The inlet temperature fluctuates mostly between 43°C and 49°C on the loadside and between 14°C and 13°C on the source-side. The outlet temperature fluctuates mostly
between 43°C and 52°C on the load-side and between 15°C and 9°C on the source-side. The
deviation between the simulated and the experimental outlet temperature is very modest but
is again systematic in nature. Section 6.3.2 investigates some of the parameters influencing
heating performance such as cycle duration.
Figure 6-14 Comparison of the simulated outlet temperature with the experimental measurement for the loadside heat exchanger
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Figure 6-15 Comparison of the simulated outlet temperature with the experimental measurement for the sourceside heat exchanger
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Figure 6-16 compares the simulated heat transfer on the load-side and the source-side, and
the power with the corresponding experimental values. The load-side hourly heat transfer
varies between 10 kWh and 40 kWh, and the power requirement varies between 2kWh and 12
kWh. The correlation coefficient (R2) for all three comparisons have values of 0.92, 0.95, and
0.88, which are slightly lower than the correlations of cooling data. The percentage deviation
of simulated energy transfers from corresponding experimental values for all 24 hours is
illustrated in Figure 6-17.
Figure 6-16 Hourly heating performance - load-side, source-side heat transfer and power
25

45

Experimental kWh ( Source Side Heat Transfer)

Experimental kWh ( Load Side Heat Transfer)

40
35
y = 1.1429x - 2.7804
R² = 0.9214

30
25
20

15
10

20

15
y = 0.9556x - 0.7724
R² = 0.9537

10

5

5
0

0
0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

Simulated kWh ( Source Side Heat Transfer)

Simulated kWh ( Load Side Heat Transfer )

Experimental kWh ( Compressor Electrical Power)

12

10

8
y = 0.9702x - 0.3298
R² = 0.888

6

4

2

0
0

2
4
6
8
10
Simulated kWh ( Compressor Electrical Power)

12

The percentage deviation of simulated load-side and source-side heat transfers and power
from the corresponding experimental estimation mostly vary between 1% and 20%. However,
there is an occasional high percentage deviation up to 65%. One of the reasons for the power
deviation is the uncertainty involved in the half-hourly power meter data. Moreover, the
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model uses the power data to predict source-side heat transfer and so uncertainty in the
power data can cause more uncertainty in the prediction of source-side heat transfer.
Figure 6-17 Percentage deviation of the model prediction from the experimental values for the load-side, sourceside heat transfers and the compressor power input for the day 15/01/12
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The deviation of experimental heating performance from the simulated performance can also
result from uncertainty involved in the experimental energy imbalance. Figure 6-18 presents
the energy imbalance for the experimental performance. It can be seen that the energy
imbalance mostly in the range of ±0-20%, but there is also occasional high value such as 120%.
These energy imbalances are unaccounted during the analysis and could cause uncertainty in
the experimental performance values. Mostly these imbalances are caused by sudden
compressor on/off during short cycle operation, and no proportional useful energy is
delivered. The connection between operational hours and energy imbalance can be
understood by simultaneously looking into the Figure 6-18 and Figure 6-19. The hour that has
the lower cycle time operation has a higher percentage of energy imbalance (example, hour
15,20, and 21).
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Figure 6-18 Energy imbalance for the cooling operation on 15/01/2012
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Figure 6-19 Heat pump operational hours in minutes and the cycle duration for the day 15/01/2012
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Figure 6-20 compares the simulated and the experimental values for the whole day
15/01/2012, and it includes COP and all the energy transfers across the heat pump system
boundary. The load-side heat transfer is approximately equivalent for both the cases, and it is
calculated as around 409 kWh. For the equivalent amount of heating energy delivery, the
actual heat pump needed 112 kWh but the simulation predicted higher work requirement
123kWh.
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Figure 6-20 Energy transfer for the day 15/01/2012 with COP ( both simulated and experimental values)
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Figure 6-21 compares the simulated and the experimental load and source-side daily heat
transfers and the power. The correlation between the experimental and the simulated power
is good, and the deviation is very minimum. It can be clearly seen that the actual load-side heat
transfer closely matches with the manufacturer's catalogue based simulation. The actual
compressor power requirement and the source-side heat transfer also closely match with the
curve-fit model results. It can be concluded that heating operation matches with catalogue
performance data reasonably well and systematic underperformance is not as apparent as it is
in the case of cooling.
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Figure 6-21 Daily heating performance - load-side, source-side heat transfer and power
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6.3.1.3 Performance for simultaneous heating and cooling
There were days when Heat Pump-1 operated to deliver the heating and the cooling
requirement of the building simultaneously. The day 11/03/2012 has been selected for the
hourly analysis.
Figure 6-22 shows the load-side inlet and outlet temperatures, and the flow rates. Figure 6-23
shows the source-side inlet and outlet temperatures, and the flow rate. The experimental
outlet temperatures closely match the simulated outlet temperatures. The temperatures
fluctuate between 4°C and 52°C, which supplies the heating energy at 52°C and the cooling
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energy at 4°c. The flow rate changes in two levels, 6L/s for the cooling operation and 9L/s for
the heating operation.
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Figure 6-22 Comparison of the simulated outlet temperature with the experimental measurement for the loadside heat exchanger
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Figure 6-23 illustrates the inlet and outlet temperatures and the flow rate on the source-side.
The flow rate is approximately 6 L/s for both the cooling and heating operation. The outlet
temperature fluctuates between 19°C and 7°C, but the inlet temperature fluctuates around
13°C. During the heating operation, the source-side outlet temperature decreases to lower
temperature due to heat extraction, and it is elevated to a higher temperature during the
cooling operation due to heat rejection. The deviation of the actual outlet temperature from
simulated outlet temperature is noticeable. Some of the deviation could be due to the
calculation of source-side heat transfer from the half-hourly power data.
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Figure 6-23 Comparison of the simulated outlet temperature with the experimental measurement for the sourceside heat exchanger
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Figure 6-24 compares the actual load-side heat transfer, source-side heat transfer, and the
power with the corresponding simulated values. All three comparisons have good correlation
coefficients, showing lower uncertainty in data. The experimental load-side heat transfer is
approximately 11% higher than the simulated load-side heat transfer, and the power
requirement also has a similar relationship. The simulated source-side heat transfer is
calculated by heat balance and the experimental values have 12% negative deviation from the
simulated values.
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Figure 6-24 Hourly performance - load-side, source-side heat transfer and power ( simultaneous heating and
cooling)
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Figure 6-25 summarises the performance of the simultaneous cooling and heating. The
experimental load-side energy delivery 1191 kWh is noticeably low compared with the
simulated value 1296 kWh. Even though there is a proportional difference in the actual and
simulated power requirement, SPF for the experiment is also noticeably low compared with
the simulated SPF. The parameter affecting the performance degradation is detailed in the
next section 6.3.2.
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Figure 6-25 Energy transfer for the day 11/03/2012 with the SPF ( both simulated and experimental values)
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6.3.2 Parameters influencing performance
In a similar way to the analysis of whole system performance in chapter 5, certain parameters
have been selected to examine the impact on the performance of heat pump. The selected
parameters include temperature lift, cycle duration, energy demand(kWh), and the ground
loop circulating fluid glycol concentration. The analysis also tries to find the impact of the
parameter on actual performance by considering the deviation of actual performance from
catalogue performance.
6.3.2.1 Temperature lift
According to the thermodynamic laws, the work required to deliver the desired energy output
directly linked to the temperature lift between source and sink of the energy transfer (Nag,
2005). Figure 6-26 presents the percentage occurrences of the temperature lift for the cooling
and heating operation of HP-1. Approximately 60 % of the operating time the temperature lift
ranges between 36°C and 39°C for the heating operation. Moreover,75% of the operating time
it ranges between 10°C and 13°C for the cooling operation.
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Figure 6-26 Percentage occurrence of the temperature lift for the heating, cooling operation

Figure 6-27 shows the daily minimum, maximum, and average temperature lift for the cooling
operation and Figure 6-28 presents the same for the heating operation. It can be seen that the
level of variation in the temperature lift within each day. For example, on the day 3/07/11 the
minimum and maximum lifts are 6°C and 16°C. For the heating operation, the minimum values
are occasional, and the average temperature lift is approximately 36°C. The heat pump
selected for the analysis does not operate on the set temperature lift and the other
parameters like the cycle duration influence the performance greater than the temperature
lift. So the distinctive analysis of the influence of temperature lift on the performance is not
carried out.
Figure 6-27 Daily minimum, maximum and average Lift for the cooling operation
20

18

min

Max

Average

16

14
Lift (°C)

12

10
8
6

4
2

0

Date

184

Chapter 6
Figure 6-28 Daily minimum, maximum and average lift for the heating operation
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6.3.2.2 Cycle time duration
In a similar way to chapter 5, HP-1 cycle duration is analysed in detail to examine its impact on
the heat pump performance. The cycle duration is counted for every half hour, and half-hourly
power reading is used for the SPF calculation. The analysis is done in two ways: half-hourly and
daily analysis. For cooling, the data covers 552 hours from 44 days of operation, and the
heating data covers 192 hours from 18 days of operation.
Figure 6-29 presents percentage occurrence of a range of half hourly cycle duration; the first
histogram includes the daily average half hourly data, and the second histogram includes all
the available half hourly data. Approximately 90% of the heating operation days had the
average half hourly cycle duration above 9 minutes/cycle. Moreover, there is no operating day
had the average half-hourly cycle duration less than 7 min/cycle. Approximately 50% of the
cooling operation days had average half hourly cycle duration of between 6 and 8 min/cycle.
Moreover, only 15% of the days had average half hourly cycle duration above 12 min/cycle.
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Figure 6-29 Percentage occurrence of the cycle duration( minutes/cycle ) for the daily and half-hourly analysis
respectively

For cooling, approximately 70% of the operating hours, half hourly cycle duration is less than
10 min/cycle, and it is 60% of the operating hours for the heating operation. For cooling, only
2.5% of the operating hours, half hourly cycle duration is between 21-30 min/cycle, and it is
5% of operating hours for the heating operation. These histograms confirm that the dynamic
cyclic operation of the heat pump is highly variable and that a significant number of operating
cycles are relatively short.
Figure 6-30 shows how this dynamic cycle duration impacts the SPF for the cooling and heating
operation. Here, the influence on the performance is measured by comparing the actual SPF
with the simulated SPF based on the curve-fit model results, and the higher deviation indicates
poor performance. It can be clearly seen that the higher cycle duration yields better
performance. For example, when the half hourly cycle duration is above 15 minutes/ cycle, the
deviation of the actual SPF from the simulated SPF is below 3%.
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Figure 6-30 Percentage deviation of the simulated half hourly SPF from the experimental values for different
cycle duration - cooling, heating operation
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Figure 6-31 shows how the deviation of actual load-side heat transfer from the simulated loadside heat transfer changes with the cycle duration. The higher cycle duration minimises the
deviation of actual heat transfer from the simulated ideal heat transfer. For example, when the
cycle duration is less than 5 min/cycle, the deviation is between 20-30%, but the deviation
becomes less than 15% for the cycle duration greater than 15 min/cycle.
Figure 6-31 Cycle time Vs Percentage deviation between the model prediction from the experimental load-side
heat transfer - the cooling operation
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Figure 6-32 shows the relationship between the cycle duration and the hourly SPF for a day of
cooling operation (25/07/11) and a day of heating operation (15/01/12). It can be seen that
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the higher cycle duration provides higher SPF for both the heating and cooling operation,
unlike lower cycle duration. The lower cycle duration has a range of SPF from a low value to
high value. Moreover, some of these high SPF values are due to sudden compressor on/off
combined with the fluid circulation through fluid Loop. There is also some level of uncertainty
in the half hourly power measurement causing this SPF fluctuation.
Figure 6-32 Correlation between the cycle duration and the hourly SPF for cooling on 25/07/11 and heating on
15/01/12
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Figure 6-33 shows the correlation between the daily average half hourly cycle duration and the
daily SPF. Here, the SPF fluctuation during the lower cycle duration have been avoided by
making the analysis using daily average values. The daily analysis uses the power measurement
for a day instead of half-hourly measurement that has some level of uncertainty. Again, the
daily analysis also confirms that the higher cycle duration provides better SPF. It can be noted
that the same cycle duration provides two different SPFs in some cases. For example, 5
minutes/ cycle provides SPFC1 of 3 and also 5. This fact shows that there are other parameters
also affecting the SPF, and the parameter energy demand(kWh) is analysed next.
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Figure 6-33 Correlation between the cycle duration and the daily SPF for cooling and heating
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6.3.2.3 Energy demand - cooling and heating kWh
Daily and hourly energy demands are considered for further analysis in this section. These data
partly reflect the extent of part-load operation (cycling) and so also dynamic operation of the
heat pump. Figure 6-34 shows the correlation between the hourly energy demand and the
hourly SPF for a day of cooling and a day of heating. It can be clearly seen that the higher
energy demand leads to higher SPF. The hourly cooling energy demand of 25 kWh ensures the
hourly SPFC1 of above 4. Moreover, the hourly heating energy demand of 18 kWh ensures the
hourly SPFC1 of above 3.3. However, the lower SPFs are caused by lower energy demand
combined with lower cycle duration time.
Figure 6-34 Correlation between the hourly energy load and the hourly SPF for cooling on 25/07/11 and heating
on 15/01/12
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Figure 6-35 illustrates the correlation between daily energy demand and the SPF for cooling
and heating. The daily cooling demand of more than 150 kWh ensures that daily SPF C1 of
higher than 4. The slight fluctuations of SPF over different daily energy demand is caused by
multiple parameters influencing SPF.
Figure 6-35 Correlation between the daily energy demand and the daily SPF for cooling and heating
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The data used in Figure 6-33 and Figure 6-35 are used jointly in Figure 6-36. These surface plots
show the influence of both daily energy demand and the cycle duration on daily SPF for
heating and cooling. It can be seen that the lower energy demand and the lower cycle duration
result in the low daily SPF. For example, the cooling energy demands of less than 100 kWh are
resulted from the lower cycle time duration operation of less than 6 minutes/ cycle, providing
daily SPFC1 of less than 4.
Figure 6-36 3D surface plots for the daily energy load and the cycle duration influencing SPF for cooling & heating
7

5.5
5
Daily SPF H1

Daily SPF C1

6
5
4

4

3

3.5

2

3

2

3

4

16

5

6

7

Minutes/ Cycle

190

4.5

8

9

10

600

11

12

13

14

15

16

0

100

200

700

500
400
300
Daily Cooling Demand (kWh)

800

15

14

13

12

11

10

Minutes/ Cycle

9

8

7

6

5

4

3

2

0

100

200

300

400

500

600

700

800

Daily Heating Demand (kWh)

Chapter 6
6.3.2.4 Circulating fluid
The circulating fluid on the source-side uses a 20% propylene glycol-water mixture. It is well
known that the level of concentration affects the properties of the fluid that influences the
heat transfer between the circulating fluid and heat exchangers. This section reports an
analysis of the influence of the concentration on the HP performance. The actual operational
data of a cooling day (25/07/11) and a heating day (30/1/12) are used for analysis.
The performance of HP is simulated for 20% glycol water mixture and 100% water using the
actual operational data of the above-mentioned days and the curve-fit HP model. The
simulated performances of the two cases are compared with the experimental performances.
The simulation of this two cases use two different catalogue data, one the catalogue data for
water, the other is corrected catalogue data for glycol mixture using correction factor as in
the(Eqn. 6.4. Here the multiplication factor, correction factor varies according to the
concentration of the circulating fluid and the fluid temperature that is given in the Appendix-B
(Figure B-1).
(Eqn. 6.4)

6.3.2.4.1 Cooling operation -25/07/11
Figure 6-37 compares the calculated parameters load-side heat transfer, source-side heat
transfer, and power. In all three figures, experimental performance is compared with
simulated performances. The HP performance is simulated for two cases, 100% water and 20%
water-glycol mixture. In all the comparison for calculated parameters, the correlations
between the experimental values and the simulated values are good, and the experimental
values are always negatively deviated from the simulated values. For example, the
experimental load-side heat transfer is lower compared with the simulated load heat transfer
in both the cases. For the glycol water mixture, it is approximately 8.4% lower and 16.5% lower
for 100 % water.
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Figure 6-37 Comparison of the simulated output with the experimental values for the circulating fluid - water &
20 % glycol mixture - cooling operation 25/07/2011
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Figure 6-38 accounts experimental values and simulated values for the heat transfer on the
load-side and source-side, power, and SPF1C. The simulated performance for the two cases
100% water and 20% glycol mixture result in the same value of SPF 5.67 comparing to actual
experimental SPF of 5.01. However, the assumption as the water delivers the cooling energy of
888 kWh and as the glycol mixture delivers 826 kWh, comparing to the actual cooling energy
delivery 721 kWh. So, it can be said that using a different concentration of the glycol mixture
circulating fluid does not influence SPF, but influences the amount of energy delivered.
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Figure 6-38 Comparison of the simulated energy transfers and SPF values with the experimental values for the
circulating fluid - water & 20 % glycol mixture - cooling operation 25/07/2011
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6.3.2.4.2 Heating operation - 30/1/12
Similar to the cooling day analysis, the heating day analysis is carried out, and the Heating
operational day 30/01/12 has been selected. Figure 6-39 presents the comparison between
the experimental values and simulated values. Figure 6-40 accounts numerical values of the
load-side heat transfer, source-side heat transfer, power, and the COP for different cases. It
can be seen from Figure 6-40, the simulation assuming glycol mixture as the circulating fluid
delivers less heating energy compared with the water as circulating fluid, but SPF1H stays the
same as 3.29.
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Figure 6-39 Comparison of the simulated output with the experimental values for the circulating fluid - water &
20 % glycol mixture - heating operation on 30/01/12
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6.4 Conclusions on heat pump performance
The chapter has analysed the actual performance of one of the 130 kW heat pumps that forms
part of the GSHP system designed to supply the cooling and heating requirement of a large
university building. As the availability of operating data is limited to fluid temperatures and
flow rates, a simple curve-fit model has been implemented to aid the analysis. The curve-fit HP
model has been implemented using manufacturer's catalogue data and calculations made with
measured fluid inlet temperatures and flow rates to simulate the cooling and heating
performance of the HP. The simulated performance represents the ideal performance of heat
pump, and it is compared with the actual performance of HP. The deviation between actual
and ideal performance has been analysed extensively for cooling, heating, and simultaneous
cooling and heating operation.
At the system design stage, the selection of heat pump inlet temperatures and flow rates on
both the load- and source-side should be given importance as these values directly affect
temperature lift, desired heat transfer rate, capacity (kW), and performance factors. These
factors have been verified as being the most significant by the HP monitoring data.
A number of parameters thought to influence heat pump performance have been analysed in
detail. The influence of parameters lift, cycle duration, energy demand, and concentration of
glycol mixture have been examined. It is revealed that multiple parameters affect the
performance of heat pump at each operating condition. The parameter cycle duration has
greater influence than any other parameter and it is found that longer cycle durations
correspond to higher SPF values. Cycle durations greater than 15 minutes/cycle have been
found to result in SPF of 3% lower than ideal performance and this reduction increases to
approximately 30% lower than ideal performance for a cycle duration of 10-15 minutes/cycle.
Higher mean daily energy demand has been found to correspond to greater SPF, for example,
the daily cooling demand of 150 kWh was found to result in SPFC C1 greater than 4. The
variations of concentration level in glycol mixture affect the energy transfer with refrigerant
but were found not affecting performance factor significantly.
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Chapter 7 BHE Model validation
One of the aims of this work is to produce a data set that can be used for the validation of
models of BHE systems. This chapter seeks to demonstrate the application of the monitoring
data set to validation of a two-dimensional BHE numerical model. The DMU BHE operational
data discussed in chapter 5 consists of minutely flow rate, inlet and outlet temperatures for 38
months. The thermal properties estimated through parameter estimation methods in chapter
4 are also utilised for simulation of BHE behaviour for three years here.
Generally, BHE models ignore fluid transport through U-tubes that causes temperature
fluctuations and becomes vital during a short time scale performance of GSHP. This chapter
uses a recently developed BHE model of Rees (2015) which includes a pipe fluid transport
model along with a detailed representation of the borehole in a two-dimensional numerical
model. This model is computationally efficient for multi-year simulation tasks and captures
short time dynamic BHE behaviour. Simulating the BHE for a three-year period using a
computer with an Intel i7 CPU at 1.73 GHz has taken 6 hrs, and outlet temperature is
generated for every minute capable of capturing short time behaviour.

The chapter starts with some background of BHE models, and reviews the development of the
extended two- dimensional BHE numerical model of Rees (2015). Then, the validation of the
same over a long time and short time scale period has been performed.

7.1 Background
U-tube vertical BHE are widely used for GSHP applications and commonly found depths are
between 100 to 300 m. For large-scale applications, they are installed in an array of boreholes
with each distanced between 5 to15 m. The heat transfer fluid is circulated through boreholes
using U-tubes and boreholes are commonly drilled for diameter between 100-150 mm.
BHE models are used for TRT analysis, BHE design and GSHP system simulation, and classified
based on modelling approaches such as analytical, numerical models or hybrid models and
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extent of dimensional representation. Moreover, the models vary based on the ability to
represent multi-boreholes and fluid transport.
The analytical model ignores geometry and thermal capacity of borehole elements. The model
considered in this thesis, includes dynamic conduction in the borehole that consists of pipe,
grout, ground, as well as convection at the pipe surface. It also includes fluid transport along
pipes. The detailed review of analytical, hybrid models can be found in earlier work of other
researchers such as He (2012). However, this chapter only looks into the two-dimensional
numerical model with pipe model (Rees, 2015).
7.1.1 Physical phenomena
During BHE heat exchange, maximum heat transfer occurs in the radial direction, and higher
heat flux appears near the pipe surface. The short circuit heat exchange between two legs of
U-tube has an influence on the short time scale behaviour of BHE and can be ignored if the
analysis is required for medium or long time scales. It becomes critical during short time scale
analysis.
The temperature gradient within borehole arrangement, the thermal capacity of grout,
ground, circulating fluid, and transport of fluid through borehole create damping and delaying
response for borehole inlet temperature. This behaviour becomes significant during short time
scale analysis where peak temperature and system on/off are considered. Such effects could
be very significant in a large BHE such as that studied here due to the large fluid volume and
large lengths of pipe circuit.
During dynamic transport of fluid through U-tubes, the swings in the inlet temperature are
damped, and delay of response can be seen in the response of the outlet temperature. The
fluid velocity is not uniform throughout the pipe flow, higher velocity fluid at the centre mixes
with low-speed outer fluid at different timings and causes damping effect and delay. This
behaviour is maximised when fluid flow is laminar. The transit time could be very significant in
variable flow systems when operating at the lower end of the flow rate range, and the
influence of lower flow rate on the transit time for the DMU GSHP system can be seen in the
Figure 7-4 .
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7.1.2 Modelling short time scale behaviour
The thermal capacity of each element can be represented in a two-dimensional numerical
model to solve the temperature gradient within the borehole elements, and Yavuzturk &
Spitler (1999) followed this approach without accounting for the fluid mass. Yavuzturk (1999)
model produces short time responses to heat pulse on the pipe surface, and this is combined
with g functions, to be used for both medium and short time scale predictions. Young's model
(Young, 2004) includes fluid thermal capacity through "buried cable" analogy but ignores the
dynamic transport behaviour.
The lumped capacity approach uses resistances and capacitances to represent the thermal
resistance and thermal capacity respectively for borehole elements. Fluid circulation also
represented using the introduction of nodes at each level with the thermal capacity of fluid
and nodes are connected to represent fluid flow through U-tube. Wetter (1997), De Carli et al.
(2010), and Bauer et al. (2011) have developed EWS, CaRM, TRCM model respectively, using
above said approach. EWS model uses single capacitance to represent the grout, but Oppelt et
al. (2010) improved by using five lumped capacitance to represent each layer of the BHE.
CaRM divides borehole into several slices in the vertical direction and also provide the ability
to discrete each slice in the radial direction. TRCM model simplified the whole approach by
providing the ability to represent BHE elements in a network of resistances and capacitances,
and this approach performs short scale analysis satisfactorily with the detailed numerical
model.

7.2 Model description
The accurate representation of dynamic heat transfer addressed in He et al. (2010) through
the development of three-dimensional BHE numerical model including fluid heat dynamics and
suggested for the better efficient two-dimensional model. This computationally efficient twodimensional model also have been developed combining the two-dimensional numerical
model with pipe model for fluid transport (He, 2012). This model predicts accurate heat flux
across U-tubes and also helps detail the temperature gradient across borehole elements.
The two-dimensional numerical model uses three-dimensional Finite Volume Method solver
but considers only one-unit depth of mesh, and it is combined with a pipe model to include

199

Model validation
fluid transport. The disadvantage of this model is the amount of iteration required to derive
borehole outlet temperature, and it is not guaranteed for convergence. The iteration is
essential to maintain the heat balance where the initial outlet temperature is assumed, and
the heat flux is used to do heat balance. However, Rees (2015) suggested using the heat
exchanger analogy to derive borehole outlet temperature. The following section explains the
Numerical model, boundary conditions and heat exchanger analogy used for accounting fluid
heat dynamics. This subject matter is already discussed in detail by both He (2012) and Rees
(2015).
7.2.1 Numerical model
The Finite volume method discretises the Fourier equation in the physical space of the nonorthogonal cell geometries, and primary variables are defined at the cell centroids.

This numerical model deals only diffusion heat transfer. Moreover, total diffusion is calculated
as the sum of fluxes through each cell face.

Where, i is the face index, and T is the temperature at the cell face centroid, the heat flux is
calculated as,

Temperature gradient (

) at the face is calculated using temperature at the centroids of

adjacent faces. Figure 7-1 shows non-orthogonal finite volume cell, and temperatures at
centroid E, P are TE and TP, and the distance between E and P is LEP. Coordinate ξ is defined on
the line through e' between P and E, and coordinate n is defined normal to the face at the
centroid.
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If the cell is orthogonal,

, but for orthogonal cells, gradient along the normal

to the face to be obtained using temperature at P', E' and they are interpolated from P and E
but they are derived from 'deferred correction' approach.
Figure 7-1 A typical non- orthogonal finite volume cell showing east face and centroids

During iteration, the first and third terms cancel each other leaving the gradient to the normal
to the face, and these gradients are calculated using central differencing as below,

Temperatures at E' and P' are interpolated from values at E and P respectively using Gauss
theorem. Temporal discretization allows variable time evaluation and can be first or second
order backward implicit method. Strongly Implicit Procedure is used to solve the multiple
algebraic equation on the different block mesh and communication of data between meshes
are allowed during the iteration process.
The In-house Fortran program (PGRID3D) has been used to discretise borehole geometry into
the three-dimensional boundary fitted structured mesh in one cell depth, and it is equivalent
to representing the two-dimensional mesh. The shown geometry in the figure has five blocks,
two for pipes, two for the grout and one for Ground, and it is half of the geometry as the other
half is symmetrical.
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7.2.2 Generic boundary condition
The constants A, B, C are used with the variable, the gradient of the variable and the constant
respectively to define boundary conditions of the borehole. The primary variable is
temperature, and common forms of boundary conditions are fixed temperature, fixed flux and
convective heat transfer. The boundary condition types with boundary condition forms and its
values are presented in Table 7-1.
Table 7-1 Types of boundary condition with constant values

Boundary condition type

Form

A

B

C

Fixed Temperature (Dirichlet)

T=Tb

-1.0

0.0

Tb

Fixed Flux (Neumann)

𝑞𝑏 =

0.0

k

Qb

hc

-k

hc Tb

(εṁC)/S

-k

Tin(εṁC)/S

=ℎ (

Convection (Mixed)
Heat exchanger

𝜀

(

𝑖

𝑒

)

)=

7.2.3 Boundary condition at pipe surface
The relationship between pipe surface temperature, fluid inlet and outlet temperature has to
be defined in the model to solve heat exchange. He (2012) defined mean fluid temperature in
the boundary condition and used the heat balance to find outlet temperature. This
computation requires iteration and less efficient. For short time scale analysis, model
prediction fails to get converged for a solution. The model of Rees (2015) tested here uses
evaporator-condenser heat exchanger analogy to develop boundary conditions similar to
generic boundary conditions.
Parameter Effectiveness (Ԑ) is used to characterize the heat exchanger, and it is the ratio of
maximum possible heat transfer to actual heat transfer.
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The overall heat transfer balance is given by effectiveness and maximum possible temperature
difference,

Here,

𝑒

Number of Transfer Units (NTU),

Here,

= Pipe surface area

Pipe heat transfer coefficient (hp) given by Dittus-Boelter equation,

ℎ

𝑒

Here, n=0.4 for heating and n=0.3 for cooling
The heat balance at the pipe surface becomes,

Moreover, rearrangement of above equation yields,

The comparison of the above equation with the generic equation gives the value of A, B, C as
below,
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This boundary condition is used when the flow rate and inlet temperature are the only known
values, and the model solves the outlet temperature, the heat flux at pipe surface and overall
heat transfer. This model does not need iterations and so has efficiency advantages.
7.2.4 Accounting fluid response
To account the dynamics of fluid transport, the pipe model that accounts thermal capacity,
and longitudinal dispersion has been added to the two-dimensional numerical model. This has
been exercised already by Rees and He (2013), but the approach used here includes advanced
pipe model and a new approach to couple pipe model with the numerical model (Rees, 2015).

The one-dimensional convection-diffusion equation in the partial differential form is used to
solve heat dispersion in pipes (Taylor, 1954; Hanby et al., 2002). In Axial Dispersion Plug Flow
(ADPF) model, the diffusion coefficient D depends on velocity profile and it is empirically
derived (Taylor, 1954). It is also called N- continuously stirred tanks (N-CST) model where pipe
flow is represented in a number of continuous stirred tanks (Hanby et al., 2002). The N - CST
model is overly diffusive and sensitive to the number of tanks (NCST). Moreover, the suitable
NCST is derived using an expression which includes Peclet number (Wen and Fan, 1975),
𝑒

PFNCST model of Bischoff and Levenspiel (1962) combines Plug Flow model with the
continuously stirred model and less sensitive to the number of stirred tanks. The model tested
here adopts PFNCST model and integrates with the numerical model, and it is shown in Figure
7-2.
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Figure 7-2 Coupling of two-dimensional numerical model with pipe model components

The heat balance in each stirred tank and time delay associated with plug flow is given by
following equations,

The transit time includes the transit time for the initial plug flow element and remaining transit
time in the tanks. The total transit time (Skoglund and Dejmek, 2007) is given by

Where

,

𝑒

The above equations are used to determine the length to volume ratio for an initial plug flow
element and Diffusion coefficient D is decided in terms of Reynolds number by the following
expression (Wen and Fan, 1975),

𝑒

𝑒
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7.3 Validation
The BHE has two arrays of boreholes, and boreholes are spaced with a 5m gap. As the data
covers only for the first three years of operation, the heat exchange between boreholes could
be ignored, and the data would be used as the data for a single borehole. The inlet
temperature and fluid flow rate are applied as the borehole boundary conditions, and
simulated outlet temperature is compared with monitored BHE data. The simulation has been
run for three years and analysis have been made for short timescale and long timescale in the
following sections.
Table 7-2 shows BHE dimensions, the properties of the pipe, grout and fluid. The listed values
include thermal conductivity, the thermal capacity of soil and grout that have been found in
chapter 3 using TRT parameter analysis.
Table 7-2 BHE parameters used for simulation
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7.3.1 Validation over short timescale
Figure 7-3 shows experimental daily mean values for the inlet, outlet temperatures and flow
rates over 38 months, and also predicted outlet temperature from the simulated output is
shown. The predicted borehole outlet temperature can be seen matching up with
experimental outlet temperature from the beginning of the experiment to 01/2011. The
deviation between the predicted and experimental outlet temperature is larger between
04/2012 to 08/2012, and it is observed that the flow rates of the circulating fluid ranging
between 5L/s to 7L/s. The flow rate of fluid through U-tube influences the speed of the fluid,
affecting the transit time of fluid through pipes. Thus, during higher transit time for the fluid
transport, prediction of the vent temperature is poor.
Figure 7-3 Simulated and experimental daily mean BHE outlet and inlet temperature with flow rates for whole
monitoring period
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Figure 7-4 shows the relationship between flow rate and the transit time of fluid through the
whole BHE piping arrangement. The relationship shows the higher flow rate will have lower
transit time and the transit time raises up heavily during lower flow rates. The increase in
transit time is greater between 10 L/s and 2 L/s, from 7 minutes to 22 minutes. So, during
periods with lower flow rates, the changes in inlet temperature are not reflected in changing
outlet temperatures for a significant time and the diffusion effects can be expected to be large.
Hence, it becomes very challenging to predict outlet temperature during periods with lower
flow rates through the BHE system.
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Figure 7-4 Influence of flow rate on circulating fluid transit time through BHE
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Figure 7-5 and Figure 7-6 are showing a comparison of predicted and experimental values for a
day on 23/06/2010. The day in June mainly rejects heat into the ground, where inlet
temperature is higher than the outlet temperature for the whole day. During operating hours,
between 8 am to 10 pm, the cycle duration is long and continuous. However, early morning
and late night, the cycle duration is short and intermittent. This two different nature of the
operation has an influence on the prediction of outlet temperature. During the shorter cycle
and intermittent operation, the damping of inlet temperature fluctuation is clear. It should be
noted that when the flow rate is zero the difference between predicted and measured outlet
temperature is not meaningful.
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Figure 7-5 Simulated borehole outlet temperatures (Tout (sim.)) are compared with corresponding experimental
values for a day - 23/06/2010
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The Figure 7-5 shows the flow rates change between 15 L/s to 21 L/s. This does not affect the
outlet temperature immediately due to diffusion within the fluid thermal capacity and
damping effect. The Figure 7-6 shows the amount of heat exchange between ground and
liquid, where intermittent heat rejection happens in the early morning, and continuous heat
rejection occurs during the day. The outlet fluid temperature swings from approximately 15C
towards 17C as heat rejection becomes more steady during the day.
The Figure 7-9 shows the alternate heat rejection and heat extraction cycle during early
morning hours, which partly nullify each other such that the net exchange of heat with the
ground is small during this period.
Figure 7-6 Influence of minutely kWh on deviation between simulated and experimental borehole outlet
temperatures for the day 23/06/2010
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The Figure 7-7 shows an expanded view of two-hours of heat exchange between circulating
fluid and BHE. There is one on/off cycle during this period and four short periods where the
flow rate step up to 21 L/s for short periods and then returns to 14 L/s. Steps in the inlet
temperature do not result in steps in outlet temperature due to time delays associated with
fluid transport. The predicted outlet temperatures track the measured data well during this
period and suggests the fluid transport model is reproducing the transport effects correctly.
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Figure 7-7 Expanded view of the data from 23/06/2010 between 11:00 am to 1:00 pm showing minutely
fluctuations of predicted and experimental borehole outlet temperature ( T out ) with corresponding ( T in ) and
flow rates
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The Figure 7-8 and Figure 7-9 visualize the BHE behaviour in the early morning hours during
short-cycle intermittent operation. The flow rate is seen between 15L/s to 21L/s, and the
duration of the cycle is approximately between 8 minutes to 20 minutes. From Figure 7-3, it
can be seen that the flow rate 14 L/s takes 3 to 4 minutes transit time in the piping system.
Also, from the operation of GSHP system, it is known that the ground loop side circulating
pump operates at 3 minutes lagging with Heat pump. So in total, for the change in inlet
temperature to reach the outlet of the BHE, the fluid has to travel for minimum 7 to 8 minutes.
Consequently, where the cycle duration is less than 8 minutes, the outlet temperature is little
influenced by a change in inlet temperature because of the damping effects within the
circulating fluid. When there is no flow the predicted outlet temperature remains steady but
some upwards drift in measured temperature is apparent. These differences indicate the plant
room temperature adjacent the sensor may have some influences but these small temperature
differences are not significant.
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Figure 7-8 Snapshot of the day 23/06/2010 where prediction of BHE outlet temperature is not perfect due to
shorter cycles
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Figure 7-9 Snapshot of the day 23/06/2010 where prediction of BHE outlet temperature is not perfect due to
alternate small amount of heat rejection and extraction
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Figure 7-10, Figure 7-11, and Figure 7-12 show another example of intermittent short cycle
operation and poor prediction of outlet temperature. From Figure 7-11, we can clearly see the
duration of the cycle is less than 10 minutes for every hour in the early morning. Moreover,
from Figure 7-9, it may be noted that the amount of heat transfer is relatively small and so
does little to influence the outlet temperature over the day.
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Figure 7-10 A day 06/12/2010 where prediction of BHE outlet temperature affected by shorter intermittent cycle
operation
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Figure 7-11 On the day 06/12/2010 where kWh heat exchange being small, it might have been diffused into the
fluid, not reaching outlet of the BHE
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Figure 7-12 Close-up snapshot of early morning hours of 06/12/2010 when cycle duration less than transit time of
the circulating fluid through BHE piping arrangement
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7.3.2 Validation over long timescale
This section deals with long time scale validation over 36 months. The monthly mean values
have been shown in the Figure 7-13, Figure 7-14. Mainly the observed outlet temperature is
compared with predicted outlet temperature in Figure 7-13. Moreover, the rate of heat
exchange (kW) is compared in Figure 7-14.
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Figure 7-13 Simulated and experimental monthly mean temperatures with flow rates
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The deviation of simulated outlet temperature from experimental outlet temperature is
minimum during the first year, and it becomes wider during year 2 and year 3. Also, it can be
noticed in the Figure 7-13 that during the first-year system operates at higher flow rate than
the second and third year and in the year one, the flow rate is approximately by the average
over 10 L/s. In the case of the second and third year, occasionally in some months the flow
rate reaches as low as 5 L/s. So, it can be said that longitudinal diffusion and time delay affects
the prediction over second and third year due to low flow rate.
The monthly mean heat transfer rate (kW) is compared in Figure 7-14. It can be seen that the
prediction deviates less with the experimental calculation during the first year than the second
and third year. Again, the cause of this bigger deviation results from the lower flow rate, which
directly affects the time delay and longitudinal heat transfer inside the piping system.
Figure 7-14 Simulated and experimental monthly total BHE heat exchange rate (kW)
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As the previous cases as the outlet temperature and heat transfer rate, the monthly heat
extraction and rejection are compared to simulated and experimental values in Figure 7-15.
The discrepancies are minimum during the first year, and it becomes wider in the next two
years. Also, the Figure 7-16 compares the net heat exchange with the ground for simulation
and experiment.
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Figure 7-15 Simulated and experimental monthly BHE heat exchange (kWh) - heat rejection, extraction
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Figure 7-16 Simulated and experimental monthly net BHE heat exchange (kWh)
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7.4 Conclusions on BHE model validation
This chapter has attempted to show the usage of DMU BHE operational data for validation of a
recently developed two-dimensional numerical model coupled with pipe model. Moreover, the
simulation of the BHE behaviour has successfully used the thermal properties estimated by the
parameter estimation method.
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He (2012) suggested the development of the efficient two-dimensional numerical model with
pipe model. Rees (2015) has coupled a two-dimensional numerical model with pipe model
using heat exchanger analogy and validated against the three-dimensional model and
Oklahoma state university experimental data. Moreover, this work used the same model for
further validation under a different set of data. The analysis has been carried out on both longterm and short-term time durations. The simulation output has been generated for every
minute during three years of GSHP operation, and it can be said that the model was efficient
regarding the time required for simulation.
The prediction of the borehole outlet temperature matches closely with experimental values
during the first year of operation when the operation had long operating cycles and higher
flow rates. However, the prediction for the second and third year was weak because of shorter
intermittent operating cycles and lower flow rates. These BHE short time behaviours have
been exhibited in a series of figures: Figure 7-5, Figure 7-7, Figure 7-10, and Figure 7-12. The
fact that the DMU experimental data has proved more difficult to reproduce in simulation than
the data from the small OSU system highlights it value. It seems that the dynamic (cycling)
effects are both significant in large systems but also very challenging to reproduce. There is
clearly further scope for development and testing of this particular model but such work is
outside the scope of this thesis – the aim here being to demonstrate the value of the data set.
The long timescale analysis reflected the result of short timescale behaviour and shown in
Figure 7-13. The prediction is very close to experimental values during the first twelve months
when the flow rate is higher, and the duration of the cycle is long. Moreover, the prediction of
the amount heat transfer also reflects the same, and it is shown Figure 7-15.
Further analysis can be made as the data contains variable flow rate GSHP operational data
with different types of operational cycles. Moreover, the GSHP plant operates for both cooling
and heating of the building and could be a useful source of heat pump and whole system
validation data. In 2014, the data collected from the DMU system in this work was used by
Cullin et al. (2015) along with two other data sets to study the ground heat exchanger design
methods.
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Chapter 8 Conclusions
Any proposal to curb carbon emissions should include renewable heating and cooling
strategies that can play a critical part in the supply of energy requirement of the building
sector. Ground Source Heat Pump cooling and heating technology provide an excellent
opportunity to save energy, carbon, and revenue but this opportunity can be utilised only
through proper design, integration, installation, commission, and maintenance of the GSHP
systems. The proper design and optimisation of the GSHP systems are assisted by model
development and simulation of the performance. Moreover, the credibility of GSHP
technology has to be proven for the acceptability and success.
With the above-mentioned reasons in mind, this work has monitored the operational GSHP
system from the initial period and collected operational data for BHE and GSHP system. The
parameter estimation method in conjunction with the BHE numerical model has been used to
estimate multiple thermal properties essential to simulate BHE thermal behaviour for three
years. Simulation of the BHE array has been carried out using operational data to demonstrate
the use of the primary data set in the validation of a numerical BHE model. The operational
performance of HP and GSHP system have been analysed in detail.
This chapter presents the thesis's summary and key findings in the area of TRT test, BHE
validation, HP and GSHP system performance evaluation. Moreover, suggestions to improve
the performance and potential areas of further research are discussed.

8.1 Summary & Principal findings
The detailed literature survey in the chapter 2 identified research gaps in the following areas
and the thesis has approached the same in the individual chapters: providing High quality BHE
operational data set that also includes site's thermal properties; estimation of multiple thermal
properties of the ground using parameter estimation method conjunction with numerical BHE
model; demonstration of validating BHE model using BHE operational data and thermal
properties estimated by parameter estimation method; extensive operational performance
analysis of the large-scale GSHP system; and evaluation of Heat pump performance against the
manufacturer's catalogue performance. A key output of the work is a reference data set for
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the use of other researchers. This section summarises the work presented in the individual
chapters.
8.1.1 BHE operational data set
The vertical loop GSHP System is commonly used in the UK and the key components of the
system are heat pumps and BHE. The computationally efficient BHE models that can predict
the thermal response of the ground for multiple years is critical for the successful
implementation of the GSHP applications. The process of validation ensures the accuracy and
reliability of the BHE model, and it needs a suitable data set. Yavuzturk & Spitler, (2001) has
specified the requirements of field data for BHE validation purposes. The data should be
complete with high-quality independent measurement of the thermal properties of the
ground, and accurate measurement of at least the inlet and out fluid temperatures and the
fluid flow rate. Moreover, the measurements should have been from the beginning of the
operation. Also, the geometry of the borehole, the properties of the fluid and the borehole
backfilled materials have to be supplemented with the data set. Cullin et al. (2015) has recently
noted the continued lack of access to ideal data sets that are for multiple years, continuous,
and for a range of different system sizes, climate conditions, and system parameters such as
number and depth of boreholes. Accordingly, this work provides a high-quality precision BHE
multi-year operational data set from operational large-scale GSHP system that satisfies most of
the requirements of the above-mentioned suitability of the ideal data set. This data set is
intended to be made openly available for the use of other researchers and has already been
used by Cullin et al. (2015) in the evaluation of ground heat exchanger design methods.
8.1.2 Thermal response test
The fourth chapter has detailed the TRT analysis methods used to estimate the effective
thermal properties that characterise the DMU installation and that are also required for
simulation of BHE model in chapter 7. The Numerical BHE model conjunction with parameter
estimation method has been used to derive the thermal conductivity and volumetric heat
capacity of ground and grout.
First, the numerical BHE model in conjunction with parameter estimation model has been
developed and validated using three different TRT data set. The validation has produced
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thermal conductivity estimates that match well with published thermal properties, and in one
case there is some deviation due to the selection of parameters used for BHE model.
Prediction of thermal conductivity depends on selection values for other parameters such as
thermal heat capacity and grid representation of BHE elements.
The prediction of effective thermal conductivity of DMU site by both conventional line-source
method and numerical parameter estimation method have been compared and found not to
vary significantly vary. The removal of initial two-hour data helps to eliminate uncertainty in
TRT data and yields ground conductivity values of 3.16 and 3.17 W/(m.K) by line source
method and a parameter estimation method respectively. The parameter estimation method
probably has more advantages where the power is measured throughout the test and may
vary with time.
The sensitivity of thermal conductivity of soil and grout regarding parameters such as
groundwater velocity has been analysed. It has been found that the impact of one parameter
is compensated by other parameter or group of parameters. For example, the decrease in
volumetric heat capacity increases thermal conductivity value. So it is important to use the
same group of parameters and grid representation in BHE simulation as in the parameter
estimation procedure. Accordingly, the same grid representation and calculated parameter
values derived in chapter 4 have been used in chapter 7.
8.1.3 GSHP system performance
The fifth chapter has analysed the operation of the GSHP system of a large university building
extensively. The analysis examined ground loop behaviour, building energy demand, system
efficiency and the dynamic operation of the system. The high precision data set for ground
loop for the period 12/01/2010-13/02/2013 has been used for analysis of ground loop
behaviour. The study on the dynamic operation of the system was made possible with the aid
of detailed BMS data collected from Jan 2011 to July 2012.
The BHE array has been used more for heat rejection than heat extraction, and this is thought
to be in-line with design intentions. The annual net heat rejection to the ground for the year
2010, 2011, and 2012 were 121234 kWh, 144967 kWh, and 21397 kWh respectively. The initial
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ground temperature is found to be 11.3°C, and the ground loop mean temperature changes
between 11.3°C and 19°C in a year. The maximum monthly daily mean heat rejection is 0.5
MWh, and the heat extraction is 0.8 MWh. Mostly, the heat extraction rate varies between 30
and 52 kW, and the heat rejection rate changes between 45 and 75 kW. The maximum
monthly heat extraction is 13 MWh during December 2012, and the maximum heat rejection is
23.1 MWh during July 2010. The maximum rate of heat rejection and heat extraction per unit
depth of BHE is found as 13.3 W/m and 9.4 W/m, and these values are relatively low compared
to other installations. The BHE array is normally used for 25 days per month with few
exemptions when it was used less than ten days. The percentage of BHE usage hours for heat
rejection is far greater than usage for heat extraction.
The monthly daily mean heating demand varies between 0.06 MWh and 0.78 MWh, and the
monthly daily mean cooling demand varies between 0.12 MWh and 0.68 MWh. The monthly
heating demand changes between 3 MWh and 16 MWh, and the monthly cooling demand
changes between 6 MWh and 36 MWh. The monthly cooling supply rate fluctuates between
18 kW and 50 kW, and the monthly heating supply rate fluctuates between 18kW and 72 kW.
The cooling and heating demand, cooling and heating energy supply rate have huge variations
between each month.
The Seasonal Performance Factor (SPF) definitions published by the SEPEMO project have
been followed in this study so that GSHP system performance can be compared with other
equivalent energy systems. For selected period, Feb-2010 to July-2012, the SPF1, SPFH1, and
SPFC1, are calculated as 3.54, 3.19, and 4.06 respectively. The SPF2 and SPF4 are evaluated as
2.97 and 2.49, and they include different circulating pump energy demands according to their
boundary definition.
The chapter has detailed the level of dynamic behaviour involved in actual working system
meeting the building energy demand. The secondary and primary parameters have been
accounted, and their dynamic nature has been discussed. The secondary parameters were
Seasonal Performance Factors (SPF), Building Energy Demand (kWh), Energy Supply Rate (kW),
Operational Time, Cycle Duration, and Compressor Start-ups. The primary parameters were
Compressor Power Consumption (kW), Flow rate (L/s), Temperature Difference (∆T), and
Temperature Lift.
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The SPF values are highly dynamic throughout the monitoring period, and the daily SPFC1 varies
mainly between 1-7, and the daily SPFH1 varies mainly between 1.5-5.5. The analysis shows
60% of the operating time SPFC1 is greater than 3.5, and it is 30% of the operating time for
SPFH1. The change of SPF is due to dynamic nature of the operating parameter, and the analysis
has been approached step by step. It has been found that 75% of occurrences the cooling is
operated at a rate of 20-50 kW and the heating is operated at a rate of 20-50 kW for 60% of
occurrences. Also, it has been found that for the same rate of energy delivery the SPF varies
hugely, and it is understood that it is caused due to the way heat pump is operated such as
cyclic time operation. It has been found that the increase in cycle time provides a higher
percentage of occurrences of the greater SPFs. For example, the cycle time greater than 50
min/cycle does not have occurrences of SPFC1 less than 3.
8.1.4 Heat pump performance
The chapter 6 has analysed the actual performance of one of the 130 kW heat pumps that
forms part of the GSHP system designed to supply the cooling and heating requirement of a
large university building. As the availability of operating data is limited to fluid temperatures
and flow rates, a simple curve-fit model has been implemented to aid the analysis. The curvefit HP model has been implemented using manufacturer's catalogue data and calculations
made with measured fluid inlet temperatures and flow rates to simulate the cooling and
heating performance of the HP. The simulated performance represents the ideal performance
of the heat pump, and it is compared with the actual performance of the HP. The deviation
between actual and ideal performance has been analysed extensively for cooling, heating, and
simultaneous cooling and heating operation.
At the system design stage, the selection of heat pump inlet temperatures and flow rates on
both the load- and source-side should be given importance as these values directly affect
temperature lift, desired heat transfer rate, capacity (kW), and performance factors. These
factors have been verified as being the most significant by the HP monitoring data.
8.1.5 BHE model calibration
The chapter 7 has attempted to show the usage of DMU BHE operational data for validation of
a recently developed two-dimensional numerical model coupled with pipe model of Rees
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(2015). Moreover, the simulation of the BHE behaviour has successfully used the thermal
properties estimated by the parameter estimation method. The validation has been carried
out for both long-term and short-term time durations. The simulation output has been
generated for every minute during three years of GSHP operation, and it can be said that the
model was efficient regarding the time required for simulation. This has been done to
demonstrate the value of the data set rather than further develop the model itself.
The prediction of the borehole outlet temperature matches closely with experimental values
during the first year of operation when the operation had long operating cycles and higher
flow rates. However, the prediction for the second and third year was weak because of shorter
intermittent operating cycles and lower flow rates. The long timescale analysis reflected the
result of short timescale behaviour. The prediction is very close to experimental values during
the first twelve months when the flow rate is higher, and the duration of the cycle is long.
Moreover, the prediction of the amount heat transfer also reflects the same.

8.2 Suggestions to improve efficiency
This section presents suggestions to improve the heat pump and GSHP system efficiency based
on the system monitoring between Jan 2010 and Feb 2013. Some suggestions such as altering
parameter or eliminating unnecessary pump operations need minor interventions. The
suggestions like the introduction of buffer tank could need a medium to major intervention in
the operation.
8.2.1 Repairing Leaks and faults in components
The occasional spillage of source side circulating fluid above the ground could be seen in Figure
3-31. Moreover, there have been reported source side fluid leakage below the ground and the
accountability of leakage is difficult during operation. The loss of circulating fluid has to be
refilled so that performance degradation can be avoided. The variations of concentration level
in glycol mixture affect the energy transfer with refrigerant but were found not to affect
performance factor significantly. Since the minimum monthly average temperature of the
ground circulating fluid is not below 9°C, the glycol concentration level could be reduced to
optimise energy transfer and reduce pump energy demands.
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The occasional faults in valve operation and malfunctioning of valve opening and closures led
the disproportionate amount of flow rate circulated through load-side and source-side loops.
The performance loss due to wrong flow rate is discussed in chapter 5. The BMS alerts for
valves operations have to be created and monitored regularly to avoid continuous degradation
of system performance.
8.2.2 Introduction of a Buffer tank
In actual operation of the GSHP system, the required energy rate of the building fluctuates
according to the climatic conditions and the heating, cooling requirements. The required
energy rate will decide the number of heat pumps required to meet the demand, and the
fluctuation of building energy demand incites cyclic operation of the heat pump. As analysed in
chapter 5, the SPF of the system is affected by the pattern of cyclic operation. It is suggested
that, as Sebarchievici and Sarbu (2015), a buffer tank between the heat pump and the building
could be used to limit the cyclic operation. The storage tank option is one of the optimisation
techniques to solve the cyclic problem.
8.2.3 Altering control system parameters
In the real world installation, the operating parameters are dynamic and have to be studied
and optimised either at the design stage, commissioning stage or during operation. The fixing
or varying one parameter could lead to either slight or significant changes in other parameters.
A number of parameters thought to influence heat pump performance have been analysed in
detail in chapter 5 and 6. The influence of parameters lift, cycle duration, energy demand, and
concentration of glycol mixture have been examined. It is revealed that multiple parameters
affect the performance of heat pump at each operating condition. So careful consideration of
the selection of parameters will optimise the GSHP System Performance.
8.2.3.1 Selection of inlet temperatures, ∆T, and flow rate
The flow rate setting for individual heat pump was not uniform for heating and cooling
operation. The flow rate directly affects the performance, and it is discussed in chapter 5 and
6. So the careful consideration of setting an individual flow rate for each heat pump have to be
given importance and maintained during operation. At the system design stage, the selection

223

Conclusion
of heat pump inlet temperatures and flow rates on both the load- and source-side should be
given importance as these values directly affect temperature lift, desired heat transfer,
capacity (kW), and performance factors. These factors have been verified as being the most
significant by the HP monitoring data. The energy delivery rate depends on ∆T across the load
side and the flow rate, and the compressor work requirement depends on the temperature lift
between the load side and source side temperatures. It is concluded that governing these
parameters becomes critical to control the SPF and the higher ∆T and flow rate can lead to
greater SPFs.
8.2.4 Cycle time
The parameter cycle duration has greater influence than any other parameter and it is found
that longer cycle durations correspond to higher SPF values. The impact of cycle time duration
on performance is discussed in chapter 5, 6. Cycle durations greater than 15 minutes/cycle
have been found to result in SPF of 3% lower than ideal performance and this reduction
increases to approximately 30% lower than ideal performance for a cycle duration of 10-15
minutes/cycle.
The variable speed compressor could significantly improve the performance of the GSHP
system by eliminating shorter cycle operation. Moreover, there has been time set for
minimum on-time for compressor and short cycle time delay, but the set time did not
eliminate short cycling operation that led to performance degradation. The careful selection of
time set is needed to avoid short cycling.
8.2.5 Eliminating unnecessary pump operation
Unnecessary circulating pump operation was found to be significant at times and could have
been eliminated to improve SPF2, SPF4. For example, it has been found that the circulating
pump has been operated 50% of time unnecessarily in some months. It has been found that
the 40% increase in the pump to power ratio causes 80% degradation in SPF4. So, BMS alerts
should be created for unnecessary operation and monitored regularly.
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8.2.6 Optimising the pump to compressor power ratio
The pump to power ratio inversely affects the system performance. It has been found that the
increase of 0.2 in power ratio decreases the SPF by 0.5. The better hydraulic design could
reduce the pumping energy requirement significantly, but this has to be decided while at the
design stage. Moreover, the reduction of lead and lag time operation of pumps could reduce
the pump power consumption. However, the selection of flow rate and speed of the
circulating pump is important to optimise the efficiency of the circulating pump for each
instance of GSHP System operation. Moreover, the selection of flow rate depends on the
required energy rate and selection of temperature difference (∆T) across the headers. The
temperature difference (∆T) decides the temperature lift of the system operation, and the
temperature lift influences the power requirement of the compressor. The power requirement
for circulating fluid and compressor work requirement are interdependent during dynamic
operation of the GSHP System, and could be optimised as suggested by Montagud et al.
(2014). Accordingly, the design should consider these parameters flow rate, ∆T, and
compressor work to achieve more optimal performance.
8.2.7 Heat pump system load
Higher mean daily energy demand has been found to correspond to greater SPF, for example,
the daily cooling demand of 150 kWh was found to result in SPFC C1 greater than 4. The
utilisation (the operating Hours and energy supply rate) of GSHP system has been discussed in
chapter 5. It has been found that 40% of occurrences the system supplied 30-40 kW of cooling
energy and 60% of occurrences it supplied 20-50 kW of heating energy between Feb 2010 and
July 2012. Moreover, 35% of operational minutes heating was inactive, and 20% of operational
minutes cooling was completely inactive. Nearly 45% of operational minutes of cooling and
40% of operational minutes of heating GSHP system operated between 11-30 minutes/hour.
Only about 7% of operational minutes system operated for 51-60 minutes/hour. Accordingly,
the settings on the BMS system can be reset with optimised parameter and the utilisation
hours per month could be improved.
Moreover, the resizing of the heat pump (or) increasing the load could be explored. The
increase of energy load could include the supply of cooling and heating load requirements of
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other parts of the same building or nearby buildings. Resizing of heat pump system may
include a smaller lead machine to meet varying lower level heating or cooling demand.

8.3 Contribution to the existing knowledge
The thesis has attempted to present evidence to improve the practices in design, installation,
and commissioning of the GSHP systems which are lacking in the UK (Underwood, 2011). As
part of the work, an operational large-scale vertical loop GSHP system that supplies
simultaneous cooling and heating requirement of a university building has been extensively
monitored for three years. It is believed that this thesis has contributed some additional
research work to the existing knowledge in the following areas: provision of high quality BHE
operational data set with thermal properties; demonstration of BHE numerical model
validation using BHE multi-year operational data and thermal properties estimated through
parameter estimation method; the large-scale GSHP system multi-year operational
performance analysis; and heat pump operational performance analysis.
8.3.1 BHE operational data set
Cullin et al., (2015) has recently noted the continued lack of access to ideal data sets that are
for multiple years, continuous, and for a range of different system sizes, climate conditions,
and system parameters such as number and depth of boreholes. Accordingly, the
supplemented BHE operational data in this thesis has been collected from a functional largescale vertical loop GSHP system supplying the truly simultaneous heating cooling requirements
of a university building. The data set is complete with high-quality independent measurement
of the thermal properties of the ground, BHE specification, and accurate measurement of the
inlet and out fluid temperatures and the fluid flow rate. The data set has been collected
through carefully calibrated high precision monitoring setup, and the data collection started
from the beginning of the system operation and covers three-years period. This data set is
intended to be made openly available for the use of other researchers.
8.3.2 Thermal properties estimation and BHE model validation
The thermal properties of the ground and the BHE arrangement play a critical part in the
design and operational performance of the GSHP system. So the precise estimation of these
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properties becomes a necessary part of the GSHP system planning. The traditional
commercially used Line-source estimation process can only evaluate thermal resistance and
the thermal conductivity, but the parameter estimation method conjunction with BHE model
can evaluate multiple thermal properties that can be helpful to reduce the error in the BHE
thermal behaviour prediction. The chapter 4 has estimated the multiple thermal properties of
the DMU site using contractor's TRT data and parameter estimation method conjunction with
two-dimensional numerical BHE model.
8.3.3 GSHP system operational performance analysis
The GSHP system monitoring and performance analysis of actual working systems can prove
the credibility of the GSHP implementations. There have been many publications available on
performance analysis of domestic-scale and medium level/ experimental GSHP applications,
but the performance analysis of large-scale GSHP systems are limited. So, the detailed
performance analysis of the large-scale operational GSHP system has been approached in the
chapter 5. Moreover, the type and scale of the GSHP system and its applications, the climatic
location of the GSHP System, the level of monitoring and analysis, and the details of
presentation highly vary. So, the contribution from each of the publication towards research in
GSHP application is different according to the individual work. A limited number of
performance analysis of actual working GSHP system have been studied and presented.
8.3.4 Heat pump operational performance analysis
The successful implementation of the GSHP application depends on its reliability and efficient
operation. The installation condition and continuously changing application environment
affect the HP performance and can lead to lower than manufacture's prescribed performance.
Consequently, the catalogue performance can probably only be approached through fault
finding in the operation and improving the practices or modifying the system components. Kim
et al. (2013) and Magraner et al. (2010) have applied the above said principle in their work at
Korea Institute of Energy Research (KIER) and Valencia Polytechnic University respectively.
Accordingly, the comparison of the actual performance of the HP with manufacturer's
catalogue performance has been presented in the chapter 6. The extensive analysis on
parameters affecting performance also has been presented.

227

Conclusion

8.4 Recommendations for further work
The following recommendations are made for work in future research projects:
1. Further critical analysis can be made as the data contains variable flow rate GSHP
operational data with different types of operational cycles. Moreover, the GSHP plant operates
for both cooling and heating of the building and could be a useful source of heat pump and
whole system validation data. In 2014, the data collected from the DMU system in this work
was used by Cullin et al. (2015) along with two other data sets to study the ground heat
exchanger design methods.
2. The fact that the DMU experimental data has proved more difficult to reproduce in
simulation than the data from the small GSHP system highlights its value. It seems that the
dynamic (cycling) effects are both significant in large systems but also very challenging to
reproduce. There is clearly further scope for development and testing of extended twodimensional BHE numerical model. There is also scope for using the heat pump data for
development of fully-dynamic heat pump models that consider the state of the refrigeration
system and heat exchangers in more detail.
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Appendix-A

Appendix A - GSHP system components & operational details
Table A-1 Specification of the circulating pumps (Grunfos, 2015)

Loop
Ground Source Loop
Chill Water Loop
Warm Water Loop
Make
Grundfos
Grundfos
Grundfos
Product
TPD 100-360/2 A-F-A-GQQE TPED 125-130/4 A-F-A-BAQE TPED 80-150/4 A-F-A-BAQE
Speed (rpm)
2940
1455
1455
Rated Flow (l/s)
41.95
34.82
13.37
Rated Head (m)
30.05
10.6
12.7
Impeller diameter (cm)
16.89
19.71
20.5
Efficiency (IE3 %)
92.4
89.6
87.7
Rated Power (kW)
18.5
5.5
3

Table A-2 Specification of the ultrasonic flow meter (Katronic Technologies Ltd, 2011)

Make
Type

Katronic
Ultrasonic Flowmeter KATflow 150 & K1N
Clamp-on Sensor
Temperature range (-30) ....130 °C
Diameter range
50 ....3000 mm
Velocity range
0.01... 25 m /sec
Resolution
0.25 mm/sec
Accuracy
1....3 % of measured value and ±0.5 % of
measured value with process calibration.
Repeatability
0.15% of measured value ±0.015 m/sec
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Figure A-1 Chill Water (CHW) loop circulating pump control (tac by Schneider Electric, 2009)
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Appendix-A
Figure A-2 Warm Water (WW) loop circulating pump control (tac by Schneider Electric, 2009)
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A.1 Circulating fluid pump - Equations for electrical power calculation
Equations to find electrical, hydraulic power in kW for the known flow rate in L/s for
different circulating pumps in warm, chill, ground loops.
For warm loop circulating pump:
If Speed = 60 % (or) Flow rate < 9 L/s
Electric Power ( kW ) = -0.0001*( Flow rate (L/s) )3 + 0.0014*( Flow rate (L/s) )2 + 0.0408*( Flow
rate (L/s) ) + 0.3657
Hydraulic Power ( kW ) = -0.0002*( Flow rate (L/s) )3 + 0.0014*( Flow rate (L/s) )2 + 0.0484*(
Flow rate (L/s) ) + 0.0008

If Speed = 70 % (or) Flow rate > 9 L/s
Electric Power ( kW ) = -0.0001*( Flow rate (L/s) )3 + 0.0028*( Flow rate (L/s) )2 + 0.0786*( Flow
rate (L/s) ) + 0.9494
Hydraulic Power ( kW ) = -0.0002*( Flow rate (L/s) )3 + 0.0013*( Flow rate (L/s) )2 + 0.1106*(
Flow rate (L/s) ) - 0.0022

For chill loop circulating pump:
If Speed = 70 % (or) Flow rate ≤ 9 L/s
Electric Power ( kW ) = -0.0001*( Flow rate (L/s) )2 + 0.0317*( Flow rate (L/s) ) + 1.2051
Hydraulic Power ( kW ) = -4E-05*( Flow rate (L/s) )3 + 0.0009*( Flow rate (L/s) )2 + 0.0534*(
Flow rate (L/s) ) + 0.0049

If Speed = 80 % (or) Flow rate ≤ 17 L/s and > 9 L/s
Electric Power ( kW ) = 9E-05*( Flow rate (L/s) )2 + 0.0328*( Flow rate (L/s) ) + 1.7249
Hydraulic Power ( kW ) = -5E-05*( Flow rate (L/s) )3 + 0.0013*( Flow rate (L/s) )2 + 0.0655*(
Flow rate (L/s) ) + 0.0117

If Speed = 90 % (or) Flow rate > 17 L/s
Electric Power ( kW ) = 0.0004*( Flow rate (L/s) )2 + 0.0308*( Flow rate (L/s) ) + 2.4202
Hydraulic Power ( kW ) = -5E-05*( Flow rate (L/s) )3 + 0.0014*( Flow rate (L/s) )2 + 0.0826*(
Flow rate (L/s) ) + 0.0157
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For ground loop circulating pump:
If Speed = 53 % (or) Flow rate ≤ 8 L/s
Electric Power ( kW ) = -1E-04*( Flow rate (L/s) )3 + 0.0039*( Flow rate (L/s) )2 + 0.0147*( Flow
rate (L/s) ) + 1.6099
Hydraulic Power ( kW ) = -9E-05*( Flow rate (L/s) )3 + 0.0016*( Flow rate (L/s) )2 + 0.0955*(
Flow rate (L/s) ) + 0.0168

If Speed = 69 % (or) Flow rate ≤ 15 L/s and > 8 L/s
Electric Power ( kW ) = 0.0005*( Flow rate (L/s) )2 + 0.0792*( Flow rate (L/s) ) + 3.3372
Hydraulic Power ( kW ) = -8E-05*( Flow rate (L/s) )3 + 0.0013*( Flow rate (L/s) )2 + 0.1706*(
Flow rate (L/s) ) + 0.0075

If Speed = 85 % (or) Flow rate ≤ 22 L/s and > 15 L/s
Electric Power ( kW ) = -0.0001*( Flow rate (L/s) )3 + 0.0079*( Flow rate (L/s) )2 + 0.0334*( Flow
rate (L/s) ) + 6.3619
Hydraulic Power ( kW ) = -8E-05*( Flow rate (L/s) )3 + 0.0016*( Flow rate (L/s) )2 + 0.2602*(
Flow rate (L/s) ) + 0.0071

If Speed = 100 % (or) Flow rate > 22 L/s
Electric Power ( kW ) = -0.0002*( Flow rate (L/s) )3 + 0.0123*( Flow rate (L/s) )2 - 0.0085*( Flow
rate (L/s) ) + 10.602
Hydraulic Power ( kW ) = -0.0003*( Flow rate (L/s) )3 + 0.012*( Flow rate (L/s) )2 + 0.1722*(
Flow rate (L/s) ) + 0.9653
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A.2 Warm, Chill, and Ground loop circulating pump curves (GRUNFOS
Webcaps)
Figure A-3 Pump Curves: Warm loop circulating pump ( Product number 96110226)

Source:
http://net.grundfos.com/Appl/WebCAPS/ProductDetailCtrl?cmd=com.grundfos.webcaps.prod
uctdetail.commands.ProductDetailCommand&productnumber=96110226&freq=50&page=0&s
electedRow=1&detailid=1385822801119
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Figure A-4 Pump curves: Chill loop circulating pump ( Product number 96110567)

Source:
http://net.grundfos.com/Appl/WebCAPS/ProductDetailCtrl?cmd=com.grundfos.webcaps.prod
uctdetail.commands.ProductDetailCommand&ProductNumber=96110567&freq=50&detailid=
1385906348356
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Figure A-5 Pump Curves : Ground loop circulating pump ( Product number 96109242)

Source:
http://net.grundfos.com/Appl/WebCAPS/ProductDetailCtrl?cmd=com.grundfos.webcaps.prod
uctdetail.commands.ProductDetailCommand&ProductNumber=96109242&freq=50&detailid=
1385905932810
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Appendix B - Manufacturer's heat pump catalogue data
Table B-1 Manufacturer's catalogue data - cooling performance for full load (tac by Schneider Electric, 2009)
Source Load
EST Flow ELT
°C L/s
°C
10
20
4.5
30
45
10
20
0
7
30
45
10
20
8.5
30
45
10
20
4.5
30
45
10
20
10
7
30
45
10
20
8.5
30
45
10
4.5
20
30
10
20
7
20
30
10
8.5
20
30
10
4.5
20
30
10
30
7
20
30
10
8.5
20
30
10
4.5
20
10
45
7
20
10
8.5
20

LLT
°C
2.4
11.1
19.8
32.8
2.3
11.0
19.6
32.6
2.2
10.9
19.5
32.5
2.3
10.9
19.4
32.3
2.2
10.7
19.3
32.1
2.1
10.6
19.1
31.9
2.8
11.4
20.1
2.7
11.3
20.0
2.6
11.2
19.9
3.6
12.4
21.2
3.5
12.3
21.0
3.4
12.2
21.0
4.7
13.5
4.6
13.4
4.5
13.4

Load Flow - 4.5 L/s
TC Power HR COP
kW
kW
kW
139.3 17.8 157.1 7.8
163.8 18.8 182.6 8.7
188.3 19.7 208.0 9.5
225.0 21.2 246.2 10.6
141.7 17.0 158.7 8.4
166.6 17.8 184.5 9.3
191.5 18.7 210.2 10.2
228.9 20.0 248.9 11.5
143.2 16.5 159.6 8.7
168.3 17.3 185.6 9.8
193.5 18.1 211.5 10.7
231.2 19.3 250.5 12.0
142.1 22.6 164.7 6.3
168.5 24.0 192.5 7.0
194.8 25.4 220.2 7.7
234.4 27.5 261.9 8.5
144.6 21.5 166.1 6.7
171.4 22.8 194.2 7.5
198.2 24.0 222.3 8.2
238.4 26.0 264.4 9.2
146.1 20.8 166.9 7.0
173.2 22.0 195.2 7.9
200.2 23.2 223.5 8.6
240.9 25.0 265.9 9.6
133.2 27.3 160.5 4.9
158.1 29.1 187.1 5.4
182.9 30.8 213.7 5.9
135.1 26.0 161.2 5.2
160.3 27.6 187.8 5.8
185.4 29.1 214.5 6.4
136.3 25.2 161.6 5.4
161.6 26.7 188.3 6.1
186.8 28.1 215.0 6.6
118.5 33.3 151.8 3.6
140.4 35.3 175.7 4.0
162.3 37.3 199.5 4.4
120.2 31.7 151.9 3.8
142.7 33.5 176.2 4.3
165.2 35.3 200.4 4.7
121.2 30.8 152.0 3.9
144.0 32.4 176.5 4.4
166.9 34.1 200.9 4.9
98.4
40.5 138.9 2.4
119.8 42.7 162.5 2.8
99.7
38.6 138.3 2.6
121.4 40.6 162.1 3.0
100.6 37.4 138.0 2.7
122.4 39.4 161.8 3.1

LST
°C
8.5
9.9
11.3
13.3
5.5
6.4
7.3
8.7
4.6
5.3
6.1
7.2
18.9
20.4
21.9
24.2
15.8
16.8
17.7
19.2
14.8
15.6
16.4
17.6
28.7
30.1
31.6
25.6
26.5
27.5
24.6
25.4
26.2
38.2
39.5
40.8
35.3
36.1
37.0
34.4
35.1
35.8
52.5
53.8
49.8
50.6
49.0
49.6

LLT
°C
5.0
14.1
23.2
36.8
4.9
14.0
23.1
36.7
4.8
13.9
23.0
36.6
4.8
13.9
22.9
36.5
4.8
13.8
22.8
36.4
4.7
13.7
22.7
36.3
5.2
14.3
23.4
5.1
14.0
23.0
5.1
14.1
23.2
5.7
14.8
23.9
5.6
14.7
23.7
5.6
14.6
23.7
6.4
15.5
6.4
15.5
6.4
15.4

Load Flow - 7.0 L/s
TC Power HR COP
kW
kW
kW
144.9 17.9 162.8 8.1
170.3 18.9 189.2 9.0
195.8 19.9 215.6 9.9
234.0 21.3 255.3 11.0
147.4 17.1 164.4 8.6
173.3 17.9 191.2 9.7
199.2 18.8 218.0 10.6
238.0 20.1 258.1 11.8
148.9 16.6 165.4 9.0
175.0 17.4 192.4 10.1
201.2 18.2 219.4 11.1
240.5 19.4 259.8 12.4
147.8 22.7 170.5 6.5
175.2 24.1 199.3 7.3
202.6 25.6 228.2 7.9
243.7 27.7 271.4 8.8
150.4 21.6 172.0 7.0
178.3 22.9 201.2 7.8
206.1 24.2 230.3 8.5
247.9 26.1 274.1 9.5
151.9 21.0 172.9 7.2
180.1 22.2 202.2 8.1
208.2 23.4 231.6 8.9
250.5 25.2 275.7 10.0
138.5 27.5 166.0 5.0
164.4 29.2 193.6 5.6
190.2 31.0 221.2 6.1
140.5 26.2 166.7 5.4
171.0 28.0 199.0 6.1
201.5 29.8 231.3 6.8
141.7 25.4 167.2 5.6
168.0 26.9 194.9 6.3
194.3 28.3 222.6 6.9
123.2 33.6 156.8 3.7
149.8 35.8 185.6 4.2
176.3 38.1 214.5 4.6
125.0 31.9 156.9 3.9
152.3 34.0 186.3 4.5
179.5 36.1 215.6 5.0
126.0 31.0 157.0 4.1
153.7 32.9 186.6 4.7
181.5 34.8 216.3 5.2
102.3 40.8 143.0 2.5
128.3 43.3 171.6 3.0
103.7 38.8 142.5 2.7
130.0 41.2 171.3 3.2
104.6 37.6 142.2 2.8
131.1 40.0 171.1 3.3

LST
°C
8.8
10.3
11.7
13.8
5.7
6.7
7.6
9.0
4.7
5.5
6.3
7.5
19.2
20.8
22.4
24.7
16.0
17.0
18.0
19.5
15.0
15.8
16.6
17.9
29.0
30.5
32.0
25.8
26.9
28.1
24.8
25.6
26.4
38.5
40.1
41.6
35.5
36.5
37.5
34.5
35.4
36.2
52.8
54.3
50.0
51.0
49.1
49.9

LLT
°C
5.7
15.0
24.3
38.1
5.7
14.9
24.2
38.0
5.6
14.9
24.1
37.9
5.7
14.9
24.1
37.8
5.6
14.8
23.9
37.7
5.5
14.7
23.9
37.6
5.9
15.2
24.4
5.9
15.1
24.3
5.8
15.1
24.3
6.4
15.7
25.0
6.3
15.6
25.0
6.3
15.6
24.9
7.0
16.3
7.0
16.3
6.9
16.3

Load Flow - 8.5 L/s
TC Power HR COP
kW
kW
kW
148.2 18.0 166.2 8.2
174.2 19.0 193.2 9.2
200.3 19.9 220.2 10.0
239.4 21.4 260.8 11.2
150.8 17.1 167.9 8.8
177.3 18.0 195.3 9.8
203.8 18.9 222.6 10.8
243.5 20.2 263.7 12.1
152.3 16.6 168.9 9.2
179.1 17.4 196.5 10.3
205.8 18.2 224.1 11.3
246.0 19.5 265.4 12.6
151.2 22.8 174.0 6.6
179.2 24.2 203.5 7.4
207.3 25.6 232.9 8.1
249.3 27.8 277.1 9.0
153.8 21.7 175.5 7.1
182.4 23.0 205.3 7.9
210.9 24.3 235.1 8.7
253.6 26.2 279.9 9.7
155.4 21.0 176.4 7.4
184.2 22.2 206.5 8.3
213.0 23.5 236.5 9.1
256.2 25.3 281.5 10.1
141.7 27.6 169.3 5.1
168.1 29.4 197.5 5.7
194.6 31.1 225.7 6.3
143.8 26.3 170.1 5.5
170.5 27.9 198.4 6.1
197.2 29.4 226.6 6.7
145.0 25.5 170.5 5.7
171.9 27.0 198.9 6.4
198.8 28.4 227.2 7.0
126.1 33.7 159.7 3.7
149.4 35.7 185.0 4.2
172.6 37.6 210.3 4.6
127.8 32.1 159.9 4.0
151.8 33.8 185.6 4.5
175.7 35.6 211.3 4.9
128.9 31.1 160.0 4.1
153.2 32.8 186.0 4.7
177.5 34.4 211.9 5.2
104.6 40.9 145.6 2.6
127.5 43.1 170.6 3.0
106.1 39.0 145.1 2.7
129.2 41.0 170.2 3.1
107.0 37.8 144.8 2.8
130.2 39.8 170.0 3.3

LST
°C
9.0
10.5
11.9
14.1
5.9
6.8
7.8
9.2
4.8
5.6
6.4
7.6
19.4
21.0
22.6
25.0
16.1
17.2
18.2
19.8
15.1
15.9
16.8
18.1
29.2
30.7
32.2
25.9
26.9
27.9
24.9
25.7
26.5
38.7
40.0
41.4
35.6
36.5
37.4
34.6
35.3
36.1
52.9
54.2
50.1
50.9
49.2
49.9

(For Part Load operation, the capacity is divided by 2)
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Table B-2 Manufacturer's catalogue data - Heating performance for full load (tac by Schneider Electric, 2009)
Source Load
EST Flow ELT
°C L/s
°C
15
25
7
40
50
0
15
25
8.5
40
50
15
25
4.5
40
50
15
25
10
7
40
50
15
25
8.5
40
50
15
25
4.5
40
50
15
25
20
7
40
50
15
25
8.5
40
50
15
4.5
25
15
30
7
25
15
8.5
25

LLT
°C
21.6
31.4
46.0
55.8
21.8
31.5
46.2
55.9
23.2
33.0
47.6
57.4
23.6
33.3
47.9
57.6
23.8
33.5
48.0
57.7
24.9
34.7
49.3
59.0
25.4
35.1
49.6
59.3
25.7
35.3
49.8
59.4
25.9
35.7
26.5
36.2
26.8
36.4

Load Flow - 4.5 L/s
HC Power HE COP
kW
kW
kW
124.9 24.2 100.7 5.2
120.6 31.5 89.1 3.8
114.0 42.4 71.6 2.7
109.7 49.7 60.0 2.2
128.4 24.3 104.0 5.3
123.5 31.6 91.9 3.9
116.3 42.6 73.7 2.7
111.4 49.9 61.5 2.2
151.4 26.1 125.3 5.8
147.2 33.2 114.0 4.4
140.9 43.9 97.0 3.2
136.7 51.0 85.6 2.7
158.7 26.3 132.4 6.0
153.4 33.5 120.0 4.6
145.6 44.2 101.4 3.3
140.4 51.4 89.0 2.7
163.0 26.4 136.6 6.2
157.2 33.6 123.6 4.7
148.5 44.4 104.0 3.3
142.6 51.7 91.0 2.8
183.4 27.1 156.3 6.8
178.6 34.3 144.2 5.2
171.3 45.2 126.1 3.8
166.4 52.4 114.0 3.2
192.1 27.3 164.7 7.0
186.0 34.6 151.4 5.4
176.8 45.5 131.3 3.9
170.7 52.8 117.9 3.2
197.2 27.5 169.8 7.2
190.4 34.8 155.6 5.5
180.1 45.8 134.4 3.9
173.3 53.1 120.2 3.3
201.8 28.6 173.2 7.1
197.6 35.9 161.7 5.5
211.3 28.8 182.4 7.3
205.8 36.2 169.6 5.7
217.0 29.0 188.0 7.5
210.7 36.4 174.3 5.8

LST
°C
-3.4
-3.0
-2.4
-2.0
-2.9
-2.6
-2.1
-1.7
3.2
3.8
4.7
5.4
5.4
5.8
6.5
6.9
6.1
6.5
7.0
7.4
11.5
12.2
13.2
13.8
14.3
14.7
15.4
15.9
15.1
15.5
16.1
16.6
20.6
21.2
23.6
24.1
24.6
25.0

LLT
°C
19.3
29.1
43.9
53.7
19.4
29.2
44.0
53.8
20.3
30.1
44.9
54.8
20.5
30.4
45.1
54.9
20.7
30.5
45.2
55.0
21.4
31.2
46.0
55.8
21.7
31.5
46.2
56.0
21.9
31.7
46.3
56.1
22.1
31.9
22.4
32.2
22.6
32.4

Load Flow - 7.0 L/s
HC Power HE COP
kW
kW
kW
125.3 23.7 101.6 5.3
120.9 30.8
90.2 3.9
114.4 41.4
73.0 2.8
110.0 48.5
61.5 2.3
128.8 23.8 104.9 5.4
123.9 30.9
93.0 4.0
116.6 41.6
75.0 2.8
111.8 48.7
63.1 2.3
151.9 25.2 126.7 6.0
147.6 32.1 115.5 4.6
141.3 42.5
98.9 3.3
137.1 49.4
87.7 2.8
159.2 25.4 133.7 6.3
153.9 32.4 121.6 4.8
146.1 42.8 103.3 3.4
140.8 49.7
91.1 2.8
163.5 25.5 138.0 6.4
157.7 32.5 125.2 4.8
148.9 43.0 105.9 3.5
143.1 50.0
93.1 2.9
184.0 26.2 157.8 7.0
179.1 33.2 145.9 5.4
171.8 43.7 128.1 3.9
166.9 50.7 116.2 3.3
192.7 26.4 166.2 7.3
186.5 33.5 153.1 5.6
177.4 44.1 133.3 4.0
171.2 51.1 120.1 3.4
197.9 26.6 171.3 7.4
191.0 33.7 157.4 5.7
180.7 44.3 136.4 4.1
173.9 51.4 122.5 3.4
202.4 27.7 174.8 7.3
198.2 34.7 163.5 5.7
211.9 27.9 184.0 7.6
206.4 35.0 171.4 5.9
217.6 28.0 189.6 7.8
211.3 35.2 176.2 6.0

LST
°C
-3.5
-3.1
-2.5
-2.1
-2.9
-2.6
-2.1
-1.8
3.1
3.7
4.6
5.2
5.3
5.8
6.4
6.8
6.0
6.4
7.0
7.3
11.4
12.1
13.1
13.7
14.2
14.7
15.4
15.8
15.1
15.5
16.1
16.5
20.5
21.1
23.6
24.0
24.6
24.9

LLT
°C
18.5
28.4
43.2
53.1
18.6
28.5
43.3
53.1
19.4
29.2
44.1
53.9
19.6
29.4
44.2
54.0
19.7
29.5
44.3
54.1
20.3
30.1
44.9
54.8
20.5
30.4
45.1
54.9
20.7
30.5
45.2
55.0
20.8
30.7
21.1
30.9
21.3
31.1

Load Flow - 8.5 L/s
HC Power HE COP
kW
kW
kW
125.6 23.4 102.2 5.4
121.2 30.4
90.8 4.0
114.6 40.8
73.8 2.8
110.2 47.8
62.5 2.3
129.0 23.5 105.5 5.5
124.1 30.5
93.6 4.1
116.9 41.0
75.9 2.9
112.0 48.0
64.0 2.3
152.1 24.7 127.5 6.2
147.9 31.5 116.5 4.7
141.6 41.6 100.0 3.4
137.3 48.4
89.0 2.8
159.4 24.9 134.5 6.4
154.2 31.7 122.5 4.9
146.3 41.9 104.4 3.5
141.1 48.7
92.4 2.9
163.8 25.0 138.8 6.5
158.0 31.9 126.1 5.0
149.2 42.1 107.1 3.5
143.4 49.0
94.4 2.9
184.4 25.7 158.7 7.2
179.5 32.5 146.9 5.5
172.1 42.8 129.3 4.0
167.2 49.7 117.5 3.4
193.0 25.9 167.1 7.5
186.9 32.8 154.1 5.7
177.7 43.2 134.5 4.1
171.6 50.1 121.5 3.4
198.2 26.0 172.2 7.6
191.4 33.0 158.4 5.8
181.1 43.4 137.7 4.2
174.2 50.3 123.9 3.5
202.8 27.1 175.7 7.5
198.6 34.0 164.6 5.8
212.3 27.3 185.0 7.8
206.8 34.3 172.5 6.0
218.1 27.5 190.6 7.9
211.7 34.5 177.3 6.1

LST
°C
-3.5
-3.1
-2.5
-2.1
-3.0
-2.6
-2.1
-1.8
3.1
3.7
4.6
5.2
5.3
5.7
6.4
6.8
6.0
6.4
6.9
7.3
11.4
12.0
13.0
13.6
14.2
14.6
15.3
15.8
15.1
15.5
16.0
16.4
20.5
21.1
23.6
24.0
24.5
24.9

(For Part Load operation, the capacity is divided by 2)
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The data given in Table B-1 and Table B-2 are corrected catalogue data using the

(Eqn.

B.1. Here the multiplication factor, correction factor varies according to the concentration of
the circulating fluid and the fluid temperature that is given in Figure B-1. The catalogue
data(Water Furnace, 2013) are given for circulating fluid water, but the actual operating GSHP
system uses propylene glycol water mixture as the circulating fluid on the source-side. So, the
calculation have been made to correct the catalogue data using correction factor calculated as
per catalogue guidance.
(Eqn. B.1)

Figure B-1 Correction factor for propylene glycol mixture at different temperatures (tac by Schneider Electric,
2009)
1
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Appendix C - BHE operational data - missing data details

Table C-1 presents the dates in between the BHE operational data were unknown and filled-in
and Table C-2 presents the percentage of

unknown data for each months. Table C-3

summarises the quantity of missing data for all the three loops: ground, heating and cooling.
As the flow and temperature data were logged by different data loggers during initial period,
the amount of unknown data were listed separately for Temperatures and flow rates. This
section outlines the process followed to fill the unknown values of temperature and flow rate
in ground loop.
Since, the flow meter installed on the ground loop only started producing data during March
2010, the first two months had 100% unknown flow rate readings. Further, during December
2010 holiday period, the monitoring system was not accessible and the failure of data logging
was unnoticed. Moreover, during October 2011, there was miscommunication between logger
and PC, and the failure of data collection was unnoticed. During May and June 2012, due to
power failure the data logging failed. Apart from the above-said incidents, the remaining
months have small percentage of unknown data that is around 1%, and it was due to data
transfer process.
Missing Temperature data filling
Before December 2011, the smaller gap (less than 1% of data per month) of missing
temperatures were filled-in, other greater length of missing data were left as un-known. The
historical temperature change pattern was used to fix the temperature values.
After December 2011, the BMS (Building Management System) temperature logging records
were used to fill-in the unknown temperature data of the monitoring system.
Missing Flow rate data filling
After December 2011, the data collected by BMS was helpful for filling-in the unknown data.
These BMS data included inlet and outlet temperatures of all three loops and individual heat
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pumps load and source-sides. Moreover, the BMS supplied on/off status of all compressors,
heating and cooling status of individual heat pump, and speed of all circulating pumps. The
unknown data of monitoring system were filled-in through using these available BMS data. The
pattern changes in the temperature, the speed of the pump, and compressor on/off timing
have been used to fix the flow rate values.
Before December 2011, any available useful data from monitoring setup was considered for
the particular time period to calculate the missing ground loop fluid flow rate during that time
period. Generally, useful available data were temperatures and flow rate of the other loops
(chill and warm), and in some cases the temperatures of ground loop fluid. The temperature
pattern for each loop was analysed by considering absolute temperature as well as the positive
rate of change for heating, negative rate of change for cooling and the temperature difference
between inlet and outlet would indicate the ON/OFF timing of the compressor and the fluid
circulation. Any available flow rate value of chilled and heating loop showed the number of
heat pumps under operation. As the GSHP System operated under BMS control, the prediction
of the value of the flow rate was based on the BMS control. This analysis and data filling
procedure was implemented as rules and formulae in a spreadsheet. The historical change of
flow rate and temperature values of other loops also have been considered during the process
and the data has been manually scrutinized as a final quality check.
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Table C-1 Dates between ground loop data ( Temperature and Flow ) filled in and left unknown
Temperature
Year

left unknown
From
14/01/2010 15:30
20/01/2010 11:06
20/01/2010 17:32
22/01/2010 11:58
22/01/2010 17:42
25/01/2010 13:09
26/01/2010 03:55
01/02/2010 14:06
11/02/2010 03:27
19/02/2010 10:32
25/02/2010 03:16
01/04/2010 03:16
04/08/2010 03:18
11/08/2010 03:34
25/08/2010 13:28

To
14/01/2010 16:28
20/01/2010 12:04
20/01/2010 19:05
22/01/2010 12:14
22/01/2010 18:14
25/01/2010 13:45
26/01/2010 13:57
01/02/2010 14:54
11/02/2010 10:36
19/02/2010 12:50
01/03/2010 11:10
01/04/2010 12:27
04/08/2010 11:16
12/08/2010 11:44
25/08/2010 15:21

Flow
Filled in

From
14/01/2010 11:07
19/01/2010 18:24
20/01/2010 15:24
10/02/2010 14:25
14/04/2010 12:33
14/04/2010 14:29
11/06/2010 11:11
12/08/2010 12:58
31/08/2010 15:51
16/09/2010 15:07
20/12/2010 09:32

To
14/01/2010 11:15
19/01/2010 18:30
20/01/2010 15:36
10/02/2010 14:29
14/04/2010 14:17
14/04/2010 14:40
11/06/2010 12:56
12/08/2010 13:04
31/08/2010 17:27
16/09/2010 15:09
23/12/2010 12:20

01/02/2011 16:03
09/03/2011 14:43
24/03/2011 11:33
18/04/2011 13:39
18/07/2011 12:30
30/08/2011 13:55
15/09/2011 14:42
15/10/2011 18:56
21/12/2011 13:33
19/01/2012 12:41
27/02/2012 15:52
30/03/2012 13:10
18/04/2012 12:52
03/05/2012 16:17
13/06/2012 14:22
14/06/2012 07:50
22/10/2012 13:52
19/12/2012 12:25

01/02/2011 16:37
09/03/2011 15:42
24/03/2011 11:49
18/04/2011 13:52
18/07/2011 13:05
30/08/2011 14:03
15/09/2011 14:50
01/12/2011 15:42
21/12/2011 13:50
19/01/2012 12:49
27/02/2012 16:03
30/03/2012 13:18
18/04/2012 13:21
11/05/2012 12:57
13/06/2012 15:01
25/06/2012 12:59
22/10/2012 14:01
19/12/2012 12:31

2010

2011

2012

left unknown
From To

Filled in
From
To
12/01/2010 17:12 11/03/2010 15:48
01/04/2010 12:58 01/04/2010 13:08
08/04/2010 13:05 08/04/2010 13:16
14/04/2010 14:47 14/04/2010 15:12
20/04/2010 14:02 20/04/2010 14:07
23/04/2010 14:58 23/04/2010 15:02
29/04/2010 12:47 29/04/2010 12:53
05/05/2010 13:28 05/05/2010 13:36
10/05/2010 12:38 10/05/2010 12:44
14/05/2010 15:23 14/05/2010 15:40
20/05/2010 15:34 20/05/2010 15:41
26/05/2010 15:23 26/05/2010 15:32
11/06/2010 14:01 11/06/2010 14:10
23/06/2010 12:48 23/06/2010 12:58
29/06/2010 13:25 29/06/2010 13:34
06/07/2010 12:03 06/07/2010 12:11
13/07/2010 14:15 13/07/2010 14:33
19/07/2010 15:27 19/07/2010 15:33
23/07/2010 11:27 23/07/2010 11:35
29/07/2010 15:07 29/07/2010 15:15
04/08/2010 15:01 04/08/2010 15:12
10/08/2010 15:32 10/08/2010 15:40
13/08/2010 14:56 13/08/2010 15:03
19/08/2010 15:25 19/08/2010 15:37
25/08/2010 12:31 25/08/2010 12:41
25/08/2010 14:57 25/08/2010 15:05
25/08/2010 15:17 25/08/2010 15:25
31/08/2010 14:39 31/08/2010 16:04
06/09/2010 15:03 06/09/2010 15:13
10/09/2010 15:01 10/09/2010 15:07
16/09/2010 15:08 16/09/2010 15:17
21/09/2010 15:21 21/09/2010 15:27
22/10/2010 14:06 22/10/2010 15:41
20/12/2010 09:32 23/12/2010 12:20
01/02/2011 16:03 01/02/2011 16:37
09/03/2011 14:43 09/03/2011 15:42
24/03/2011 11:33 24/03/2011 11:49
18/04/2011 13:38 18/04/2011 14:38
18/07/2011 12:30 18/07/2011 13:05
30/08/2011 13:55 30/08/2011 14:03
15/09/2011 14:42 15/09/2011 14:50
15/10/2011 18:56 01/12/2011 15:42
21/12/2011 13:33 21/12/2011 13:50
19/01/2012 12:41 19/01/2012 12:49
27/02/2012 15:52 27/02/2012 16:03
30/03/2012 13:10 30/03/2012 13:18
18/04/2012 12:52 18/04/2012 13:21
03/05/2012 16:17 11/05/2012 12:57
13/06/2012 14:22 13/06/2012 15:01
14/06/2012 07:50 25/06/2012 12:59
22/10/2012 13:51 22/10/2012 14:01
19/12/2012 12:25 19/12/2012 12:31
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Table C-2 Monthly percentage of ground loop data (flow and temperature) filled in and left unknown for the
period between Jan-2010 to Feb-2013

Month
Jan-10
Feb-10
Mar-10
Apr-10
May-10
Jun-10
Jul-10
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Mar-11
Apr-11
May-11
Jun-11
Jul-11
Aug-11
Sep-11
Oct-11
Nov-11
Dec-11
Jan-12
Feb-12
Mar-12
Apr-12
May-12
Jun-12
Jul-12
Aug-12
Sep-12
Oct-12
Nov-12
Dec-12
Jan-13
Feb-13
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Flow
Left unknown
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Filled in
100.00
100.00
34.38
0.16
0.12
0.13
0.12
0.36
0.08
0.23
0.00
10.06
0.00
0.09
0.17
0.15
0.00
0.00
0.08
0.02
0.02
52.43
100.00
2.11
0.02
0.03
0.02
0.07
25.36
37.48
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00

Temperature
Left unknown Filled in
3.25
0.10
15.33
0.03
1.50
0.00
1.28
0.27
0.00
0.00
0.00
0.26
0.00
0.00
5.65
0.23
0.00
0.01
0.00
0.00
0.00
0.00
0.00
10.06
0.00
0.00
0.00
0.09
0.00
0.17
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.02
0.00
0.02
0.00
52.43
0.00 100.00
0.00
2.11
0.00
0.02
0.00
0.03
0.00
0.02
0.00
0.07
0.00
25.36
0.00
37.48
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table C-3 Data availability analysis for temperature and flow measurements of three loops(ground, chilled,
warm) during the whole monitoring period 12th Jan 2010 to 13th Feb 2013
Temperature
Flow
MonthNot available (%)
Filled in (%)
Left Unknown (%)
Not available (%)
Filled in (%)
Left Unknown (%)
Year Ground Chill Warm Ground Chill Warm Ground Chill Warm Ground Chill Warm Ground Chill Warm Ground Chill Warm
Loop
Loop Loop Loop Loop Loop Loop Loop Loop Loop
Loop Loop Loop Loop Loop Loop
Loop Loop
Jan-10
3.35 0.00 0.00
0.10 0.00 0.00
3.25 0.00 0.00 100.00 100.00 100.00 100.00 0.00 0.00
0.00 100.00 100.00
Feb-10 15.36 15.36 15.36
0.03 0.01 0.01 15.33 15.35 15.35 100.00 60.64 60.65 100.00 48.04 48.05
0.00 12.60 12.60
Mar-10
1.50 1.51 1.51
0.00 0.00 0.00
1.50 1.51 1.51
34.38 34.43
1.66 34.38 32.93 0.16
0.00 1.50 1.50
Apr-10
1.55 1.28 1.28
0.27 0.00 0.00
1.28 1.28 1.28
0.16 0.00
0.00
0.16 0.00 0.00
0.00 0.00 0.00
May-10
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.12 0.00
0.00
0.12 0.00 0.00
0.00 0.00 0.00
Jun-10
0.26 0.26 0.26
0.26 0.00 0.00
0.00 0.26 0.26
0.13 0.00
0.00
0.13 0.00 0.00
0.00 0.00 0.00
Jul-10
0.01 0.01 0.01
0.01 0.00 0.00
0.00 0.01 0.01
0.12 0.00
0.00
0.12 0.00 0.00
0.00 0.00 0.00
Aug-10
5.89 5.89 5.89
0.23 0.00 0.00
5.65 5.89 5.89
0.36 0.00
0.00
0.36 0.00 0.00
0.00 0.00 0.00
Sep-10
0.01 0.01 0.01
0.01 0.00 0.00
0.00 0.01 0.01
0.08 0.00
0.03
0.08 0.00 0.00
0.00 0.00 0.03
Oct-10
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.23 0.00
0.00
0.23 0.00 0.00
0.00 0.00 0.00
Nov-10
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Dec-10 10.06 10.06 10.06 10.06 10.06 10.06
0.00 0.00 0.00
10.06 10.06 10.06 10.06 10.06 10.06
0.00 0.00 0.00
Jan-11
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Feb-11
0.00 0.00 0.00
0.09 0.00 0.00
0.00 0.00 0.00
0.09 0.09
0.09
0.09 0.09 0.09
0.00 0.00 0.00
Mar-11
0.00 0.00 0.00
0.17 0.00 0.00
0.00 0.00 0.00
0.17 0.17
0.17
0.17 0.17 0.17
0.00 0.00 0.00
Apr-11
0.00 0.00 0.00
0.04 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.15 0.00 0.00
0.00 0.00 0.00
May-11
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Jun-11
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Jul-11
0.08 0.08 0.08
0.08 0.08 0.08
0.00 0.00 0.00
0.08 0.08
0.08
0.08 0.08 0.08
0.00 0.00 0.00
Aug-11
0.02 0.02 0.02
0.02 0.02 0.02
0.00 0.00 0.00
0.02 0.02
0.02
0.02 0.02 0.02
0.00 0.00 0.00
Sep-11
0.02 0.02 0.02
0.02 0.02 0.02
0.00 0.00 0.00
0.02 0.02
0.02
0.02 0.02 0.02
0.00 0.00 0.00
Oct-11 52.43 52.54 52.54 52.43 52.54 52.54
0.00 0.00 0.00
52.43 52.54 52.54 52.43 52.54 52.54
0.00 0.00 0.00
Nov-11 100.00 100.00 100.00 100.00 100.00 100.00
0.00 0.00 0.00 100.00 100.00 100.00 100.00 100.00 100.00
0.00 0.00 0.00
Dec-11
2.11 2.15 2.15
2.11 2.15 2.15
0.00 0.00 0.00
2.11 2.15
2.15
2.11 2.15 2.15
0.00 0.00 0.00
Jan-12
0.02 0.02 0.02
0.02 0.02 0.02
0.00 0.00 0.00
0.02 0.02
0.02
0.02 0.02 0.02
0.00 0.00 0.00
Feb-12
0.03 0.03 0.03
0.03 0.03 0.03
0.00 0.00 0.00
0.03 0.03
0.03
0.03 0.03 0.03
0.00 0.00 0.00
Mar-12
0.02 0.02 0.02
0.02 0.02 0.02
0.00 0.00 0.00
0.02 0.02
0.02
0.02 0.02 0.02
0.00 0.00 0.00
Apr-12
0.07 0.07 0.07
0.07 0.07 0.07
0.00 0.00 0.00
0.07 0.07 37.97
0.07 0.07 37.97
0.00 0.00 0.00
May-12 25.36 25.36 25.36 25.36 25.36 25.36
0.00 0.00 0.00
25.36 25.36 100.00 25.36 25.36 100.00
0.00 0.00 0.00
Jun-12 37.48 37.48 37.48 37.48 37.48 37.48
0.00 0.00 0.00
37.48 37.48 100.00 37.47 37.47 100.00
0.00 0.00 0.00
Jul-12
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 100.00
0.00 0.00 100.00
0.00 0.00 0.00
Aug-12
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Sep-12
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Oct-12
0.02 0.00 0.00
0.02 0.00 0.00
0.00 0.00 0.00
0.03 0.00
0.00
0.03 0.00 0.00
0.00 0.00 0.00
Nov-12
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Dec-12
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Jan-13
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00
Feb-13
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00
0.00 0.00 0.00
0.00 0.00 0.00

(The yellow colour indicates the months where the missing data have been filled in)
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Ground Source Heat Pump Installation. CIBSE Technical Symposium 2011, De Montfort
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