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Abstract 
 

Ground source heat pumps (GSHP) extracting the heat through borehole heat exchangers (BHEs) are an 

extremely efficient way to provide heating. Their performance is affected by the temperature of the thermal 

source: the ground; the higher it is the temperature of the ground, the higher their performance. As the demand 

of this heating technology increases, the amount of GSHP in densely populated areas is at risk of escalating 

notably. Consequently the study of thermal influence between neighbouring GSHPs is of paramount 

importance to properly design these systems in such areas.  

A comparison is made between the performance of an isolated house, and the same house as part of an area 

with high density of houses using identical GSHPs. The aim of the project is to study the long term 

consequences of exploiting the ground thermal source in an extensive manner, to analyse how the GSHP 

operation is affected in this specific case study, and present a methodology general enough to be implemented 

for different conditions. 

It is presented a methodology based on a parameter calibration model for the HP to analyse the performance 

along the years of a ground source heat pump system located in an area where there is a high density of 

identical installations. The model was tested to verify its accuracy when simulating the performance of the HP 
and was implemented for two case studies that emulate the conditions found in Sweden for residential heating.  

For the first case study, where a 6kW HP unit is simulated, the COP of the system decreased around 15% for 

the 25 studied years. In good agreement with this decline of the COP, an electricity consumption increase 

above 10% is faced. For the second case study, a heat pump unit double the size of the one employed for the 

first case is modelled. In this case, the drop for the COP is 16% and the electricity consumption growth is 

above 20%. 
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Sammanfattning 
 

Markvärmepumpar (GSHP) som utvinner värmen genom borrhålvärmeväxlare (BHE) är ett extremt effektivt 

sätt att tillhandahålla värme. Deras prestanda påverkas av temperaturen på den termiska källan: marken; ju 

högre det är temperaturen på marken, desto högre är deras prestanda. När efterfrågan på denna 

uppvärmningsteknologi ökar riskerar mängden GSHP i tätbefolkade områden att öka särskilt. Följaktligen är 

studien av termiskt inflytande mellan angränsande GSHP: er av yttersta vikt för att korrekt utforma dessa 

system i sådana områden. 

 

En jämförelse görs mellan prestanda för ett isolerat hus, och samma hus som en del av ett område med hög 

täthet av hus med identiska GSHP. Syftet med projektet är att studera de långsiktiga konsekvenserna av att 

utnyttja den termiska jordkällan på ett omfattande sätt, analysera hur GSHP-operationen påverkas i denna 

specifika fallstudie och presentera en metod som är tillräckligt generell för att kunna implementeras för olika 

förhållanden. 

 

Det presenteras en metodik baserad på en parameterkalibreringsmodell för HP för att analysera prestandan 

under åren för ett jordvärmepumpsystem som ligger i ett område där det finns en hög densitet av identiska 

installationer. Modellen testades för att verifiera dess noggrannhet vid simulering av HP: s prestanda och 

implementerades för två fallstudier som emulerar de förhållanden som finns i Sverige för uppvärmning av 

bostäder. För den första fallstudien, där en 6kW HP-enhet simuleras, minskade systemets COP cirka 15% 

under de 25 studerade åren. I god överensstämmelse med denna nedgång i COP står en ökad elförbrukning 

över 10% inför. För den andra fallstudien modelleras en värmepumpsenhet som är dubbelt så stor som den 

som används för det första fallet. I detta fall är fallet för COP 16% och elförbrukningstillväxten över 20%.  
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1 

1 Introduction 
 

 

 

 

 

 

    Nowadays, energy consumption has become a crucial issue and field of study due to several reasons. First 

of all, energy usage management is essential in order to maintain the current development of society, 

infrastructures and technology advances, as well as the improvement of the life standards. The fossil fuels 

reservoirs are decreasing at a high rate and the demand of energy arises as the world’s population grows. 

Moreover, environmental consequences such as climate change, pollution, greenhouse effect, to name a few, 

are of paramount importance. 

 

    The crucial role of energy is evident in a climate dependant world where energy systems based on fossil 

fuels are the main contributors to greenhouse gases emissions. The accumulation of greenhouse gases (GHGs) 

in the high layer of the atmosphere over the years has global warming as a result. Therefore, the largest 

opportunity to mitigate global warming is to reduce their presence of GHGs in the energy-mix (Lina I. Brand-

Correa, 2017). Global warming is a result of the accumulation over the years of the so-called greenhouse 

gases (GHGs) in the higher layers of the atmosphere.  

 

     This fossil fuel based system is unsustainable form an environmental point of view. The Fifth Assessment 

Report (AR5) carried out by the Intergovernmental Panel on Climate Change (IPCC) states that climate 

change is occurring and considering the current approach of the energy sector or even achieving an ambitious 

decrease on energy-related emissions of GHG, large and unknown long-time consequences will occur (Mach, 

Mastrandrea, Bilir, & Field, 2016). Decarbonization of the energy sector is a powerful tool to prevent 

irreversible damage. Renewable energy has a pivotal role in the transition towards a low carbon energy sector 

together with sectoral improvements regarding effective resource management and technical efficiency 

(Kumar, 2017). 

 

     It is a crucial issue to increase the share of renewable sources in energy generation, aiming towards fewer 

emissions and pursuing a cleaner energy production. A reduction in consumption and an advance in the 

efficiency of the system, from production, use and prediction of this energy usage, play a key role in the 

achievement of this goal. This approach is of great concern bringing into focus building energy usage, there is 

a significant room for improvement just considering residential buildings due to the enormous amount of 

energy they consume.  

 

    Buildings globally account for two-fifths (40%) of world’s energy flow (Prasenjit Mondal, 2017). They are 

a major energy consumption sector of many countries and are the cause of significant greenhouse gases 

emissions. Residential buildings represented 20% of the share of final energy consumption across IEA 

countries in 2016 (IEA, 2016). Heating of both space and water accounted for 79.2% of the final energy 

consumption of an average household in the EU. Out of this 79.2%, space heating took 64.7% of the share and 

the remaining 14.5% was used for hot water production (IEA, 2016). 
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    Figure 1 is an example of the huge potential for improvement in the residential sector of the EU countries 

when considering the origin of the energy used for space heating (SH) and domestic hot water (DHW). There 

is a very low use of sustainable renewable energy sources for heating and cooling compared with the high 

potential of the sector. Technology developments and scientific research are aiming towards sustainable ways 

to maintain and increase the share of renewables in the final energy heat consumption around the world. 

    Moreover, using renewables for SH and DHW not only increases the sustainability of the energy system, 

but also has local availability as an advantage, in fact, renewable energies can usually be harvested close to 

the demand point (Stryi-Hipp, 2016). 

 

 

 

 

 

 

 

 

    As mentioned above, the increasingly severe global warming and energy crisis have made it urgent to 

explore appropriate renewable energy sources (Li, Li, Wang, & Tu, 2018). For building use, shallow 

geothermal energy (SGE), exploited by means of heat pumps, is a promising source towards decreasing the 

energy need and increasing the presence of renewable energies in the building sector. SGE can be seen as 

solar energy stored in the form of thermal energy within the ground, where is maintained at a steady 

temperature at a certain depth, in contrast with the outdoor ambient temperature that changes over the seasons. 

The main method to exploit this energy is through Ground-Source Heat Pumps (Sanner, 2001).  

    Much study in recent years has focused on Ground-source or Geothermal Heat Pumps (GHP) as they have 

been found a promising solution to reduce primary energy consumption, hence GHG emissions. Geothermal 

Heat Pumps in heating mode transform the thermal energy stored at the ground at low temperatures (SGE) 

into thermal energy at high temperatures, suitable then for heating (Fernández-Seara, Pereiro, Bastos, & 

Dopazo, 2012).   

    Ground source heat pumps extracting the heat through borehole heat exchangers (BHEs) are an extremely 

efficient way to provide heating. Their performance is affected by the temperature of the thermal source: the 

ground; the higher it is the temperature of the ground, the higher their performance. As the demand of this 

heating technology increases, the amount of GSHP in densely populated areas is at risk of escalating notably. 

Consequently the study of thermal influence between neighbouring GSHPs is of paramount importance to 

properly design these systems in such areas.  

 

    When just one single isolated borehole extracts heat from the ground, the temperature of the ground nearby 

the borehole heat exchanger decreases and so does the efficiency of the system. With time the ground 

temperature reaches a new equilibrium as well as the GSHP efficiency. Yet it is likely that there are more than 

one BHE in the area, hence the behaviour of the all the GSHPs in the vicinity will be affected.  

 

Figure 1. Sources of energy in the residential sector in the EU countries for the different end-uses (IEA, 2016) . 
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    Various neighbouring BHEs extracting heat lead to a slower process of stabilisation of the ground 

temperature in the surrounding of the boreholes and to a more severe temperature drop in the ground 

compared to one isolated GSHP. This implies a worse performance for the GSHP systems located in dense 

ground source heat pump areas (DGSHPAs) (Fascì & Lazzarotto, 2019).  

 

    The diffusion of GSHPs challenges the sustainability and effectiveness of this systems, especially in 

densely populated areas (Fascì & Lazzarotto, 2019). In fact, sustainable energy is defined as the energy 

derived from natural resources capable of being replenished and hence sustained in the long term (Lexico, 

n.d.). Applying this definition to GSHP, it can only be considered a sustainable energy system as long as its 

use does not lead to high temperature variations in the ground and it can be used indefinitely at the original 

design performance.  

    Analysing those temperature variations, referred to as local thermal anomalies, is vital both for 

environmental reasons and for the technical behaviour of the GSHP. One consequence of thermal anomalies 

exceeding certain limits is a reduction of the system’s efficiency. Consequently, further research needs to be 

done to understand the implications of temperature variations in the ground on the performance of the GSHP 

and the sustainability of the system. 

    To investigate the actual performance of GSHPs in densely populated areas, where there is a risk of 

overexploiting the shallow geothermal energy source, and its influence to the average temperature of the 

ground, a computational model has been carried out for the Swedish conditions. The type of HP systems 

manufactured and installed in the country, size of a conventional residential house and heating demand, as 

well as the ground model, are factors to study in detail and they change depending on the country. 

    For this project, the case study is a general Swedish household which employs GSHP technology for SH. A 

comparison is made between the performance of this house isolated, and the same house as part of an area 

with high density of houses using identical GSHPs. The aim of the project is to study the long term 

consequences of exploiting the ground thermal source in an extensive manner, to analyse how the GSHP 

operation is affected in this specific case study, and present a methodology general enough to be implemented 

for different conditions. 

 

 

1.1 Literature review 
 

 

 
     Ground Source Heat pump (GSHP) modelling has generated considerable research interest recently. Li et 

al. (2018) proposed an integrated method coupling a GSHP system with a 3D numerical heat transfer model 

for the GHE that took into account the dynamic heat loads (fans, pumps and valves) to assess the long-term 

performance of the system. Florent (2017) evaluated the optimum mass flow rates through the evaporator and 

condenser with a semi-analytical model of a heat pump coupled to a deep borehole drilled in the ground. 

Modelling a GSHP requires understanding the functioning of heat pumps. Much research has been done in 

recent years exploring the possible heat pump models attempting to find an optimal balance between 

computational complexity and access to specific data with accuracy and simplicity, both for GSHPs or other 

systems employing heat pump units. There are two main approaches for heat pump modelling. 

     The first approach is equation-fit models, also called curved-fit models, regression or empirical based 

models. Simon et al. (2016) described a simple method to simulate the GSHP performance with fitting 

second-order multiple regression (MR) models using 8 variables and 36 data points from the manufacturer 

catalogue. The behaviour of the global GSHP system was predicted accurately, with an error below 1% for the 
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heating capacity and under 5% for the COP in the three studied GSHPs. Proving that the model applied for 

any GSHP manufacturer and showing it was possible to predict the GSHP performance by fitting a MR model 

from limited observation data. 

     As an advantage, these models require little computational time and there is no need of extra data apart 

from the one the manufacturer provides. The system is seen as a black box and the challenge is to find a way 

to fit its performance into one or more equations, only using the inputs and outputs. Ruschenburg et al. (2014) 

focused on the validation of a black box model for HP units for residential applications both for space heating 

and domestic hot water. This approach is based on generating an equation-fit model of the heat pump 

performance by means of polynomials obtained by interpolation and extrapolation. Ruschenburg et al. (2014?) 

monitored five ground-source HP installations and used the results to validate the black-box model and they 

demonstrated linear extrapolation as the most accurate solution. 

    Black-box models is a simple approach for users who can only access to the data available in the 

manufacturer catalogue. Cheung and Braun (2014), motivated by the lack of data and understanding about the 

behaviour of HP systems out of the operating points published by manufacturers, constructed an equation-fit 

model for a 8kW dual-unit ductless heat pump operating in heating point, with R410A as refrigerant. The 

accuracy of the model was tested under different scenarios through experimental set ups, and it was able to 

predict the system performance for conditions such as part-load, not presented in the catalogue data. 

    Underwood (2016) explained how these empirical models are easy to generate and use, and they maintain 

their high predictive accuracy as long as the case study stays within the ranges of available data used to fit the 

model. Scarpa et al. (2012) pointed out, supported by more researches, that these models might not be suitable 

for extrapolation of the heat pump performance outside of the operating conditions used to formulate the 

mode. 

    The second approach is deterministic models, Cimmino and Wetter (2017) referred(?) to them as refrigerant 

cycle models. They presented a model of a water-to-water HP unit that employed a simplified refrigerant 

cycle to predict the HP behaviour, the main step to create the model was the calibration of 8 parameters by 

using the available manufacturer data together with knowledge of the internal components of the HP. 

    Jin and Spitler (2002) stated that these models were the most convenient ones when there is more detailed 

data of the internal components and processes of the heat pump. They found in a model based on physical 

laws, heat transfer and thermodynamic principles, the best match to the manufacturer catalogue. The water-to-

water heat pump simulation was a parameter estimation based model of the reciprocating vapor compression 

cycle of the refrigerant. No extra data from experimental test or internal elements of the heat pump was 

required.  

    Sangi et al. (2015) developed a model following the thermodynamic/physical approach, it relayed on 

thermodynamic laws and heat and mass transfer principles between the components of the heat pump system. 

The dynamics originated by the start-up and shut-down of the compressor were also simulated and the whole 

geothermal heat exchanger was modelled and analysed energetically and exergetically 

    Few researchers have addressed the problem of analysing the performance of GSHPs along the years when 

considering densely populated areas. Lazzarotto and Björk 2016 modelled shallow geothermal systems, they 

developed a calculation method for the temperature variations along borehole fields. Dedicated tools 

developed by the authorities to face the problem of thermal interference among areas of high density of 

neighbouring GSHP installation (Stockholms stad 2005, Witte 2018), together with some researchers, aimed 

to address the problem (Splitler 2000; Miglani et al. 2017; Monzó et al. 2015; Eskilson 1986; Lamarche 

2011). Fascì and Lazzarotto (2019) developed a stacked finite line source (SFLS) based model to determine 

the effect of neighbouring boreholes extracting/rejecting heat from the ground on the ground temperatures. 

     There remains a need for a model to reproduce the GSHPs that includes the influence of the neighbouring 

GSHP in the performance of the evaluated GSHP. The scenario of an isolated unit, or even the scenario 
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proposed by Koohi-Fayegh and Rosen (2013) where it was examined a pair of neighbouring BHE, represent 

the first steps to simulate the actual situation that involves several houses extracting heat through BHEs.  

    In this project, a methodology easy to replicate and implement is presented to estimate the performance of a 

GSHP system. The results for a case study where the GSHP is located in an area with several identical GSHPs 

are compared with the case of an isolated GSHP system. The influence of neighbouring GSHP units is 

analysed both for the effect on the ground temperature and on the coefficient of performance (COP) of the 

heat pump.  

 

 

1.2 Overview on heat pumps 
 

 

    Heat pump systems offer great potential for the reduction of energy use for heating, cooling and heat 

recovery; meanwhile they enable the employment of renewable energy sources for heat recovery (Cimmino & 

Wetter, Modelling of Heat Pumps with Calibrated Parameters Based on Manufacturer Data, 2017). They are 

considered a good alternative for space heating or to produce domestic hot water, replacing conventional 

systems (gas or oil boilers, electric systems, etc.), and to reduce primary energy consumption (Fernández-

Seara, Pereiro, Bastos, & Dopazo, 2012). The aim of this chapter is to describe the overall behaviour of heat 

pumps. 

1.2.1 Heat pump systems 

    A heat pump (HP) is a thermodynamic system that extracts heat from a hot source and transfers it to a cold 

sink, if it is working in heating mode. But it can also work as a chiller, extracting the heat from a cold source 

and rejecting it to a hot sink. According to the second law of thermodynamics, that describes the quality of 

energy and material (Kilic & Kaynakli, 2007), the heat exchange must be carried out with the help of an 

external source of energy (Florent, 2017).  

    An ideal heat pump can be studied as a Carnot heat engine 

operating in reverse mode, as illustrated in Figure 2. TD  is the 

temperature of the hot sink and TS the  temperature of the cold 

source. The coefficient of performance (COP) of this theoretical 

reverse Carnot cycle is: 

     Equation 1 underlines that the lower the difference between 

the sink and the source temperatures, the higher the COP of the 

Heat Pump. Nevertheless, this ideal COP, defined relaying on 

the ideal reverse Carnot cycle, represents the upper theoretical 

value obtainable in a real heat pump system (Holland, 1982).  

     In reality, the COP is lower, it has to be studied 

following the thermodynamic behaviour of the HP 

system, which will be explained in further detail. 

𝐶𝑂𝑃𝑖𝑑𝑒𝑎𝑙 =
𝑄𝐷

𝑊
=

𝑇𝐷

𝑇𝐷 − 𝑇𝑆
 

 

(1) 

 

                 Figure 2. Representation of the heat pump as a 

reverse Carnot heat engine 
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     From a thermodynamic point of view, a heat pump is a 

reverse Rankine cycle, with a phase-changing fluid, called 

“refrigerant”, as the working fluid. The comparison between 

the ideal Rankine cycle and the ideal Carnot cycle is 

illustrated in Figure 3 as a representation of both 

temperature-entropy diagrams. 

     There are two fluids taking part in the heat pump 

process. The fluid receiving the useful effect, the heat, 

known as “primary fluid” and the one that allows the 

correct operation of the engine the refrigerant or working 

fluid, is indispensable for the operation of the heat pump 

and its thermodynamic behaviour through the HP is shown 

in Figure 10. 

 

 

1.2.2 Main components of a compression heat pump 

    Figure 4 is the scheme of a basic heat pump with all its essential elements. The nomenclature used is 

stablished according to the reverse Carnot cycle shown in Figure 2, with 𝑇𝑆 as the source temperature, and 𝑇𝐷 

as the temperature aimed to achieve at the load. 

    A vapor compression heat pump cycle must at least consist of the following basic components (Sangi, 

Jahangiri, Klasing, & Mueller, 2015): 

 A working fluid, called refrigerant, in charge of the heat transfer from the source to the sink.  

 A compressor, setting the working fluid in motion and ensuring the appropriate pressure drop 

between the evaporator and condenser to keep the phase change temperatures at their proper level for 

the heat exchangers. 

 A condenser, where the refrigerant exchanges heat with the sink by releasing its latent heat during the 

phase change into liquid. 

 An expansion valve, to reduce the pressure of the refrigerant, from the condenser pressure to the 

evaporator pressure. 

 An evaporator, where the working fluid is turned into vapour by extracting heat from the source. The 

vapour leaving the evaporator can be saturated or superheated. The purpose of obtaining a 

superheated vapour after the evaporator device is to prevent the liquid from entering the compressor; 

this situation would be extremely harmful for the compressor. The same reason explains the 

requirement of a separator in the case the vapour out of the evaporator is saturated. 

           Figure 3. Comparison of Rankine and Carnot cycle 

T-S diagram 
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Compressor 

 
    Volumetric compressors are the most popular solution for heat pump systems. For this type of compressors, 

one essential parameter that must be analysed is its volumetric efficiency, defined as: 

 

 

 

 

 

    The formula describes the ratio between the suction gas mass-flow �̇�𝑠, and the reference mass-flow �̇�𝑠 𝑟𝑒𝑓, 

determined by the volume of the compression chamber (Lambers, 2008). 

 

 

    There are two types of volumetric compressors:  

 

 Reciprocating compressors, also called piston compressors. 

 Rotary compressors, with two rotating elements between which the working fluid is compressed. 

 

 
  

𝜂𝑣 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 =
 �̇�𝑠

�̇�𝑠 𝑟𝑒𝑓

 

 

(2) 

 

Figure 4. General scheme of a Heat Pump system 
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Reciprocating Compressors 
 

    A reciprocating compressor functions using the alternative motion of a piston inside a cylinder. This 

alternative motion is visible in Figure 5. In the case of a heat pump, the refrigerant vapour out of the 

evaporator goes inside the compressor’s cylinder as the reciprocating movement of the piston provided by 

external power sucks it in. The same alternative motion compresses the vapor and it is released to the 

condenser with the desired pressure. 

 

 
     The compression cycle with a reciprocating compressor starts when the suction valve opens. As it is shown 

in the graphic representation of the compressor cycle (Figure 6), the piston displacement does not cover all the 

cylinder volume. There is a volume left where no further compression is possible as the discharge valve 

opens, this volume is known as clearance volume. A smaller clearance volume means a higher compression 

efficiency. For the same reason the volume of the fluid discharged is smaller than the total volume of the 

cylinder, and equal to the piston displacement volume. 

 
    The cycle starts when the suction valve opens (point 1), from 1-2 the fluid is sucked into the cylinder at a 

constant pressure (Psuc in Figure 6).  Then, the suction valve closes (point 2) and the compression starts, from 

2-3, where the discharge valve opens to release the gas at the discharge pressure (Pdis in Figure 6).   

 

 

 

     From 3-4, with the suction valve 

closed and the discharge one opened, the 

cylinder is emptied up to the clearance 

volume (point 4). 

 

    At point 4, the discharge valve closes 

and the re-expansion process starts, the 

clearance vapor fills the cylinder till the 

suction starts at point 1 with the suction 

valve opening.  

 

    The actual volume sucked by the 

compressor is the volume covered from 

point 1, opening of the suction valve, to 

point 2, where the suction valve closes.  

 

 

 

 
Figure 6. Cycle of a reciprocating compressor 

Figure 5. Schematic representation of a piston compressor (GlobalSpec, s.f.) 
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    The volumetric efficiency of a reciprocating compressor can be defined as the ratio between the theoretical 

volume that could be sucked, (Vsucked), and the piston displacement volume (Vpiston displacement ). Both are 

presented in Figure 6. 

 

 

 

 

 

 

Screw Compressors  
 
    They use a pair of helical screws with different 

diameters that mesh together and compress the 

vapour. They are compressors with two axes, one 

per screw. The working principle is schematised in 

Figure 7, the fluid is sucked by the two rotating 

screws and moves axially while it is compressed 

due to the progressively diminishing space along 

the screws. The refrigerant enters at the suction 

side and is force to leave the compressor at the end 

of the screws, with a reduced volume and higher 

pressure (Grassi, 2017). 
 

Scroll Compressors 
 

    Scroll compressors function with two offset spiral disks to compress the refrigerant. One is stationary while 

the other moves orbiting. The movable scroll is driven by a shaft and orbits around its axis (Grassi, 2017). As 

it is shown in the schematic representation of Figure 8, the air is sucked into the compression chamber and is 

compressed once the intake port is sealed off. The intake port and the discharge port are in planes 

perpendicular to each other, the refrigerant volume is reduced progressively prior to leaving the compressor at 

the discharge point. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝜂𝑣 𝑟𝑒𝑐𝑖𝑝𝑟𝑜𝑐𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 =
𝑉𝑠𝑢𝑐𝑘𝑒𝑑

𝑉𝑝𝑖𝑠𝑡𝑜𝑛 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
 

 

 

(3) 

 

Figure 7. Working schema of screw compressor (Hydraulics and 

Pneumatics, s.f.) 

 

Figure 8. Working scheme of scroll compressor (Northwest Equipment Ltd., s.f.) 
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Comparison between reciprocating, screw and scroll compressors 
 

    Piston compressors are a simple solution, they can reach high pressures, they are easy to install and they 

have a low initial cost. However, maintenance costs are high, they are not conceived to run non-stop at full 

capacity and may introduce vibrational issues. 
  

    Both screw and scroll compressors can reach high pressure for a smaller volume and consume less power 

than reciprocating compressors. They consist of very few moving parts, leading to lower maintenance costs. 

Nevertheless, complications could occur for dirty environments and high rotational speeds. Screw 

compressors have a shorter life time than other designs (GlobalSpec, s.f.). Scroll compressors deal with the 

impediment of not being easily repaired due to their hermetic design, yet they are quite and smooth operating 

units with the highest volumetric efficiency of all compressors (Grassi, 2017).  
 

    Due to pressure losses and other additional reasons, there is a difference between the pressures within the 

compressor works and the ones imposed by external causes, the heat exchangers. This leads to a discrepancy 

with the defined volumetric efficiency, hence the work achievable is also lower. Figure 9 shows a comparison 

between the volumetric efficiency and isentropic efficiency of reciprocating, scroll and screw compressors, 

taking into account the external compression ratio. The ratio between the discharge pressure, or the one set by 

the condenser, and the suction pressure imposed by the evaporator: 

 

    For a reciprocating compressor, according to the description of the cycle and its representation in Figure 5, 

the relation between all the volumes is provided by: 

 

        

 

 

    Where the clearance volume and the volume covered by the piston displacement are constant values 

dependant on the design.  

 

 

 

𝑉𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑣𝑎𝑝𝑜𝑟 − 𝑉𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒  =  𝑉𝑝𝑖𝑠𝑡𝑜𝑛 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 − 𝑉𝑠𝑢𝑐𝑘𝑒𝑑  

 

(4) 

 

Figure 9. Isentropic and volumetric efficiency tendencies with the compression ratio for the tree mentioned types of compressors 

(Grassi, 2017). 
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   As the trend in Figure 9 reflects, the volumetric efficiency drops as the compression ratio increases. 

Considering this type of compressor, the higher the compression ratio, the higher is the volume of the 

clearance vapor. This clearance vapor is the name given to the gas left in the cylinder when both the suction 

and discharge valve are closed. Following identity 5 displayed above, this implies a lower volume of vapor 

sucked into the cylinder, and lower efficiency. 

 

    For screw compressors, the full-load discharge volume flow rate increases as the head pressure decreases. It 

also increases with a higher suction pressure, those increases in volume flow rate mean an increase in the 

volumetric efficiency as the compression ratio decreases, this tendency is reflected in Figure 9 (Reindl & 

Jekel, 2003). 

 

    Scroll compressors are the most used type of compressors nowadays for small or medium HP units. For the 

design operating point, scroll compressors have a higher isentropic efficiency than screw or reciprocating 

compressors. This phenomena is explained by the absence of a dynamic discharge valve, that avoids the losses 

due to throttling. Nevertheless, as figure 9 shows, its efficiency decreases when operating at a higher pressure 

ratio as a consequence of the under-compression losses that will be mentioned in the next section. Moreover, 

scroll compressors are the ones with a volumetric efficiency less dependent on the compression ratio. 

 

Condenser and evaporator 

 
    The evaporator and the condenser are heat exchangers capable of interacting with various types of sources 

of heat. For a GSHP, the evaporator will use an outdoor source, the ground, while the condenser exchanges 

heat with an indoor source, the building. Regarding the kind of thermal source, heat pumps are classified in:  

 

 Water to water HP, with water (or a water-based solution) as the source of both heat exchangers. 

 Air to air HP, if air is the source both for the compressor and the evaporator. 

 Air to water HP, with water as the inner source and air as outer one, this is the system commonly used 

for water heating. 

 

    All the situations indicate the outer source with the first word and the inner source with the second one. 

There are several possible configurations for the heat exchangers: plate heat exchangers, tube in tube heat 

exchangers, shell and tube heat exchangers are common configurations. 

 

    For heat pump applications, there is a phase change taking place both in the evaporator and the condenser. 

In GSHP, the refrigerant exchanges heat with the secondary fluid circulating in the ground at the evaporator 

and, for an ideal cycle, it goes out of it as a saturated vapor; the opposite phase change occurs at the 

condenser, where the vapor that enters the condenser escapes as saturated liquid, giving the heat released in 

the process to the sink. 

 
The thermal effectiveness of a heat exchanger with phase change on one side is the following: 

 

 

 

 

   With  𝑁𝑇𝑈 =
𝑈𝐴

�̇�𝑤 𝐶𝑝𝑤
 , where 𝑈𝐴 is the heat transfer coefficient, assumed as a constant value with no 

dependence on the temperatures or the flow rates, 𝑁𝑇𝑈 is the number of transfer units, 𝐶𝑝𝑤 is the specific heat 

of water and �̇�𝑤  is the water mass flow rate. 
 

 

 

 

 

𝜀 =  1 − 𝑒−𝑁𝑇𝑈 

 

(5) 
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Expansion valve 

    The expansion valve is the device that lowers the pressure of the refrigerant before it enters the evaporator, 

it is in charge of ensuring the suitable pressure at the evaporator and keeping adequate transformations 

temperatures for heat sources.  

    Thermostatic expansion valves have been extensively used for commercial heat pumps systems. This valve 

allows variations in the discharge area, hence variations in the flow rate, nevertheless, the valve pressure drop 

is the value that must stay constant. This constant value is referred as ∆𝑝𝑣 , obtained with a specific mass flow 

rate m, and can be written as ∆𝑝𝑣 = 𝐾𝑚2, with 𝐾 as the flow coefficient. When the delivered power 

decreases, the refrigerant mass flow rate has to decrease the same percentage to maintain the conditions of the 

HP  (Grassi, 2017). A lower flow rate leads to the valve partially closing, to keep a constant ∆𝑝𝑣, meeting the 

following identity: 

 

 

    At a lower flow rate, 𝑚′, the valve closes partially to keep constant the pressure drop, ∆𝑝𝑣 . Nevertheless, 

there are some restrictions about the refrigerant flow rate that limit the mass flow reduction. First of all, the 

compressor will be damaged if liquid refrigerant flows into it, secondly, it is necessary to ensure no vapor 

bubbles formation in the liquid entering the expansion valve as it will introduce losses. These limitations 

constrain the mass flow within the expansion valve. However, for the simplified HP model this report is trying 

to simulate the expansion valve is assumed to develop a isoenthalpic expansion process, with no losses. 

∆𝑝𝑣 = 𝐾𝑚2 = 𝐾′𝑚′2 
(6) 
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1.2.3 Ideal thermodynamic Cycle 

    For this section, the P-H diagram for the refrigerant together with a simple schema of the HP unit is 

introduced. There are four working points to consider (Madani, Claesson, & Lundqvist, 2011), which are 

plotted in the system’s thermodynamic diagram (figure 10):  

 

 

 

 

 

 

 

Point 1, after the evaporator. The working fluid out of the expansion valve (point 4) is at a low pressure and it 

evaporates by extracting heat from the source achieving saturated vapour condition. However, in order to 

ensure no harm originated by drops of liquid entering the compressor, certain degrees of superheating follow 

point 1. 

Point 2, after passing through the compressor the refrigerant is in gas phase with both high temperature and 

pressure.  

Point 3, heat is released to the sink and the refrigerant is condensed to a high pressure, high temperature 

saturated liquid. 

Point 4, the working fluid of the system, has gone through the expansion valve, decreasing both its pressure 

and temperature. 

Figure 10. P-H diagram of the refrigerant working through the heat pump system together with a schematic representation of the HP and its elements. 
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   This representation shows Rankine’s ideal cycle, an actual heat pump system may have a significantly more 

complex thermodynamic cycle. The major cause of the departure from the theoretical Rankine cycle takes 

place in the compressor. 

1.2.4 Heat pump classification 

Heat pumps are classified depending on the types of primary and secondary fluid (air-to-water, air-to-air ...) 

and to the type of driving power they require (absorption systems or vapour compression systems) (Madani, 

Claesson, & Lundqvist, 2011). For the source of heat, the options are: air, water and ground. The case study of 

this project is a vapour compression system with ground as the heat source. 

Heat pumps for residential heating 

There are several types of heat sources or sinks for HP systems for residential heating or cooling that imply 

the environment as the heat source, such as GSHPs that use the underground to extract/reject, those systems 

intend to run the heat pump unit in a sustainable way. A whole range of possibilities have been studied for the 

heat source: from ambient air up to solar panels, through to open surfaces of water such as lakes or the sea, 

free flowing water courses, and the solid ground (Hepbasli & Kalinci, 2009). 

The main advantage of ambient air source/sink is the low capital cost of the system due to very compact heat 

exchangers and low thermal resistance. Nevertheless, this solution is not the best in very cold climates, as the 

ambient is not as steady as other sources in terms of temperatures and it holds moist, leading to the risk of 

frosting in the heat exchanger. Moreover, this frosting occurs during the highest heating demand and it 

requires either reversal operation of the HP unit or an alternative energy consuming technique to prevent it 

from frosting or defrost it. For cold climates, such as Sweden, it is not the optimal option as subfreezing air 

temperatures can drastically decrease the heat pump capacity when the maximum output is needed (Rees, 

2016). 

Free-flowing water sources are convenient as heat pump activity has not long term influence over the 

temperature of the source, this temperature is only determined by ambient conditions. The same applies for 

open wells sources, moreover, both water sources or ground based ones have the advantage of maintaining  

the temperature closer to the room temperature than ambient air. For ground source heat applications (using 

the soil or other geological formations available at the working area), as well as for water sources, the heat 

capacity is higher than when considering ambient air. The implications of this higher heat capacity are both a 

natural temperature range which does not present significant seasonal variations, and the fact that they keep a 

temperature closer to the room temperature of the building aimed to heat/cool, as mentioned before.  

The importance of this last statement lies in the definition of the Carnot efficiency, earlier employed to 

formulate the ideal COP of a heat pump unit. According to equation 1, a smaller temperature gap between the 

sink and the source temperatures leads to a higher reachable or ideal efficiency of the system. The 

accessibility to water sources is a drawback for urban residential areas, hence other energy sources are used 

for HPs. The predominant installation is a Ground-source heat pump (GSHP) system with a secondary heat 

exchange fluid and a closed-loop set up.  

Ground source heat pumps  

Ground-source heat pumps are based on shallow geothermal energy (SGE). The working principle of SGE is 

extracting the heat from the ground to use it as the heat source of the evaporator of a HP, for the heating 

mode. The building, with DHW and heating needs, is the sink of the system. In the case of the HP operating in 

cooling mode, the heat out of the condenser is discharged into the ground.  
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GSHPs offer efficiency levels above other existing technologies for building heat and cooling. Thanks to 

them, it is possible to achieve higher COP values. Their high performance means that the heat exchanged with 

the load is greater than the primary energy consumed, even considering a non-renewable source of energy 

such as thermal power where a lot of energy is lost as waste heat, as illustrated in Figure 11 (Rees, 2016).    

Ground Heat Exchangers 

The working principle of a GSHP is the heat exchange with the fluid circulating through the pipes buried into 

the ground thanks to a higher temperature in the solid ground. The Ground Heat Exchanger (GHE) or 

borehole, is the part of the system where heat is exchanged with the ground.  

There are two common types of borehole designs:  

 Open loop heat exchangers, that use water available at deep wells as the circulating fluid in the GHE 

and they reinject it back cooled or warmed, as displayed in Figure 12. Groundwater heat pumps 

require careful investigations. There are biological and pollution risks (Florent, 2017).  

Figure 12. Ground source heat exchanger designs (Florent, 2017). 

Figure 11. Sankey diagram, comparing the energy flow from source to delivery using a HP for a typical thermal power generation 

process, above, and for renewables as the primary source, illustrated below  (Rees, 2016). 
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 Closed loop heat exchangers, either vertical or horizontal exchangers, both represented in Figure 12. 

Vertical exchangers need a smaller area to be installed. It is easier to predict their performance as the 

heat exchange takes place deeper in the ground. Whereas for horizontal exchangers, as it occurs in the 

upper layers of the ground, it is hard to predict the temperature variation and so they are harder to 

design (Florent, 2017).   

Among closed-loop GSHP, vertical boreholes are the most popular solutions, hence the ones considered for 

this study.  
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2 

2 Methodology 

 

 

    The purpose of this study is to evaluate the performance of a GSHP along the years through a model that 

simulates its behaviour, implemented in the Julia language (Bezanson, Edelman, Karpinski, & Shah, 2015). 

The performance of an isolated GSHP is compared with the performance of the same GSHP in a dense ground 

source heat pump area. First of all, a model valid for a general type of vapour compressor heat pump needs to 

be created. The specifications for the HP are: using a scroll compressor and the heat pump must work in 

heating mode. The procedure has to be reproducible at any household regardless the manufacturer and heat 

pump design installed, as it pursues a realistic model valid for different installations and manufacturers. 

    To begin with, a thermodynamic model of the heat pump is implemented. The aim of this model is to 

predict the behaviour of the heat pump when the working conditions are different from the ones included in 

the manufacturer’s catalogue. The performance of the heat pump is simulated for the desired input data using 

a numeric model. 

Figure 13. Schematic representation of the GSHP system operating in heating mode. 
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    It is necessary to consider the GSHP as an entire system and take into account not only the heat pump unit, 

but the ground heat source and the building. The global set up of the GSHP system is shown in Figure 13. It 

shows how the evaporator intake temperature that acts as the input for the heat pump unit is the output 

temperature of the ground heat source model. The same applies for the heat exchanged at the condenser, it is 

imposed by the building as the house load needed to cover the heating demand. For this reason, the building, 

the heat pump unit and the heat source, should not be studied or modelled individually. The entire system has 

to be considered as a whole.  

    Figure 13 illustrates the data flow within the different units that compose the entire model, the arrows in 

blue are the needed data for the HP unit, therefore they are the inputs for the HP model. The arrow in black 

indicates the needed data for the heat source unit, input of the heat source model. It should be clarified that 

only the colours of those arrows indicate whether the data is an input of one unit or another. The direction of 

the arrows makes sense when considering the thermodynamic energy flow and the directions of the circulating 

fluids that enter and leave the evaporator and condenser. 

    The parameters acting as inputs for the HP model depend on the heat source and the demanding 

temperatures for indoor heating. The heat source establishes the evaporator intake brine temperature, hence it 

affects the COP and the achievable delivered heat. Therefore, it is also important to be able to reproduce and 

predict its behaviour. This project must be able to model the geothermal heat source together with the heat 

pump. Conclusions about the behaviour of the whole system and the performance of GSHPs in DGSHPAs are 

to be obtained from the simulation. 

    This purpose is achieved modelling each single element with the code implemented in Julia and simulating 

the three models together to provide a realistic situation. For a real scenario, all the elements of the system, the 

house, the heat pump and the borehole, affect the performance of the others and they operate simultaneously 

as a whole system. 

    The following methodology was implemented using the Julia language. The final objective is to analyse the 

influence of neighbouring GSHP in the performance of the studied GSHP. To evidence the difference between 

the performance of the GSHP when it is isolated and the same GSHP in dense ground source heat pump area, 

two scenarios are studied: 

1. Scenario A: just one isolated GSHP is considered. The performance of the system is evaluated by 

modelling the HP unit, the house and the temperature of the brine. The residential house sets the load 

the HP unit is required to deliver (heating load and temperature). The temperature of the brine is 

directly related to the underground temperature, it simulated considering the heat extraction imposed 

to meet the heating demand. 

2. Scenario B: an indefinitely extended neighbourhood with identical houses and GSHP installations is 

modelled. The modelling procedure is the same as in Scenario A for the house and the HP itself. 

However, to model the temperature of the brine, the model includes the influence of the neighbouring 

boreholes extracting heat in the area to estimate the underground temperature. 

    Both scenarios are simulated for a time lapse of 25 years, with hourly data, therefore a total amount of 8760 

points are studied each year. After 25 years of simulation, it will be possible to compare the situation and 

performance of the considered GSHP unit, both for the isolated case and the one in a DSGHPA. Conclusions 

will be drawn about the size of the GSHP units, whether they are still able to meet the building heating 

demand, if the ground source is being overexploited etc. 

    The model of every individual element will be explained in further detail, in the descending order of Figure 

13. Starting with the model of the house, followed by the HP unit and, finally, the borehole heat exchanger.  
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2.1 House model 
 

 
    Regarding the house model, this simulation can be run independently from the other two models. It just 

needs to be run once and the calculated values are given as inputs for the HP unit simulation. The data 

obtained through the house model is for one full year. Those values need to be replicated for as many years as 

the simulation reaches.  

 

    First of all, to simulate the house load it is assumed an annual load equivalent to the space heating demand 

for an average Swedish single-family residence. This assumption means the hot water production is not taken 

into account for this study. Given the hourly load of the house, the temperature of the condenser incoming 

water is obtained as follows: 

 

(I) The heat transfer between a modern radiator and the room is defined as:  

 

�̇�𝑟𝑎𝑑−𝑟𝑜𝑜𝑚 [W] is the heat exchanged between the exterior flat surface of the radiator and the room 

through natural convection. This heat is transferred through a heat exchange area, A [m2] with an 

overall heat transfer coefficient, U [W]. UA is approximated as UA ≈ C (𝑡�̅� − 𝑡𝑟𝑜𝑜𝑚)𝑛 , where C is a 

constant value, and 𝑛 is the coefficient for natural convection. Hence: 

 

Where 𝑡�̅� is the mean temperature of the radiator wall plate. It is calculated as average between the 

entering and leaving water temperatures 𝑡𝑠 and 𝑡𝑟, respectively. The indoor space air temperature is 

called 𝑡𝑟𝑜𝑜𝑚, and 𝑛 is the natural convection coefficient (𝑛 = 1/3 for free natural convection). The 

indoor space air temperature, 𝑡𝑟𝑜𝑜𝑚, is set as 20 ºC to ensure thermal comfort for the inhabitants of the 

house. 

 

(II) The heat given to the water flowing through the condenser is calculated as: 

 

�̇�𝑙𝑜𝑎𝑑 = �̇�𝑤 ∙  𝐶𝑝,𝑤 ∙ (𝑡𝑠 − 𝑡𝑟) 

 

( 9) 

This equation employs: 

 

 The water mass flow in the radiator, �̇�𝑤, which is the same water mass flow going through the 

condenser form the house side, as illustrated in Figure 14. 

 The 𝐶𝑝,𝑤 of the water in the radiator/condenser. 

 The temperature difference between the water leaving the condenser and entering the radiator, 𝑡𝑠, 

also called supply temperature. 

 The water leaving the radiator to enter the condenser, 𝑡𝑟 or return temperature. 

 

(III)  Heat losses in the radiator were neglected. It was assumed that the heat exchanged between the room 

and the radiator through natural convection is equal to the heat absorbed by the water at the condenser. 

Therefore �̇�𝑙𝑜𝑎𝑑 = �̇�𝑟𝑎𝑑−𝑟𝑜𝑜𝑚, also referred as  �̇�𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 (Figure 14). 
 

(IV)  Considering the design conditions:  

 

�̇�𝑙𝑜𝑎𝑑,𝑑𝑒𝑠𝑖𝑔𝑛 = �̇�𝑤,𝑑𝑒𝑠𝑖𝑔𝑛 ∙  𝐶𝑝,𝑤,𝑑𝑒𝑠𝑖𝑔𝑛 ∙ (𝑡𝑠 − 𝑡𝑟) 

 

( 10) 

�̇�𝑟𝑎𝑑−𝑟𝑜𝑜𝑚 =  UA ∙ (𝑡�̅� − 𝑡𝑟𝑜𝑜𝑚) 
( 7) 

�̇�𝑟𝑎𝑑−𝑟𝑜𝑜𝑚 = 𝐶 (𝑡�̅� − 𝑡𝑟𝑜𝑜𝑚)
𝑛+1

 
( 8) 
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    The supply water temperature for detached houses with a conventional radiator is 45ºC and the 

return water temperature is 35 ºC (Ovchinnikov et al. - 2017 - Utilization potential of low temperature 

hydronic .pdf, n.d.), hence (𝑡𝑠 − 𝑡𝑟) = 10ºC and   �̇�𝑟𝑎𝑑 = �̇�𝑙𝑜𝑎𝑑,𝑑𝑒𝑠𝑖𝑔𝑛/ (𝐶𝑝,𝑤,𝑑𝑒𝑠𝑖𝑔𝑛 ∙ 10). 

 

Moreover, =
�̇�𝐷𝑒𝑠𝑖𝑔𝑛

(𝑡𝑝,𝑑̅̅ ̅̅̅−𝑡𝑟𝑜𝑜𝑚)
𝑛+1 , with 𝑡𝑝,𝑑̅̅ ̅̅ ̅ as the value for 𝑡�̅� at design conditions.  

 
    The heating demand at this point is found knowing the design winter outdoor temperature. The space 

heating system is sized for this temperature and it is at this point where the relation between 𝑡𝑠 - 𝑡𝑟 is 45-35 

ºC. For Stockholm, the design temperature is -17ºC. Hence, the design load is the heating demand at -17ºC as 

shown in Figure 15.  

 

(I) Finally, the returning fluid temperature to the condenser 𝑡𝑟 is obtained for each hour, j. 

 

𝑡𝑝,𝑗̅̅ ̅̅ = [
�̇�𝑙𝑜𝑎𝑑,𝑗

C
]

1
𝑛+1

+ 𝑡𝑟𝑜𝑜𝑚 

 

(11) 

 

𝑡𝑟,𝑗 = 𝑡𝑝,𝑗̅̅ ̅̅ −
�̇�𝑙𝑜𝑎𝑑,𝑗

�̇�𝑟𝑎𝑑 ∙  𝐶𝑝,𝑟𝑎𝑑,𝑗 ∙ 2
 

 

(12) 

    This last calculation for the hourly values of 𝑡𝑟 provides the necessary inputs, together with the hourly 

heating demand, for the next step, the heat pump model. 

 

Figure 14. Schematic representation of the connexion between the house model and the HP unit 
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2.2 Heat pump model  
 
 

    Concerning the heat pump model, the options to simulate its performance where: 

 

 A black box model, based on interpolation and extrapolation. The heating capacity and electric 

consumption of the HP unit found in the manufacturer catalogue are the only data used. 

 

 A thermodynamic simplified model of the refrigerant cycle for the studied HP model. For this 

approach, a deeper knowledge of a HP performance is needed. Therefore, more data would be 

required. 

 

2.2.1 Black box model 
 
    The simulation of the HP behaviour can be approached by means of a polynomial bivariate extrapolation. It 

is an equation fitting methodology that involves two variables. For this case, those variables are: the inlet 

temperature of the brine entering the evaporator, Tev,in , as x variable, and the temperature of the water entering 

the condenser, Tcond,in , as y. 

 

    For the case study, the manufacturer catalogue provides 24 points of operation, as there are two 

independent variables: Tev,in and Tcond,in with 6 and 4 possible values, respectively. The methodology is 

explained according to the boundary conditions of case study, with 6 x values and 4 y values. The equations 

describing the regression model are the following: 

 

(I) For every y value there are 6 operating points, those data are used to find the coefficients of a 

polynomial that fits the 6 observation data. This idea is mathematically expressed as (Hoel, 1965): 

Figure 25. Synthetic hourly heating demand plotted against outdoor temperature 
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𝛼𝑗(𝑥) =  𝛽𝑗,0 + 𝛽𝑗,1𝑥 + 𝛽𝑗,2𝑥2 + ⋯ + 𝛽𝑗,𝑛𝑥𝑛 

 

(13) 

    Where 𝑗 ∈ [0,3] and it an entire value that indicates the point y used as observation data. Hence, 𝛼1 is 

the polynomial found for the first possible y value, i.e. Tcpnd,in = 30 ºC as the first condensing ingoing water 

temperature given by the manufacturer. The following  𝛼2 is a different polynomial matching the second y 

value, and so on. The 𝛽𝑢 parameters are the polynomial coefficients to determine. Moreover, as this model 

is for a bivariate extrapolation, each coefficient 𝛽𝑢 is a function dependant on the remaining variable y. 

 

(II) The coefficients 𝛽𝑗,𝑖 are, as just mention, polynomial functions themselves calculated as: 

𝛽𝑗,𝑖(𝑦) =  𝛾𝑖,0 + 𝛾𝑖,1𝑦 + 𝛾𝑖,2𝑦2 + ⋯ + 𝛾𝑖,𝑚𝑦𝑚 
(14) 

 

     With u and i as entire numbers meeting:  𝑗 ∈ [0, 𝑚] and 𝑖 ∈ [0, 𝑛]. The coefficients are now referred as 𝛾𝑖. 

 

(III) The final equation for the regression model is:  

𝑝(𝑥, 𝑦) = ∑ ∑ 𝛾𝑖,𝑗

𝑚

𝑗=0

𝑛

𝑖=0

𝑥𝑖𝑦𝑗 

 

(15) 

    This equation defines the final polynomial that reproduces the performance of the HP unit by 

means of one mathematical function. The coefficients are designated as 𝛾𝑖,𝑗 and the methodology 

followed to find their values implemented in the Julia language consists on the three steps just 

mentioned. First of all, the coefficients 𝛽𝑣,𝑖 that adjust the 𝛼𝑢 polynomial to the manufacturer data are 

calculated. Secondly, they are used to obtain the coefficients 𝛾𝑣,𝑗, and finally, the sum expressed by 

equation 15 is the aimed regression model. 

 

    It is essential for the proposed regression model that the parameters n and m take entire values from 

0 to 𝑢 − 1 or  𝑣 − 1, where u is the number of x values available and v is the number of y data 

available. That means  𝑛 ∈ [0,5] and 𝑚 ∈ [0,3]. The reason is there are 6 and 4 data points for Tev,in 

and Tcond,in, respectively, and the maximum polynomial degree for a regression model has to be below 

the amount of observation points for each variable. 

 

    The performance of the HP, heating capacity, �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔, and consumed power, �̇�, are function of the 

entering temperatures of the fluids in the evaporator and condenser, both of them have data for 24 points. The 

heating capacity is obtained using the cooling capacity, �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔, given by in the catalogue, and the consumed 

electric power, �̇�. The equation imposed for this calculation is the following: 

    The heating capacity and consumed power for operating conditions beyond the range of available data can 

be predicted through this extrapolation model. It has been tested to provide accurate results when the 

temperatures are within the observation points or they do not depart a lot from the boundary data. However, 

the further the considered temperatures are from the range of data given at the catalogue, the less reliable the 

model seems to be. 

     The black box model option was finally excluded, since the extrapolation of the heat pump performance 

out of the range of operating temperatures ends in less accurate results (Jin & Spitler, A Parameter Estimation 

Based Model of Water-to-Water Heat Pumps for Use in Energy Calculation Programs, 2002). A better 

approximation to the HP behaviour for the real scenario is obtained by using the thermodynamic approach 

model. 

�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =  �̇� + �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 
(16) 
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2.2.2 Thermodynamic based model 
 

    This heat pump model aims to reproduce the real thermodynamic performance of the heat pump unit. To 

achieve it, maintaining a sensible degree of complexity and avoiding overwhelming computational times, it is 

necessary to make some simplifications. However, the model is realistic enough and follows the refrigerant 

cycle (Figure 16).  

 

    The case study is a brine-to-water heat pump, meaning that the input fluid entering the evaporator is brine, a 

26% ethanol-water solution. And the fluid in charge of the heat exchange that takes place in the condenser is 

water. The reason to use this brine fluid is to lower the freezing temperature of the water, preventing it from 

freezing when the temperature is slightly below 0 C. Nevertheless, the mathematical approach and equations 

are the same for a water-to-water HP. 

    For this specific application, as it is the most common model for residential heating in Sweden, the type of 

compressor for the modelled HP is a scroll compressor. The refrigerant used is R410A, and its thermodynamic 

cycle is simplified as an ideal Rankine cycle, as already explained in section Overview on heat pumps. In 

practice, the operation of a mechanical vapour compression heat pump is closer to the reverse Rankine cycles 

than to the theoretical Carnot cycle (Holland, 1982). The pressure-enthalpy diagram in Figure 16, presents the 

thermodynamic behaviour of the HP system simplified as an ideal Rankine cycle. The shape of the real HP 

diagram will differ from the ideal system. Nevertheless, some assumptions are made to simplify the study. 

First of all, the pressure drop in the heat exchanger is assumed to be negligible. Therefore, both the 

condensation and the evaporation are seen as isothermal as the refrigerant stays at a constant temperature 

while changing phase (Jin & Spitler, A Parameter Estimation Based Model of Water-to-Water Heat Pumps for 

Use in Energy Calculation Programs, 2002). Secondly, the fluid is isentropically compressed from 1 to 2, and 

then isoenthalpically expanded from 3 to 4.  

 

Figure 16. Pressure-enthalpy diagram for the refrigerant . 
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   Taking into account all the previous assumptions together with no heat exchange between the system and its 

environment, equation 17 is obtained. According with the first law of thermodynamics, that describes the 

conservation of energy:  

 

    Where �̇�𝑜𝑢𝑡 is the load-side heat-transfer rate, �̇�𝑖𝑛 is the source-side heat-transfer rate and �̇� is the 

compressor power input (Jin, Parameter Estimation Based Models of Water Source Heat Pumps, 2002). This 

equation assumes that there is no heat lost from the compressor, actually, there will be some heat transferred 

from the compressor shell. Nevertheless, this loss is small enough to be neglected, and heat pump 

manufacturers’ catalogue data neglect it as well (Jin, Parameter Estimation Based Models of Water Source 

Heat Pumps, 2002). 

    Several conclusions can be inferred from the P-H diagram of the ideal Rankine cycle (Figure 16). All the 

simplifications done to describe the heat pump behaviour lead to a closer approximation to the ideal 

thermodynamic cycle. To mention a few, those which are useful for further calculations and to develop the HP 

model: 

 The enthalpy at point 3 is equal to the enthalpy at point 4, due to the expansion valve being a 

isenthalpic process  h3=h4 

 The temperatures at point 1 and point 4 are the same, as the assumption made to consider the pressure 

drop in the heat exchangers negligible implies both evaporation and condensation as isothermal 

processes. TA=T4=Tevaporation and T3=Tcondensation 

 The heat exchange between the system and its environment is assumed negligible  �̇�𝑜𝑢𝑡 =  �̇� + �̇�𝑖𝑛 

    To characterize heat pumps performances, the COP of the HP is defined, obtained as the ratio between the 

energy spent in the compressor and the energy the system is able to supply to the load. If the useful effect is  

�̇�out (energy given to the sink in W) and the driving power is 𝑊 ̇ (input power to the compressor in W), its 

value is calculated as (Madani, Claesson, & Lundqvist, 2011a): 

 

 

    The pressure of the intake fluid for the compressor is also refereed as Psuc, suction pressure, and the 

pressure of the outlet gas is called Pdich, discharge pressure. Point A is illustrated in Figure 16. Since, for a 

realistic HP cycle, the fluid out of the evaporator is not a saturated vapor at Tevaporation , but it suffers certain 

superheating (∆𝑇𝑠𝑢𝑝) in the heat exchanger. Hence, the actual temperature of the vapor after the evaporator and 

entering the compressor at the so-called point 1 is 𝑇1 = 𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 + ∆𝑇𝑠𝑢𝑝. 

    Understanding what is shown in Figure 16 is the first step to write the mathematical model to be 

implemented with the Julia language. The points of interest for the analysis and the energy flows are indicated 

in the diagram. 

    This schematic representation of the thermodynamic cycle for R410A was made according to de data 

available at the manufacturer catalogue. The following subsection explains in further detail the model 

implemented in Julia through the equations used to reproduce the thermodynamic cycle. 

 

 
 

 

�̇�𝑜𝑢𝑡 =  �̇� + �̇�𝑖𝑛 
(17) 

𝐶𝑂𝑃𝑟𝑒𝑎𝑙 =
�̇�𝑜𝑢𝑡

�̇�
 

(18) 
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Model of a scroll compressor 
 
    To model the GSHP,  mathematical and thermodynamic assumptions will be done considering the 

characteristics of a scroll compressor. 
 

   The fixed geometry of scroll compressors set the volume ratio, 𝜐𝑖, determined by the design of the 

compressor.  

 

 

         

   Where 𝑉𝑖 is the initial volume, the volume of the trapped gas pocket immediately after closing . 𝑉𝑓 is the 

final volume, the volume of trapped gas pocket immediately before opening to discharge (Jin, Parameter 

Estimation Based Models of Water Source Heat Pumps, 2002). This built-in ratio of the compressor, gives 

also an internal pressure ratio for the refrigerant at given conditions, 𝜋𝑖: 

 
 

     

 

   With Pi is the internal discharge pressure and P1 is the suction pressure, evaporating pressure or Pe. The 

relationship between both ratios is defined by the following equation, considering the process isentropic: 

 

 

 

    The external pressure existing in the compressor at suction and discharge is not equal to the one in the inner 

compressor’s circuit just before compression and after discharge. Hence, it is useful to define the external 

compression ratio, 𝜋. It is the ratio between the discharge pressure, or the one set by the condenser, and the 

suction pressure, the one imposed by the evaporator: 

 

 

    The discrepancy between the ‘external pressure ratio’ and the ‘built-in’ one leads to three modes of 

operation of the scroll compression process. Design operation (Figure 17 a), and not adapted compressing 

process: over compression (Figure 17 b) and under compression (Figure 17 c). The consequence of over 

compression and under compression are power losses (Winandy, 2002). The energy consumption of the 

compressor will be higher than the power required in case the compression process is performed through a 

pure isentropic compression. The most critical is the over compression, as gas expands within a larger volume 

while discharging.  

𝜐𝑖 =
𝑉𝑖

𝑉𝑓
⁄  

(19) 

𝜋𝑖 =
𝑃𝑖

𝑃1
⁄  

(20) 

𝜋𝑖 = 𝜐𝑖
𝛾 

(21) 

𝜋 =
𝑃𝑑𝑖𝑠

𝑃𝑠𝑢𝑐
=

𝑃𝑐𝑜𝑛𝑑

𝑃𝑒𝑣
 

 

(22) 

Figure 17. P-V diagram of a scroll compressor at its three modes of operation. (a) Design conditions ’External pressure ratio’, 𝜋 coincides with 

‘built-in’ pressure ratio 𝜋𝑖 𝜋 = 𝜋𝑖. (b) Overpressure conditions  𝜋 > 𝜋𝑖  (c) Underpressure conditions  𝜋 < 𝜋𝑖  (Winandy, O., & Lebrun, 2002). 
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   The shaded areas illustrate the energy losses when there is a discrepancy between ‘built-in’ pressure ratio 

and ‘external pressure ratio’ (Jin, Parameter Estimation Based Models of Water Source Heat Pumps, 2002).  
 

    The scroll compressor works under design conditions, at the optimal operating point, when the ‘external 

pressure ratio’ and the ‘built-in ratio’ are the same. The theoretical compressor work follows an isentropic 

compression at the built-in ratio (Cimmino & Wetter, Modelling of Heat Pumps with Calibrated Parameters 

Based on Manufacturer Data, 2017) and it is calculated using the following equation (Jin, Parameter 

Estimation Based Models of Water Source Heat Pumps, 2002): 

 

 

 

    Where �̇�𝑡 is the theoretical compressor work, 𝛾 is the isentropic exponent, 𝑃𝑒 is the evaporating pressure or 

P1. �̇�𝑟 is the refrigerant volume flow rate at the beginning of the compression, and 𝜋𝑖 is the internal pressure 

ratio or ‘built-in’ pressure ratio. 

    The most frequent situation is to have a mismatch between the ‘built-in’ pressure ratio and the external one. 

Therefore, it is recommended to calculate the theoretical work taking into consideration this increase on 

power consumption due to a non pure isentropic process, named as thermodynamic work, �̇�𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐: 

 

 

 

     The volume ratio 𝜐𝑖 and the ‘external pressure ratio’, 𝜋, are introduced in this equation to reproduce more 

accurately the thermodynamic behaviour of the compression process. This ‘external pressure ratio’ is defined 

in equation 22, as the ratio of the condensing pressure,  𝑃𝑐𝑜𝑛𝑑  and the evaporating pressure, 𝑃𝑒𝑣. As mentioned 

before, the difference between 𝜋 and 𝜋𝑖 is what leads to a higher power consumption and the need to redefine 

the equation 23 to calculate the theoretical power. Equation 24 is the one used to simulate the compressor 

work in the case study. 

2.2.3 Development of a model of the heat pump unit in the Julia language 
 
    The manufacturer data used is from Eton, for a water-to-water heat pump that uses R410A as the refrigerant 

and the unit size is 6kW. Although the input data is for a water-to-water heat pump, the real unit aiming to 

model is a brine-to-water HP. It is the most realistic approach in particular to couple with the BHE model, 

which uses brine as the circulating fluid, and the same equations can be applied. 

 

    Table 1 provides a list of the data available in the manufacturer catalogue that is used for this model. What 

is referred here as brine, for example in �̇�𝑏𝑟𝑖𝑛𝑒, is an ethanol concentration. This ethanol water solution is 

used due to its low freezing point. The thermodynamic properties of the brine are obtained according to the 

type of solution that is being used and its concentration. In this case, a 26% ethanol-water solution is 

considered. 

 

    It can be observed from Figure 13 that the HP unit is connected to the BHE unit and so both models 

exchange a flow of data with each other. The output data from the HP model that is needed for the ground 

source model is represented by a black arrow (Figure 13). The direction of the arrow means the heat extracted 

from the ground at the evaporator is entering the HP. However, this �̇�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 is the input data needed for 

the borehole model. Hence, it is one of the outputs aimed to obtain from the HP unit. 

 

    A Mollier diagram is used at this point. Either this diagram or the tables that collect the same data, allow 

engineers and designers to obtain a desired thermodynamic property of the fluid at a point defined by two 

other properties. This information is used to create a pressure-enthalpy chart of the refrigerant similar to the 

�̇�𝑡 =
 𝛾

𝛾 − 1
𝑃𝑒 �̇�𝑟 [𝜋𝑖

 𝛾−1
𝛾 − 1] 

(23) 

�̇�𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
 𝛾

𝛾 − 1
𝑃𝑒 �̇�𝑟 [

 𝛾 − 1

𝛾
∙

 𝜋

𝜐𝑖
+

 1

𝛾
∙ 𝜋𝑖

 𝛾−1
𝛾 − 1] 

(24) 
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one presented in Figure 16. The way to include all this data into the Julia code is by using CoolProp. This 

library gathers all the data and equations needed so the user can get the desired property of the fluid as an 

output when giving as an input two other properties that define the point of interest. (Welcome to CoolProp — 

CoolProp 6.3.0 documentation, n.d.). Whenever the property to be calculated is obtained by means of this 

Julia package and two thermodynamic properties, it will be indicated hereafter as: 

 𝑝𝑟𝑜𝑝𝑒𝑟𝑡 𝑦𝐴 = 𝑓(𝑝𝑟𝑜𝑝𝑒𝑟𝑡 𝑦1,𝑃𝑂𝐼𝑁𝑇 𝐴, 𝑝𝑟𝑜𝑝𝑒𝑟𝑡 𝑦2,𝑃𝑂𝐼𝑁𝑇 𝐴). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mathematical model to implement in Julia 
 

    A compilation of the equations describing the performance of the heat pump is presented below. The model  

implemented in Julia follows the presented equations. It is based on Jin’s approach for a water-to-water heat 

pump model with the manufacturer catalogue data, as it is the only available data (Jin y Spitler - A Parameter 

Estimation Based Model of Water-to-Wat.pdf, n.d.). The steps to reach the final model are the following: 

 

(I) Consumed power  

 

    First of all, it is necessary to know the electrical power consumed by the compressor. To calculate 

the real electric power needed by the compressor, the calculations must include an electro-mechanical 

efficiency of the compressor, 𝜂, to adjust the theoretical work. Moreover, there are some losses during 

the compression process to be considered when calculating the actual power input into the compressor. 

The total consumed power is: 

 

 

 

    With �̇� as the power input into the compressor, 𝜂 the electro-mechanical efficiency, 

�̇�𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 the theoretical work for a non isentropic process (equation 24) and �̇�𝑙𝑜𝑠𝑠𝑒𝑠 as the 

constant part of power losses (Cimmino & Wetter, Modelling of Heat Pumps with Calibrated 

Parameters Based on Manufacturer Data, 2017). 

 

 

 

 Manufacturer Data 

 Name Symbol Units 

 Cooling capacity �̇�𝑖𝑛  [kW] 

 Power input in the compressor �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  [kW] 

 Ingoing water temperature (evaporator) Tev,in      [ºC] 

 Ingoing water temperature (condenser) Tcond,in    [ºC] 

 Water flow rate in the evaporator �̇�𝑏𝑟𝑖𝑛𝑒      [kg/s] 

 Water flow rate in the condenser �̇�𝑤                [kg/s] 

 Nominal heating capacity �̇�𝑐𝑜𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙  [kW] 

 Nominal coefficient of performance COPnominal [-] 

 Nominal ingoing water temperature (evaporator) Tev,in,nominal [ºC] 

 Nominal outgoing water temperature (condenser) Tcond,in,nominal [ºC] 

 

 

 

Table 1. Manufacturer Data for a water-to-water 6kW HP unit 

�̇� =
 �̇�𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝜂
+ �̇�𝑙𝑜𝑠𝑠𝑒𝑠 

(25) 
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(II)  Heat exchanged at the evaporator 
 

    Another output desired value is the heat extracted from the evaporator, as it is the input data needed 

for the borehole model. It is calculated as (Cimmino & Wetter, Modelling of Heat Pumps with 

Calibrated Parameters Based on Manufacturer Data, 2017):  

        Where: 

 �̇�𝑟𝑒𝑓 is the refrigerant mass flow  

 ℎ4 is the enthalpy at point 4 

 ℎ1 is the enthalpy at point 1 

 

    The refrigerant mass flow is defined as: �̇�𝑟𝑒𝑓 =
�̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙

 𝜐𝑠𝑢𝑐
− �̇�𝑙𝑒𝑎𝑘 , �̇�𝑙𝑒𝑎𝑘  is the leakage mass flow 

rate for the compressor and its obtained as �̇�𝑙𝑒𝑎𝑘 = 𝐶 𝜋 . With C as the leakage coefficient (Cimmino 

& Wetter, Modelling of Heat Pumps with Calibrated Parameters Based on Manufacturer Data, 2017). 

And 𝜐𝑠𝑢𝑐 is the specific volume at the suction conditions, 𝜐𝑠𝑢𝑐 = 𝑓(ℎ1, 𝑃𝑠𝑢𝑐). 

 

    The enthalpies ℎ1 and ℎ4 are calculated following the thermodynamic cycle for R410A, using 

CoolProp tool. Point 4 has the same enthalpy as point B, so ℎ𝐵 = ℎ4, hence once the enthalpy at point 

B is defined, so is it for point 4. Either the temperature or the pressure at points A and B, and the 

condition of saturated vapour and saturated liquid, respectively, define ℎ𝐴 and ℎ𝐵. As point A is on the 

saturation line, it means that the refrigerant at this point is a saturated vapour. The same works for 

point B, but in this case it is a saturated liquid. It is indicated as “Q=1.0” for saturated vapour, and 

“Q=0.0” for saturated liquid in the Julia tool CoolProp. This information, together with the pressures at 

those points, is enough to obtain the enthalpies 𝑇𝐴 and ℎ4. 𝑇1 is calculated as:  𝑇1 = 𝑇𝐴 +  ∆𝑇𝑠𝑢𝑝, the 

temperature at point 1 and its pressure define ℎ1. 

 

(III)  Condensing and evaporating temperatures 

 

    For the two heat exchangers, the refrigerant is assumed to exchange heat with the water or brine at a 

constant temperature, both for the evaporator and for the condenser. Once the condensation 

temperature and the evaporating temperature are known, the evaporating pressure is also defined. The 

temperature 𝑇𝑒𝑣, and the fact that at point A the fluid is a saturated vapour are used to obtain  𝑃𝑒𝑣. The 

temperature 𝑇𝑐𝑜𝑛𝑑 at point B and this point as a saturated liquid are given to calculate 𝑃𝑐𝑜𝑛𝑑. 

 

   The temperatures are calculated: 

𝑇𝑐𝑜𝑛𝑑 =  𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 +
�̇�𝑜𝑢𝑡

𝜀𝑐𝑜𝑛𝑑 �̇�𝑤 𝐶𝑝,𝑤 
 

 

(27) 

 

𝑇𝑒𝑣 =  𝑇𝑒𝑣,𝑖𝑛 −
�̇�𝑖𝑛

𝜀𝑒𝑣 �̇�𝑏𝑟𝑖𝑛𝑒 𝐶𝑝,𝑏𝑟𝑖𝑛𝑒 
 

 

(28) 

 

The efficiency of the condenser 𝜀𝑐𝑜𝑛𝑑, and 𝜀𝑒𝑣 are determined as (Cimmino & Wetter, Modelling of 

Heat Pumps with Calibrated Parameters Based on Manufacturer Data, 2017): 

 

�̇�𝑖𝑛 =  �̇�𝑟𝑒𝑓(ℎ1 − ℎ4) 

 

(26) 
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𝜀𝑐𝑜𝑛𝑑 =  1 − 𝑒
−

𝑈𝐴𝑐𝑜𝑛𝑑
�̇�𝑤 𝐶𝑝𝑤  

 

(29) 

 

𝜀𝑒𝑣 =  1 − 𝑒
−

𝑈𝐴𝑒𝑣
�̇�𝑏𝑟𝑖𝑛𝑒 𝐶𝑝,𝑏𝑟𝑖𝑛𝑒 

 

(30) 

 
     Here, 𝑈𝐴 is the heat transfer coefficient, assumed as a constant value, for the condenser and the 

evaporator, respectively. 𝐶𝑝,𝑤 and  𝐶𝑝,𝑏𝑟𝑖𝑛𝑒  are the specific heats for water and brine, �̇�𝑤 and �̇�𝑏𝑟𝑖𝑛𝑒 

are the water and brine mass flow rates. The specific heats are also obtained with CoolProp, by giving 

the inlet water/brine temperature in the condenser/evaporator and the pressure of the fluid stream. The 

pressure of the water and brine entering the heat exchangers is assumed to be 1atm=101325 Pa. 

 

 

(IV)  HP delivered heat 

 

     The heat capacity the HP unit is delivering is estimated assuming no heat exchange between the 

system and its environment. Equation 17 satisfies these assumptions and provides the heat capacity 

knowing the power consumed ant the compressor and the heat exchanged at the evaporator. 

 

Parameters to estimate 
 

    Reviewing all the equations, the unknown values missing to perform the calculations are displayed 

below: 

 

 𝑃𝑠𝑢𝑐 

 ℎ1 

 𝑃𝑑𝑖𝑠𝑐ℎ 

  �̇�𝑟 

 �̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙 

 𝐶 

 𝜂compressor 

 �̇�𝑙𝑜𝑠𝑠𝑒𝑠 

 𝑈𝐴𝑐𝑜𝑛𝑑 

 𝑈𝐴𝑒𝑣 

     The value of 𝑃𝑠𝑢𝑐 is 𝑃𝑠𝑢𝑐 = 𝑃𝑒𝑣, the same happens for 𝑃𝑑𝑖𝑠𝑐ℎ, with the nuance that 𝑃𝑐𝑜𝑛𝑑  must be calculated in 

advance. 𝑃𝑑𝑖𝑠𝑐ℎ = 𝑃𝑐𝑜𝑛𝑑 , the condensation pressure is obtained using the thermodynamic properties at point B, 

the temperature of the fluid and its condition of saturated liquid: 𝑃𝑐𝑜𝑛𝑑 = 𝑓(𝑇𝑐𝑜𝑛𝑑, 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑). The 

enthalpy at point 1, ℎ1, is calculated in the same way as the just mentioned 𝑃𝑐𝑜𝑛𝑑. Using CoolProp, provided 

two thermodynamic properties, in this case the pressure and the temperature at point 1. Therefore, 

 ℎ1 = 𝑓(𝑇1,𝑃𝑒𝑣), where 𝑇1 = 𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 + ∆𝑇𝑠𝑢𝑝, introducing the need to determine the value of the degrees 

of superheating, ∆𝑇𝑠𝑢𝑝. 

 

 Parameters to estimate 

1  Vr -- 

2  �̇�nominal  [m3/s] 

3  C  [kg/s] 

4  ΔTsup  [ºC] 

5  𝜂compressor -- 

6  �̇�loss  [W] 

7  UA cond [W/ºC] 

8  UA ev  [W/ºC] 

Table 2. Parameters to estimate for the heat pump model 

 



 

 

 

32  

    The remaining missing values of the list are also necessary to fulfil the described model, they will be 

stablished as parameters to calibrate in order to use the proposed equations. These parameters are gathered in 

Table 2 and they are selected as constant parameters for the model. The method to obtain them is calibration 

by means of an optimization procedure to minimize the difference between the calculated heat pump 

performance when using those parameters and the performance given as data from the manufacturer 

(Cimmino & Wetter, Modelling of Heat Pumps with Calibrated Parameters Based on Manufacturer Data, 

2017).  

 

     The estimation of the parameters has to ensure an accurate model of the HP, the procedure to do so 

emulates Jin and Spitler (2002) and Cimmino and Wetter (2017) as hereinafter detailed. 

 

Parameter estimation process 

 
    The parameters mentioned above are needed to construct the HP model. Once they are calibrated, the 

presented equations can reproduce the thermodynamic behaviour of the heat pump for any given input 

temperatures and load. To calibrate them the procedure proposed by Jin and Spitler (2002) will be followed. 

 

    There are 8 parameters to calibrate and the studied points are 24. As in the manufacturer catalogue there is 

data for 24 possible combinations of entering water temperatures in the evaporator and the condenser. There 

are given 4 operating temperatures for water entering the condenser and 6 for the water through the 

evaporator. A total of 24 operating points as used input data for this study. That means, 24 values of the 

electric power consumed by the compressor and for the heating capacity of the unit. 

 

    The model of the HP is built only based on this available catalogue data, so it can be reproduced following 

the steps explained below. For any HP model that only uses the common data provided by the manufacturers, 

the data needed to calibrate the parameters is: 

 

 The temperature of the water entering the condenser, load-side or house side entering water 

temperature, Tcond. Its flow rate, �̇�𝑤, and the heating capacity the condenser needs to deliver, �̇�𝑜𝑢𝑡. 

 Electric power consumed by the compressor, �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 

 The temperature of the water entering the evaporator, source-side or ground side entering water 

temperature, Tev. The flow rate, referred as �̇�𝑏𝑟𝑖𝑛𝑒, using brine in order to allow the temperature of 

the liquid to go below 0 ºC without freezing. And the heat extracted from the ground, �̇�𝑖𝑛.  
 

    The concept followed to estimate the value of the set of parameters presented in Table 2 is an optimization 

method that finds the set of parameters which minimizes a cost function. This cost function to minimize is the 

sum of normalized square errors of the heat pump capacities and electric power consumption (Cimmino y 

Wetter - 2017 - Modelling of Heat Pumps with Calibrated Parameters.pdf, n.d.). It is expressed as: 

 

𝐶𝑜𝑠𝑡 = ∑ [(
�̇�𝑜𝑢𝑡

(𝑖)
− �̇�𝑜𝑢𝑡,𝐷𝐴𝑇𝐴

(𝑖)

�̇�𝑜𝑢𝑡,𝐷𝐴𝑇𝐴
(𝑖)

)

2

+ (
�̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟

(𝑖)
− �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟,𝐷𝐴𝑇𝐴

(𝑖)

�̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟,𝐷𝐴𝑇𝐴
(𝑖)

)

2

]

𝑁

𝑖

  

 

(31) 

 

    This cost function is analysed for all the data gathered. The value of i goes from 1 to N=24, the total 

operating points there are available data for. As the equations that described the model evidence, there are 

several steps and formulas involved in reaching the final �̇�𝑜𝑢𝑡 and �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟. All the equations are properly 

defined in the Julia code, with the unknown variables that are the parameters before calibrating them.  

 

    The basis of this estimation process is to minimize the difference between the numeric results of the model, 

and the data from the manufacturer catalogue. To do so, an existing Julia function will be used. The package 

used is called Optim, a Julia package to optimize functions finding the convergence to a minimum 

(JuliaNLSolvers, s.f.). It has several solver options ready for use, for this purpose the gradient of the function 
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is not available, nor is it possible for the solver tool to calculate it. This happens because the cost function to 

optimize includes a chain of functions linked to each other. Moreover, at some points of the calculations, the 

functions are just a value dependant on some unknown parameters obtained through CoolProp Julia solving 

tool. Therefore, the algorithm used must not be a gradient based optimizer as the gradient can not be 

calculated.  

 

    Consequently, the input parameters needed for the Optim algorithm are: initial values of the parameters, 

also called guess values and upper and lower limits for them. With this information, and the cost function to 

minimize, the optimization algorithm of Optim package is in charge of finding the set of parameters that fits 

best the equations given. The equations used are those presented above and the sequence of steps to estimate 

the parameters initial values is explained below. 

Initial values for the parameter estimation 
 

     The initial values for the calibrating model have to be carefully selected, this section will follow the steps 

described by Cimmino and Wetter (2017) to calculate the guess values. The degree of superheating and 

electro-mechanical efficiency are simply taken as ΔTsup=4ºC and 𝜂compressor=0.9, respectively. A temperature 

difference of 5ºC between the inlet fluid temperature and the refrigerant temperature at each heat exchanger is 

used and the leakage mass flow rate is set as 1%. The remaining parameters are obtained from the nominal 

values of the manufacturer data: �̇�𝑐𝑜𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙, 𝐶𝑂𝑃nominal and temperatures Tev,in,nominal and Tcond,in,nominal.  The 

sequence to set this guess values is the following: 

 

(I) Refrigerant evaporating and condensing temperatures: 

 

𝑇𝑒𝑣 = 𝑇𝑒𝑣,𝑖𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 5 

 
(32) 

 

𝑇𝑐𝑜𝑛𝑑 = 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 + 5 

 
(33) 

 

(II) Nominal electric power consumption at the compressor: 

�̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
�̇�𝑐𝑜𝑛𝑑,𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝐶𝑂𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙
 

(34) 

 

(III)   Heat extracted from the evaporator at nominal conditions 

 

�̇�𝑒𝑣,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = �̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − �̇�𝑐𝑜𝑛𝑑,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 
(35) 

 

(IV)    Evaporating pressure (𝑝𝑒𝑣) and condensing pressure (𝑝𝑐𝑜𝑛𝑑), calculated at 𝑇𝑒𝑣 and 𝑇𝑐𝑜𝑛𝑑 for the 

saturated liquid (point B) and the saturated vapour (point A). It is evaluated at this points of the 

thermodynamic cycle as they are the only points with enough data to calculate its pressure. 

  

𝑝𝑒𝑣 = 𝑓(𝑇𝑒𝑣, 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑝𝑜𝑢𝑟) 
 

𝑝𝑐𝑜𝑛𝑑 = 𝑓(𝑇𝑐𝑜𝑛𝑑 , 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑) 
 

(V) Specific volume, 𝜈, and isentropic exponent, 𝛾, are obtained using the thermodynamic properties of the 

refrigerant, knowing the evaporating pressure, 𝑝𝑒𝑣 and assuming a ΔTsup of 4ºC. 

 

First of all, the temperature at point 1 must be calculated:  
 

 
𝑇1 = 𝑇𝑒𝑣 + ∆𝑇𝑠𝑢𝑝 

(36) 
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𝜈 = 𝑓(𝑇1, 𝑝𝑒𝑣) 

𝛾 = 𝑓(𝑇1, 𝑝𝑒𝑣) 

 

(VI)   Volume ratio: 

 

𝑉𝑟 = (𝑝
𝑐𝑜𝑛

/𝑝
𝑒𝑣

)1/𝛾
 

 

(37) 

 

 

 

(VII)   Refrigerant volume flow rate at nominal conditions: 

 

�̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = (�̇�𝑟𝑒𝑓 + �̇�𝑙𝑒𝑎𝑘) 𝜐𝑠𝑢𝑐 

 

(38) 

 

�̇�𝑟𝑒𝑓 = −
�̇�𝑒𝑣,𝑛𝑜𝑚𝑖𝑛𝑎𝑙

(ℎ𝐴 − ℎ𝐵)
 

(39) 

 
�̇�𝑙𝑒𝑎𝑘 = 0.01�̇�𝑟𝑒𝑓 

 

 

(40) 

 

(VIII)  Leakage coefficient, C: 

 

𝐶 =
�̇�𝑙𝑒𝑎𝑘

(𝑝𝑐𝑜𝑛𝑑/𝑝𝑒𝑣)
 

 

(41) 

 

(IX)  The power losses, �̇�loss , for the guess value are calculated as �̇�𝑙𝑜𝑠𝑠 = 𝜂�̇�𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − �̇�𝑡  . In case the 

result is a positive value, otherwise it is set as zero. 

 

(X)  The heat transfer coefficients for the condenser and the evaporator are set as: 

 

𝑈𝐴𝑐𝑜𝑛𝑑 = 𝑈𝐴𝑒𝑣 = �̇�𝑐𝑜𝑛𝑑,𝑛𝑜𝑚𝑖𝑛𝑎𝑙/5 

 
(42) 

    This sequence and whole parameter estimation procedure was implemented in Julia so the data flow 

management and calculations were held with this computational tool. 

 

Optimization routine 

 
    Using the mentioned Julia package, called Optim (Home - Optim.jl, n.d.), the cost function (equation 31) is 

minimized without using a gradient based optimization algorithm. To enable Optim solving tool to find a 

minimum for the cost function, both the upper and lower limits of the parameters were set. Those boundary 

values are properly selected so the range of possible values for the parameters is wide enough. It is also 

important to make those ranges compatible with a short computational time. Therefore they must not too wide 

ranges, nor too narrow. 

 

    For the efficiency of the compressor, which has the limitation to be between 0.0 and 1.0, this existing 

boundaries are set. There are some conditions that must be met, such as ΔTsup being a positive value and the 

power losses being delimited by a minimum of 0.0. The rest of the upper and lower values of the parameters 

are assumed as follows in Table 3. 
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    The initial or guess parameters (Paremetersguess values in Figure 18) are obtained after implementing in Julia 

the procedure explained at section: Initial values for the parameter estimation. They are given as an input for 

the parameter calibration routine, together with the lower and upper limiting values.  

 
 

 

 

2.2.4 Implementation routine for the HP performance 
 

 

   First of all, to provide a global picture of the HP performance model, Figure 18 schematizes the data flow 

for the model implemented in this project. This chart distinguishes between the input data from the 

manufacturer, upper part of the chart, and the inputs from the other elements simulated for the system model, 

on the right side.  

Parameter 
Lower 

value 

Upper 

value 

Vr -- 1.0 2 Vr 

�̇�nominal  [m3/s] �̇�nominal / 8 8 �̇�nominal 

C  [kg/s] C / 10 10 C 

ΔTsup  [ºC] 3.0 9.0 

𝜂compressor -- 0.0 1.0 

�̇�loss  [W] 0.0 4 �̇�loss 

UA ev [W/ºC] UA ev/ 4 4 UA ev 

UA cond  [W/ºC] UA cond / 4 4 UA cond 

Figure 18. Data flow chart for the GSHP model 

Table 3. Upper and lower boundary values for the parameters 
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     The represented inputs are used in the HP model, either to calibrate the parameters or to run the 

simulations with the data for real operation hours in Sweden. The outputs of the chart are the outputs of the 

HP model after simulating the whole system, once the building, the HP and the ground model are coupled 

together. The outputs are the results of the system performance to be analysed.  

    The demanded heat to deliver is known, as well as the temperature of the incoming water flow at the 

condenser, both as outputs of the house model. However, the heating capacity and the power used in the 

compressor, which were used as inputs to calibrate the parameters, are now within the desired values to 

calculate. Moreover, the extracted heating from the BHE, �̇�𝑒𝑣, is a result of the HP simulation. Therefore, 

initial guess values for �̇�𝑒𝑣, and �̇�𝑜𝑢𝑡, or �̇�𝑐𝑜𝑛𝑑,  have to be found to follow the equations that describe the 

model. The values of  �̇�𝑐𝑜𝑛𝑑, �̇�𝑒𝑣  and �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 are set by means of the extrapolation routine that was 

created but finally not used to model the HP. This extrapolated values are followed by an iterative process to 

find the proper guess value. Both the iteration and extrapolation routines were implemented in Julia.  

     The inputs used at this stage are all the ones illustrated in Figure 18. However, �̇�𝑜𝑢𝑡, �̇�𝑐 and the 

temperatures 𝑇𝑒𝑣,𝑖𝑛 and 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 are only used to set the guess values via extrapolation.  

    One more detail to be considered is that the CoolProp package allows the calculation of the thermodynamic 

properties that will not be able to be obtained otherwise with the available data. It gives accurate results for 

them. However, it works within a range of temperatures, enthalpies and pressures as it is based on real 

conditions for the refrigerant. Some clauses have been included in the code to prevent the routine to stopping 

if the iterations needed to be done reach a condition out of the boundaries. This can happen during the 

iterative process to find the calibrated parameters or some initial guess values. In order to ensure the 

computation does not stop, when the the temperature, pressure or enthalpy is out of the limits, the closer value 

inside the operation range would be set. However, during the simulation of the HP performance at any studied 

point, the conditions must be within the boundaries. Otherwise it is not a valid model, since those conditions 

are not realistic if they outbound the operating range of the used refrigerant. It is used both for the parameter 

calibration and for the HP model implementation. Thermodynamic properties such as 𝐶𝑝,𝑏𝑟𝑖𝑛𝑒, 𝐶𝑝,𝑤, ℎ3 , 

𝑃𝑒𝑣 etc. are determined with the Julia tool CoolProp. 

     The mathematical model implemented in Julia to simulate the performance of the HP unit follows 

equations from 19 to 30. The procedure is schematically explained in Figure 19, where the sequence followed 

to implement the model is explain based on the programming approach. The diagram in Figure 19 is divided 

in three parts, each for one of the three main functions defined in Julia for this model.  

 

(I) Function to reproduce the refrigerant cycle 

 

    This function is defined to calculate the evaporating and condensing temperatures as well as the 

heat exchanged at the condenser and evaporator. Those are the outputs obtained whenever the 

function is called along the code. Furthermore, this function also returns the calculation of the error 

made when giving a guess value for the extracted heat at the evaporator and then calculating it. This 

error is defined as: 

𝐸𝑟𝑟𝑜𝑟𝐺𝑢𝑒𝑠𝑠 = |
�̇�𝑒𝑣,𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 − �̇�𝑒𝑣,𝑔𝑢𝑒𝑠𝑠

�̇�𝑒𝑣,𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

| 

 

(43) 

 

    At this stage, using the inputs presented in Figure 18, the equations for the model are solved one by 

one (from equation 24 to 30). The steps followed are explained in a guided way in the schema of 

Figure 19, including a clarification of how the thermodynamic properties are determined with the help 

of CoolProp, and indicating which pair properties are used to calculate the new one. 

The outputs of this step are the following: 
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 Share of time the HP is functioning: ontime 

 Actual extracted heat from the ground: �̇�𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑,𝑏ℎ 

 Actual electric power consumed by the compressor: �̇�𝑟𝑒𝑎𝑙 

 Heat delivered by the auxiliary heating: �̇�𝑎𝑢𝑥 

 

 

(II)  Function to determine the actual extracted heat and power consumed 

 

    The reason to include this function in the model implementation is the fact that for this model, the 

HP is assumed to either work at full load or stop. Therefore, unless the heating demand by the house is 

exactly the same as the available heat to deliver by the condenser, the HP unit has to run on and off.  

 

    The heat pump works on and off and the time step used for the simulation is one hour. That means 

the HP unit is not working at half load during the whole hour. Instead, it functions at full load but it is 

turned on and off during the studied operating time. If the load is zero at a specific hour, so will be the 

delivered heat, the extracted heat from the ground and consumed electric power by the compressor. In 

other words, the heat pump is not delivering any heat as there is no demand. 

 

    Taking into consideration what has just been mentioned, the actual value for the heat extracted from 

the ground, �̇�𝑒𝑣 is not the one initially calculated with the theoretical equations. With them, the 

maximum heat the condenser is able to deliver given certain working conditions is obtained. 

However, the theoretical available heating capacity does not necessary match the actual delivered 

heat. The value of the delivered heat can be updated using the share of time the HP unit is functioning. 

It is obtained comparing the potential heating capacity, �̇�𝑐𝑜𝑛𝑑  (obtained with equation 17) with the 

heat demand from the load �̇�𝑙𝑜𝑎𝑑: 

 

𝑜𝑛𝑡𝑖𝑚𝑒 =
�̇�𝑙𝑜𝑎𝑑

�̇�𝑐𝑜𝑛𝑑

 

 

(44) 

There are three possible situations for the ontime values : 

 

1. ontime < 1, it is possible to extract more heat from the borehole heat exchanger than the required 

heat demand. Consequently, the actual heat extracted from the ground will just be the amount 

needed to cover the demand. Therefore, the heat delivered by the auxiliary heating is set as zero, 

�̇�𝑎𝑢𝑥 = 0. The real values of the extracted heat from the borehole, �̇�𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑,𝑏ℎ , and the 

consumed electric power at the compressor, �̇�𝑟𝑒𝑎𝑙, are obtained as follows: 

 

�̇�𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑,𝑏ℎ = 𝑜𝑛𝑡𝑖𝑚𝑒 ∙ �̇�𝑐𝑜𝑛𝑑 

 
(45) 

 

�̇�𝑟𝑒𝑎𝑙 = 𝑜𝑛𝑡𝑖𝑚𝑒 ∙ �̇� 
 

(46) 

 

2. ontime = 1, all the demand is covered by the heat pump unit: �̇�𝑎𝑢𝑥 = 0. The values of �̇�𝑐𝑜𝑛𝑑 and 

�̇� obtained from the mathematical model stay as the real values. 

 

3. ontime >1, the demanding heating capacity from the house is higher than the available heating 

from the HP unit. Therefore, the auxiliary heating has to provide the remaining heat: 

 

 

And the calculated values of �̇�𝑐𝑜𝑛𝑑 and �̇� remain as they were. 

�̇�𝑎𝑢𝑥 = �̇�𝑙𝑜𝑎𝑑 − �̇�𝑐𝑜𝑛𝑑 
 

(47) 
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    The utility of this Julia function or, as it can also be seen, this section of the procedure, has been 

explained above. Moreover, the information flow diagram in Figure 18 also describes it and provides 

a clear recompilation of the required inputs and the outputs obtained. The resulting data calculated 

here is of paramount importance for further analysis of the system performance. The outputs of this 

step are the following: 

 Share of time the HP is functioning: ontime 

 Actual extracted heat from the ground: �̇�𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑,𝑏ℎ 

 Actual electric power consumed by the compressor: �̇�𝑟𝑒𝑎𝑙 

 Heat delivered by the auxiliary heating: �̇�𝑎𝑢𝑥 

(III) Function to simulate the heat pump performance 

 

    This function carries the iterative process needed to find the values for: �̇�𝑐𝑜𝑛𝑑, �̇�𝑒𝑣, �̇�, 𝑇𝑐𝑜𝑛𝑑, 𝑇𝑒𝑣. 

Those are the outputs of this last function defined in Julia, they are gather in Figure 19. It also 

illustrates the schema of what is calculated at this point, the order to follow and the indications to call 

other functions when required. This steps uses the Julia function described above called performance 

for the iterative process.  

 

     At this point of the model, an extrapolating function also created in Julia for this project is in 

charge of finding an initial value for the guessed �̇�𝑐𝑜𝑛𝑑,𝑔𝑢𝑒𝑠𝑠 and �̇�𝑒𝑣,𝑔𝑢𝑒𝑠𝑠. Once the guess values have 

been obtained, they are given as inputs for the Julia function to reproduce the refrigerant cycle. Then, 

the iterations starts. The idea is to find a value of �̇�𝑒𝑣 that differs less than 1% from the guess value 

used to calculate it. The block diagram is presented in Figure 19, the iteration is over whether this 

condition (𝐸𝑟𝑟𝑜𝑟𝐺𝑢𝑒𝑠𝑠 ≤ 0.01) is met, or the maximum number of iterations (limited to 100) is 

reached. 

 
 

     The presented three functions describe the performance of the HP unit when combined with each other and 

the remaining elements of the system, the house model and the ground model. For the GSHP model to be 

completed the HP unit model and the Ground heat source have to be coupled together. This borehole model 

for the heat extracted from the ground is detailed below, both for Scenario A and Scenario B. 
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2.3 Ground heat source model 
 
 

    For a GSHP, as studied in this project, the secondary fluid that circulates inside the evaporator and provides 

the necessary heat for the HP is the same fluid that circulates through the borehole heat exchanger.  The 

temperature of this secondary fluid, called brine, will be studied through its dependence on the temperature of 

the walls of the BHE. The variation of this wall temperature of the borehole was described in Fascì et al. 

(2019).  

 

     The temperature of the brine that leaves the borehole heat exchanger and goes into the evaporator is 

obtained as (Javed & Spitler, 2016): 

 

 

 

 

 

     At a certain time t, 𝑇𝑏 is the temperature of the underground at the BHE wall, 𝑞 is the extracted heat from 

the borehole,  �̇�𝑏𝑟𝑖𝑛𝑒 is the mass flow of the ethanol solution used as brine. 𝐶𝑝,𝑏𝑟𝑖𝑛𝑒 its heating capacity, 

𝑅𝑏
∗  reprents the borehole resistance. 𝑅𝑏

∗  was set for this model as the constant value of 0.07 𝑚𝐾/𝑊, since it is 

within the range of thermal resistances for boreholes in Sweden (Javed & Spitler, 2016).   

 

     Equation 48 follows the assumption that the heat extracted from the ground is equal to the heat absorbed 

by the brine, both represented by 𝑞. Hence, the borehole model is directly connected with the HP model. To 

find a proper solution an iterative process should be implemented. However, to simplify the model, 𝑇𝑏𝑟𝑖𝑛𝑒 at 

hour t is calculated as a function of the extracted heat from the previous hour (t-1).  

 

     The temperature of the brine will therefore be actualized for each time step studied. For this model the 

temporal divisions are of 1 hour. For the first hour of the simulation it will just be set as 𝑇𝑏𝑟𝑖𝑛𝑒(0) = 𝑇𝑏(0) −
3, being 𝑇𝑏(0) the undisturbed ground temperature, which is set as 8ºC for Stockholm reference. The 

upcoming hours need: 

 The temperature of the wall, 𝑇𝑏(𝑡), obtained from the borehole model. 

 The heat extracted in the previous hour, 𝑞(𝑡 − 1), to calculate the temperature of the brine that enters 

the evaporator at this point. 
 

    The wall temperature of the borehole is calculated according to the stacked finite line source (SFLS) based 

model: 

 

 

 

 

    The mean temperature drop at time t, along the wall of a BHE of length H at depth D, as a result of thermal 

extraction, assumed as constant, from the borehole itself is (Cimmino & Bernier, A semi-analytical method to 

generateg-functions for geothermal borefields, 2014): 

 

 

 

 

 

 

 

 

 

   

𝑇𝑏𝑟𝑖𝑛𝑒(𝑡) = 𝑇𝑏(𝑡) − 
𝑞(𝑡 − 1)

𝑅𝑏
∗ +

𝑞(𝑡 − 1) ∗ 𝐻

2 �̇�𝑏𝑟𝑖𝑛𝑒 𝐶𝑝,𝑏𝑟𝑖𝑛𝑒  
 

 

(48) 

𝑇𝑏(𝑡 + 1) = 𝑇𝑏(0) − Δ𝑇𝑏(𝑡)    
 

(49) 

∆𝑇(𝑡) =
𝑞

2𝜋𝑘
∙ (𝜃(𝛼, 𝑟, 𝑡, H, 0) − 𝜃(𝛼, 𝑟, 𝑡, H, H + 2D)) =  

𝑞

2𝜋𝑘
 ∙ 𝑓𝑙𝑠(r, 𝑡) 

(50) 
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Where: 

 

 
  

 
 

 

 

 

 

    Here 𝑞 is the thermal extraction from the underground, k the conductivity of the ground, 𝛼 the ground 

diffusivity and 𝑒𝑟𝑓(𝑋) the function to calculate the error described as (Fascì & Lazzarotto, 2019): 

 

 

 

 

    The heat extracted from the underground was assumed as constant so far. However, the real situation does 

not follow a constant thermal extraction. Therefore, temporal superposition is applied and equation 49 can be 

rewritten (Fascì & Lazzarotto, 2019): 

 

 

 

 

 

 

    Using this methodology, Fascì and Lazzarotto (2019) were able to simulate the temperature drop in the 

walls of an hypothetical BHE. This part of the global GSHP model takes their model to couple it with the 

other two models (the house and the ground model) in order to simulate the whole performance of the GSHP. 

 

    Thanks to this simulation it is possible to characterize the temperature changes in the wall of the borehole 

heat exchanger. Nevertheless, the needed input for the HP model is the temperature of the secondary fluid, the 

brine, that circulates through the BHE. Since this is the circulating fluid entering the evaporator. 
  

    Once the methodology followed to simulate the temperature change of the wall of a BHE is described, the 

two possible scenarios considered for the GSHP system modelling are detailed below. The characteristics of 

the ground and borehole for the case study coincide with the ones in Fascì 2019 except from the borehole 

length, which has been set as 200 m. Those characteristics are presented in the following table: 

 
 

Borehole properties Ground properties 

Length, H 

[m] 

Buried depth, D 

[m] 

Radius, r 

[cm] 

Conductivity, k 

[W/m/K] 

Density 

[kg/m^3] 

Specific heat 

[J/kg/K] 

Undisturbed 

Temperature, 𝑻𝒃(𝒕𝟎)  

[°C] 

200 6 0.575 3,1 2300 870 8 

 

 

 

 

 

 

𝜃(𝛼, 𝑟, 𝑡, 𝐻, ∆𝑧) =  
1

2𝐻
∫

1

𝑠2

∞

1

√4𝛼𝑡

𝑒𝑥𝑝 (−𝑟2𝑠2) [
𝑖𝑒𝑟𝑓((∆𝑧 + 𝐻)𝑠) −  𝑖𝑒𝑟𝑓((∆𝑧 − 𝐻)𝑠) +

− 2𝑖𝑒𝑟𝑓(𝑠∆𝑧)
] 𝑑𝑠 (51) 

𝑖𝑒𝑟𝑓(𝑋) = 𝑋 𝑒𝑟𝑓(𝑋) −  
1

√𝜋
(1 − 𝑒−𝑥2

)    (52) 

𝑒𝑟𝑓(𝑋) = ∫
1

√2𝜋
𝑒−

𝑧
𝑥

2

𝑑𝑧
𝑥

−∞

 

 

(53) 

𝑇𝑏(𝑡) − 𝑇𝑏(0) =  ∑
𝑞𝑖 − 𝑞𝑖−1

2𝜋𝑘

𝑛

𝑖=1

 𝑓𝑙𝑠(𝑡 − 𝑡𝑖 , 𝐻, 𝑑, 𝛼) 

 

(54) 

Table 4. Borehole and ground characteristics.  

 



 

 

 

42  

2.3.1 Scenario A: an isolated GSHP 
 

 
    For this situation an isolated GSHP is studied and the effects of heat extraction in the temperature of the ground 

among 25 years of operation. This case study does not take into account any other boreholes or houses extracting 

heat from the ground. Therefore, their contribution to the thermal effects in the underground is not considered. 

 

     The temperature of the circulating fluid in the borehole, 𝑇𝑏𝑟𝑖𝑛𝑒 is actualised according with equations 48 and 

49 after each simulated hour. 
 

2.3.2 Scenario B: indefinitely extended neighbourhood with identical conditions 

and GSHPs. 
 
    For this scenario, a neighbourhood of identical GSHP is simulated in order to analyse the thermal 

consequences on the underground temperatures and performances of the HP units along the years. The results 

will be compared with the case of the isolated GSHP of scenario A. 

 

    Concerning an infinite grid of GSHPs all the units are assumed to be identical to each other, they extract the 

same amount of heat form the underground. This situation is a simplification, even though it is possible 

theoretically that the same heat is extracted from all the boreholes in the neighbourhood, it is not the most 

realistic approach. Not only each house has a different heating demand, but also the installation performances 

differ from one another. Even with the same heating need for every house, the GSHP units do not have the 

same performances. It is originated by several factors, different installation times, ageing , maintenance, 

different manufacturers, to name a few. Nevertheless, it is still a good approximation for an initial study of the 

influence of a grid of GSHP in the temperature of the ground. Therefore, the performance of the HP 

themselves is also affected and studied. A more accurate simulation could be done considering the individual 

model for each GSHP unit. For this study just the ideal situation will be considered, further research can be 

done to achieve a more realistic estimation. 

 

    To include the effect of the infinite borehole units in the temperature drop of the ground, at the end of every 

year an extra contribution to the temperature drop will be added: 

 

 

 

 

 

 

 

     The term ∑
𝑞𝑗

2πk
 ∙ 𝑓𝑙𝑠𝑗(α, 𝑑𝑗 , 𝑡, H, D) 

𝑁 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠
𝑗=1  only needs to be considered once a year. N neighbours are 

considered and 𝑞𝑗   represents the average extracted heat from a borehole during a whole year j. The distance 

from the centre of one borehole is to the jth borehole is called 𝑑𝑗 . Only once, at the beginning of each year, 𝑓𝑙𝑠𝑗 is 

calculated. 
 

    Finally, described all the individual elements of the GSHP system, the execution of the model as a whole is 

to be explained in the following section. 

 

 

 

 

 

 

 

𝑇𝑏(𝑡 + 1) = 𝑇𝑏(0) −  ∆𝑇𝑏(𝑡) − ∑
𝑞𝑗

2πk
 ∙ 𝑓𝑙𝑠𝑗(α, 𝑑𝑗 , 𝑡, H, D) 

𝑁 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠

𝑗=1

       

 

(55) 
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2.4 Coupling the model of the ground heat source with the heat pump model 
 

 
    This section shows how the three models are couple together, as explained before, the house model is just 

run once and the obtained hourly data of one year is replicated for as many years as the model simulates.  

 

2.4.1 Inputs and outputs, review of the data flow for the model of the whole 

GSHP system 
 

    Figure 20 shows the hourly data flow for the two possible scenarios mentioned. The data flow diagram 

presents the outputs of each individual model and inputs for the next element of the whole system. It 

illustrates how the house model gives the input temperatures for the condenser of the HP unit, 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛,𝑗 , and 

the required heating, �̇�𝑙𝑜𝑎𝑑,𝑗, for each hour j. This part of the model, the house unit, is out of the loop that 

calculates the hourly interaction between the HP unit and the ground source of heat. The reason to represent 

the house out of the loop is that it is only modelled once and independently from the rest of the elements. As 

indicated in the flow diagram, the heat extracted from the BHE is an output data from the HP model. It is used 

to update the temperature of the brine for the following hour, j+1,  by calculating the temperature drop 

reached at that hour, Δ𝑇𝑏𝑜𝑟𝑒ℎ𝑜𝑙𝑒,𝑗.  

 

 

 

    For scenario A, every hour is simulated exactly in the same way. However, for scenario B, at the end of 

each simulated year, there is extra information given to recalculate the temperature of the borehole wall and 

the brine. The brine temperature is then updated by also considering the temperature drop induced by the 

neighbouring GSHP units, Δ𝑇𝑏,𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟ℎ𝑜𝑜𝑑 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒, for the whole last year. Thanks to this extra data, the 

temperature of the brine that enters in the evaporator of the heat pump for the first hour of the following year 

is updated including the influence of others GSHPs. 

 

 

Figure 20.  Model implementation flow diagram for the whole model, indicating how to couple the three units for both considered scenarios 
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2.4.2 Simulation of the GSHP performance  
 
    The procedure that enables to model the performance of the studied GSHP is illustrated as a block diagram 

in Figure 21. It explains how the final code implemented in Julia uses the data obtained as a result of the 

house model and combines the stages that simulate the performance of the HP unit and the BHE. The needed 

data is loaded and used as input. With the help of the described Julia functions, the results, called outputs of 

the model in Figure 18, are achieved. The final outputs obtained from the GSHP system performance 

simulation are gathered in. 

 
    As the table shows, there is a distinction between the energy delivered or extracted, and the power and heat 

flow within the GSHP system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 

 

 

 

 

  

 

 

 Outputs of the GSHP model 

 Name Symbol Units 

 Heating capacity �̇�𝑐𝑜𝑛𝑑  [W] 

 Extracted heat at the evaporator �̇�𝑒𝑣  [W] 

 Power used by the compressor �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  [W] 

 Evaporating temperature Tev      [ºC] 

 Condensing temperature Tcond    [ºC] 

 Share of time the HP is functioning 𝑜𝑛𝑡𝑖𝑚𝑒      [-] 

 Energy extracted from the borehole Eev               [Wh] 

 Energy consumed by the compressor Ecompressor               [Wh] 

 Energy delivered by the auxiliary heating Eaux               [Wh] 

 Energy delivered by the condenser Econd               [Wh] 

 Borehole wall temperature Tb [ºC] 

 Temperature of the brine entering the evaporator Tbrine,in [ºC] 

 On/off flag for the auxiliary heating 𝑎𝑢𝑥𝑜𝑛𝐹𝑙𝑎𝑔 [-] 

Table 5. Final outputs obtained from the GSHP system performance simulation   
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Figure 21.  Block diagram to model the performance of the whole system, for both considered scenarios 
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3 

3 Results and discussion 
 
 

 

 

In this section, the results for the simulation of 25 years of operation for both Scenario A and Scenario B 

are shown and commented. Firstly, a model validation is presented. The model was tested to verify its 

accuracy when simulating the performance of the HP. 

 

 

 

 

3.1 Cases Study 
 

 
    Two scenarios are studied and compared for this project. Scenario A, for an isolated household, and 

Scenario B, considering the influence of neighbouring GSHPs. Furthermore, in order to evaluate more than 

just one possible situation concerning the load and the size of the HP unit, two cases study are proposed. 

 

1. Case 1: this case study uses a heating demand twice the load of a typical Swedish house, in order to 

analyse a less favourable situation. The manufacturer data for a 6kW Eton heat pump is employed for 

the model. 

 

2. Case 2: it also uses double the heating demand of a typical household in Sweden, as in Case 1. For 

this proposed situation, a HP unit twice as big as the 6kW Eton one is simulated. Therefore, double 

the mass flow rates, the heating capacity and compressor power are studied. 

 

    The different specifications for the two presented cases studies lead to different results. They are presented 

hereafter for both the cases and commented. 

 

 

 

 

3.2 Model Validation 
 

 
   The model needs to be validated before using it to predict the GSHP system performance. Case 1 and Case 2 

lead to two different models obtained with the same methodology. The HP model is based on the calibrated 

parameters, therefore this is the difference between the model for Case 1 and Case 2. They can not have the 

same parameters as the HP units modelled are not the same size.   

 

   Those parameters are calibrated using the optimization routine explained in section Parameter estimation 

process. The initial guess values for the parameters, as well as the boundary conditions, are all presented in 
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Table 6 and 7. The results of the parameter estimation algorithms implemented in Julia are also shown in 

those tables under the name of Original Calibrated value. The Julia solving algorithm did not exceed the 

maximum number of iterations and convergence was reached. Therefore, the proposed values for the 

calibrated parameters are considered a valid solution, then a validation of the model follows. The proposed 

models for Case 1 and Case 2 are proven valid if the parameters found to simulate the HP performance are 

accurate enough. 

 
    The parameter estimation based HP model is tested in two different ways, and the validation for both cases 

studies is presented hereafter. The first validation was done by verifying that the calibrated parameters 

obtained with the manufacturer data are the same as the ones obtained with data calculated with the model 

itself. Using different operating points obtained for different inlet temperatures at the condenser and the 

evaporator, the parameters were estimated. The resulting values are shown in Tables 6 and 7, they were found 

close to the initial parameters. 

  
    The parameters were recalculated to find the ones referred as verification calibrated values in Tables 6 and 

7. To ensure the model validity for conditions out of the given range of data, the simulated operation points 

used to find the new parameters were set out of the operating range given in the manufacturer catalogue, 

𝑇𝑒𝑣,𝑖𝑛 ∈ [3,15 º𝐶] and 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 ∈ [25,50 º𝐶]. Once the original calibrated values were determined, they were 

used to predict the heating capacity and compressor power at the new inlet evaporator/compressor 

temperatures. The new parameters are calibrated for those 𝑇𝑒𝑣,𝑖𝑛  and 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 and their associated heating 

capacity and compressor power. 

 
     From Tables 6 and 7 it can be concluded that the presented methodology is accurate enough. The new 

values were very close to the original parameters. Errors stay low, as gathered in Tables 6 and 7. The ones that 

differed the most from the original estimated parameters were the leakage coefficient, C, for both cases. The 

maximum error is found for this parameter, with a 337% and 338% error for Case 1 and Case 2 , respectively. 

However, the model is not very sensitive to that parameter. Since the leakage coefficient is a very low value 

that appears in the mathematical model multiplying the external pressure ratio, 𝜋, a variation on its value 

Parameter Lower value Guess value Upper value 
Original 
Calibrated value 

Verification 
Calibrated value 

Error 

[%] 

Vr -- 1.0 1.83716 3.67432 1.900 1.916 0.58 

�̇�nominal  [m3/s] 0.00012 0.00101 0.00806 0.00120 0.00121 0.96 

C  [kg/s] 0.000015 0.00015 0.00060 0.000015 0.000066 337 

ΔTsup  [ºC] 3.0 4.0 9.0 3.0 3.0 0.00 

𝜂compressor -- 0.0 0.95 1.0 1.0 1.0 0.00 

�̇�loss  [W] 0.0 515.5399 2062.1597 117.396 103.211 12.08 

UA ev [W/ºC] 286.829 1147.317 4589.268 1676.929 1615.296 3.67 

UA cond  [W/ºC] 360.0 1440.0 5760.0   5746.01 5759.70 0.24 

Parameter Lower value Guess value Upper value 
Original 

Calibrated value 
Verification 

Calibrated value 
Error 

[%] 

Vr -- 1.0 1.83716 3.67432 1.905 1.916 0.57 

�̇�nominal  [m3/s] 0.00025 0.00202 0.01613 0.00240 0.00242 0.95 

C  [kg/s] 0.00003 0.00030 0.001203 0.00003 0.00013 338 

ΔTsup  [ºC] 3.0 4.0 9.0 3.0 3.0 0.00 

𝜂compressor -- 0.0 0.95 1.0 1.0 1.0 0.00 

�̇�loss  [W] 0.0 1031.080 4124.319 234.691 206.532 12.00 

UA ev [W/ºC] 573.678 2294.634 9178.536 3352.965 3231.008 3.64 

UA cond  [W/ºC] 720.0 2880.0 11520.0   11303.75 11519.41 1.91 

Table 6. Parameters for the heat pump model, Case 1 

 

Table 7. Parameters for the heat pump model, Case 2 
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within the same order of magnitude does not have a important impact on the model. This parameter 

calibration method and verification procedure emulates the one by Cimmino and Wetter (2017).  

 

 

     Furthermore, in order to double check the validity of the model, the original data used to calibrate the 

parameters was reproduced using the HP model. A reproduction of the catalogue tables for cooling capacity 

and compressor power with the values obtained for the same temperatures using the HP model is presented 

hereafter. The error made is defined as:  

 

 

𝐸𝑟𝑟𝑜𝑟𝑚𝑜𝑑𝑒𝑙 = |
𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑉𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟

𝑉𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟
| 

 

(56) 

 

     Where 𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 states for the value of the heating capacity, compressor power or cooling capacity, 

calculated using the model. 𝑉𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟 represents the value given at the catalogue and used as an input to 

calibrate the parameters. The obtained errors are gathered in Tables: 8,9,10 and 11. The manufacturer given 

values (called Data in Tables 8, 9, 10 and 11) are presented next to ones obtained using the calibrated  
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5 5.4 5.54 5.1 5.2 4.9 4.91 4.6 4.56 
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W
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6 5.5 5.62 5.3 5.35 5.0 5.03 4.7 4.69 

7 5.7 5.78 5.5 5.49 5.2 5.16 4.9 4.81 

8 5.9 5.95 5.6 5.63 5.3 5.30 5.0 4.93 

9 6.1 6.09 5.8 5.78 5.5 5.43 5.2 5.08 

10 6.3 6.23 6.0 5.93 5.7 5.59 5.3 5.23 
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] 

6 1.4 1.4016 1.6 1.5862 1.8 1.7944 2.0 2.0176 

7 1.4 1.4035 1.6 1.5896 1.8 1.7977 2.0 2.0213 

8 1.4 1.4018 1.6 1.5930 1.8 1.8009 2.0 2.0267 

9 1.4 1.4076 1.6 1.5976 1.8 1.8057 2.0 2.0239 

10 1.4 1.4122 1.6 1.5978 1.8 1.8035 2.0 2.0262 

Table 8. Cooling capacity [kW] of the HP, Case 1 

 

Table 9. Compressor power [kW] of the HP, Case 1 
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parameters estimation model. The results for the verification for Case 1 can be found in Table 8, for the 

cooling capacity, and Table 9  for the compressor power. Whereas Tables 10 and 11 gather the resulting 

values for the cooling capacity and the compressor power, respectively for Case 2. The modelled values differ 

little from the initial ones.  

 

 

 

 

 

     Both models present the same errors, their values for each operation point are collected in Table 12. This is 

explain as they use the same equations and methodology, for Case 1 and Case 2 face the following errors: 

 

 For �̇�𝑐𝑜𝑛𝑑 or the heating capacity the highest error made is 2.03% 

 For the compressor power �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  the error assumed is higher for the higher temperatures. As 

illustrated in Table 9, the error made is below 1% except for the last 3 points. 

 For the cooling capacity this error goes up to 2.54% 

 

    This second verification proves that the model obtained through the parameter calibration procedure 

simulates the performance accurately. 
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6 11.0 11.251 10.6 10.705 10.0 10.060 9.4 9.380 

7 11.4 11.554 11.0 10.983 10.4 10.324 9.8 9.624 

8 11.8 11.894 11.2 11.267 10.6 10.595 10.0 9.860 

9 12.2 12.173 11.6 11.545 11.0 10.859 10.4 10.168 

10 12.6 12.468 12.0 11.863 11.4 11.188 10.6 10.460 
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6 2.8 2.8032 3.2 3.1722 3.6 3.5887 4.0 4.0351 

7 2.8 2.8007 3.2 3.1791 3.6 3.5954 4.0 4.0426 

8 2.8 2.8036 3.2 3.1860 3.6 3.6018 4.0 4.0533 

9 2.8 2.8152 3.2 3.1951 3.6 3.6114 4.0 4.0477 

10 2.8 2.8244 3.2 3.1956 3.6 3.6068 4.0 4.0524 

Table 10. Cooling capacity [kW] of the HP, Case 2 

 

Table 11. Compressor power [kW] of the HP, Case 2 
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3.3 Prediction of the GSHP performance  
 

 
    The performance prediction of the GSHP both for Scenario A and Scenario B are presented in this section. 

There are different results as there are two proposed cases studies, the two possibilities are shown separately 

and are later compared.  

 

3.3.1 Case 1  
 

    The load characteristics, the HP unit and the BHE unit are the same both for Scenario A and Scenario B. 

Hence, the only difference in the simulation of the GSHP performances are originated by the thermal variation 

of the heat sources. Figure 22 shows the average wall temperature of the borehole heat exchanger, and Figure 

23 presents the variation of the temperature of the brine.  

 

  Inlet Temperature at the condenser [ºC] 
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5 2.02 2.54 0.02 1.29 1.9 0.82 0.07 0.13 0.61 0.34 0.82 0.78 

6 1.84 2.29 0.11 0.56 0.99 0.86 0.35 0.60 0.31 0.12 0.20 0.88 

7 1.13 1.35 0.25 0.26 0.15 0.65 0.57 0.72 0.13 0.97 1.79 1.06 

8 0.67 0.80 0.13 0.37 0.60 0.43 0.02 0.04 0.05 0.62 1.39 1.33 

9 0.08 0.22 0.54 0.40 0.47 0.15 0.88 1.27 0.32 1.28 2.22 1.19 

10 0.69 1.04 0.87 0.93 1.14 0.14 1.37 1.86 0.19 1.9 1.32 3.52 

 
 Error committed with the model [%] 

Figure 22. Wall temperature at the BHE, Case 1 

 

Table 12. Errors assumemed for the heating capacity, the cooling capacity and the compressor power for both cases studies 
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    It can be seen from Figure 22 how the borehole wall temperature in Scenario A approaches a steady-state 

condition. On the contrary, this steady-state condition is not approached in Scenario B. This implies that for a 

GSHP operating longer than 25 years, Scenario A would be working under steady-state conditions. However, 

the operating conditions of Scenario B would be even worse than the ones presented in this project. Both 

scenarios have the same average borehole wall temperature for the first year of operation, a temperature of 

6.52 ºC. However, for Scenario A, it decreases to 5.48 ºC for the 25th year of operation, it is 1.04 ºC lower. 

Whereas for Scenario B, the temperature falls to -1.5 ºC, a decrease of 8.02 ºC.  

 
    As a consequence of the borehole wall temperature drop of Figure 22, the brine entering the evaporator also 

experiments a temperature drop. Figure 23 is the representation of the temperature decrease for the secondary 

fluid that leaves the BHE to enter the HP unit. During years 24th and  25th the average temperature of  Scenario 

A is 6.84 ºC higher than Scenario B. For Scenario A, the minimum temperature of the brine decreases from 

4.62 ºC during the first year to 4.2 ºC for the year 25th. For Scenario B, those minimum temperatures are 4.09 

ºC and -2.59 ºC for operating years 1 and 25, respectively. 

 

    An effect of the temperature drop of the secondary fluid is the reduction of the coefficient of performance 

(COP) as the temperature lift of the heat pump increases. Figure 24 compares the decrease of the annual 

average COP along the simulated years for the isolated house and the one situated in a neighbourhood with 

high concentration of GSHPs.  

Figure 23. Temperature variation of the secondary fluid, Case 1 

 

Figure 24. Yearly representation of the Coefficient of Performance (COP) of the HP, Case 1 
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     The annual COP during 25 years of operation falls from 4.34 to 4.24 (2.28%) for Scenario A and to 4.19 

(15%) for Scenario B. The evidence suggests that the COP for Scenario A reaches a steady-state condition 

during the studied time span. However, it is deduced from the tendency of the graph in Figure 24 that this 

steady-state condition is not reached for Scenario B. 

 

    The effect of the decrease of the COP is a higher electricity consumption. The HP compressor electric 

power consumption increases. And the auxiliary heating system is used to deliver more heat and therefore it 

requieres more electricity. This tendency is represented in Figure 25. 

 
  

 

 

    Figure 25 reveals the electricity consumption for each of the 25 simulated years. In Scenario A, the 

compressor consumes an average of 1.14 kWh the first year and it reaches the 1.16 kWh the 25th year, an 

increase of 1.58%. For the same scenario but considering the auxiliary heating, it increases from 342.73 Wh to 

384.41 Wh, an increase of 12.16%. In Scenario B, the compressor also consumes 1.14 kWh during the first 

year and 1.26 kWh during the last one raising a 10.25 %. The auxiliary heating system for Scenario B 

experiments an increase on its electricity consumption of 85.89%, from 342.73 kWh to 213.7kWh.  

Figure 25. Electric consumption of the HP compressor and the auxiluary heating system for the single house and the one in a  area with high GSHP 

concentration, Case 1 

 

Figure 26. Yearly working hours of the auxiliary heating system, Case 1 
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    Figure 25 reveals the difference on the electricity consumption of the heating system for both scenarios. 

The consumption of the GSHP system located in an area with high density of GSHPs is 15.85 MWh higher 

than the one of the single house simulation. 

 

    Figure 26 displays the frequency of the auxiliary system usage. Nevertheless, as evidenced from Figure 25, 

the auxiliary system has a low influence in the electric consumption of the HP for both scenarios. The hours 

the auxiliary heating is functioning for the first year are the same for Scenario A and Scenario B: 537 hours. 

For year 25, it works during 601 hours, for Scenario A, and 957 hours for Scenario B. 

 
    The heat extraction tendency for the borehole heat exchanger is shown in Figure 27. Both scenarios lead to a 

decrease on the extracted heat from the ground. This can be explained due to the COP reduction along the years. 

Starting from a heat extraction of 2.185 kWh for both scenarios, it is reduced to 2.16 kWh  (1.14%) for Scenario 

A and 2.0 MWh (8.28%) for Scenario B. 

    The reduction of the heat extracted from the ground as a result of lower available temperature at the borehole, 

contributes to a lower reduction of this BHE temperature drop. Nevertheless, Figure 22 demonstrates the limited 

effect of this deceleration of the temperature drop. 

 

3.3.2 Case 2  
 
    Case 2 simulates a HP unit twice as big as the one used for Case 1.Therefore, it uses double the mass flow 

rates, the heating capacity and compressor power. It is expected that this case study relays less on the auxiliary 

heating since the size of HP unit provides it with a higher potential to meet the heating demand. 

 

    The heating demand, and the specifications and performance of the HP unit as well as the borehole heat 

exchanger are the same for Scenario A and Scenario B. Therefore, Scenario B leads to different performance 

results due to the influence of other GSHPs extracting heat from the ground. The average temperature of the 

borehole wall affects the HP performance, since the brine temperature is directly influenced by the borehole 

wall temperature. This wall temperature variation is presented in Figure 28. 

 
    For this case study, both the borehole wall temperature in Scenario A and Scenario B have a steeper slope 

than in Case 1. However, the temperatures for Scenario A still approach a steady-state condition. The average 

wall temperature for the first year is 6.47 ºC for both scenarios. Nevertheless, at year 25, for Scenario A it 

Figure 27. Heat exctraction from the simulated borehole heat exchanger, Case 1 
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drops to 5.40 ºC, a total of 1.07 ºC, and for Scenario B, it falls to -1.9 ºC, a drop of 8.37 ºC. The BHE 

temperatures dropped below 0ºC after 20 operating years, is presented here. 

 

 

    The brine temperature decrease in this case is represented in Figure 29. With a minimum brine temperature 

of 3.18 ºC (scenario A) and 3.13ºC (scenario B) for the first two operating years. The 25th has as minimum 

temperatures 2.45ºC (scenario A) and -4.36 ºC (scenario B). 

 

  

    For the coefficient of performance, affected by this temperature drop, is shown in Figure 30. The annual 

COP falls from 4.29 to 4.18 (2.51%) for Scenario A and from 4.29 to 3.60 (16%) for Scenario B. The COP for 

Scenario A appears to reach a steady-state condition whereas Scenario B does not reach this steady-state 

condition. 

 

 
 

 

Figure 28. Wall temperature at the BHE, Case 2 

 

Figure 29. Temperature variation of the secondary fluid, Case 2 
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    A higher electricity consumption follows the decrease of the COP, as illustrated in Figure 31 and 32. They 

present the electricity consumption for the compressor and the auxiliary heating along the 25 studied years. 

For the two considered scenarios: 
 

   Scenario A: the compressor consumes an average of 1.26 kWh the first year and 1.30 kWh the last one with 

a growth of 3.14%. The auxiliary heating intervenes for the first time during year 12, consuming an average of  

2.95 Wh during its first year of operation. At year 25 it consumes 30.24 Wh.  

 

 

 

 

    As expected, for this case study Case 2, the auxiliary system is rarely needed. For this considered Scenario 

A, the HP unit functions without the auxiliary heating more than ten years, as revealed in Figure 31. 

 

    Scenario B: the compressor during the first year uses 1.26 kWh and 1.53 kWh during the 25th year, raising 

20.6 %. The electricity consumption for the auxiliary heating system starts at year 4, earlier than for Scenario 

A. It increases from 0.05 Wh during year 4 to 53.27 Wh for the 25th year. This scenario has an electricity 

consumption 12.03 MWh higher than Scenario A. 

 

Figure 30. Yearly representation of the Coefficient of Performance (COP) of the HP, Case 2 

Figure 31. Electric consumption of the HP compressor and the auxiluary heating system for the single house, Case 2 
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    The yearly working hours of the auxiliary heating system is represented at Figure 33. As proven form the 

data shown at Figures 31 and 32, it has a low influence in the electricity consumption of the HP system. For 

Scenario A it is not working till year 12, when the auxiliary heating system works for 1 hour. During year 25 it 

is also functioning for 1 hour. Therefore, it can be concluded that for Scenario A, the auxiliary heating is either 

not working at all, or it is just turned on for one hour along the year. For Scenario B the values start with 1 hour 

during the 4th year and reaches 89 hours for the 25th.  

 

Figure 33. Yearly working hours of the auxiliary heating system, Case 2 

 

Figure 32. Electric consumption of the HP compressor and the auxiluary heating system for a GSHP in an area with high GSHP 

concentration, Case 2 
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    Finally, the data in Figure 34 is the heat extracted through the borehole heat exchanger. All considered 

scenarios lead to a reduction of heat extracted from the ground within the years, related to the COP reduction. 

The heat extraction for the first year is 2.248 MWh for Scenarios A and B. Scenario A ends with a heat extraction 

of 2.230 MWh (reduction of 0.08 %) and the extraction for year 25 and Scenario B is 2.108 MWh (6.27 % 

decrease). 

    Even though the simulation of Case 1 and Case 2 give different numeric values, the graphs presented for both 

case studies shown the same tendency. It can therefore be inferred that for both situations, the heat pump 

electricity consumption is higher for Scenario B. The COP, temperatures of the brine and borehole wall, as well 

as the working hours of the auxiliary system start having the same values but they soon depart. As expected, 

Scenario B has a lower COP and higher temperature drops. This is easily explained due to the less favorable 

situation simulated for this scenario. However, the situation presented by Scenario B is closer to reality. 

    As evident from Figures 25, 31 and 32, Case 1 often relays on the auxiliary heating system to deliver the 

required heat. Whereas Case 2 is not as dependent on this auxiliary system. Therefore, the main difference in 

the performance of the two studied HP units for the model of the GSHP system is the auxiliary heating usage. 

Inspection of Figures 33 and 26 lead to the same conclusion. 

    Moreover, to consider the cost differences for Case 1 and Case 2 a simple economic analysis is presented. 

In this analysis the different prices of the HP units due to their different sizes is not contemplated. The aim of 

this simple study is to draw some conclusions about the impact of the electricity consumption in the 

profitability of the installation investment. A Swedish household pays 0.2 €/kWh (Statista, 2019). Scenario B 

leads to an electricity consumption 15.85 MWh above the one presented in Scenario A, for Case 1, and 12.03 

MWh higher than the consumption of Scenario A for Case 2. The extra cost is 3170 euros for Case 1 and 2406 

euros for Case 2. The biggest HP unit needs less electricity, however, further analysis ought to be done in 

order to state the second case study has a lower cost. The cost of a double size HP needs to be considered as 

well as the installation costs, to name a few. 

 

 

 

 

 

Figure 34. Heat exctraction from the simulated borehole heat exchanger, Case 2 
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4 

4 Conclusions and Future Work 
 
 

 

 

 

 

This study presents a methodology to analyse the performance along the years of a ground source heat 

pump system located in an area where there is a high density of identical installations. The methodology is 

implemented for two case studies that emulate the conditions found in Sweden for residential heating. In the 

first case study, where a 6kW HP unit is simulated, the COP of the system decreased around 15% for the 25 

studied years. In good agreement with this decline of the COP, an electricity consumption increase above 10% 

is faced. For the second case study, a heat pump unit double the size of the one employed for the first case is 

modelled. In this case, the drop for the COP  is 16% and the electricity consumption growth is above 20%. 

 

The presented GSHP model leaves room for improvement. For this first approach to study GSHP 

systems in densely populated areas, all the units considered are assumed to be installed at the same time. The 

house load is also imposed the same for all the considered GSHP units at each time step. In future, a more 

accurate prediction of the performance could be done modelling each particular GSHP unit and house load. 

Therefore, it would be interesting to explore in a more exhaustive way the techno-economic situation for this 

type of installations.  

 

Moreover, the next stage is to implement the proposed methodology for a real neighbourhood disposal, 

instead of an infinite number of identical GSHP units.  
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