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ABSTRACT 

The objective of this master thesis was the performance analysis of a non-conventional heating 

system layout based on a propane heat pump unit. The objective had been pursued by 

monitoring and modelling the system.  

First, the project focused on monitoring the system, since for a correct modelling it was 

necessary to have all the data of the system. For this, the first step was to identify the necessary 

variables for the complete analysis, being temperatures and pressures as necessary as data for 

the calculation of power, flows and energetic analyses. 

The system, located in Åkersberga (Sweden), was instrumented for monitoring purposes with a 

combination of  ClimaCheck solution and prototypes of low-cost wireless temperature sensors 

designed and developed at KTH Energy Technology lab. 

The second phase of the project was the collection of this data as well as its storage, these 

measures that also include multiple weather sources of ambient temperatures, relative 

humidity, wind speed and solar radiation are collected in a database. In addition, a web interface 

had been developed at KTH for displaying and processing the measurements. 

Once the installation was correctly monitored, the project focused on the modelling of the 

installation. The Heat Pump unit was modelled by means of IMST-ART. IMST-ART is an advanced 

software developed by the Polytechnic University of Valencia for the analysis and optimization 

of refrigeration equipment and components. With IMST-ART, therefore, the construction of a 

model with which to obtain results that approximates as much as possible to the data measured 

in the installation was carried out.  
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The model of the heating systems was modelled by means of TRNSYS. This model included the 

heat pump, previously modelled with IMST-ART, the two storage tanks and all the other 

components of the system.  

Finally, this model was used to perform a parametric study to investigate the possibility of 

adopting this system layout to a system with storage tanks of more conventional sizes. 

So, starting from a system layout that was the result of a partial heating system renovation, after 

analysing the performance through the monitoring and modelling activity, a parametric study 

was performed to analyse the system performance with focus on possible improvement of the 

system control and optimization of components. 

ABSTRAKT 

Syftet med detta examensarbete var att utföra en prestationsanalys av ett icke-konventionellt 
uppvärmningssystem utformat på en propanvärmepumpenhet. Projektet har bedrivits genom 
övervakning och modellering av systemet. 
 
Först, fokuserade projektet på att övervaka systemet. Detta var nödvändigt för att ha alla data i 
systemet för korrekt modellering. Övervakning var det första steget i att identifiera de 
nödvändiga variablerna för den fullständiga analysen. Temperatur och tryck är nödvändiga 
indata för beräkning av effekt, flöden och energiska analyser. 
 
Systemet, som ligger i Åkersberga (Sverige), hade instrument för övervakning som utgjordes av 
en  kombination på en ClimaCheck-lösning och prototyper av billiga trådlösa 
temperatursensorer konstruerade och utvecklade på KTH Energy Technology. 
  
Den andra fasen av projektet var insamlingen av dessa data samt dess lagring. Insamlingen 
innehåller också flera källor för vädermätningar av omgivande temperaturer, relativ fuktighet, 
vindhastighet och solstrålning samlas i en databas. Därtill ett webbgränssnitt som har utvecklas 
av KTH för att visa och bearbeta mätningarna. 
 
När installationen var korrekt övervakad,  fokuserade projektet på modellering av installationen. 
Värmepumpenheten modellerades med hjälp av IMST-ART. IMST-ART är en avancerad 
programvara utvecklad av Polytechnic University of Valencia för analys och optimering av 
kylutrustning och komponenter. Med IMST-ART utfördes därför konstruktionen av en modell för 
att erhålla resultat som approximerar så mycket som möjligt till de data som mättes i 
installationen. 
 
Modellen av värmesystemen modellerades med hjälp av TRNSYS. Denna modell inkluderade 
värmepumpen, tidigare modellerad med IMST-ART, de två lagringstankarna och alla andra 
komponenter i systemet. 
 
Slutligen användes denna modell för att utföra en parametrisk studie för att undersöka 
möjligheten att anta denna systemlayout till ett system med lagringstankar av mer 
konventionella storlekar. 
 
Så, från en systemlayout som var resultatet av delvis återställning av uppvärmningsystemet, 
efter att ha analyserat prestanda genom övervaknings- och modelleringsaktiviteten, 
genomfördes en parametrisk studie för att analysera systemets prestanda med fokus på möjliga 
förbättringar av systemstyrning och optimering av komponenter 
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Chapter 1. Introduction 
 

1.1 Literature review 
 

1.1.1  Current situation of energy consumption 
 

The consumption of energy in the world is a current issue, on the website of Eurostat 1 can be 

observed that the residential sector represented 25.3% of final energy consumption or 16.8% of 

gross inland energy consumption in Europe. This energy is used for many purposes such as space 

and water heating, space cooling, electrical appliances and other. 

In Europe, the main of use of energy in the residential sector is for heating the buildings (64.7% 

of final energy consumption). Electricity used for lighting and electrical appliances represents 

13.8% that is close to the energy used for water heating (13.9%), so can be observed that Heating 

of space and water represents approximately 78% of the final energy consumed by households.  

 

 

Figure 1: Final energy consumption in the residential sector by type of end-use 

Despite recent improvements in energy efficiency and the high percentage that represent the 

energy used to heat water, in many places residential water heaters are either conventional 

natural-gas-fired or electrical storage heaters that are low system efficiency. 

For this reason, innovative solutions with greater efficiency are important. Heat Pumps 

represent an opportunity with much higher thermal efficiency than conventional electric water 

heaters, resulting in significant energy savings. 
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As it is possible to read in M Tammaro et al. (2015)2 Electrical heat pumps technology has been 

proved to be a highly efficient solution in the energy conversion for the production of heat. 

Moreover, in some countries, like Italy, the portion of the energy used by a heat pump having a 

seasonal COP higher than a reference value is considered as if were obtained from renewable 

energy sources.  

However, the selection of heat pumps is not always easy, the selection of working fluids and the 

design of the system are of primary importance to achieve energy saving, respecting the 

environment. Therefore, a refrigerant with low GWP (Global Warming Potential) but keeping 

the performance as energetically efficient is very interesting. 

 

1.1.2  Evolution of refrigerants 
 

Conventional systems used R22, which is being phased down due to the high ODP (Ozone 

Depletion Potential), then R-134a was the fluid chosen for most of the systems replacing the 

R22, however, concerns about possible global climate change have led to legislative action all 

around the world to phase down the use of hydrofluorocarbons (HFCs), including R-134a due to 

their relatively high global warming potential (GWP). Some researchers, as it is possible to read 

in Nawaz et al (2017)3, conducted a study to evaluate the performance for hydrofluoroolefin 

(R1234yf and R1234ze(E)) as substitute for R134a and found a promising result. Other studies 

also talk about the use of C02, obtaining satisfactory results.  

In the following table, it is possible to see a comparison of the different refrigerants with 

potential impact on the environment obtained from a study carried out by Nawaz et al (2017)4 : 

 

Refrigerant 
group 

Refrigerant example ODP GWP 100 
Atmospheric 

lifetime 

CFCs R11, R12, R115 0.6-1 
4750-
14400 

45-1700 

HCFCs R22, R141b, R124a 
0.02-
0.11 

400-1800 43831.00 

HFCs R407C, R32, R134a 0 
140-

11700 
1-300 

HFOs R1234fy, R1234ze, R1234yz 0 0-12 - 

Natural 
refrigerants 

R744, R717, HC (R290, R600, 
R600a) 

0 0.00 Few Days 

 

Table 1: Characteristic of different refrigerants with potential impact on the environment 

It can be seen how a change in the used refrigerants was necessary. The emergence of 

Hydrocarbon (HC) is not something new because they have been considered since twentieth 

century. However, various technical and safety problems resulted in the phasedown of HCs as 

refrigerant in favour of non-flammable chlorofluorocarbons (CFCs), which is more dangerous.  
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Several of the HCs can work as refrigerant because thy share common environmental traits of 

zero ODP and very low GWP. In the following table there are some data about alternative 

refrigerants, the data can be read in a study carried out by Nawaz et al (2017)4. 

 

Parameters R134a R290 R600a 

Formula CH2FCF3 C3H8 C4H10 

Molecular mas (g/mol) 102 44 58 

Ozone depletion potential 0 0 0 

Global warning potential  1300.00 <3 <3 

Safety classification A1 A3 A3 

Critical temperature (k) 374.21 370 407.81 

Critical pressure (Mpa) 4.06 4 3.63 

 

Table 2: Properties of alternative refrigerant 

It can be observed how there are good alternatives for the environment. In addition, a lot of 

experimental, analytical, and numerical studies have been done for evaluated the performance 

of HCs for various applications. For example, in a study conducted by Halimic et al (2003)5 , the 

capacity of R290 was evaluated as a substitute for R12 in a traditional refrigeration system and 

it can be concluded that the capacity of R290 was higher than the refrigerant R12 and the other 

refrigerants included in the study, in another study conducted by Khalid an Qusay (2014) 6 , it 

was investigated the performance of a residential air-conditioning system under high 

condensing temperatures using R22, R290, R407C, and R410 A. They concluded that the cooling 

capacity and the power consumption for R410A were the highest among the four refrigerants 

and that R290 required less power and refrigerant charge for comparable performance to R22. 

From the study conducted by Nawaz et al (2017)4, in which they have evaluated the feasibility 

of using R290 and R600a for substitute for R-134a in a heat pump, several conclusions that bet 

on the use of propane as a refrigerant can be obtained: 

- Compressor of similar design can be used with propane and that existing compressor 

lubricant are feasible because the compressor discharge temperature was lower for 

R290 and R600 than for R134a. 

 

- Total system charge was smaller. 

 

- The heat pump time was shortest for R290, while for R600a it was about 33% longer 

compared to the system containing R134a. 

 

- R134a and R290 showed comparable COP and performance. 

 

As a disadvantage of using R290 or R600 as substitute for R134-a, these natural refrigerants are 

potential flammability, they are safety class A3, so the substitution reduce safety concerns 

because a relative smaller amount would be needed to operate the system. 
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1.2 Previous knowledge 
 

The installation is located in a familiar house located in Åkersberga (Sweden). Åkersberga is a 

locality and the seat of Österåker Municipality in Stockholm with 28.000 inhabitants. The area 

of this locality is 16.27 km2 . 

The weather in this locality and due to its proximity is similar to the weather in Stockholm. 

However, thanks to SLB analys it was possible to find the weather in closer locality such as 

Marsta for 2017.  

In the Figure 2 provided by SLB analys7 it can be observed the temperature in 4 locations. The 

weather station of Märsta had been used as a reference in this thesis since it was the closest 

available to the monitored system. 

 

 

 

Figure 2: Temperature data 

 

It could be observed that the minimum temperature registered in Marsta was -24.1ºC and the 

maximum was 26.4 ºC, however, these temperatures were not the usual ones and the 

temperature in winter is usually between -7ºC and 5ºC. Therefore, this is the range of 

temperatures of interest. 

 

https://en.wikipedia.org/wiki/%C3%96ster%C3%A5ker_Municipality
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1.3 Description of the installation 
 

The installation used in the project is an installation designed to supply all the heating demands 

of a single-family house in Åkersberga. The main demands that must be supplied and on which 

it focuses are the heating demands and domestic hot water. 

The design goal of the installation is to maintain inside the house comfort temperature of 21ºC, 

and always be able to supply domestic hot water. 

The layout of the installation is shown in Figure 3: 

 

 

Figure 3: Installation lay-out 

 

The system has a brine-to-water Propane (R290) Heat unit. The heat source of the heating 

system is a vertical borehole with an active depth of 160 metres. Another feature of the system 

is that it has two tanks, large with a capacity of 2000 litres and a smaller one with capacity of 

300 litres. 

The function of the big tank is to store and supply the hot water needed for heating of the 

building. In addition, it is responsible to preheating the inlet water in the system to compensate 

the water used in the installation. On the other hand, the small tank is used for store and supply 

sanitary hot water to the building. 

The technical data supplied initially of the installation are shown in Table 3: 
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Initial technical data 

Electric power (kw) 1.7 

Heating capacity (kW) 6 

Evaporation temperature (ºC) -5 

Condensation temperature (ºC) 51 

 

Table 3: Initial Technical data 

 

The initial data provided an idea about how the installation worked, when the analysis of the 

installation was carried out, the real values were checked and analysed. 

1.3.1  Heat Pump 
  

The Heat pump used in the installation is a brine-to-water Heat pump used with Propane (R290), 

the layout of the heat pump is not a simple design as can be shown in Figure 4: 

 

Figure 4: Layout refrigerant circuit 

The system has a compressor, a condenser, an evaporator and an expansion valve, in addition, 

it has a desuperheater and a super-heater. Finally, the present of the super-heater exchanger 

requires the installation of a second expansion valve. 

Therefore, the cycle considering the desuperheater and the super-heater is schematically shown 

in Figure 5: 
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Figure 5: Heat pump cycle 

 

1.3.2 Compressor 

 

The compressor used in the installation is a Copeland Scroll compressor, model ZH15K4E-TFD.  

The ZH compressor range is optimized for heat pump applications, they deliver higher capacity 

and efficiency at low evaporating temperatures (heat source), in addition, its has a larger 

operating map, so these compressors can cover the full heating demand on the coldest days and 

have higher system seasonal performance. 

This compressor is a fixed speed compressor designed for R407C with the following data at 

standard conditions from the Copeland General product guide8: 

ZH15K4E-TFD 

Heating Capacity (kW) 4.9 

Evaporating (ºC) -7 

Condensing (ºC) 35 

Superheat (K) 5 

Subcooling (K) 4 
 

Table 4: ZH15K4E-TFD data 

In addition, Copeland provides mechanical and electrical data for this compressor: 

Electrical data 

Maximum Operating Current (A) 4.1 Locked Rotor Current (A) 243/243 

Start Winding Resistance (ohm) 7.1 Winding Resistance (ohm) 23 

Default Enclosure Class IP 21 (IEC 34)     

 

Table 5: Electrical data 
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Mechanical data 

Displacement (cu.m/h) 5.8 Displacement (cu.cm) 33.33 

Height (mm) 364 Length/Width (mm) 243/243 

Gross Weight (kg) 26 Net Weight (kg) 23 

Stub Discharge (inch)  1/2 Stub Suction (inch)  3/4 

Base mounting (mm) 190x190(8.5) Oil Quantity (l) 1.3 

Sound Power (DBA) 71 Sound Pressure (dBa) 60 

High Side Ps (bar(g)) 32 Low Side PS (bar(g)) 20 

Low Side TS Max (ºC) 50 Internal Free Volume (l) 3.4 

 

Table 6: Mechanical data 

This compressor in the installation is used with Propane (R290). In addition, the compressor has 

an external inverter with the scope of having a better control of having a variable speed control 

of the unit. 

1.3.3 Condenser and evaporator 
 

The condenser and the evaporator in the installation are designed by the company Swep9. The 

chosen model was the B15T. The exchanger is a high efficiency exchanger developed to have 

maximum thermal length. Accuracy optimization allows efficient operation even at extremely 

small temperature differences, so it is a good choice for improved energy utilization. 

Swep B15T is a Brazed Plate Heat Exchanger (BPHE) construct as a plate package of corrugated 

channel plates with a filler material between each plate. The BPHE allows media at different 

temperatures to come into close proximity, separated only by channel plates that enable heat 

from one media to be transferred to the other with very high efficiency. The concept is similar 

to other plate and frame technology, but without the gaskets and frame parts. 

The exchanger lay-out and some data are shown in Figure 6 and Table 7: 

 

Exchanger data 

Max number of plates 60 

Port size 16 mm (0.63 in) 

Max volume flow 4 m3/h (17.6 gpm) 

Channel volume (SI) 0.063 dm3 

Channel volume (US) 0.00222 ft3 

                                      

   Table 7: Exchanger data 

  
 

Figure 6: Exchanger lay-out 
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In this case, the condenser has 30 plates and the evaporator has 20 plates. Usually, the 

evaporator has more plates than the condenser, however, this is not the case, so the installation 

is more interesting. 

1.3.4 Expansion valve 
 

The expansion valve of the installation is designed by the company Carel. The chosen model was 

Carel E2V24BSF00. 

This valve allows an efficient control thanks to the extended operating range. The technical 

specifications that can be read in Carel guide10 are shown in Table 8: 

 

Expansion valve data 

Phase current 450 mA 

Drive frequency 50 Hz ± 10 

Phase resistance (25ºC) 36 Ohm ± 10% 

Max. Operating Pressure up to 45 bars 

Index of protection IP 65 

Step angle 15º 

Linear advance/step 0.03 mm (0.0012 inch) 

Connection 4 fili (AWG 18/22) 

Connections 480 

Control steps 500 

 

Table 8: Expansion valve data 
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1.4  Monitoring system 
 

It was very important to know the installation and how it worked to have a good knowledge of 

the system operation and the first step was to identify the parameters that need to be 

controlled, not all the parameters need to be measured since there were some parameters that 

can be calculated or assumed. 

The second step was to choose the systems and devices needed for monitoring. This system had 

to allow having all the data stored and online for a better analysis of the data and be able to 

compare the operation in different situations. 

In order to have all the parameters of the installation controlled, the monitoring scheme shown 

in Figure 7 was proposed: 

 

 

Figure 7: Monitoring system 

 

The monitoring system was ClimaCheck PA Pro II for the control of the installation, Carel 

controller for the control of the valves, and temperature and humidity sensor. 

1.4.1  ClimaCheck PA Pro II 
 

As it can read in the ClimaCheck manual11, ClimaCheck is a measuring and analysing system 

developed to give detailed evaluation of refrigeration, air-conditioning and heat-pump systems. 

The method is based on measurements in the refrigeration circuit and does not require any fixed 

installation of metering equipment in the system. Some of the main advantages of this system 

as the easy connection, immediate and detailed information. 
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The ClimaCheck Performance Analysing method allows complete analysis of energy 

performance as well as presenting all information to validate the individual components and 

their optimization, moreover, it is possible to immediately identify and locate any deficiencies 

in the system. ClimaCheck contains functions to store and print reports including data and 

graphs and there is also an export to Excel. 

The technical specifications of ClimaCheck are shown in Table 9: 

Technical Specification 

Dimensions (mm) 501x279x193 

Weight (kg) 11 

Supply voltage 24 VDC, 3W 

Inputs 
8 x Temperature 

8 x Analogue  

Output 

8 x Digital 

3 x Digital 

Ethernet, RS485, RS232 

Accuracy 
Temperature 0.25 ºC 

Analogue 0.1% FS 

Internal memory 1 MB (stores up to 8000 sets of data) 

 

Table 9: Technical Specification ClimaCheck 

One the ClimaCheck specifications were known, the necessary sensors were analysed to have 

the entire installation controlled, moreover, ClimaCheck allows to install extra sensor if they are 

necessary. 

 In this installation, 10 temperature sensors and 2 pressure sensors were chosen: 

- Temperature: 

• Compressor outlet (1) 

• Compressor inlet (2) 

• Expansion valve inlet (3) 

• Exchanger inlet evaporator (4) 

• Exchanger outlet evaporator (5) 

• Exchanger inlet condenser (6) 

• Exchanger outlet condenser (7) 

• Condenser inlet (8) 

• Exchanger desuperheater inlet (30) 

• Exchanger desuperheater outlet (31) 

- Pressure 

• Compressor inlet (10) 

• Compressor outlet (9) 
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In addition, a sensor was later installed to measure the frequency at which the compressor was 

working. The numbers next to the sensors refer to the numbering set in ClimaCheck. 

The system allows to visualize in real time the circuit with the parameters of interest. 

 

 

 

Figure 8: ClimaCheck circuit 

 

From the measurements, ClimaCheck allows to calculate key factor for the analysis of the 

installation such as:  

- COP Heat 

- COP Cool 

- Heating capacity (kW) 

- Cooling capacity (kW) 

- Compressor isentropic efficiency (%) 

- Subcooling (K) 

- Superheat (k) 

- Reheating (K) 

- Electric Compressor Consumption (kW) 
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It was possible to obtain more parameters, but these were the ones chosen to show in the 

tables. 

In order to facilitate the reading of data, an Excel file had been created. Introducing the row 

generate by ClimaCheck with the results, all the results of interest were obtained. The aspect of 

the Excel is shown in Table 10 and Table 11: 

 

Table 10: Sensor input data 

 

  Real case 

Evaporation temperature Bp (ºC) -8.54 

Condensation temperature Ap (ºC) 44.51 

COP Cooling 2.76 

COP Heating 3.69 

 Cooling Capacity (kW) 5.38 

Heating Capacity (kW) 7.20 

 Condenser Capacity (kW) 5.82 

 Desuperheater Capacity (kw) 1.38 

Compressor Isentropic efficiency (%) 70.42 

Heat ut (ºC) 56.40 

Subcooling total (K) 1.91 

Reheating (K) 38.24 

Frequency (hz) 76.43 

 

Table 11: Result ClimaCheck 

 

Therefore, a good analysis could be made from these data, in addition, it allowed to obtain old 

data corresponding to any day with result for every minute. 

Temperature Sensor Temperatures (ºC) Pressures Sensor Pressures (Bar)

Evaporator inlet  /Expansion valve outlet

Evaporator outlet

Exchanger inlet evap (4) 2.8

Exchanger outlet evap (5) -2.1

Super-heater inlet

Super-heater outlet (2) 28.7

Compressor inlet (2) 28.7 Compressor inlet (10) 2.71

Compressor outlet (1) 96.4 Compressor outlet (9) 13.79

Desuper-heater inlet (1) 96.4

Desuper-heater outlet (8) 61.2

Exchanger Desuper-heater inlet (30) 56.4

Exchanger Desuper-heater outlet (31) 65.3

Condenser inlet (8) 61.2

Condenser Outlet

Exchanger Inlet cond (6) 35.9

Exchanger outlet cond (7) 41

Expansion Valve inlet (3) 41.6

Expansion Valve outlet

Warm water 63.8

Supply temperature 40
Supply

Evaporator

Super-heater

Compressor

Desuper-Heater

Condenser

Expansion Valve
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1.4.2  HP smart control 
 

Once the data that ClimaCheck offers were obtained, it was necessary to think about how to 

monitoring the other data such as temperatures or humidity. 

It was very important to know the temperatures outside and inside the building. The outside 

temperature was important to know how the installation worked at different temperatures. In 

addition, it was important to know the inside temperature, in order to verify that the installation 

was working correctly and complies with the comfort temperatures. 

To complete the monitoring had been added: 

- 2 temperature sensors. 

- 1 humidity sensor. 

- 1 solar radiation measurement from a Stockholm weather service. 

The indoor Wireless temperature and RH sensor had: 

- ESP8266 Wifi module. 

- DHT21 RH sensor. 

- Dallas 1-Wire temperature sensor. 

All the data was stored and available to the user, thanks to a dedicated web application created 

at the KTH Royal Institute of Technology. 

The advantage of this system was that it allowed obtaining Figure 9, Figure 10 and Figure 11: 

 

 

Figure 9:Temperatures indoor and outdoor 

 

Temperature DHT21 and temperature DS18B20 refer to the inlet temperatures of the different 

sensors, T out SLB refer to the outlet temperature. 
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Figure 10: Temperature and solar Radiation 

 

 

Figure 11: Relative Humidity 
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Chapter 2: Analysis of the installation 
 

Once the installation was monitored in the correct way, the next step was to use this data for a 

correct analysis of the installation. 

The analysis of the installation was made over a test period of 10 consecutive days, from October 

29 to November 8. In these days the outdoor temperatures oscillated between temperatures 

close to 0 ºC to try to understand how the installation worked in these situations. 

These days were of interest because it had date on how the installation worked with 

temperatures above 0 ºC, close to 0 ºC and below 0 ºC. 

First, an analysis of the temperatures was performed to check how the outside temperature 

affects in the temperature inside the house. Grouping all the data obtained from the sensors in 

these days the Figure 12 was obtained: 

 

 

 

Figure 12: Temperature data 

It could be observed how the outside and inside temperatures were related, however, thanks 

to the installation, the temperature of the house was always between the comfort 

temperatures, so it could check that the installation worked properly. 

DHT21001 temperature came from the sensor responsible to measuring the temperature and 

humidity, however, DHT21003 temperature came from the sensor responsible to measuring 

only the temperature, this was the reason why slight differences could be appreciated. 

The following analysis was based on analysing how solar radiation influences in the outside 

temperature. 
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Figure 13: Solar radiation vs Outdoor Temperature 

It could be observed how the outside and solar radiation were sometimes related, however, it 

was not a totally related parameter, since the outside temperature depends on other factors 

such as the winds.  

The following analysis was one of the most important. In this analysis the heating capacity and 

the power input were represented in relation to the outside temperature, the result is shown in 

Figure 14: 

 

 

Figure 14: Heating capacity and Power input vs Outdoor Temperature 

Some conclusion could be obtained from Figure 14, the first conclusion was that this installation 

worked most of the time in the same point, with a heating capacity close to 7 kW and a 

consumption of the compressor close to 2 kW, so it could suppose that the compressor usually 

worked most of the time at the same speed.  

Another conclusion that could be obtained, and that is logical, was that there were more points 

with lower heating capacity and with lower power input when the outside temperature was 

higher. 
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The next two analyses were done in the condenser and in the evaporator to check that they 

were working correctly. The inlet and outlet temperatures of the secondary were shown in 

relation to outside temperatures. 

 

 

 

Figure 15: Temperature of the secondary circuit of the evaporator vs Outdoor Temperature 

 

 

 

Figure 16: Temperature of the secondary circuit of the condenser vs Outdoor Temperature 

 

Both figures confirmed that the evaporator and the condenser were working in the correct way, 

because the inlet and outlet temperature for each point differed more or less in 5ºC. 

An interesting analysis to know the installation was how the desuperheater worked. The analysis 

consisted in studying the heating capacity and the power input in a few days.  
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Figure 17: Heating Capacity and Power input Desuperheater 

 

A shorter period of time was chosen than in the previous analyses since it was observed that the 

result followed the same pattern. It could check that when it was working, the heating capacity 

was more or less always 1.3 kW and the power input close to 2 kW, so it could be assumed that 

if the desuperheater was working the heating capacity was more or less constant. 

The moments in which the heating capacity were 0 kW correspond to the moments in which the 

compressor was stopped, and the values close to 7 were measurements errors. 

To check that the desuperheater worked correctly, the following analysis was made: 

 

Figure 18: Temperature Desuperheater vs Outdoor Temperatures 

The Figure 18 showed the inlet and outlet temperatures of the secondary circuit of the 

desuperheater and the difference between them. Sometime, the difference between them was 

so big, this corresponded to starting points of the desuperheater. This happens because of the 
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storage system of the installation. In other cases, the difference was very similar, so it could 

check that the operation was correct. 

Finally, a study that includes the most important results was made. In the analysis was studied 

the temperatures, inlet and outside, the heating capacity of the installation, the temperature of 

domestic hot water and the temperature for heating the house. 

 

 

 

Figure 19: Heat Pump control 

 

This plot was used to control the Heat Pump because the most important parameters were 

represented, it could see how the installation in this period of time was not always working, only 

when it was necessary. In addition, it could check that the temperature of the domestic hot 

water is the highest temperatures. 

Final remake 
 

In this Chapter the implementation and results from the system monitoring activity has been 

presented. 

From the analysis of the data it could be observed that the system monitoring of the installation 

has been correct and it has been possible to understand how the installation worked to perform 

a correct modelling.
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Chapter 3: Modelling a Heat Pump using IMST-ART  
 

3.1  IMST-ART 
 

IMST-ART is an advanced software developed by the Polytechnic University of Valencia for the 

analysis and optimization of refrigeration equipment and components. IMST-ART is based on an 

extensive experience in the detailed modelling of refrigeration components and is oriented to 

provide assistance in the design of components and systems. 

IMST-ART combines accurate and fast algorithms, easy-to-use graphical interface and powerful 

analysis capabilities into a single software package suitable for modelling any vapour 

compression refrigeration system operating with almost any refrigerant and secondary fluids. 

The main characteristic of the software is the precise evaluation of the performance of the 

refrigeration unit, including a precise modelling of each component at the same time. In this 

way, any modification can be evaluated. 

IMST-ART is appropriate for an extremely wide range of applications such as domestic freezers, 

supermarket cabinets, cold warehouses, air/conditioning units, heat pumps … 

A simple model used in IMST-ART is composed of: compressor, evaporator, condenser and 

expansion valve. 

 

 

 

Figure 20: Simple cycle 
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3.2 Model with IMST-ART 
 

3.2.1 Compressor 
 

For the search of compressors, the software Select 7.15 had been used. Select 7.15 gave us the 

possibility to work with compressors, condensing units or controlling in many languages. Custom 

settings enable you to quickly recall frequently used conditions. 

Using the design conditions and introducing them into the program some compressors were 

found. The conditions were: 

Compressor conditions 

Evaporator temperature -5 °C 

Condensation temperature 51 °C 

Power (Electric /Heating capacity) 1.7/6.0 kW 

 

Table 12: Initial conditions 

The compressor used in the installation is a fixed speed Copeland compressor, model ZH15K4E-

TFD, which an external inverter. This compressor was designed to work with R407C, although in 

this installation it is working with R290 (propane). 

Select 7.15 allowed to obtain the following coefficients, therefore, the data was verified using 

the polynomial, were the same that the catalogue data: 

  C0 C1 C2 C3 C4 C5 C6 C7 C8 C9 

Capacity (kW) 
6.48E+0

0 
2.60E-

01 
-2.35E-

02 
3.93E-

03 
-1.13E-

03 
-4.87E-

04 
2.07E-

05 
-2.13E-

05 
-9.67E-

06 
1.79E-

06 

Power Input (kW) 
7.73E-

01 
1.54E-

02 
3.85E-

03 
3.29E-

04 
-4.22E-

04 
1.51E-

04 
3.77E-

06 
-8.00E-

06 
4.29E-

06 
1.85E-

06 

Current (A) 
2.26E+0

0 
1.25E-

02 
5.50E-

04 
4.06E-

04 
-3.31E-

04 
7.36E-

05 
3.62E-

06 
-9.59E-

06 
4.05E-

06 
4.14E-

06 

Mass Flow Rate 
(g/seg) 

2.81E+0
1 

1.05E+0
0 

9.95E-
02 

1.45E-
02 

2.90E-
03 

-2.25E-
03 

9.36E-
05 

2.40E-
05 

-3.80E-
05 

8.37E-
06 

(kg/h) 
1.01E+0

2 
3.77E+0

0 
3.58E-

01 
5.22E-

02 
1.04E-

02 
-8.11E-

03 
3.37E-

04 
8.63E-

05 
-1.37E-

04 
3.01E-

05 

 

Table 13: Coefficients 

The polynomial and parameters for compressors were: 

𝑋 = 𝐶0 + 𝐶1 ∗ 𝑆 + 𝐶2 ∗ 𝐷 + 𝐶3 ∗ 𝑆2 + 𝐶4 ∗ 𝑆 ∗ 𝐷 + 𝐶5 ∗ 𝐷2 + 𝐶6 ∗ 𝑆3 + 𝐶7 ∗ 𝐷 ∗ 𝑆2 + 𝐶8

∗ 𝑆 ∗ 𝐷2 + 𝐶9 ∗ 𝐷3 

X= Capacity [kW]; Power input [kW]; Current [A]; Mass flow rate [g/s] 

S= Evaporating Temperature [ºC] 

D= Condenser Temperature [ºC] 
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These coefficients were necessary to introduce the compressor in the software IMST-ART, which 

it was necessary to adapt the coefficients to the units that were needed in IMST-ART. Also, It 

was necessary to convert from kW to W the capacity and the power input, and from g/sec to 

Kg/h the mass flow. 

To define the compressor, the first step was to introduce the data obtained from the catalogue 

or from previous experiences.  

Compressor data 

Compressor displacement (cm3) 
33 

Nominal Speed (rpm) 2900 rpm 

Oil circulation rate (%) 0.80% 

Oil volume (dm3) 1.3 

Heat losses (%) 6 

 

Table 14: Compressor data 

To introduce the coefficients in IMST-ART, two options could be used, such as Detailed 

Efficiencies or Catalogue Data: 

- Detailed Efficiencies: In this mode, it is necessary to introduce the coefficients for 

EN12900 (ARI 540-99), exactly the coefficients of the Power Input (W) and Mass flow 

rate (kg/h). It is important to select the refrigerant for which the coefficients had been 

calculated, in this case, R407C. In the model, this method had not been used. 

 

- Catalogue Data: In this mode, it is necessary to make a matrix, in which, the evaporation 

and condensation temperatures and the coefficients, obtained in Select 7.15, are used. 

With these data and the polynomial equation, it could calculate the cooling capacity and 

power input for each temperature, the matrices obtained are shown in Table 15: 

 

Cooling capacity (kW) 

Tevap/Tcond -10 -7 -4 -1 2 5 

25 3.68 4.19 4.77 5.4 6.08 6.84 

30 3.52 4.02 4.57 5.17 5.84 6.56 

35 3.35 3.82 4.35 4.93 5.57 6.27 

40 3.17 3.62 4.13 4.68 5.29 5.96 

45 2.98 3.41 3.89 4.41 4.99 5.63 

50 2.78 3.19 3.64 4.14 4.68 5.29 

 

Table 15: Cooling capacity 
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Power input (kW) 

Tevap/Tcond -10 -7 -4 -1 2 5 

25 0.93 0.94 0.96 0.98 1.01 1.03 

30 1.01 1.03 1.05 1.07 1.09 1.11 

35 1.11 1.13 1.15 1.17 1.18 1.2 

40 1.23 1.25 1.26 1.28 1.3 1.31 

45 1.36 1.38 1.4 1.41 1.43 1.44 

50 1.51 1.53 1.55 1.57 1.58 1.6 

 

Table 16: Power input 

The range used to define the temperatures of evaporation and condensation, had been chosen 

looking the operations conditions of the real installation, in order to cover the operating 

conditions. 

It was important, when defining the compressor, to make sure that the speed entered in IMST-

ART was the same as the speed used for which the coefficients were obtained, as well as the 

subcooling and the superheated, in this case coefficients parameters are shown in Table 17:  

Coefficients Parameters 

Subcooling (k) 4 

Superheated (k) 5 

Speed (rpm) 2900 

 

Table 17: Coefficients parameters 

 

Once the compressor was defined in IMST-ART, the next step was to check that it was correctly 

inserted. To do that, a simple circuit was created, in which only the compressor, the expansion 

valve and the exchangers were defined. 

For that case, condenser with fixed condensing temperature was defined. The condensation 

temperature could be found in the catalogue data. In the same way, evaporator with fixed 

evaporation temperature was defined. 

Temperatures  (ºC) 

Condensation temperature (ºC) 35 

Evaporation temperature (ºC) -7 

 

Table 18: Catalogue temperatures 
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For this test, the nominal speed was chosen, 2900 rpm, the subcooling and the superheater were 

catalogue data, 4 K and 5 K. In addition, the circuit worked with the refrigerant for which the 

compressor data had been entered, that was, R407C. 

Parameter Catalogue data (kW) IMST-ART test (kW) Error (%) 

Heating capacity 4.9 4.83 1.43 

 

Table 19: Compressor test 

Analysing these results, it could be verified that the compressor was defined correctly, so the 

definition of the other components could be started. 

 

3.2.2 Condenser 
 

The first step to define the condenser was to know the condenser that was used in the 

installation and obtain the catalogue data. 

The condenser was from SWEP company exactly, the condenser was SWEP B15T.  

In this case, the condenser has 30 plates and the characteristics are shown in Table 20: 

 

Condenser 

Plates 30 

HPCD (m) 0.04 

VPCD (m) 0.432 

Port Diameter (PD) (mm) 16 

Plate Pitch (PP) (mm) 2.24 

Plate Thickness (mm) 0.35 

Channel Type H 

 

Table 20: Condenser 

In the Figure 21, the parameters of the table can be observed: 
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Figure 21: Condenser 

Therefore, in IMST-ART, the option “Add heat exchanger” was chosen. The type was selected, in 

this case, plates and the previous parameters were added. In addition, the secondary fluid was 

selected, in this case, water. 

Finally, the efficiency of the condenser was chosen, 70%. It would be necessary to define the 

water inlet and outlet temperatures, but it depends on the operating point. 

 

3.2.3 Evaporator 
 

To define the evaporator, it was necessary to know what evaporator had been used in the 

installation and obtain the catalogue data. 

The evaporator was from SWEP company exactly, the evaporator was SWEP B15T. 

In this case, the condenser has 20 plates and the characteristics are shown in Table 21: 

 

Evaporator 

Plates 20 

HPCD (m) 0.04 

VPCD (m) 0.432 

Port Diameter (PD) (mm) 16 

Plate Pitch (PP) (mm) 2.24 

Plate Thickness (mm) 0.35 

Channel Type H 

 

Table 21: Evaporator 

In the Figure 22, the parameters of the table can be observed: 
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Figure 22: Evaporator 

Therefore, in IMST-ART, the option “Add heat exchanger” was chosen. The type was selected, in 

this case, plates and the previous parameters were added. In addition, the secondary fluid was 

selected, in this case, water or ethyl alcohol/water. 

Finally, the efficiency of the condenser was chosen, 70%. It would be necessary to define the 

water inlet and outlet temperatures, but it depends on the operating point. 

3.2.4 Accessories  
 

IMST-ART allows, in the accessories tab, to define essential elements of the installation such as 

the pipes of the three principal lines: suction line, discharge line and liquid line. For this, it was 

necessary to enter in the “Detailed Calculation” section. 

The data measured in the installation are shown in Table 22: 

 

  Suction line Discharge line Liquid line 

Material Copper Copper Copper 

External diameter (mm) 22.20 (7/8") 15.90 (5/8") 12.70 (1/2") 

Pipe Thickness (mm) 1.14 0.889 0.813 

Length (m) 0.82 1.03 0.78 

 

Table 22: Detailed Calculations 

Due to the characteristics of out installation, the next step was to define the super-Heater and 

the desuperheater. For this, it was necessary to choose an exact operating point to adjust it. 
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3.3  Adjustment of the model. 
 

3.3.1 Superheater and desuperheater, modelling and adjustment 
 

It was known that the installation has a super-heater and a desuperheater, which must be added 

to the IMST-ART model. 

For this, the first step was to use the following equation because extra superheating, reheating 

in Climacheck, carried an extra subcooling. 

 

�̇�𝑟𝑒𝑓 ∗ 𝐶𝑝𝑙𝑖𝑞 ∗ 𝐸𝑥𝑡𝑟𝑎𝑆𝐶 =  �̇�𝑟𝑒𝑓 ∗ 𝐶𝑝𝑣𝑎𝑝 ∗ 𝐸𝑥𝑡𝑟𝑎𝑆𝐻 

[Eq.1] 

Being the parameters: 

�̇�𝑟𝑒𝑓 = Mass flow of refrigerant (Propane). 

ExtraSC = Extra Subcooling. 

ExtraSH = Extra Superheating. 

If the equation is solved, the following equation is obtained:  

𝐶𝑝𝑣𝑎𝑝

𝐶𝑝𝑙𝑖𝑞
=  

𝐸𝑥𝑡𝑟𝑎𝑆𝐶

𝐸𝑥𝑡𝑟𝑎𝑆𝐻
 

𝐸𝑥𝑡𝑎𝑆𝐶 =  
𝐶𝑝𝑣𝑎𝑝

𝐶𝑝𝑙𝑖𝑞
∗ 𝐸𝑥𝑡𝑟𝑎𝑆𝐻 

[Eq.2] 

 

Therefore, the ExtraSH could be obtained from the measurements of ClimaCheck, in the point 

that will be presented later, was 35.35 ºC. For the Cp, the IMST-ART screen called “Superheated 

properties” could be used. The type of refrigerant, the condensing temperature and the 

condensation pressure could be defined and 𝐶𝑝𝑣𝑎𝑝 and 𝐶𝑝𝑙𝑖𝑞could be obtained. 

Cp (KJ/Kg*K) 

𝐂𝐩𝐥𝐢𝐪 2.86 

𝐂𝐩𝐯𝐚𝐩 1.76 
 

Table 23: Cp (KJ/kg*k) 

Therefore, the equation was: 

𝐸𝑥𝑡𝑟𝑎𝑆𝐶 =  
1.76

2.86
∗ 35.35 = 0.615 ∗ 35.35 = 21.76º𝐶 

[Eq.3] 
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So, at this point, the ExtraSC and the ExtraSH were: 

Temperatures (ºC) 

ExtraSH 35.35 

EXtraSC 21.76 

 

Table 24: ExtraSH and ExtraSC 

ExtraSH was defined in suction line and ExtraSC was defined in liquid line, with this Superheater 

would be defined. The next step was to calculate the desuperheater. 

To add the desuperheater, IMST-ART gave the option to put it in the discharge line. In this case, 

to calculate it, it was necessary to know the inlet temperature to the condenser and the outlet 

temperature of the compressor at the operating point. These temperatures were measured, 

therefore knowing the difference between them, it was possible to know the effect of the 

desuperheater. 

𝐷𝑒𝑠𝑢𝑝𝑒𝑟𝐻𝑒𝑎𝑡𝑒𝑟 = 𝑇𝑐𝑜𝑚𝑝𝑜𝑢𝑡𝑙𝑒𝑡 −  𝑇𝑐𝑜𝑛𝑑𝑖𝑛𝑙𝑒𝑡  

𝐷𝑒𝑠𝑢𝑝𝑒𝑟𝐻𝑒𝑎𝑡𝑒𝑟 = 96.1 − 63.7 = 32.4 

[Eq.4] 

 

3.3.2 First model (estimated frequency). 
 

To adjust the model, a random point measured was chosen thanks to the monitoring system. 

The results obtained from ClimaCheck are shown in Table 23: 

Parameters of the installation Installation data 

Evaporation temperature Bp (ºC) -6.15 

Condensation temperature Ap (ºC) 43.13 

COP Cooling 2.83 

COP Heating 3.76 

Cooling Capacity (kW) 5.81 

 Heating Capacity total (kW) 7.72 

Condenser Capacity (kW) 6.32 

Desuperheater Capacity (kw) 1.39 

Compressor Isentropic efficiency (%) 65.52 

Electric Compressor Consumption (kW) 2.05 

ENERGY_Comp (kWh) 16734.00 

Heat ut (ºC) 56.20 

Subcooling total (K) 1.93 

Reheating (K) 35.35 
 

Table 25: Installation data 
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 Temperature Sensor Temperatures (ºC) 

Evaporator 
Evaporator inlet /Expansion valve outlet   

Evaporator outlet   

  Exchanger inlet evaporator (4) 5.3 

  Exchanger outlet evaporator (5) 0.1 

Super-heater 
Super-heater inlet   

Super-heater outlet (2) 29.2 

Compressor 
Compressor inlet (2) 29.2 

Compressor outlet (1) 96.1 

Desuperheater 
Desuperheater inlet (1) 96.1 

Desuperheater outlet (8) 61.1 

  Exchanger Desuperheater inlet (30) 56.2 

  Exchanger Desuperheater outlet (31) 65.1 

Condenser 
Condenser inlet (8) 61.1 

Condenser Outlet   

  Exchanger Inlet condenser (6) 34.9 

  Exchanger outlet condenser (7) 40.2 

Expansion Valve 
Expansion Valve inlet (3) 41.2 

Expansion Valve outlet   

Supply 
Warm water 63.7 

Supply temperature 38.1 

 

Table 26: Temperature data 

 Pressures Sensor Pressures (Bar) 

Compressor 
Compressor inlet (10) 2.9 

Compressor outlet (9) 13.7 

 

Table 27: Pressures Data 

Thanks to this data, it was possible to simulate the operation point in IMST-ART and compared 

the results. 

Important data for the model could be obtained from the tables, such as temperatures of the 

secondary circuits of the condenser and the evaporator. At this point 5.3 ºC and 0.1 ºC in the 

evaporator and 34.9 ºC and 40.2 ºC for the condenser. 

At the time that this model was adjusted, the speed at which the compressor was working was 

not known, so it was necessary to estimate it. To do this, simulations were done in IMST-ART. In 

these simulations, the compressor speed was varied. The range of speeds was the range of 

speeds at which the compressor can work. The chosen range was the following: 
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Range of speed (rpm) 

2400 2900 3600 4200 4500 4800 5400 6000 

 

Table 28: Range of speed 

Of all the results that IMST-ART obtained, some parameters are chosen. These parameters were 

compared with the results obtained from ClimaCheck, it was necessary to pay special attention 

to “Cap condenser”, “Cooling Capacity” and “Power input”. The results obtained in this first 

approach are shown in Table 29: 

Installation IMST-ART 

x Speed (rpm) 2400 2900 3600 4200 4500 4800 5400 6000 

5.81 
Cooling  

Capacity (kW) 
3.215 3.824 4.649 5.331 5.663 5.990 6.628 7.246 

6.32 
Condenser 

 Capacity (kW) 
3.478 4.155 5.080 5.850 6.229 6.602 7.335 8.052 

-6.15 Evaporation Temperature (ºC) -4.016 -4.457 -5.015 -5.459 -5.673 -5.881 -6.282 -6.666 

43.13 
Condenser  

Temperature (ºC) 
42.943 42.987 43.080 43.185 43.245 43.308 43.440 43.579 

3.76 COP (HPA) 3.481 3.446 3.399 3.357 3.336 3.316 3.275 3.235 

29.2 
Suction 

 Temperature (Cº) 
31.896 31.386 30.761 30.275 30.044 29.820 29.390 28.982 

  Charge 0.336 0.323 0.308 0.298 0.293 0.289 0.283 0.277 

96.1 
Discharge 

 Temperature (ºC) 
94.867 95.112 95.513 95.905 96.115 96.331 96.779 97.249 

65.52 
Compressor  

Efficiency (%) 
66.646 66.620 66.559 66.487 66.444 66.397 66.288 66.164 

2.05 Power input (kW) 0.999 1.206 1.495 1.743 1.867 1.991 2.240 2.489 

Table 29: First speed estimate 

In this first approximation, it could be observed as the speed at which the compressor was really 

working must be between 4500 and 4800 rpm.  

Installation IMST-ART 

x Speed (rpm) 4500 4571.4 4642.9 4714.3 4785.7 4857.1 4928.6 5000 

5.81 
Cooling  

Capacity (kW) 
5.663 5.741 5.820 5.897 5.975 6.052 6.129 6.205 

6.32 
Condenser 

 Capacity (kW) 
6.229 6.318 6.407 6.496 6.584 6.672 6.761 6.848 

-6.15 
Evaporation 

 Temperature (ºC) 
-5.673 -5.722 -5.772 -5.821 -5.871 -5.919 -5.968 -6.016 

43.13 
Condenser  

Temperature (ºC) 
43.245 43.259 43.274 43.289 43.305 43.320 43.335 43.351 

3.76 COP (HPA) 
3.336 3.331 3.326 3.322 3.317 3.312 3.307 3.302 

29.2 
Suction 

 Temperature (Cº) 
30.044 29.990 29.936 29.883 29.830 29.778 29.726 29.674 

  Charge 
0.293 0.292 0.291 0.290 0.289 0.289 0.288 0.287 

96.1 
Discharge 

 Temperature (ºC) 
96.115 96.167 96.218 96.269 96.321 96.372 96.424 96.476 
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65.52 
Compressor  

Efficiency (%) 
66.444 66.433 66.422 66.411 66.399 66.387 66.375 66.363 

2.05 Power input (kW) 1.867 1.897 1.926 1.956 1.985 2.015 2.044 2.074 

 

Table 30: Second speed estimate 

Due to all the data obtained, a speed of 4750 rpm was assumed in the initial model of IMST-ART, 

the results are shown in Table 31: 

 

 

Parameters  Real case IMST-ART 

Cooling Capacity (kw) 5.81 5.93 

Heating Capacity (kW) 6.32 6.54 

Evaporation temperature (ºC) -6.15 -5.85 

Condenser temperature (ºC) 43.13 43.30 

COP (HPA) 3.76 3.32 

Suction Temperature (Cº) 29.20 29.85 

Discharge Temperature (ºC) 96.10 96.29 

Compressor Efficiency (%) 65.52 66.40 

Power input (kW) 2.05 1.97 

 

Table 31: IMST-ART model 

In order to adjust the evaporation temperature, some changes were made in the evaporator. 

These changes were made in the “Enhancement factors”, heat transfer and pressure drop for 

refrigerant and secondary fluid. Therefore, the following results were obtained: 

 

 Parameters Real case IMST-ART-adjust Error  

Cooling Capacity (kW) 5.81 5.86 1.00 % 

Heating Capacity (kW) 6.32 6.47 2.50 % 

Evaporation temperature (ºC) -6.15 -6.17 0.02 ºC 

Condenser temperature (ºC) 43.13 43.28 0.15 ºC 

Suction Temperature (Cº) 29.20 29.53 0.33 ºC 

Discharge Temperature (ºC) 96.10 96.49 0.39 ºC 

Compressor Efficiency (%) 65.52 66.34 -1.30 % 

Power input (kW) 2.05 2.02 1.20 % 

 

Table 32: IMST-ART model adjusts 
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It can verify that the results obtained were very good, with errors of less than 5%. In addition, 

that the “power input” was greater in the real case than in the model was normal, because the 

model has not an inverter that reduces the efficiency. 

In addition, it was possible to observe how the temperatures have very similar values and 

although all the results were good, the heating capacity value can be improved knowing the 

exact working frequency of the compressor. 

 

 

 

Figure 23: Comparison of result first model 
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3.3.3 Second model (measured frequency) 
 

For this second model, and with the intention of obtaining a more accurate model, the frequency 

of the compressor was monitored for each moment. Another operating point was chosen: 

     

 Temperature Sensor Temperatures (ºC) 

Evaporator 
Evaporator inlet /Expansion valve outlet   

Evaporator outlet   

  Exchanger inlet evaporator (4) 3.6 

  Exchanger outlet evaporator (5) -0.3 

Super-heater 
Super-heater inlet   

Super-heater outlet (2) 33.2 

Compressor 
Compressor inlet (2) 33.2 

Compressor outlet (1) 99.2 

Desuperheater 
Desuperheater inlet (1) 99.2 

Desuperheater outlet (8) 61 

  Exchanger Desuperheater inlet (30) 57.5 

  Exchanger Desuperheater outlet (31) 65.2 

Condenser 
Condenser inlet (8) 61 

Condenser Outlet   

  Exchanger Inlet condenser (6) 38.6 

  Exchanger outlet condenser (7) 42.5 

Expansion Valve 
Expansion Valve inlet (3) 43 

Expansion Valve outlet   

Supply 
Warm water 65.2 

Supply temperature 42.5 

 

Table 33: Temperature sensor 

 

 Pressures Sensor Pressures (Bar) 

Compressor 
Compressor inlet (10) 2.84 

Compressor outlet (9) 13.65 

 

Table 34: Pressures sensor 

The tables represent the data that could be measured and monitored in the installation and 

correspond to 23:59:00 of 20/12/2017. It was a completely random point with the installation 

working. 
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The Table 35 shows the data obtained with ClimaCheck in which the frequency was now 

available: 

Parameters Real case 

Evaporation temperature Bp (ºC) -6.61 

Condensation temperature Ap (ºC) 42.99 

COP Cooling 2.95 

COP Heating 3.88 

Cooling Capacity (kW) 5.66 

Heating Capacity (kW) 7.44 

Condenser Capacity (kW) 6.10 

 Desuperheater Capacity (kw) 1.35 

Compressor Isentropic efficiency (%) 68.72 

Electric Compressor Consumption (kW) 1.92 

Heat ut (ºC) 54.40 

Subcooling total (K) 1.99 

Reheating (K) 35.51 

Frequency (Hz) 76.50 

 

Table 35: ClimaCheck data 

To model this case in IMST-ART, the same procedure as in the previous section was used, with 

the difference that now, thanks to knowing the frequency, the speed at with the compressor 

was working could be defined directly. It was necessary to define it to transform the Hz in rpm. 

 

1 𝐻𝑧 = 60 𝑟𝑝𝑚  

76.50 𝐻𝑧 = 4590 𝑟𝑝𝑚 

[Eq.5] 

So, when the compressor was defining, the speed at which the compressor worked was defined 

(4590 rpm) in that point. 

To start modelling and adjusting the model, the B15t condenser and evaporator used in the first 

model were used, without any changes to the Enhancement Factors option, that was, defining 

1 in the factors. 

 

  Refrigerant Secondary fluid 

Heat transfer 1 1 

Pressure Drop 1 1 

 

Table 36: Initial Enhancement Factors 
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With these factors the results are shown in Table 37: 

Parameters Real case IMST-ART Error  

Evaporation temperature Bp (ºC) -6.61 -5.10 1.51 ºC 

Condensation temperature Ap (ºC) 42.99 43.45 0.46 ºC 

COP Heating 3.88 3.32 14.53 % 

Cooling Capacity (kW) 5.66 5.88 3.95 % 

Heating Capacity (kW) 7.44 7.71 3.64 % 

Condenser Capacity (kW) 6.10 6.36 4.27 % 

Desuperheater Capacity (kW) 1.35 1.35   

Compressor Isentropic efficiency (%) 68.72 66.51 3.22 % 

Electric Compressor Consumption (kW) 1.92 1.92 0.24 % 

 

Table 37: Initial results 

IMST-ART does not calculate the capacity of the desuperheater, however, it could be calculated 

manually thanks to the knowledge of the enthalpies and the mass flow. In this first 

approximation, and due to previous calculations, it supposed to has the same capacity as 

measure in the real case, however, it was calculated when the model was more adjusted. 

It the results were analysed, it could verify that the results in general were very good, however, 

an error of 1.51 ºC could be seen in the average evaporation temperature. A considerable error 

in comparison with the other results could also be appreciated in the COP heating, because in 

IMST-ART the capacity of the desuperheater for calculating the COP heating of the installation 

was not considered. 

In order to try to improve the results of the evaporation temperature, changes were made in 

the enhancement factors, for that reason, different simulations were made to approach the 

results of the real model. The second simulation was done with the values that are shown in 

Table 38: 

 

  Refrigerant Secondary fluid 

Heat transfer 0.85 0.95 

Pressure Drop 1 1 

 

Table 38: Second Enhancement factors 
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The results with these changes in the evaporator were: 

Parameters Real case IMST-ART Error 

Evaporation temperature Bp (ºC) -6.61 -5.83 0.78 ºC 

Condensation temperature Ap (ºC) 42.99 43.43 0.44 ºC 

COP Heating 3.88 3.26 15.91 % 

Cooling Capacity (kW) 5.66 5.73 1.26 % 

Heating Capacity (kW) 7.44 7.58 1.85 % 

Condenser Capacity (kW) 6.10 6.23 2.09 % 

Desuperheater Capacity (kw) 1.35 1.35   

Compressor isentropic efficiency (%) 68.72 66.39 3.39 % 

Electric Compressor Consumption (kW) 1.92 1.92 0.26 % 

 

Table 39: Result of the second adjustment 

It the results were analysed, it could verify that the results have improved, reducing the errors 

in all the results, but it was possible to approximate the evaporation temperatures more. 

Therefore, following the previous procedure it arrives at the next result that was already 

accepted as correct. The enhance factors in the evaporator are shown in Table 40: 

 

  Refrigerant Secondary fluid 

Heat transfer 0.75 0.9 

Pressure Drop 1 1 

 

Table 40: Optimal enhancement factors 

The best results were represented in the Table 41: 

 

Parameters Real case IMST-ART Error  

Evaporation temperature Bp (ºC) -6.61 -6.51 0.10 ºC 

Condensation temperature Ap (ºC) 42.99 43.41 0.42 ºC 

COP Heating 3.88 3.21 17.17 % 

Cooling Capacity (kW) 5.66 5.59 1.21 % 

Heating Capacity (kW) 7.44 7.46 0.21 % 

Condenser Capacity (kW) 6.10 6.11 0.10 % 

 Desuperheater Capacity (kw) 1.35 1.35   

Compressor isentropic efficiency (%) 68.72 66.25 3.59 % 

Electric Compressor Consumption (kW) 1.92 1.91 0.74 % 

 

Table 41: Optimal results 
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The conclusions of these results, analysing the errors and reading the heating capacity of the 

condenser, were that the model works correctly with errors under 5% compared to the real 

model. 

Thanks to this, the capacity of the desuperheater of the IMST-ART model could be calculated, 

since IMST-ART provides the compressor outlet temperatures and the condenser inlet 

temperature, which correspond, more or less, with the desuperheater inlet and outlet 

temperature. These temperatures and the enthalpy are shown in Table 42: 

 

  Temperature (ºC) Enthalpy (kJ/kg) 

Compressor outlet/desuperheater inlet 97.07 738.74 

Condenser inlet/desuperheater outlet 61.28 660.99 

 

Table 42: Temperature and Enthalpy Desuperheater 

The enthalpies were obtained thanks to IMST-ART, which, with the temperature, the pressure 

and the refrigerant, was allowed to obtain the enthalpies easily. Therefore, with the mass flow 

rate, that could also be obtained from IMST-ART, the capacity of the desuperheater was 

calculated in the IMST-ART model: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 = 0.0168
𝑘𝑔

𝑠𝑒𝑔
 

ℎ𝑜𝑢𝑡𝑙𝑒𝑡 = 738.7 
𝑘𝐽

𝑘𝑔
 

ℎ𝑖𝑛𝑙𝑒𝑡 = 660.99 
𝑘𝐽

𝑘𝑔
 

 

 𝐷𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ∗ (𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡) 

𝐷𝑒𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =1.31 kW 

[Eq.6] 

 

Therefore, the results about heating capacity and cooling capacity are shown in Table 43: 

 

Parameters Real case IMST-ART Error (%) 

Cooling Capacity (kW) 5.66 5.59 1.21 

Heating Capacity (kW) 7.44 7.42 0.27 

Condenser Capacity (kW) 6.10 6.11 0.10 

Desuperheater Capacity (kW) 1.35 1.31 2.96 

 

Table 43: Capacity results 
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So, it could be observed that the IMST-ART model worked almost similar as the real one at this 

point. 

Finally, to finish adjusting the model, the inverter must be considered in the IMST-ART model. 

Since it was not possible to enter it directly in the model, it tried to introduce the effect of the 

inverter in the results. 

In the Figure 25, it could appreciate, in an approximate way, the efficiencies of the different 

inverters. 

 

 

 

Figure 24: Typical Efficiency Range of Variable-Speed Drives 

Efficiency depends, among other things, on the design speed and the type of inverter. 

The inverter used in the installation is a last generation inverter, therefore, its efficiency was 

always be above 80%. 

Thanks to some studies of the Energy Engineering Institute (IIE) of the Polytechnic University of 

Valencia (UPV), an estimate of the efficiency of this inverter could be made. For it, the following 

plot was used, this plot had been obtained thanks to the realization of number of tests with 

inverters. 

The Figure 25 shows the efficiency of a good inverter in relation to the frequency at with the 

compressor is working. 
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Figure 25: Efficiency of a good inverter 

From these studies, the following equation was obtained, it was necessary to know the 

maximum frequency at which the compressor could work and the frequency at which the 

compressor worked in that point. 

𝑦 = 𝐶0 + 𝐶1 ∗ (𝑓 − 𝑓𝑚𝑎𝑥)2 

[Eq.7] 

C0 and C1 were coefficients obtained thanks to some test and are shown in Table 44: 

Coefficients 

C0 0.98553451 

C1 -5.8133E-06 
 

Table 44: Efficiency coefficients 

Therefore, knowing the frequency at which the compressor was working, the efficiency could 

be estimated: 

𝐶0 = 0.98553451 

𝐶1 = −5.8133 𝐸 − 06 

𝑓 = 76.50 Hz 

𝑓𝑚𝑎𝑥 = 120 Hz 

𝑦 = 0.98553451 + (−5.811𝐸 − 06) ∗ (76.50 − 120)2 

𝑦 = 0.9745 

[Eq.8] 
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Finally, adding the effects of this efficiency to the value read in IMST-ART related to electrical 

compressor consumption, the ultimate results are shown in Table 45: 

 

Parameters Real case IMST-ART Error  

Evaporation temperature Bp (ºC) -6.61 -6.51 0.10 ºC 

Condensation temperature Ap (ºC) 42.99 43.41 0.42 ºC 

COP Heating 3.88 3.21 17.17 % 

Cooling Capacity (kW) 5.66 5.59 1.21 % 

Heating Capacity (kW) 7.44 7.42 0.27 % 

Condenser Capacity (kW) 6.10 6.11 0.10 % 

Desuperheater Capacity (kW) 1.35 1.31 2.96 % 

Compressor Isentropic efficiency (%) 68.72 66.25 3.59 % 

Electric Compressor Consumption (kW) 1.92 1.96 1.98 % 

 

Table 45: Ultimate results 

The values of the temperatures were identical, since the difference that was appreciated was 

minimal, less tan 0.50 ºC in the greater temperature difference. The different in the results of 

the COP were since IMST-ART did not include the desuperheater in the calculation of the COP, 

so the better COP is obtained in the real installation.  

The rest of results were very good because there were no errors greater than 4%. The 

comparison of result could be shown in Figure 26. 

 

 

Figure 26: Comparison of result with final model 
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As a conclusion of the results, and considering the following difficulties of the installation: 

- Compressor initially designed to R407C but used with R290 (propane), so IMST-ART 

must, based on the characteristics introduced for R407C, simulate the compressor 

working with propane. 

 

- Fixed speed compressor with an inverter, of which only its operating curve for the design 

speed is known. 

 

- The installation has a superheater and a desuperheater that complicate the model. 

 

- Some data such as heat losses, some factors, and other installation measures should be 

assumed due to previous experiences. 

 

The results of the model were very similar to the results measured in the real installation, with 

errors under 4%, even being less than 2% in most of the results. The high error of the COP was 

striking compared to the other errors, as previously explained, this may be due to the fact that 

IMST-ART does not consider the desuperheater in the calculation of the COP. 

Considering that initially, and taking into account the difficulties, a model with a 10% error would 

have been accepted, the model was ready to be used to create the Performance map that was 

used in the TRNSYS model. 
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3.4  Performance map using IMST-ART 
 

One of the main objectives of doing the model of the Heat pump was to be able to realize the 

Performance map of the it. The Performance map was used later for the complete model that 

was going to be done using the TRNSYS software. 

This Performance map collected all the operating points of the Heat pump, so, for this, it was 

necessary an extensive analysis of the installation. 

The conclusions obtained from that analysis and that were necessary for this section were those 

related to the inlet secondary condenser temperature, that was, the return temperature, those 

related to the inlet secondary evaporator temperature, that was, the source temperature and 

the speed of the compressor. 

In the analysis, 10 days were considered. The data was represented in comparison with the 

outside temperature. 

Figure 27 represented the return temperature in relation to the outside temperature, also in the 

analysis the outlet secondary condenser temperature was represented to check the correct 

operation. 

 

 

Figure 27: Temperature of the secondary circuit of the condenser vs Outdoor Temperature 

Due to these results, it was chosen that the range of return temperature of the Performance 

map was from 32ºC to 38ºC, the values are shown in Table 46: 

 

 Return Temperature (ºC) 32 34 37 38 

 

Table 46: Return temperature Performance map 
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Among these values were the most usual values of the installation in that period. 

Figure 28 represented the source temperature in relation to the outside temperature, also in 

the analysis the outlet secondary evaporator temperature was represented to check the correct 

operation. 

 

Figure 28: Temperature of the secondary circuit of the evaporator vs Outdoor Temperature 

Due to these results, it was chosen that the range of source temperature of the Performance 

map was from 2ºC to 6ºC, the values are shown in Table 47: 

 

Source Temperature (ºC) 2 4 6 

 

Table 47: Source Temperature Performance map 

Among these values were the most usual values of the installation in this period. In addition, it 

had been decided that the lower value was 2 because it known that temperatures was lower in 

other seasons. 

Finally, the last parameter that needs to varying was the speed of the compressor. It was chosen 

that the range of speed of the compressor of the Performance map was from 2200 rpm to 5700 

rpm, the values are shown in Table 48: 

 

Compressor speed (rpm) 2200 2900 3600 4300 5000 5700 

 

Table 48: Compressor speed Performance map 

Once the parameters for the Performance map had been chosen, it was necessary to do all the 

simulations. IMST-ART has the option to do a parametric study. Also, IMST-ART has the option 

of N-Dimensional Studies, which facilitates these simulations. 

From data of the simulations that had been made, Power consumption and Heating Power were 

used. The results were the following, although for reasons of confidentiality the results were not 

real and had been modified: 
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Heating Power (kW) 

ºC 2 

ºC/rpm 2200 2900 3600 4300 5000 5700 

32 3.753 5.585 7.315 7.691 8.817 9.770 

34 3.728 5.555 7.281 7.660 8.785 9.735 

36 3.693 5.508 7.226 7.609 8.732 9.683 

38 3.658 5.459 7.166 7.549 8.667 9.615 

ºC 4 

32 3.792 5.642 7.386 7.763 8.763 10.001 

34 3.768 5.612 7.353 7.732 8.863 9.967 

36 3.732 5.564 7.297 7.680 8.810 9.912 

38 3.696 5.513 7.235 7.619 8.744 9.843 

ºC 6 

32 3.828 5.695 7.454 7.833 8.974 9.934 

34 3.803 5.664 7.420 7.801 8.941 9.901 

36 3.767 5.615 7.363 7.748 8.887 9.847 

38 3.730 5.564 7.300 7.686 8.820 9.777 

Table 49: Heating Power Performance map 

Power Consumption (kW) 

ºC 2 

rad/rpm 2200 2900 3600 4300 5000 5700 

32 1.072 1.625 2.168 2.320 2.707 3.051 

34 1.096 1.658 2.208 2.360 2.752 3.101 

36 1.135 1.714 2.279 2.431 2.830 3.184 

38 1.180 1.786 2.379 2.543 2.966 3.344 

ºC 4 

32 1.073 1.626 2.167 2.317 2.659 3.085 

34 1.097 1.659 2.207 2.352 2.744 3.135 

36 1.136 1.715 2.278 2.428 2.822 3.220 

38 1.182 1.787 2.378 2.541 2.960 3.384 

ºC 6 

32 1.075 1.630 2.171 2.321 2.703 3.041 

34 1.100 1.662 2.211 2.361 2.748 3.090 

36 1.138 1.718 2.281 2.432 2.826 3.174 

38 1.184 1.790 2.382 2.545 2.964 3.336 

 

Table 50: Power Consumption Performance map 

It was necessary to order the data so that could be read correctly by TRNSYS. The order consists 

in fixing the source temperature first, then return temperature and doing all the other options. 

The file must be in txt format and a small example of the order was: 
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Figure 29: Performance map 

 

TRNSYS was responsible for reading this file and simulate the operation of the Heat Pump in 

the installation. 

Final remarks 
 

In this Chapter the modelling of the heat pump unit with IMST-ART has been described in detail. 

This Heat Pump was complex because the compressor was designed to R407C and is used with 

R290. Also, it was a fixed speed compressor with an inverter, of which only its operating curve 

for the design speed is known. The heat pump has a superheater and a desuperheater and some 

data such as heat losses or other measures should be assumed.  

However, the results of the model were very similar to the results measured in the real 

installation, with errors under 4% even being less than 2% in most of the results. Considering 

that initially a model with a 10% error would have been accepted, the model was ready to be 

used.
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Chapter 4. Modelling the system using TRNSYS 
 

4.1  TRNSYS 
 

TRNSYS (Transient Energy Simulation Tool) is a complete simulation environment used to 

simulate all types of dynamic systems. 

 TRNSYS is a software used by engineers and researchers from around the world for the 

validation of innovative concepts in the field of energy, being able to simulate from simple 

systems to the behaviour of complex building with all their equipment, control strategies, 

characteristics of occupation, alternative energy systems etc. 

An important feature of this software is its modular structure, which gives it great versatility and 

allows the dynamic simulation of any energy system. TRNSYS recognizes a descriptive language 

in which the user specifies the components that are in the system and the way in which they are 

connected. The different parts of a system are modelled individually in components that allow 

the interrelation with other system components through the exchange of data. 

A very important part of TRNSYS is its libraries. The available libraries contain the model of a 

great variety of element usually present in energy systems, as well as another series of 

components that contain routines that allow handing climatological data and other types of 

temporary data, besides facilitating the processing of the results in the simulations. 

One of the advantages of TRNSYS is that the capacity of simulation is greater considering that is 

not limited to the group of components defined in the libraries, which offer variety of 

possibilities, but also the design of the software allows users to develop components with 

custom models using common programming languages (C, C++, PASCAL, FORTRAN, etc). 

In the same way, TRNSYS can interact with other applications (Excel, Matlab, etc) for the pre- or 

post-processing of data even during the simulations. TRNSYS is a very useful software when it is 

necessary to simulate complex systems whose data are obtained in other programs, since it 

allows to join all and simulate them. 

Finally, it should be mentioned that TRNSYS is composed of a package of several programs: 

 

- The basic program for the definition of a new simulation project and their main 

characteristics: TRNSYS Simulation Studio. 

 

- The calculation engine and its executable (TRNDll.dll and TRNExe.exe). 

 

- The visual interface for data entry of building models (TRNBuild). 

 

- The TRNEdit for the creation of new custom components (TRNSED applications). 
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4.2  System to model with TRNSYS 
 

The first step to make a correct modelling was to know the system and how it worked. In this 

case, the system was previously presented. 

Thanks to use of AutoCAD software, a simplified systems figure could be obtained, this simplified 

system helped to understand how the installation worked: 

 

 

Figure 30: Simplified System 

 

In the Figure 30 the most important components of the system can be observed, such as the 

two tanks, the heat pump or the radiators, in addition to the three-way valve and the connection 

of the pipes.  

The system could be divided mainly in two parts: 

-  The part designed to satisfy the demand for domestic hot water (DHW). 

-  The part designed for satisfy the heating of the house (radiators).  

 

Both parts had relation between them, for example, the water that enters in the DHW loop was 

preheat in the buffer tank, the purpose of this was not to introduce cold water into the system, 

with which an improvement was achieved and the temperature of the tanks did not it suffered 

almost variation due to the volume of the tank (2000 litres). 
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It had been found that the system works differently depending on the demand for domestic hot 

water, therefore, the DHW loop must be analysed. The DHW is shown in Figure 31: 

 

 

 

Figure 31: DHW loop 

To understand better how the system worked, some hypotheses were assumed: 

- It was considered that the tank was always full, and the volume of the tank was 300 

litres. 

 

- The domestic hot water outlet temperature was set at a certain value. 

 

- The valve was a three-way valve. 

 

- The water that enters in the system had already been preheated in the buffer tank. 

 

- The amount of water that left the system must always be the same as the amount that 

entered. 

 

- The mixture between cold water and hot water to achieve the set temperature was 

carried out in the three-way valve. 

 

To make the model work as the installation, the direction of the water flows chosen are shown 

in Figure 32: 
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Figure 32: DHW loop 

The flow of water could have two directions depending on whether there was a demand for hot 

water in the building. If there was demand for domestic hot water, the illustration of the scheme 

of the installation is shown in Figure 33: 

 

Figure 33: DHW loop with demand 
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On the other hand, if there was not demand for domestic hot water, the direction of the water 

flows changed, the water inlet and outlet of the tanks was different and there was not water 

input and outlet to the system. The illustration of the scheme of the installation is shown in 

Figure 34: 

 

 

Figure 34: DHW loop without DHW demand 

 

The design and operation of the installation was carried out by an external company, so the 

objective of this project was not the it designs, it was to make a model of the installation in 

TRNSYS. 
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4.3  TRNSYS model 
 

The TRNSYS model of the installation was made with objective that the operation was as similar 

as possible to the actual operation mode of the installation.  

To do this, macros was used, macros are a very useful tool of TRNSYS. As it is possible to real in 

the TRNSYS manual, the macro concept allows the user to replace selected components, and 

the connections between these components, with a single macro-model. The macro have 

parameters, outputs, inputs, derivates, external files and special cards. 

In the model of this installation, four main macros were used, one for the heat pump, another 

for the weather measurements, another for the DHW loop and another for the frequency 

control. 

 

4.3.1  Heat Pump in TRNSYS 
 

The macro used to define the heat pump was very simple, the objective was to introduce the 

performance map previously performed at IMST-ART and be able to read a use that data. To do 

this the Type 581b was used.  

This type is a generalized adaptation of Type 42, in which, it has as input the temperature and 

frequency, that are the independents variables, and as outputs the heating capacity of the 

condenser and the power of the compressor, that are the dependent variables. Finally, the 

performance map is introduced as an external file. 

This macro was connected to other parts of the system, which were related or have variables 

that depend on the heat pump. 

 

Figure 35: Heat pump in TRNSYS 
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4.3.2 Macro for weather measurements 
 

This macro was used to introduce weather measurements into the system. These measures 

were very important, since one of the main objectives of the installation was to supply the 

demand for heating of the house.  

Some of the data more important that had been introduced were: 

- Ambient temperature. 

- Information about the clouds. 

- Information about solar radiation. 

- Dry bulb temperature. 

- Percent relative humidity. 

- Pressure. 

The elements used for this macro that require more explanation were: Type16c, Type33e and 

Type69a. 

- Type 16c is an element used to interpolates radiation data, calculates several quantities 

related to the position of the sun, and estimates insolation on several surfaces of either 

fixed or variable orientation. 

 

- Type 33e is an element used to obtain air properties such as: dry bulb temperature, dew 

point temperature, wet bulb temperature, absolute humidity ratio, relative humidity 

and enthalpy. 

 

- Type 69a is an element used to determine an effective sky temperature, which use to 

calculate the long-wave radiation exchange between an arbitrary external surface and 

the atmosphere. 

 

Figure 36: Weather measurements in TRNSYS 
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4.3.3 Macro for Domestic hot water (DHW) loop 

 
The macro to define the sanitary hot water loop was one of the most difficult part of the model 

due to the complexity of the installation.  

This part of the installation received the heat from the desuperheater installed in the heat pump. 

Thanks to the analysis performed with the installation measurements, it could be affirmed that 

the maximum power that desuperheater could provide was 2 kW, this value depended on the 

operations of the compressor. This value was generally closed to 1.3 kW. In the model, the initial 

value was manually adjusted. This value was used to calculate the outlet temperature of the 

desuperheater as the simulation progresses. 

The objective of this loop was therefore to supply hot water at the desired temperature. For 

this, it was necessary as previously explained a three-way valve, to simulate the correct 

operation of this valve the component Type953 had been used. This component calculated the 

fraction of hot water than should be sent to the three-way valve and the fraction of cold water, 

so when mixed together, provide the setpoint temperature. As it was possible to read in the 

technical code on domestic hot water12 , the necessary temperature for this water was between 

50ºC and 60 ºC, so in this model it was set at 55ºC. 

Considering that the water that enter in the circuit had to be equal to the one that came out and 

that the tanks always had to be full, knowing the necessary fraction of hot water was very 

important. 

The model had a storage tank represented with the Type4a, in this tank of 300 litres, thermal 

stratification took place, so 10 nodes of temperatures were selected. The inputs and outputs of 

the tanks had been connected so that it had the same operation as the real installation.  

In the macro there were mixing and dividers valves, pumps and other elements of a hydraulic 

circuit, as well as the input and output of data of the system. Also, Scheduler_1-2 was used to 

simulate the consumption of domestic hot water in the house.  

 

Figure 37: Scheduler DHW 
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Figure 38: DHW macro 

4.3.4 Macro for controller 
 

Control of operation was based on return temperature (from the big buffer tank), depending on 

this variable, the compressor worked at one frequency or another. For this, a minimum tank 

outlet temperature was set. This temperature was set in Type 23. The Type 23 was a PID 

controller that calculates the control signal, in this case the compressor frequency, required to 

maintain the controller variable at the setpoint independently from the outdoor temperature. 

The control was designed so that the compressor worked in the similar way to the installation, 

therefore, the controller only varied the frequency of the compressor if the required frequency 

differs in 5 Hz from the frequency at that moment. 

Another characteristic of this controller was that compressor started at given (minimum) 

frequency for a given time, then the frequency was set by the PID. 

 

 

Figure 39: Controller macro 
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4.3.5 Storage tank, Type 534 
 

The storage tank was modulated in TRNSYS with Type 534. This tank was a cylindrical stratified 

storage tank which reads an external data file with the characteristics. The variables used in the 

simulation for Type 534 can be found in Table 52: 

 

 Parameters Values 

Number of Tank nodes 10 

Number of ports 3 

Number of immersed heat exchangers 2 

Initial Tank Volume (Litres) 2000 

Top/Edge loss coefficient for all nodes (kJ/hr m2 K) 5 

Tank height (m) 2 

Fluid specific heat (J/ g ºC) 4.19 

Fluid density (Kg/m3) 1000 

Fluid thermal conductivity 2.14 

Fluid viscosity 3.21 

Fluid thermal expansion coefficient 0.00026 

 

Table 52: Storage tank 

With this input data, entering the height (m) and the volume (m3) the surface of the tank was 

calculated and with the loss coefficients, TRNSYS calculates the losses of the tank. It was used 

the same loss coefficient for all nodes in this case. 

The tank has 10 nodes. A tank node was defined as a portion of the tank´s volume, so the 

simulation divides the tank into the different segments and performs calculation on each 

segment during each time step. Nodes were used because allows the model to take thermal 

stratification consideration, because the model keeps track of each node´s temperature at each 

time step.  The Figure 40 shows the representation of this tank in TRNSYS 

 

 

 

Figure 40: Storage tank (Type534) 

 

 



Modelling a Heat Pump using TRNSYS 

 
 

57 
 

 

4.3.6 Åkersberga installation 
 

Once the macros were defined, its were put in common and adding other elements the 

installation could be completed. 

 

 

 

Figure 41: TRNSYS installation 

In this circuit, the Type 577a was used to simulate the heat source of the heating system that 

was a vertical borehole with an active depth of 160 metres. 

Another feature of the system was that it had a storage tank, explained previously, with a 

capacity of 2000 litres defined with the Type 534a. The Type 534a was defined with 3 ports and 

10 nodes: 

- Port 1 – HP (space heating): 

• Entry Node: 2 

• Exit Node:6 

 

- DHW preheat: 

• Entry Coil 2 

• Exit Coil 2 

 

- Port 3 – Tank to radiators 

• Entry Node: 2 

• Exit Node: 1 
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The Type 362 represented the house´s radiators that were the source of heat inside the building, 

and finally to simulate the building Type 56 had been used, which read a file that contained a 

building with similar characteristics as the installation. 

Final remarks 
 

In this Chapter the modelling of the installation with TRNSYS has been described in detail. In the 

chapter, it was explained how all the parts of the model had been integrated, in the same way, 

operation and control model established was explained. 
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Chapter 5. Validation of results 
 

Once the TRNSYS model was finished, the next step was to compare the results obtained from 

the installation with the result obtained in the TRNSYS model. 

The study period was from November to February, time in which the measures were controlled 

and due to the outdoor temperatures, it was necessary to use the heat pump.  

Therefore, the main variables of interest were going to be compared to verify that the model 

worked in a similar way to the installation. The main variables were: Temperatures, frequency, 

condenser capacity, condenser temperature, DHW temperatures and power heat pump. 

However, not all these variables had been measured. For the frequency, only the data were 

available from mid-December, which was when the sensor could be installed. 

The validation was based on verifying that the results follow the same behaviour in both cases, 

due to the fact that the occupation and thermal demand of the building depended on the people 

who lives there. For that reason, it was very difficult to obtain exact results. 

5.1 Frequency  
 

AS previously mentioned, the frequency analysis was carried out from January to February. The 

results obtained from the frequency in TRNSYS were more stable, due to the control designed 

for the compressor.  

The objective therefore was that the results obtained from frequency were always in the range 

of results obtained in the installation. The validation of results could be observed for January 

and February, obtaining the best results in January: 

 

 

Figure 42: Frequency January 

 

 



Validation of results 

60 
 

It could be seen that in the installation programmed shutdowns occurred most days at night 

(3:00 am – 4:00 am), therefore, to adjust the TRNSYS model, these shutdowns were also 

simulated every day to adjust to the most unfavourable conditions. If two typical days of January 

were represented, it was checked these shutdowns and how these installation´s shutdowns 

were matched with the shutdowns of the TRNSYS model. 

 

Figure 43: Frequency January 2 days 

The same happened for February, where the results were in the same range and the scheduled 

shutdowns were presented again. In this month in the installation, and for no reason, the 

compressor was working at maximum frequency several days in a row. Even so, it was continued 

with the scheduled shutdowns since its referred to the most unfavourable cases in heating 

mode.  

 

 

Figure 44: Frequency February 

Shutdowns could be checked if two day of February were represented, these shutdowns were 

at night as in the month of January. 
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Figure 45: Frequency February 2 days 

Thanks to the programming of the shutdowns can simulate those most common ones, as can be 

seen in Figure 45. There were some manual shutdowns that did not follow any pattern and 

therefore can not be predicted, but due to the capacity of the tank were not reflect in other 

parameters of interest. 

It can be seen from both months that the installation work at maximum frequency most of the 

time, the regulation is mostly off and on, which correspond to the intermediate frequencies. 

This can be due to a basic dimensioning of the installation in conditions of maximum operation. 

5.2 Condenser capacity 
 

Another parameter of interest, since it was important to analyse the heat contributed to the 

building was the capacity of the condenser. This parameter as well as frequency could only be 

analysed from December to February. 

The results followed the same style as the frequency results, the objective was that the capacity 

obtained in TRNSYS model was in the same range of values as the measurements in the 

installation, obtaining the best results in January. 

  

Figure 46: Condenser capacity December 
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Figure 47: Condenser capacity January 

 

 

Figure 48: Condenser capacity February 

Although the best results were obtained in January, in general, the results obtained for this 

parameter were very close to the installation results. It was possible to see how in these months 

there was not much regulation of the operating conditions, working to the maximum power 

most of the time. 

5.3 Condenser temperatures 
 

Due to the importance of the condenser in this type of installation and with the aim of obtaining 

a better analysis, a study of the condenser temperatures was carried out. The temperature at 

the condenser inlet and at the condenser outlet was analysed and compared with the 

measurements in the installation.  
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The analysis had been carried out from the month of November to the month of February and 

the temperatures correspond to the secondary circuit temperatures since these temperatures 

were those that influence the indoor conditions of the building. 

 

 

            Figure 49: Condenser inlet November                                               Figure 50: Condenser outlet November 

 

 

 

 

Figure 51: Condenser inlet December                                                       Figure 52: Condenser outlet December 

 

 

           

             

 

            Figure 53: Condenser inlet January                                                Figure 54: Condenser outlet January 
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Figure 55: Condenser inlet February                                              Figure 56: Condenser outlet February 

These results showed that the installation and the TRNSYS model presented results in the same 

range, so these results were considered valid. 

 

5.4 Domestic Hot water supply  
 

As previously mentioned, the maximum power that desuperheater could provide was 2 kW, this 

value depended on the operations of the compressor. This power was generally closed to 1.3 

kW. In the model, the initial value was manually adjusted. This value was used to calculate the 

outlet temperature of the desuperheater as the simulation progresses. It could be observed that 

supply temperature obtained in the model was in the range of temperatures measured in the 

installation.  

However, the temperature of the model never fell below a certain value, this fact could be 

explained because the lower power was adjusted manually in the model. Only two months were 

represented because results were always similar. 

 

 

 

Figure 57: DHW December 
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Figure 58:DHW January 

5.5 Heat pump power 
 

An important parameter to analyse was the power of the compressor. It could be observed 

that the result of the TRNSYS model were very similar to those obtained in the installation.  

The results represented were those obtained from November to February. 

 

 

Figure 59: Power compressor November 
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Figure 60: Power compressor December 

 

Figure 61: Power Compressor January 

 

 

Figure 62: Power compressor February 
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The best results were obtained in the month of November, although in all months analysed, 

the results were in the range of the measures in the installation. 

5.6 Indoor Temperatures 
 

Finally, it was important to check that the indoor temperature in the house was similar to the 

indoor temperature in the model and that the outdoor temperature had a similar influence on 

both temperatures. 

The analysis had been carried out from the month of November to the month of February but 

two of the coldest months, such as December and January had been represented. The results 

are shown in the Figure 63 and Figure 64: 

 

Figure 63:Indoor temperatures - December 

 

Figure 64: Indoor temperatures – January 
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DHT21001 and DHT21003 were the sensor installed in the house, so it was interested that the 

temperature of the model was between those values or it would behave in a similar way with 

respect to the outdoor temperature. Therefore, verifying that the indoor temperature was 

similar during the two coldest months in the model and in the installation, it was possible to 

confirm that the model was correct within its technical limitations. 

Final remark 
 

In this chapter, the main variables of interest were compared to verify that the model worked 

in a similar way to the installation. The main variables were: Temperatures, frequency, 

condenser capacity, condenser temperature, DHW temperatures, power heat pump and indoor 

temperatures.  

Once the results were verified, the model could be used to perform simulations in order to 

optimize the installation



 

69 
 

Chapter 6. Parametric analysis of the tank 
 

Once the model was validated, a parametric study of the tank had been carried out. To do this, 

results with different tank sizes were compared.  

The tank has 10 nodes. A tank node is defined as a portion of the tank´s volume, so the 

simulation divides the tank into the different segments and performs calculation on each 

segment during each time step. Nodes were used because gave the possibility to the model to 

take thermal stratification, because the model keeps track of each node´s temperature at each 

time step. The stratification in the installation model is shown in Figure 65 with the frequency: 

 

Figure 65: Stratification in the installation model 

Hot water entered the tank through node 2, so all nodes below were colder than it.  Node 10 

was the coldest water in the tank and it was affected by the cold water that enters in the coil 

used to pre-heat the DHW. However, the first days of the month are shown and by performing 

the calculations in TRNSYS were monthly, it was possible to see how the temperature of node 

10 goes up to stabilize at about 27ºC, as can be seen in the Figure 66.   

 

Figure 66:Tank temperature in Test 1 (2000 L) 
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Due to the tank used in the model, there was little stratification from the coil, used for the 

preheat of the domestic hot water. However, it was possible to see the stratification between 

the bottom and the top of the tank and thereby achieve the tank effect.  

In addition, it was possible to see the effect of programmed shutdowns but not with extreme 

results, this is because there were so many litres of water stored that variations in the system 

have less effect.  

During the parametric study, the only value that has been changed had been the volume of the 

tank, in all the simulation the number of nodes, the coefficients of losses and the rest of the 

parameters had the same value, the objective of this was to observe the influence of volume of 

the tank in the results. 

The tanks sizes used in TRNSYS were: 

- Test 1: 2000 litres (installation tank size). 

- Test 2: 1000 litres. 

- Test 3: 500 litres. 

- Test 4: 200 litres. 

These sizes were chosen asked to different tank manufactures which the most usual sizes were 

used as could be verified in the TESY catalogue. TESY is a Bulgarian manufacturer and is one of 

the leading European manufactures of water tanks.  

The objective of these studies was to try to improve the installation and study the tank.  

To understand how the volume of the tank influences the stratification, it showed the 

temperatures of the nodes in two typical days of the month of January: 

 

 

 

Figure 67: Stratification in Test 2 (1000L) 
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Figure 68: Stratification in Test 3 (500L) 

 

Figure 69: Stratification in Test 4 (200L) 

As expected, with a smaller tank size (200L) the hot water that came from the heat pump had 

more influence in the tank, that is, the thermal inertia and the reaction time was reduced. 

These effects can also be observed in the average temperature of the tank, if the litres of stored 

water were reduced, the temperature in the tank was less constant. 

  Test 1(2000 L) Test 2(1000 L) Test 3(500 L) Test 4(200 L) 

Maximum Temperature (ºC) 41.83 42.25 42.52 42.72 

Average maximum Temperature (ºC) 38.00 38.59 39.00 39.00 
 

Table 51: Stratification temperatures 
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The maximum temperature in the tank differs by 1 ºC and the same for the average maximum 

temperature, that is, the water in the tank is warmer if the size is smaller but not so much as to 

be considered an advantage. 

To understand better how the size influences in the installation, the Figure 70 shown the 

temperature in the top of the tank (node 1): 

 

 

Figure 70: Tank temperature with different tank size 

As expected, if the tank was smaller, the difference between the maximum and minimum 

temperature inside increased, due to the lower thermal inertia. 

  Test 1 (2000 L) Test 2 (1000 L) Test 3 (500 L) Test 4 (200 L) 

Maximum temperature (ºC) 41.82 42.25 42.51 42.71 

Minimum temperature (ºC) 33.27 33.77 32.87 31.98 

Difference (ºC) 8.55 8.47 9.64 10.72 
 

Table 52: Maximum and Minimum temperature in node 1 

The next step was to know how the thermal inertia affects the installation, for this, the supply 

temperature for the installation were represented, first every day of January in Figure 71 and 

then only 2 days in Figure 72. 
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Figure 71: Supply Temperature to the installation 

 

Figure 72: Supply temperature (2 days) 

As expected, the supply temperature had a graphical representation similar to the maximum 

temperature of the tank. To be able to analyse it in a better way, it is shown the frequency and 

the DHW flow for check how this influence. If the compressor was turned off, the water in the 

tank start to cool, the water cooled faster in the smaller tank. When the compressor was turned 

on, if the smaller tank was used, hotter water was supplied to the installation.  

The flow of DHW is also shown to verify that this water had an influence on the tank, it was not 

important, but it explained the different temperature changes. According to the results, the 

thermal inertia did not benefit this installation, so it is not necessary to store so much water. To 

verify this, it was analysed what happens with the variable that was used to control the 

compressor, the return temperature to the tank. 
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Figure 73: Return Temperature analysis 

The Figure 73 shown the control temperature (38ºC) and the moments in which temperatures 

were higher or lower, depending on this, the compressor worked at different frequencies but in 

this cases, the frequency variation by control was minimal.  

To understand how the volume of the tank influences the return temperature, it was going to 

show the temperatures in two typical days of the month of January: 

 

 

Figure 74: Return Temperature Analysis (2 days) 

If the previous Figure was analysed, it could be intuited that the compressor worked at higher 

frequencies when the tank was smaller, because the minimum temperatures were lower. 

However, this will happen if the installation didn´t work all the time at maximum power. The 

difference then between having a tank with more litres was the reaction time to the compressor 

shutdowns, with the biggest tank the reaction time of the system was decreased.  
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However, it could be observed that although higher and lower temperatures were reached with 

smaller sizes, the hours in which it was below the control temperature (38ºC) were similar. 

Figure 75 shown the evolution of the compressor frequency in January and Figure 76 in two days 

with different tank sizes: 

Figure 75:Frequency analysis with different tank sizes 

 

 

Figure 76: Frequency analysis in two days 

To be able to analyse it in a better way, it was checked the average frequency at which the 

compressor worked in each case in January: 
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Figure 77: Frequency average with different tank sizes 

The average compressor frequency obtained in TRNSYS was practically the same for the 4 tests 

as it was possible to guess in Figure 77, the average frequency was an indicator that the 

installation worked in the same way independently of the size of the tank because the 

installation was working at full power in all cases.  

An important parameter necessary to choose the size of the tank is the power consumption in 

the installation. The consumption was represented in Figure 78 for each of the tank size for the 

month of January. 

 

 

Figure 78: Power Compressor with different tank sizes in January 
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To understand better how the size influences in the installation, the Figure 79 showed the power 

compressor in the two days of January: 

 

 

 

Figure 79: Power Compressor with different tank sizes in two days 

It was observed how the power compressor followed the same dynamics as the frequency as 

expected.  Therefore, in this case, the fact of had more accumulated water did not mean saving 

in energy since the compressor worked at maximum power most of the time.  

 

  
Test 1 

(2000L) 
Test 2 

(1000L) 
Test 3 
(500L) 

Test 4 
(200L) 

Energy consumption 
(kWh/month) 

1506.80 1507.60 1508.15 1508.85 

 

Table 53: Energy consumption 

Table 53 shown how the energy consumption was more or less the same, so it was not possible 

to save energy by using a tank with a larger volume of water. The consumption and energy saving 

were not a reason for choice one tank or another in this case.  

It had been verified that in this analysed month, there was not an energy saving but it was 

important to know what happens with the heating capacity. In Figure 80 the variation could be 

appreciated 
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Figure 80. Heating capacity with different tank sizes 

 

In this first figure it could see how there was not any difference between the 4 tests so, to 

understand how the volume of the tank influences in the condenser heating capacity, it is shown 

in two typical days of the month of January in Figure 81: 

 

 

 

Figure 81: Evolution of heating capacity in two days 

To better understand how it influences, the Table 55 shows the average condenser capacity with 

the different size tanks. 
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  kW 

Average Condenser Capacity Test 1 (2000L) 6.046 

Average Condenser Capacity Test 2 (1000L) 6.046 

                 Average Condenser Capacity Test 3 (500L) 6.046 

                 Average Condenser Capacity Test 4 (200L) 6.047 

 

Table 54: Average Condenser Capacity 

Table 54 shown how the condenser capacity (kW) was constant in the 4 tests since the 

improvements were not significant. 

If the reduction of the size of the tank was related, with the decrease in the power consumed 

and the increase of the thermal power supplied, although not remarkable, according to the COP 

equation, it could be observed that the COP of the heat pump should improve with smaller 

tanks. 

𝐶𝑂𝑃 =  
|𝑄|

𝑊
 

[Eq.9] 

 

To verify this, it was analysed what happens with the COP simulating with different tank sizes 

the month of January in TRNSYS. 

 

 

Figure 82: COP with different tank sizes 
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For a better analysis, the maximum COP and the average COP in the month of January had been 

represented in Table 55. 

  Maximum Average 

COP with Test 4 (200L) 3.55 2.99 

COP with Test 3 (500L) 3.53 2.99 

 COP with Test 2 (1000L) 3.52 2.98 

 COP with Test 1 (2000L) 3.50 2.98 
 

Table 55: COP analysis with different tank size 

As can be seen in the table and in the Figure 82, the results of the COP were not very different 

from using one tank or another, although it was slightly better in smaller tank. Therefore, for 

this installation and in a month with cold temperature, it was not necessary to store so many 

litres of water to guarantee the correct operation of the installation with good COP and with the 

house with comfort indoor temperatures. 

Final remark 
 

In this chapter, a parametric analysis was carried out with the objective of knowing which tank 

volume was better in this type of installations. Simulations were made with different sizes: 2000 

litres (actual tank), 1000 litres, 500 litres and 200 litres. The results showed that the performance 

of the installation was not significantly affected by size of the tank Therefore, it could be 

concluded that in this type of installation that was the result of a partial refurbishment of a 

system based on a wood boiler, it was not recommended to change the tank, due to the few 

advantages that it provides, however, for new installations it was advisable to have a smaller 

tank for the comforts and small performance advantages that contribute.
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Chapter 7. Conclusions 
 

The objective of this master thesis was the performance analysis of a non-conventional heating 

system layout based on a propane heat pump unit. The objective has been pursued by 

monitoring and modelling the system. 

The first step was to monitoring and verification of the measures to ensure that the data used 

for the modelling were correct and all the necessary data was available. For this, Climacheck PA 

Pro II and HP smart control was used.  

With the data obtained and after performing an analysis of the installation, the modelling of the 

heat pump was carried out with IMST-ART that is an advanced software developed by the 

Polytechnic University of Valencia for the analysis and optimization of refrigeration equipment 

and components. IMST-ART is based on an extensive experience in the detailed modelling of 

refrigeration components and is oriented to provide assistance in the design of components and 

systems. 

After several simulations and making the correct settings the results of the model were very 

similar to the results measured in the real installation, with errors under 4%, even being less 

than 2% in most of the results. Considering that initially and taking into account the difficulties 

a model with a 10% error would have been accepted, the model was ready to be used to create 

the Performance map. 

To make the model of the installation, TRNSYS was used. As the objective of the installation was 

the generation of the heat for the domestic house, three of the coldest moths of the year were 

simulated. The data obtained in the simulation were compared with the data measured in the 

installation. With this model, the results were in the same range as the measures of the 

installation, due to factor such as occupation, activity of people inside the house and external 

factors, it was not possible to achieve exactly the same results for all the hours of the day and 

months. 

Once the model was validated, a parametric analysis was carried out with the objective of 

knowing which tank volume was better in this type of installations. Simulations were made with 

different sizes: 2000 litres (actual tank), 1000 litres, 500 litres and 200 litres.  

According to the results, it could be observed that the choice of tank size was not a determining 

factor in terms of performance or important parameter to analyse, because in the range of sizes 

that could be chosen in TRNSYS, small improvements were obtained as the size of the tank was 

reduced, but it was not remarkable in terms of control or saving , so in this type of installation 

that was the result of a partial refurbishment of a system based on a wood boiler, it was not 

recommended to change the tank, due to the few advantages that it provides, however, for new 

installations it was advisable to have a smaller tank (in this case 200 litres) for the comforts and 

small performance advantages that contribute. 

To conclude, it can justify that in this installation in which the energy that was generated was 

consumed most of the time and was working at maximum frequency, the purchase and 

installation of a large storage tank was not necessary, since with more commercial size tank 

similar results were obtained. In addition, the initial investment of the installation would be 

reduced since, with tanks of the same quality, the price increases when the volume of water 

increases. 
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Finally, with the model already validated, it would be interesting to analyse and create new 

control strategies based on another parameter such as the supply temperature and analyse how 

the size of the tank influences in the installation performance applying this control operation 

control.



 

83 
 

Bibliography 
 

- Europa.eu[internet]. Energy consumption in households. Eurostat statistic explained; March 

2018[update: April 2019; consulted: November 2018]. Available in: 

http://ec.europa.eu/eurostat/statisticsexplained/index.php/Energy_consumption_in_hous

eholds [1] 

 

- M. Tammaro, C. Montagud, J.M. Corberán, A.W. Mauro, R. Mastrullo. A propane water-to-
water heat pump booster for sanitary hot water production: Seasonal performance analysis 
of a new solution optimizing COP. International Journal of refrigeration 51 (2015) 59-69 [2] 

 

 
- K. Nawaz, B. Shen, A. Elatar, V. Baxter, O. Abdelaziz, R-1234yf and R-1234ze(E) as low GWP 

refrigerants for residential heat pump water heaters, Int. J. Refrig. (2017) 348–365. [3] 
 

- K. Nawaz, B. Shen, A. Elatar, V. Baxter, O. Abdelaziz, R290 (propane) and R600a (isobutane) 
as natural refrigerants for residential heat pump water heaters, Appl. Thermal Eng. 127 
(2017) 870–883. [4] 

  
- E. Halimic, D. Ross, B. Agnew, A. Anderson, I.A. Potts, comparison of the operating 

performance of alternative refrigerants, Appl. Thermal Eng. 23 (2003) 1441–1451. [5] 
 

 
- A.J. Khalid, R.A. Qusay, Experimental assessment of residential split type air conditioning 

systems using alternative refrigerants to R-22 at high ambient temperatures, Energy 
Convers. Manage. 86 (2014) 496–506. [6] 

 
- Slb.nu [internet]; [consulted: September 2017] Available in:               

http://slb.nu/slbanalys/historiska-data-met/ [7] 

 
- Emersonclimate.com[internet]:Copeland Scroll Heating Compressor [consulted: October 

2017]; Available in: 
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Co
mpressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scr
oll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar
=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-
%20R407C&title=ZH15K4E%20-%20TFD [8] 

 

- Swep.net[internet]: Global as sets products, B15T [consulted: October 2017] Available in:                                                       
       https://www.swep.net/globalassets/products/b15t/b15t-en.pdf [9] 

 

- Carelparts.com[internet]: E2V Proportional electronic expansion valve; [consulted: October 

2017]; Available in: 

https://www.carelparts.com/manuals/carel-exv-sales-brochure.pdf [10]  

 
- Climacheck.com [internet]: Climacheck manual; [consulted: October 2017]; Available in: 

http://www.climacheck.com/dl.php?did=23 [11 

http://slb.nu/slbanalys/historiska-data-met/
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Compressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scroll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-%20R407C&title=ZH15K4E%20-%20TFD
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Compressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scroll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-%20R407C&title=ZH15K4E%20-%20TFD
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Compressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scroll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-%20R407C&title=ZH15K4E%20-%20TFD
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Compressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scroll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-%20R407C&title=ZH15K4E%20-%20TFD
http://www.emersonclimate.com/europe/enEUMobile/Products/Compressors/Scroll_Compressors/Comfort/Heating/Copeland_Scroll_Heating_Compressors/Pages/Copeland_Scroll_Heating_Technical_Details.aspx?what=list&prodid=30849&bra=1&fam=17&prod=c&Ar=HP&prod_pic=1&ref=6&parent=Scroll%20Heating%20Standard%20-%20R407C&title=ZH15K4E%20-%20TFD
http://www.climacheck.com/dl.php?did=23

