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Abstract 

 

This study is a part of a larger project in which “the sizes of compressor, evaporator and condenser were 
optimized to minimize total cost of ownership for an on/off controlled ground source heat pump 
operating in a residential building in Stockholm” [1]. “The optimization problem was simplified by 
deriving performance maps for the heat pump unit and a metamodel for the dynamic building and 
environment model” [1]. In this study, the dynamic building and the environment model was developed in 
TRNSYS. The whole developed system model in TRNSYS was used to simulate the ground-source heat 
pump operations throughout the year under 15 different components sizes combinations, each 
represented by a performance map. The performance maps were derived in the main project using a 
detailed model of the heat pump unit.  

The developed system model in TRNSYS included a ground-source heat pump, a ground heat exchanger 

installed in a borehole, a thermal storage tank, an electrical auxiliary heater, a radiator as the heating 

distribution system, circulation pumps and pipes, a model for a single family house, a model for the 

climatic conditions and models for control units. Control units were modeled using the required equations 

to control the operations of the model’s main components including the ground-source heat pump, the 

electrical auxiliary heater and the circulation pumps.  

Finally, the given 15 different performance maps were inserted into the component representing the 

ground-source heat pump in the developed system model in TRNSYS. Then, the required data for the 

calculations in the main project were extracted from the simulation results. The mentioned data included 

the seasonal performance factor (SPF) of the ground-source heat pump for each components sizes 

combination, the total annual energy consumption in the compressor of the heat pump and the electrical 

auxiliary heater and also the total annual supplied energy by the ground-source heat pump and the 

electrical auxiliary heater in the developed system model for all 15 heat pump components sizes 

combinations. According to the findings of the main project, “the resulting design capacity of the on/off 

controlled heat pump optimized with the dynamic building model accounts for 88% of the peak heating 

demand” [1] and “only 1% of the annual building demand is covered by an electrical auxiliary heater” [1].                                                                                                                                                                 
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Nomenclature 

 

Abbreviations 

 

TRNSYS                             Transient Systems Simulation Program 

TCO                                   Total Cost of Ownership 

SPF                                    Seasonal Performance Factor 

DHW                                 Domestic Hot Water 

EVAP                                Evaporator 

COND                              Condenser 

TESS                                  Thermal Energy System Specialists 

HVAC                                Heating, Ventilation and Air Conditioning 

DOT                                  Design Outdoor Temperature 

GHP                                  Geothermal Heat Pump 

DTRT                                Distributed Thermal Response Test 

PE                                     Polyethylene 

HDPE                                High Density Polyethylene 

PEX                                   Cross-Linked Polyethylene 

CU                                     Control Unit 

COP                                   Coefficient Of Performance 

HP                                     Heat Pump 

Aux                                    Auxiliary Heater 

ACH    Air Changes per Hour  

 

Symbols 

 

T                                         Temperature 

 ̇                                           Mass flow rate 
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 ̇                                            Heating rate 

                                             Pressure drop 

L                                         Piping length 

D                                        Piping diameter 

                                             Fluid density 

                                             Flow velocity 

Re                                       Reynolds number 

nr                                        Radiator exponent 

Cp  Specific heat capacity 

 

Subscripts 

 

min                                    Minimum 

max                                    Maximum 

out                                     Outlet 

in                                      Inlet 

amb                                    Ambient 
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1 Introduction 

 

1.1 Background 

 

Several studies have been carried out in the field of developing models for ground-source heat pumps 

with different purposes. Jenkins ett al. [2] formulated a ground-source heat pump (GSHP) model. Then, 

using the actual thermal data related to a residential building in UK, the model was used to estimate a 

domestic GSHP potential as a carbon-saving technology in comparison with a conventional gas boiler. 

The effect of system size, the type of heating distribution system and the CO2 intensity on the CO2 and 

running cost savings were analyzed. It was finally concluded that GSHPs should be applied in a new-build 

market, rather than retrofit, since they are likely reliable on high surface area/low temperature heating 

distribution systems. Also, according to this study’s conclusion, there should be better understanding on 

the grid CO2 intensity in the estimation of CO2 emissions caused by electrical consumption in GSHPs. 

Nam et al. [3] developed a numerical model as a combination of a heat transport model with ground water 

flow and a heat exchanger model with an exact shape, while many other analysis models are based on a 

thermal conduction model using a cylindrical coordinate model or an equivalent diameter model. The 

model was used to predict the heat extraction/injection rates from/into the ground. Moreover, they 

proposed a method for estimation of soil properties based on ground investigations. A comparison 

between the results of the developed model and experimental results was carried out under the conditions 

of an experiment from 2004. There was a proper match between the two mentioned results. In the end, 

the developed model was applied for the prediction of heat exchange rate for an actual office building in 

Japan. Shaojie Wang [4] carried out an energy consumption comparison between GSHP (Ground- Source 

heat pump) and air-source VRF (Variable Refrigerant Flow) system applying EnergyPlus, the whole 

building energy modeling program, for three representative US climate zones including Chicago, 

Baltimore and Atlanta. For air-source VRF system, the performance curves in the EnergyPlus VRF 

template developed by FSRC were used. The GSHP performance data was provided by the manufacturer. 

It was concluded that, for conditioning the same small office building, the energy consumption in GSHP 

was less than that in VRF system. Montagud et al. [5] evaluated the performance of a ground-source heat 

pump system providing heating/cooling to an office building located in the Universitat Politectica de 

Valencia in Spain. The system had been designed using GLHEPRO Software and had been monitored 

since 2005. First, they presented the influence of GSHP system in the ground thermal response. The 

average temperature of the return water from the borehole was considered as the parameter representing 

this effect. The GLHEPRO Software simulations, in which the mean return water temperature from the 

ground was calculated for 25 years of operation, were analyzed and compared to the experimental results. 

The experimental measurements showed stronger recovery capability for the ground compared to 

GLHEPRO simulation results. In the second step, the performance simulation results of a complete 

model of ground-source heat pump system developed in TRNSYS were compared to the experimental 

measurements which had been registered and collected for one cooling day. The model predictions 

regarding the water temperatures in internal circuit (building) and the external circuit (ground loop) very 

well matched the reality. The water temperatures on steady state were appropriately predicted by the 

model and the heat pump COP was very well characterized. Ozgener et al. [6] evaluated the performances 

of two GSHP systems, including a solar assisted vertical GSHP and a horizontal GSHP, using energy and 

exergy modeling based on experimental data. The results showed values ranged from 3.12 to 3.64 for 

COPHP, values ranged from 2.72 to 3.43 for COPsys and values for both whole systems on a 

product/fuel basis in the range of 80.7 % and 86.13 % for exergy efficiency peak. Qian et al. [7] presented 

a mathematical model for the calculation of the soil temperature distribution and the COP of GSHP. The 

effect of various parameters on the operation of the GSHP was quantified through the simulation of 

different scenarios. The parameters included seasonal balance between heat collection and heat rejection, 
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daily running mode, and spacing between boreholes. The results showed that enough large changes 

occurred in soil temperature as a result of smaller distance between boreholes and greater loads which 

adversely affected the GSHP performance. This even led to lower COPs than those of air-source heat 

pumps. The mitigation to this problem was found out to be seasonal shifting from heating to cooling. It 

was also concluded that long boreholes, additional space between boreholes, and intermittent running 

mode led to GSHP performance improvement, but with large initial investments. Cocchi et al. [8] 

developed a TRNSYS model of an air conditioning system with ground-source heat pump for a residential 

building to design optimization of geothermal heat exchangers and to verify the operation of the 

geothermal plant. The system was simulated over the period of 5 years. It was concluded that the best 

configuration of the exchangers were: 14 series vertical heat exchangers with distances of 10 m and length 

of 100 m. Moreover, the results showed an appropriate performance of the system because the residential 

building indoor temperature assured comfort conditions, the ground was not overexploited and high 

efficiencies were achieved for heat pump. Fisher and Rees [9] implemented models of a water-to-water 

hear pump and ground loop heat exchanger in EnergyPlus, the whole building annual energy simulation 

program, in order to model the ground-source heat pump. The model of water-to-water heat pump was 

comprised of simplified representations of heat exchanger and expansion device components with a more 

detailed model of compressor. The ground heat exchanger model was used for borehole and fluid 

temperature response prediction over sub-hourly, annual and multi-year periods. Finally, a case study was 

presented to show the calculation of long-term (multi-year) influence of unbalanced loads on the ground 

loop, and the propagation of these influences on the models of zone and system.  

 

1.2 Aims and Objectives 

 

The aim of this study was to develop the dynamic building and the environment model in TRNSYS as a 
part of the optimization problem in the mentioned main project [1]. The aim of the main project was to 
optimize the sizes of heat exchangers and the compressor of a ground-source heat pump operating in a 
residential building in Stockholm in order to minimize the total cost of ownership [1]. The aim was that 
the whole developed system model in TRNSYS simulated the performance of the ground-source heat 
pump under 15 different components sizes combinations, each represented by a performance map. The 
performance maps were provided in the main project using a detailed model of the ground-source heat 
pump unit [1]. The deliverables of this study for the main project were the seasonal performance factor 
(SPF) of the ground-source heat pump for each components sizes combination, the total annual energy 
consumption in the compressor of the heat pump and the electrical auxiliary heater and also the total 
annual supplied energy by the ground-source heat pump and the electrical auxiliary heater in the 
developed system model for all 15 heat pump components sizes combinations. 

The objectives of this study were to develop a whole system model in TRNSYS including the followings: 

1. A ground-source heat pump 

2. A ground heat exchanger installed in a borehole 

3. A thermal storage tank 

4. An electrical auxiliary heater  

5. A model for the single family house 

6. A heating distribution system in the house (Radiator) 

7. The models for control units  

8. The model for climatic conditions 
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1.3 Scopes and Limitations 

 

In this study, there were the following scopes and limitations: 

1. The climatic conditions in this study were related to the Stockholm climate 

2. Only the space heating demand of the building was considered and the DHW demand was not 

included. 

3. In this study, no economics calculation was carried out. All the economics-related calculations 

were done in the main project.  

 

1.4 Methodology 

 

In this study, in order to simulate the performance of a ground-source heat pump under 15 different 

components sizes combinations throughout the year, TRNSYS simulation program was used to develop a 

whole system model as presented in section 1.2.  

The modeling procedure was done by modeling different parts of the whole system model step by step. It 

means that the ground-source heat pump linked to the thermal storage tank was modeled in the first step. 

When simulation results were achieved in TRNSYS without any error, the model of the radiator 

connected to the model of the residential building were added to the first part and the simulation results 

were also obtained in this step without error. This procedure continued until the whole system model was 

developed. The control units for different parts of the system model were defined using the necessary 

equations.  

Finally, the key parameters of the whole system model were modified until expected simulation results 

were achieved. In the end, all the mentioned 15 performance maps were inserted into the model and the 

required data for the main project were extracted from the simulation results. 



 

Heat pump 

unit 

Thermal 

storage 

tank 

 

Heat sink 
 

Heat source 

 
Climate 

Aux 

 

Control 

Unit 

2 Developing the model in TRNSYS 

 

“TRNSYS is a TRaNsient SYstems Simulation program with a modular structure. It recognizes a system 

description language in which the user specifies the components that constitute the system and the 

manner in which they are connected. The TRNSYS library includes many of the components commonly 

found in thermal and electrical energy systems, as well as component routines to handle input of weather 

data or other time-dependent forcing functions and output of simulation results. The modular nature of 

TRNSYS gives the program tremendous flexibility, and facilitates the addition to the program of 

mathematical models not included in the standard TRNSYS library.” [10]  

In order to model the mentioned heating system, in the first step, a conceptual model of the system in the 

first level of complexity was generated to facilitate the understanding of the system and the connections 

between its components. This conceptual model is shown in figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this step, only the relationships between the black boxes are concentrated on and what happens inside 

each black box is of no interest. In this conceptual model, the control unit black box is connected to all 

other components of the system.  

 

 

 

 

 

 

 

Figure 1 - The conceptual model of the heating system in the first level of complexity [11] 
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2.1 Modeling the thermal storage tank 

 

To model the thermal storage tank, which is considered as the heart of the developed model in TRNSYS, 

TYPE 534 (the vertical cylindrical thermal storage tank) from the storage tank library of the TESS 

component library package was used. The required data (geometrical properties of the thermal storage 

tank, number of nodes, number of ports, etc.) were inserted in the form of a notepad file containing these 

data. All the default values in this TYPE changed automatically based on the inserted data.  

Totally, two ports were defined for the connections of the ground-source heat pump and the space 

heating distribution system (radiator) to the thermal storage tank. Moreover, three nodes were specified to 

model a stratified thermal storage tank with three separated nodes. Furthermore, the outlet of each port 

from the thermal storage tank was assigned to a related node, which will be mentioned in details in the 

sections related to the modeling of other system components. It was defined that the inlet flow of each 

port to the thermal storage tank enters the node with the closest temperature to the inlet flow 

temperature. In addition, the initial values for the inlet temperatures and flow rates into the thermal 

storage tank from the defined ports and the initial temperatures of the defined nodes were also specified. 

Finally, the pure water was considered as the working fluid.  

The main characteristics of the modeled thermal storage tank are presented in table 1.  

 

Table 1 - The main characteristics of the modeled thermal storage tank 

Number of tank nodes Number of ports Tank volume 

(m3) 

3 2 1 

 

 

2.2 Modeling the heat pump unit 

 

Based on what was defined for the thermal storage tank, the working fluid is returned from the third node 

to the ground-source heat pump and the heated fluid by the heat pump enters the thermal storage tank in 

the node with the closest temperature to the inlet flow temperature, which is the first node.  

To model the heat pump unit in TRNSYS, TYPE 668 (water-water single-stage heat pump) from the 

HVAC library of the TESS component library package was used. After the final model was developed, the 

mentioned 15 heat pump performance maps were received by this TYPE as external notepad files and 

their operations were simulated during the year. Each performance map was related to a unique 

combination of evaporator and condenser areas and compressor displacement volume and contained the 

amount of heat pump power consumption, electrical power consumption in the compressor, and the 

amount of heat pump output power for different ranges of inlet source and load temperatures to the heat 

pump. For each performance map, the output power of the heat pump at inlet load (water)/source (brine) 

temperatures corresponding to 45˚C/5˚C was considered as the size of the heat pump considering that 

performance map. The performance maps and the related sizes are shown in Appendix A and table 2 

respectively.  

Other required data for modeling the heat pump like the specific heat of the source and load fluids, the 

initial inlet source and load temperatures, the initial source and load flow rates and the initial heating 

control signal were also specified.  
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Table 2 - The sizes of the ground-source heat pump related to different performance maps 

Performance map No. 1 2 3 4 5 

Heat pump size 

(kW) 
8.34 8.36 8.38 8.41 14.25 

Performance map No. 6 7 8 9 10 

Heat pump size 

(kW) 
14.60 14.39 14.97 11.39 11.65 

Performance map No. 11 12 13 14 15 

Heat pump size 

(kW) 
11.52 11.68 7.70 15.26 11.62 

 

As it will be described in section 2.3.1 as well, in this study, the building was modeled such that the heat 

pump size corresponded to a little greater than 70 % of the maximum heating demand of the building. As 

15 different performance maps were available for the ground-source heat pump, the whole model 

(including the building) was developed for one of them. Considering the so-called proportion between the 

heat pump size and the maximum heating demand of the building, the performance maps were divided 

into three groups which are presented in table 3.  

 

Table 3 - Classification of the performance maps based on the corresponding maximum heating demand of 
the building 

 
Performance map No. 

 
13 1 3 2 4 

Group 1 
Heat pump size 

(kW) 
7.70 8.34 8.38 8.36 8.41 

 
Building maximum heating demand 

(kW) 
10.34 11.20 11.26 11.23 11.30 

 
Performance map No. 

 
9 11 15 12 10 

Group 2 
Heat pump size 

(kW) 
11.39 11.52 11.62 11.68 11.65 

 
Building maximum heating demand 

(kW) 
15.30 15.48 15.61 15.69 15.65 

 
Performance map No. 

 
5 7 6 8 14 

Group 3 
Heat pump size 

(kW) 
14.25 14.39 14.60 14.97 15.26 

 
Building maximum heating demand 

(kW) 
19.14 19.33 19.61 20.11 20.50 

 

 

According to table 3, the performance map No. 15 was placed in the middle of the classified list and, 

therefore, was selected as the heat pump performance map based on which the whole model was 

developed in TRNSYS.  

2.3 Modeling the heat sink 

 

In order to model the heat sink, two models were developed as follows: 

- The building 

- The space heating distribution sub-model 
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2.3.1 Modeling the building 

 

A Swedish single-family house with the area of 300 (m2) in one floor located in Stockholm was modeled as 

a single zone in TRNBUILD. “TRNBUILD is an interface in TRNSYS in which the description of the 

house and its thermal characteristics can be set in the standard component of TRNSYS which is called 

multi-zone building, TYPE 56” [11]. It is a 30×10 (m2) building with the height of 3.3 (m) (from floor to 

ceiling) with windows on its external walls on southern and northern sides with the area corresponding to 

33.33 % (1/3) of the total area of the related external walls. 

The heating load of the building at each time step was calculated in TRNSYS based on the following 

information: 

- The heat losses through external walls, floor, roof and windows 

- Infiltration loss 

- Ventilation load 

- Internal gains 

- Solar gain 

The construction materials of the external walls, roof, floor and type and material of the windows were 

selected from the embedded libraries in TRNBUILD. In modeling the floor of the building, in order to 

model the ground temperature profile throughout the year, TYPE 77 (simple ground temperature model) 

from the physical phenomena part of the main library of TRNSYS was used. In this TYPE, the mean 

surface temperature was specified 5.307 ˚C corresponding to the average annual temperature of the air in 

Stockholm, based on the recommendation of TRNSYS manual, and the time difference between the 

beginning of the calendar year and the occurrence of the minimum surface temperature, time shift, was 

specified 15 days corresponding to the time which takes that the minimum ambient temperature occurs. 

 The internal gains were resulted from persons, computer and artificial lighting. Time schedules for both 

occupancy and appliance loads were specified. The building was modeled for 3 persons. The occupancy 

and appliance loads schedules and the type of modeled computer and artificial lighting are presented in 

appendix B.  

The whole building was defined in a way that the heat pump size (11.62 kW= 41832 kJ/hr) became a little 

greater than 70 % of the maximum heating demand of the building. Based on this definition, the annual 

and maximum heating demands of the building were calculated as 146.62 (kWh/m2.yr) and 56193 (kJ/hr) 

respectively.   

The description of the building which was defined in TRNBUILD is presented in table 4.  

 

Table 4 - A brief description of the building which was defined in TRNBUILD 

Building 

description 

U values 

(W/m2.K) 

Infiltration rate 

(ACH) 

Ventilation rate 

(ACH) 

Annual heating 

demand 

(kWh/m2.yr) 

Heat 

Capacitance 

(KJ/K) 

Single-family 

house 

Wall: 0.2 

Roof: 0.2 

Floor: 0.2 

Window: 1.8 

(frame+glass) 

 

0.1 

 

0.5 

 

 

146.62 

 

 

90000 

 

 



-15- 
  

2.3.2 Modeling the space heating distribution system 

 

Space heating distribution in this system is carried out by radiator. To model the radiator, TYPE 362 (the 

radiator) from the TESS component library package was used and its output power was defined as an 

internal gain for the building (TYPE 56). According to this model, the radiator is supplied by the first 

node of the thermal storage tank and its return flow enters the thermal storage tank at the node with the 

closest temperature to this flow.  

The parameters for modeling the radiator in the system were extracted from the radiator catalogue [12]. 

The table of the catalogue from which the suitable radiator was selected for the modeled building is 

shown in Appendix C. A radiator with the length and height of 2000 (mm) and 900 (mm) respectively and 

with the nominal power of 3225 (W) (11610 (kJ/hr)) was selected. The selected radiator has the following 

specifications: 

Supply temperature at DOT (Design Outdoor Temperature): 55 ˚C 

Return temperature at DOT (Design Outdoor Temperature): 45 ˚C 

Building indoor temperature: 20 ˚C 

All the parameters used for modeling the radiator for meeting the whole heating demand of the building 

are shown in table 5. It needs to be mentioned that, in this table, the length of supply/exhaust pipes, the 

radiator nominal power and the radiator thermal capacitance were determined by multiplying the same 

parameters of the selected radiator from the catalogue by an appropriate coefficient. The values of initial 

supply temperature, inside room temperature and the initial mass flow rate control were also specified for 

the radiator in the model.  

It was defined in the model in TRNSYS that while the circulation pump between the thermal storage tank 

and the radiator is operating, the maximum mass flow rate flows through the radiator. In order to have a 

balance between the total annual supplied energy by ground-source heat pump and the electrical auxiliary 

heater and the annual heating demand of the building in the simulation results, this maximum mass flow 

rate was specified 2800 (kg/hr) since the so-called annual supplied energy dropped below the annual 

heating demand of the building for lower mass flow rates.  

 

 

Table 5 - Parameters for modeling the radiator 

Parameters 

Length of 

supply/exhaust 

pipes 

(m) 

Pipe diameter 

(m) 

Emissivity of outer 

surface 

Maximum mass flow 

rate 

(kg/hr) 

Values 16.2 0.02 0.7 2800 

Parameters 

Radiative 

fraction of total 

power 

Nominal power of 

radiator 

(kJ/hr) 

Radiator exponent 

(convection+radiation) 

Thermal capacitance 

(metal+fluid) 

(kJ/K) 

Values 0.3 93856 1.354 742 

 

 

It needs to be mentioned here that a tempering valve, which is a kind of diverting valve, is situated on the 

return line from the radiator to the thermal storage tank and is connected to a mixing valve which is on 

the supply line from the thermal storage tank to the radiator. Whenever the temperature of the entering 

fluid to the mixing valve is too high, an amount of return fluid from the radiator is bypassed by the 

tempering valve and is mixed with the inlet fluid to the mixing valve in order to keep the radiator supply 
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temperature close to the radiator required supply temperature (Tsupply.required) as much as possible. 

Tsupply.required and the operation of the tempering valve will be explained in details in section 2.9.  

In order to model the tempering and mixing valves, TYPE 11b (the tempering valve) and TYPE 649 

(Mixing Valve) were used from the “Hydronics” section of the main library of TRNSYS and the TESS 

component library package respectively. 

 

 

2.4 Modeling the heat source 

 

The heat source for the ground-source heat pump in this model is a U-type heat exchanger installed in 

borehole. In order to model this heat source in TRNSYS, TYPE 557a (U-type vertical ground heat 

exchanger) from the GHP library of the TESS component library package was used. The working fluid 

receives heat from the depth of the ground in the U-type heat exchanger and is pumped to the evaporator 

of the heat pump where heat exchange takes place between the working fluid and the refrigerant of the 

heat pump.  

The required parameters for modeling the ground heat exchanger were extracted from studies done by 

Acuña et al. [13][14][15]. In their studies, the ground thermal conductivity and borehole thermal resistance 

were determined at many instances along the borehole by means of a Distributed Thermal Response Test 

(DTRT). Such test was done at a 260 (m) deep ground-water filled energy well with an installed U-type 

heat exchanger containing a mixture of ethanol-water with 16% weight concentration as the working fluid. 

The material of the U-type heat exchanger was PE 80 40×2.4 (mm). The used data for modeling the heat 

source are presented in tables 6 to 9. The initial inlet fluid temperature and flow rate were also specified 

for this TYPE. 

 

 

Table 6 - The characteristics of the storage volume of the borehole [13] 

Number of 

boreholes in 

series 

Storage 

volume 

(m3) 

Borehole 

depth 

(m) 

Borehole 

radius 

(m) 

Storage 

thermal 

conductivity   

(kJ/hr.m.K) 

Storage heat 

capacity 

(kJ/m3.K) 

Fill thermal 

conductivity 

(KJ/hr.m.K) 

1 225 260 0.07 11.1 20403 2.1 

 

 

Table 7 - The characteristics of the vertical ground U-type heat exchanger and the working fluid [13] 

Number of 

heat 

exchangers per 

borehole 

Pipe outer and 

inner radius 

(m) 

Heat 

exchanger  s 

pips center-to-

center distance 

(m) 

Pipe thermal 

conductivity          

(kJ/hr.m.K) 

Fluid specific 

heat (kJ/kg.K) 

Fluid density 

(kg/m3) 

1 0.02, 0.019 3 1.5 3.4 974 
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Table 8 - Thermal conductivity of different ground layers outside boundary of storage volume [14] 

Ground 

layer 

number 

1 2 3 4 5 6 7 8 9 10 

Thermal 

conductivity 

of layers            

(kJ/hr.m.K) 

11.4 10.3 10.2 10.0 10.7 12.0 11.8 10.9 12.5 11.8 

 

 

Table 9 - Some other characteristics [13], [15] 

Working fluid flow rate during 

operation    

(kg/hr) 

Maximum fluid temperature 

entering the ground heat 

exchanger                    

  (   C) 

Initial surface temperature 

outside the boundary of the 

storage volume     

 (   C) 

1821 1.5 8 

 

 

2.5 Modeling the electrical auxiliary heater 

 

An electrical auxiliary heater is situated after thermal storage tank and before the mixing valve. Whenever 

the thermal storage tank is not capable of providing supplied fluid with the necessary temperature for the 

radiator, the electrical auxiliary heater adds auxiliary heat to the flow.  

The maximum output power was considered 32400 (kJ/hr), corresponding to 9 (kW). The electrical 

auxiliary heater has a step-by-step operation. It means that it is turned on with the minimum output 

power, 1 (kW), and this power increases at the rate of 1 (kW/time step) until it reaches its full capacity, 9 

(kW). It was defined in an equation in which the output power was specified as a proportion of the full 

capacity using a coefficient C. This coefficient is the output of the modeled control unit for the electrical 

auxiliary heater in each time step, which will be explained in details in section 2.9.2.   

The electrical auxiliary heater was modeled using an equations component in which, in each time step, 

having the inputs including the temperature and flow rate of the fluid exiting the first node of the thermal 

storage tank and also the value of the coefficient C (the output of the control unit related to the electrical 

auxiliary heater), the output temperature, flow rate and power of the auxiliary heater were calculated 

according to the following equations: 

 

 ̇    =  ̇   =  ̇                                                                                                                                                      2-1 

 

          
 ̇

 ̇      
                                                                                                                                                  2-2 

 

 ̇     ̇                                                                                                                                             2-3 

 
Where: 

 

 ̇  : Inlet flow rate to the electrical auxiliary heater 
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 ̇   : Outlet flow rate from the electrical auxiliary heater 

Tin: Inlet temperature to the electrical auxiliary heater 

Tout: Outlet temperature from the electrical auxiliary heater 

 ̇: The output power of the electrical auxiliary heater 

 ̇   : The maximum power of the electrical auxiliary heater = 32400 (kJ/hr) 

Cp: The specific heat capacity of water = 4.19 (kJ/kg.K) 

C: The specific coefficient which is the output of the control unit of the electrical auxiliary heater.  

 

 

2.6 Modeling the climate 

 

In order to model the climate, TYPE 15-6 (Meteonorm files; TM2) from the main library of TRNSYS was 

selected. Different available external notepad files containing the required data for modeling the climates 

of various geographical locations all over the world could be selected for this TYPE. The meteonorm 

notepad file called “Stockholm-Arlanda-24600” was selected as the external file in order to model the 

climatic conditions of Stockholm. For tilted surface radiation calculations, slope and azimuth of the 5 

surfaces corresponding to 4 external walls and the roof of the single-family house were defined in this 

model.  

TYPE 15-6 was linked to different components of the developed model in TRNSYS in order to model 

the effect of climatic conditions on their operations.  By linking this TYPE to TYPE 56 (the building), the 

model of the single-family house, the parameters including the ambient temperature, the effective sky 

temperature, the ambient relative humidity, the solar irradiation and the ground reflectance were included 

in the building heating demand calculations. By linking TYPE 15-6 to TYPE 557a (U-type vertical ground 

heat exchanger), the ambient temperature was involved in the calculations related to the ground heat 

exchanger.  

 

2.7 Modeling the pipes  

 

In order to model the pipes in the developed model, TYPE 709 (circular pipe) from the hydronics library 

of the TESS component library package was used. Stainless steel, HDPE [16] and PEX [17] were 

considered as the materials of the pipes in the heat pump load-side, the heat pump source-side and the 

space heating circuits respectively. Properties of the modeled pipes in different circuits are shown in table 

10.  

 

Table 10 - Thermal conductivities of the modeled pipes in different circuits of the modeled system 

 Heat pump load-side 

circuit 

Heat pump source-side 

circuit 

Space heating circuit 

Total length 

(m) 
8 60 54 

Thermal conductivity 

(kJ/hr.m.K) 
61.2 [18] 1.7 [19] 1.84 [20] 
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2.8 Modeling the circulation pumps 

 

In order to model the circulation pumps, TYPE 114, the constant speed pump, from the main library of 

TRNSYS was selected. The pumps  rated powers were determined based on the specified flow rates and 

calculated pressure drops in all pipes and connections in all circuits in the model. Constant efficiency was 

assumed for all pumps. The following equations were used to calculate the pressure drops in the pipes and 

connections: 

                  
 

 
  
    

 
 [11]                                                                                                           2-4 

 

                                [11]                                                                                             2-5 

 

ffriction is the friction factor which is calculated using the following equations: 

 

          
  

  
    if   Re < 2300  [11]                                                                                                        2-6 

 

          [        (  )      ]
     if   Re ≥ 2300 [11]                                                                  2-7 

 

The whole developed model in TRNSYS excluding the control units is shown in figure 2. 
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Figure 2 - The schematic of the developed model on simulation studio in TRNSYS excluding the modeled 
control units 

 

2.9 Modeling the control units 

 

The main goal was to control the radiator supply temperature using a control strategy called “Constant 

Hysteresis to Control the Radiator Supply temperature”. The constant hysteresis was considered 5 ˚C. In 

this control strategy, in each time step while the simulation was running, a main parameter called 

“Radiator Required Supply Temperature (Tsupply.required)” was calculated. The curve of the radiator required 

supply temperature against the ambient temperature is usually called the “Heating Curve” which is 

achieved using the following equations: [11] 
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 [11]                                                                                                     2-8 
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   |
             

                
| [11]                                                                                                                     2-9 

 

k1 and k2 are constants which are calculated at Design Outdoor Temperature (DOT), -18 ˚C for 

Stockholm.  
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) [11]                                                                                              2-10 
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) [11]                                                                                                                 2-11 

 

                 
  (            )            (   )
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  [11]                                                                     2-12 

 

Where: 

 

Tsupply: The radiator supply temperature at DOT 

Treturn: The radiator return temperature at DOT 

Tindoor: The building indoor temperature, it was considered 20 ˚C 

Tamb: The ambient temperature in each time step 

nr: The radiator exponent 

 

All the above equations were defined in TRNSYS using the equations component. The equation 3-12 

could also be written in the following form: 

  

                                                                                                                                    2-13 

 

In this form, a and b are: 

 

   
 

   (   )
                                                                                                                                      2-14 

 

  (  
 

   (   )
)                                                                                                                          2-15 

 

In order to control the radiator supply temperature, different control units were modeled to control the 

operations of the main components of the developed model. Here, it needs to be mentioned that a 

control strategy was defined for the whole developed model based on which the whole heating system was 

off during the cooling season. Based on this control strategy, when the indoor temperature exceeds 21 ˚C, 

the ground-source heat pump, the electrical auxiliary heater and all the circulation pumps are turned off 

regardless of the output control signals of the specific control units related to the heat pump and the 

auxiliary heater. 
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2.9.1 Control unit for heat pump  

 

The heat pump is responsible for keeping the temperature of the first node of the thermal storage tank in 

a range close to Tsupply.required. In this regard, an on/off controller (TYPE 2; differential controller) was used 

and Tsupply.required was defined as the set-point temperature and upper and lower dead bands were defined 

+6.1 ˚C and -6.1 ˚C respectively, how the upper and lower dead bands were specified will be described in 

section 3. With this modeled control unit, the heat pump performs as follow: 

When the temperature of the thermal storage tank’s first node falls below Tsupply.required – 6.1 ˚C, heat pump 

along with the circulation pumps of both heat pump load and source side circuits (pump 1 and pump 3 in 

figure 2) are turned on. Heat pump and the mentioned circulation pumps keep operating until the first 

node temperature exceeds Tsupply.required +6.1 ˚C when they are turned off. They are not turned on again 

until the first node temperature drops below Tsupply.required – 6.1 ˚C again.  

The schematic of the developed model on simulation studio in TRNSYS including the heat pump control 

unit in details is shown in figure 3. 

 

 
 

Figure 3 - The schematic of the developed model on simulation studio in TRNSYS including the heat 

pump control unit in details 
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2.9.2 Control unit for the electrical auxiliary heater 

 

In the first place, two upper and lower dead bands were defined for the electrical auxiliary heater as 

follows: 

 

Start Limit Aux= Tsupply.required -Hysteresis/4 [11]                                                                                      2-16 

 

Stop Limit Aux= Tsupply.required+Hysteresis/4 [11]                                                                                      2-17 

 

Where: 

 

Hysteresis= 5 ˚C 

 

Base on the modeled control unit, the operation of the electrical auxiliary heater is controlled based on the 

following control strategy which contains three levels: 

In the first level, while the circulation pump between the radiator and the thermal storage tank is 

operating, pump 2 in figure 3, the inlet temperature of the mixing valve, located on the supply line from 

thermal storage tank to the radiator, is checked. If this temperature remains lower than “Tsupply.required-

Hysteresis/2” for one hour continuously, the second level will be activated in the next time step after the 

one-hour period.  

In the second level, the inlet temperature of the mentioned mixing valve is checked again and if it is lower 

than Start Limit Aux, the auxiliary heater will immediately start operating with the lowest output power, i.e. 

1 (kW), in the same time step.  

In the third level, the step-by-step operation of the auxiliary heater was defined. This means that the 

auxiliary heater starts supplying auxiliary heat to the fluid flow at output power of 1(kW) during the first 

time step after its start-up, the first 3 minutes. During subsequent time steps, the output power increases 

at the rate 1 (kW/time step) until it reaches the full capacity, 9 (kW) and, next, it remains constant at full 

capacity until the inlet temperature of the mixing vale exceeds Stop Limit Aux. It needs to be mentioned 

that the auxiliary heater is turned off at any time step when Stop Limit Aux is exceeded even if it has not 

reached its full capacity yet.  

The schematic of the developed model on simulation studio in TRNSYS including the auxiliary heater 

control unit and the details of this control unit are shown in figures 4 and 5 respectively. 
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Figure 4 - The schematic of the developed model on simulation studio in TRNSYS including the auxiliary 
heater control unit (the green macro component) 
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Figure 5 - The schematic of the electrical auxiliary heater control unit in details (the detailed content of the 
green macro component in figure 4) 

 

 

In figure 5, the mentioned first, second and third levels of control strategy are shown in red, green and 

blue boxes respectively. 
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2.9.3 The Operation of the Tempering valve  

 

The tempering valve has a kind of internal control unit which is described below: 

The inlet temperature to the mixing valve and Tsupply.required were specified as the heat source temperature 

and the set point temperature in this control unit respectively. While the simulation is running, whenever 

the inlet temperature of the mixing valve exceeds Tsupply.required, a required proportion of radiator return 

flow, calculated by TYPE 11b i.e. the tempering valve, is bypassed and mixed with the inlet flow to the 

mixing valve in order to keep the radiator supply temperature as close as possible to Tsupply.required. The 

schematic of the developed model in TRNSYS showing the links related to the model of the tempering 

valve is shown in figure 6. 

 

 
 

Figure 6 - The schematic of the developed model on simulation studio in TRNSYS showing the links 
related to the model of the tempering valve 

 

 

The complete developed system model in TRNSYS including all modeled control units is shown in figure 

7. 
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Figure 7 - The schematic of the complete developed system model on simulation studio in TRNSYS 
including all the modeled control units 
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3 Achieving the Common Values in the Simulation 

Results 

 

In the developed model based on the performance map No. 15, as common values, the followings were 

expected: 

 

                                                         

                                                        
                                                          3-1 

 

                                                                                                               3-2 

 

It is worth mentioning that only the energy consumption in the heat pump compressor was considered in 

the definition of the SPF for the ground-source heat pump. The operation of the ground-source heat 

pump needed to be controlled in a way such that the mentioned expected values were achieved. In this 

regard, the upper and lower dead bands in the control unit of the heat pump were specified ±6.1 ˚C, as 

also mentioned in section 2.9.1. It resulted in the following values: 

 

                                                         

                                                        
      

 

                                       

 

These values were acceptable according to the mentioned common ranges. Setting the control unit of the 

heat pump such that the mentioned common values were achieved, the developed model was finally 

ready. The dynamic change in the COP of the ground-source heat pump and the indoor temperature 

profile throughout the year related to the 15th performance map are shown in figures 8 and 9. 

 



-29- 
  

 
Figure 8 - The dynamic change in the COP of the ground-source heat pump throughout the year related to 
the 15th performance map 

 

 

Figure 9 - The indoor temperature profile throughout the year (˚C) 

 



-30- 
  

As it can be seen in figure 8, in some time steps during the cooling season, the ground-source heat pump 

is turned on. It is because the ambient temperature drops in these time steps such that it results in lower 

indoor temperatures than the set point 21 ˚C. Therefore, the ground-source heat pump operates according 

to its defined control strategy and it is turned on based on the output control signals of its control unit. It 

can also be seen in figure 9 that indoor temperature drops below 20 ˚C in some time steps. It is also 

because the ambient temperature drops drastically in these time steps. The Stockholm ambient 

temperature profile throughout the year is shown in figure 10. 

 

 

Figure 10 - The Stockholm ambient temperature profile throughout the year 

 

The annual changes in other main parameters of the developed model related to the 15th performance 

map are shown in appendix D. 

After the model was completely developed in TRNSYS, all the 15 performance maps were inserted into 

TYPE 668, the water-water single-stage heat pump, and simulation results were achieved. 

 

4 Results 

 

The achieved simulation results are shown in tables 11, 12 and 13. 



Table 11 - Simulation results for the first group of performance maps (HP= Heat Pump, Aux= Electrical 

Auxiliary Heater, SPF= Seasonal Performance Factor) 

The performance map No. 13 1 3 2 4 

Heat pump size  

(kW) 
7.70 8.34 8.38 8.36 8.41 

Annual supplied energy by heat pump 

(kWh/yr) 
38157 39144 39231 38976 39456 

Annual energy consumption in heat pump Compressor 

(kWh/yr) 
9450 10317 9765 10248 9759 

Annual energy consumption in electrical auxiliary heater 

(kWh/yr) 
6489 5298 5139 5229 5025 

SPF 

(including energy consumption of compressor and the 

electrical auxiliary heater) 

2.39 2.51 2.63 2.52 2.67 

SPF 

(only including energy consumption of compressor) 
4.04 3.79 4.02 3.80 4.04 

 

 

 

Table 12 - Simulation results for the second group of performance maps (HP= Heat Pump, Aux= Electrical 
Auxiliary Heater, SPF= Seasonal Performance Factor) 

The performance map No. 9 11 15 12 10 

Heat pump size  

(kW) 
11.39 11.52 11.62 11.68 11.65 

Annual supplied energy by heat pump 

(kWh/yr) 
43422 43368 43683 43887 43650 

Annual energy consumption in heat pump Compressor 

(kWh/yr) 
12078 12792 11958 11448 11892 

Annual energy consumption in electrical auxiliary heater 

(kWh/yr) 
1422 1362 1311 1236 1266 

SPF 

(including energy consumption of compressor and the 

electrical auxiliary heater) 

3.22 3.06 3.29 3.46 3.32 

SPF 

(only including energy consumption of compressor) 
3.60 3.39 3.65 3.83 3.67 
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Table 13 - Simulation results for the third group of performance maps (HP= Heat Pump, Aux= Electrical 

Auxiliary Heater, SPF= Seasonal Performance Factor) 

The performance map No. 5 7 6 8 14 

Heat pump size  

(kW) 
14.25 14.39 14.60 14.97 15.26 

Annual supplied energy by heat pump 

(kWh/yr) 
44313 44160 44352 44340 44634 

Annual energy consumption in heat pump Compressor 

(kWh/yr) 
13944 12252 13638 11883 12963 

Annual energy consumption in electrical auxiliary heater 

(kWh/yr) 
630 594 561 531 498 

SPF 

(including energy consumption of compressor and the 

electrical auxiliary heater) 

3.04 3.44 3.12 3.57 3.32 

SPF 

(only including energy consumption of compressor) 
3.18 3.60 3.25 3.73 3.44 

 

 

The presented simulation results in these three tables were used in the main project to calculate the 

optimum components sizes of the ground-source heat pump. Some of the main study’s results are 

presented here as examples. 

In the main project, it was investigated how the total annual energy consumption in both the ground-

source heat pump’s compressor and the electrical auxiliary heater changed in two situations:  

1. When the sizes of heat exchangers in the ground-source heat pump changed while the 

compressor displacement volume was constant. 

  

2. When the compressor displacement volume in the ground-source heat pump altered while there 

were fixed sizes of the heat exchangers. 

In the first case, the total annual energy consumption in both ground-source heat pump’s compressor and 

the electrical auxiliary heater was calculated for different sizes of condenser and evaporator considering a 

single compressor displacement volume corresponding to 6.83 (m3/hr). The resulted curve is shown in 

figure 11. 

As it can be seen in figure 11, as the sizes of evaporator and condenser increase, the total annual energy 

consumption in the heat pump compressor plus the electrical auxiliary heater decreases until when further 

increase in the heat exchangers’ areas does not lead to more considerable decrease in the so-called energy 

consumption. 

In the second case, the total annual energy consumption in the heat pump compressor plus in the 

electrical auxiliary heater was calculated for different compressor displacement volumes for three different 

sizes of heat exchangers in the ground-source heat pump including the minimum, the medium and the 

maximum sizes of heat exchangers. It needs to be mentioned that the medium size of heat exchangers is 

related to the performance map No. 15. The resulted curve is shown in figure 12.  
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Figure 11 - The total annual energy consumption in ground-source heat pump compressor and the 
electrical auxiliary heater against the heat exchangers area (condenser and evaporator areas) for a single 
displacement volume of the compressor corresponding to 6.83 (m3/hr) 

 

 
 

Figure 12 - The total annual energy consumption in ground-source heat pump compressor plus in the 
electrical auxiliary heater against the compressor displacement volume for three different sizes of heat 
exchangers in the ground-source heat pump including the minimum, the medium and the maximum sizes 
of heat exchangers  
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According to figure 12, the optimum compressor displacement volume is dependent on the sizes of heat 

exchangers and it increases as the sizes of heat exchangers increase. It means that in order to have the 

minimum total annual energy consumption in the heat pump compressor plus the auxiliary heater, small 

and large heat exchangers should be combined with small and larger compressors respectively.  

5 Conclusion 

 

In the main project, the sizes of heat exchangers and the compressor were optimized in order to minimize 

the total cost of ownership for an on/off controlled ground-source heat pump operating in a single-family 

house in Stockholm [1]. As a part of the optimization problem, the dynamic building and the environment 

model was developed in TRNSYS in this study [1]. The whole developed system model in TRNSYS is 

comprised of a water-water single-stage heat pump, a U-type ground heat exchanger, a stratified vertical 

cylindrical thermal storage tank including three nodes and two ports, an electrical auxiliary heater, a single-

family house, a radiator as the heating distribution system, a model for Stockholm climatic conditions, 

models for pipes and circulation pumps and models for control units. The performance maps for the 

ground-source heat pump were derived using a detailed model of the heat pump unit in the main project 

[1]. The simulation results of the developed system model in TRNSY were applied in the optimization in 

the main project. “The optimized heat pump unit covers only 0.9 % of the annual building demand by the 

electrical auxiliary heater” [1]. “Optimal heat pump design capacity is 88 % of the peak heating demand” 

[1].      
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Appendix 

 

A. Heat pump performance maps 

 
The performance maps representing different components sizes combinations of the ground-source heat 

pump are presented in this section. 

 

Table 14 - The 1st performance map, heat pump size= 8.34 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 5.874 1.460 

-10 35 5.858 1.853 

-10 45 5.900 2.346 

-10 55 5.997 2.962 

-5 25 6.746 1.491 

-5 35 6.652 1.870 

-5 45 6.597 2.341 

-5 55 6.574 2.931 

0 25 7.736 1.534 

0 35 7.563 1.908 

0 45 7.409 2.363 

0 55 7.256 2.929 

5 25 8.845 1.580 

5 35 8.593 1.958 

5 45 8.336 2.405 

5 55 8.044 2.952 

10 25 10.071 1.625 

10 35 9.741 2.017 

10 45 9.378 2.462 

10 55 8.939 2.996 

15 25 11.407 1.662 

15 35 11.000 2.078 

15 45 10.530 2.531 

15 55 9.936 3.059 
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Table 15 - The 2nd performance map, heat pump size= 8.36 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 5.897 1.460 

-10 35 5.868 1.853 

-10 45 5.904 2.346 

-10 55 5.998 2.961 

-5 25 6.786 1.493 

-5 35 6.671 1.871 

-5 45 6.604 2.341 

-5 55 6.576 2.931 

0 25 7.802 1.536 

0 35 7.597 1.909 

0 45 7.422 2.364 

0 55 7.260 2.929 

5 25 8.951 1.584 

5 35 8.652 1.961 

5 45 8.360 2.406 

5 55 8.051 2.952 

10 25 10.238 1.631 

10 35 9.841 2.022 

10 45 9.424 2.465 

10 55 8.953 2.997 

15 25 11.668 1.668 

15 35 11.169 2.086 

15 45 10.616 2.536 

15 55 9.964 3.061 
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Table 16 -  The 3rd performance map, heat pump size= 8.38 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 5.875 1.451 

-10 35 5.858 1.847 

-10 45 5.900 2.342 

-10 55 5.995 2.953 

-5 25 6.756 1.460 

-5 35 6.657 1.845 

-5 45 6.599 2.320 

-5 55 6.574 2.906 

0 25 7.768 1.473 

0 35 7.586 1.853 

0 45 7.424 2.313 

0 55 7.270 2.875 

5 25 8.914 1.482 

5 35 8.650 1.868 

5 45 8.383 2.318 

5 55 8.093 2.862 

10 25 10.184 1.487 

10 35 9.853 1.883 

10 45 9.481 2.333 

10 55 9.052 2.864 

15 25 11.554 1.491 

15 35 11.168 1.912 

15 45 10.715 2.355 

15 55 10.149 2.879 
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Table 17 - The 4th performance map, heat pump size= 8.41 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 5.899 1.451 

-10 35 5.868 1.847 

-10 45 5.903 2.342 

-10 55 5.996 2.953 

-5 25 6.799 1.460 

-5 35 6.677 1.845 

-5 45 6.606 2.320 

-5 55 6.577 2.905 

0 25 7.843 1.474 

0 35 7.624 1.853 

0 45 7.439 2.312 

0 55 7.275 2.875 

5 25 9.038 1.483 

5 35 8.720 1.869 

5 45 8.413 2.318 

5 55 8.102 2.862 

10 25 10.380 1.489 

10 35 9.978 1.885 

10 45 9.542 2.334 

10 55 9.072 2.864 

15 25 11.857 1.488 

15 35 11.375 1.917 

15 45 10.835 2.358 

15 55 10.195 2.879 
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Table 18 - The 5th performance map, heat pump size= 14.25 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 10.110 2.809 

-10 35 10.209 3.537 

-10 45 10.407 4.439 

-10 55 10.678 5.558 

-5 25 11.503 2.897 

-5 35 11.483 3.612 

-5 45 11.535 4.492 

-5 55 11.616 5.579 

0 25 13.068 3.006 

0 35 12.921 3.714 

0 45 12.816 4.576 

0 55 12.687 5.637 

5 25 14.803 3.132 

5 35 14.524 3.840 

5 45 14.250 4.691 

5 55 13.881 5.731 

10 25 16.697 3.270 

10 35 16.282 3.988 

10 45 15.826 4.833 

10 55 15.187 5.857 

15 25 18.732 3.416 

15 35 18.177 4.153 

15 45 17.526 5.001 

15 55 16.588 6.007 
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Table 19 - The 6th performance map, heat pump size= 14.60 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 10.514 2.833 

-10 35 10.498 3.552 

-10 45 10.589 4.446 

-10 55 10.765 5.558 

-5 25 12.037 2.934 

-5 35 11.872 3.638 

-5 45 11.786 4.507 

-5 55 11.740 5.584 

0 25 13.741 3.055 

0 35 13.437 3.754 

0 45 13.156 4.602 

0 55 12.857 5.649 

5 25 15.564 3.188 

5 35 15.177 3.894 

5 45 14.600 4.724 

5 55 14.110 5.751 

10 25 17.537 3.331 

10 35 17.018 4.051 

10 45 16.416 4.890 

10 55 15.491 5.888 

15 25 19.656 3.481 

15 35 18.992 4.224 

15 45 18.205 5.072 

15 55 16.994 6.051 
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Table 20 - The 7th performance map, heat pump size= 14.39 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 10.098 2.592 

-10 35 10.170 3.307 

-10 45 10.349 4.196 

-10 55 10.616 5.291 

-5 25 11.534 2.635 

-5 35 11.482 3.304 

-5 45 11.509 4.154 

-5 55 11.594 5.205 

0 25 13.155 2.711 

0 35 12.983 3.370 

0 45 12.861 4.162 

0 55 12.757 5.150 

5 25 14.959 2.797 

5 35 14.666 3.458 

5 45 14.393 4.233 

5 55 14.101 5.155 

10 25 16.935 2.885 

10 35 16.524 3.560 

10 45 16.097 4.329 

10 55 15.608 5.221 

15 25 19.063 2.967 

15 35 18.540 3.671 

15 45 17.958 4.443 

15 55 17.265 5.317 
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Table 21 - The 8th performance map, heat pump size= 14.97(kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 10.547 2.595 

-10 35 10.492 3.303 

-10 45 10.555 4.186 

-10 55 10.721 5.279 

-5 25 12.134 2.663 

-5 35 11.932 3.322 

-5 45 11.811 4.147 

-5 55 11.758 5.195 

0 25 13.881 2.746 

0 35 13.587 3.401 

0 45 13.285 4.180 

0 55 13.005 5.144 

5 25 15.778 2.834 

5 35 15.389 3.498 

5 45 14.968 4.264 

5 55 14.457 5.168 

10 25 17.842 2.921 

10 35 17.336 3.605 

10 45 16.796 4.371 

10 55 16.105 5.248 

15 25 20.065 2.999 

15 35 19.446 3.719 

15 45 18.749 4.492 

15 55 17.914 5.358 
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Table 22 - The 9th performance map, heat pump size= 11.39 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 8.004 2.030 

-10 35 8.034 2.580 

-10 45 8.146 3.270 

-10 55 8.324 4.124 

-5 25 9.160 2.074 

-5 35 9.090 2.601 

-5 45 9.080 3.255 

-5 55 9.109 4.072 

0 25 10.468 2.133 

0 35 10.298 2.653 

0 45 10.163 3.284 

0 55 10.035 4.062 

5 25 11.928 2.201 

5 35 11.656 2.723 

5 45 11.393 3.341 

5 55 11.098 4.091 

10 25 13.534 2.269 

10 35 13.161 2.805 

10 45 12.765 3.419 

10 55 12.293 4.149 

15 25 15.273 2.331 

15 35 14.802 2.893 

15 45 14.270 3.512 

15 55 13.612 4.232 
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Table 23 - The 10th performance map, heat pump size= 14.65 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 8.221 2.037 

-10 35 8.180 2.580 

-10 45 8.229 3.266 

-10 55 8.359 4.120 

-5 25 9.457 2.087 

-5 35 9.299 2.609 

-5 45 9.207 3.257 

-5 55 9.167 4.069 

0 25 10.869 2.152 

0 35 10.587 2.668 

0 45 10.347 3.292 

0 55 10.125 4.064 

5 25 12.464 2.224 

5 35 12.052 2.745 

5 45 11.653 3.355 

5 55 11.234 4.096 

10 25 14.248 2.296 

10 35 13.701 2.834 

10 45 13.131 3.441 

10 55 12.494 4.161 

15 25 16.121 2.355 

15 35 15.540 2.931 

15 45 14.786 3.545 

15 55 13.909 4.252 
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Table 24 - The 11th performance map, heat pump size= 14.52 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 8.186 2.136 

-10 35 8.177 2.689 

-10 45 8.243 3.378 

-10 55 8.379 4.244 

-5 25 9.367 2.202 

-5 35 9.258 2.743 

-5 45 9.193 3.411 

-5 55 9.159 4.243 

0 25 10.694 2.281 

0 35 10.483 2.819 

0 45 10.284 3.471 

0 55 10.062 4.280 

5 25 12.167 2.370 

5 35 11.850 2.911 

5 45 11.515 3.555 

5 55 11.089 4.341 

10 25 13.780 2.465 

10 35 13.353 3.018 

10 45 12.877 3.660 

10 55 12.231 4.434 

15 25 15.524 2.559 

15 35 14.985 3.136 

15 45 14.369 3.786 

15 55 13.477 4.553 

 

 

 

 

 

 

 

 

 

 



-48- 
  

Table 25 - The 12th performance map, heat pump size= 11.68 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 8.197 2.022 

-10 35 8.173 2.575 

-10 45 8.228 3.264 

-10 55 8.358 4.116 

-5 25 9.415 2.035 

-5 35 9.286 2.572 

-5 45 9.205 3.233 

-5 55 9.167 4.050 

0 25 10.799 2.061 

0 35 10.569 2.583 

0 45 10.355 3.223 

0 55 10.139 4.008 

5 25 12.331 2.116 

5 35 12.009 2.629 

5 45 11.681 3.231 

5 55 11.288 3.989 

10 25 14.013 2.165 

10 35 13.597 2.699 

10 45 13.150 3.292 

10 55 12.619 3.992 

15 25 15.833 2.200 

15 35 15.330 2.770 

15 45 14.758 3.373 

15 55 14.083 4.047 
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Table 26 - The 13th performance map, heat pump size= 7.70(kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 5.398 1.328 

-10 35 5.370 1.690 

-10 45 5.402 2.143 

-10 55 5.488 2.702 

-5 25 6.222 1.336 

-5 35 6.110 1.688 

-5 45 6.046 2.123 

-5 55 6.019 2.659 

0 25 7.176 1.350 

0 35 6.977 1.696 

0 45 6.808 2.116 

0 55 6.657 2.632 

5 25 8.255 1.375 

5 35 7.974 1.718 

5 45 7.697 2.125 

5 55 7.412 2.623 

10 25 9.460 1.399 

10 35 9.098 1.757 

10 45 8.713 2.157 

10 55 8.288 2.636 

15 25 10.783 1.408 

15 35 10.353 1.798 

15 45 9.857 2.205 

15 55 9.283 2.673 
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Table 27 - The 14th performance map, heat pump size= 15.26 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 10.812 2.828 

-10 35 10.861 3.562 

-10 45 11.009 4.472 

-10 55 11.230 5.603 

-5 25 12.332 2.911 

-5 35 12.256 3.629 

-5 45 12.253 4.509 

-5 55 12.282 5.591 

0 25 14.037 3.011 

0 35 13.832 3.723 

0 45 13.670 4.581 

0 55 13.495 5.625 

5 25 15.925 3.125 

5 35 15.587 3.839 

5 45 15.257 4.683 

5 55 14.863 5.698 

10 25 17.985 3.247 

10 35 17.513 3.974 

10 45 17.007 4.812 

10 55 16.375 5.805 

15 25 20.201 3.370 

15 35 19.597 4.122 

15 45 18.909 4.964 

15 55 18.017 5.943 
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Table 28 - The 15th performance map, heat pump size= 11.62 (kW)  

Inlet source temperature 

(˚C) 

Inlet load temperature 

(˚C) 

Heat pump               

heating capacity                    

(kW) 

Heat pump                     

input power                  

(kW) 

-10 25 8.195 2.036 

-10 35 8.173 2.580 

-10 45 8.228 3.266 

-10 55 8.359 4.120 

-5 25 9.400 2.084 

-5 35 9.279 2.608 

-5 45 9.203 3.257 

-5 55 9.166 4.070 

0 25 10.757 2.147 

0 35 10.538 2.665 

0 45 10.335 3.291 

0 55 10.124 4.064 

5 25 12.265 2.216 

5 35 11.946 2.739 

5 45 11.618 3.353 

5 55 11.229 4.096 

10 25 13.921 2.284 

10 35 13.501 2.823 

10 45 13.044 3.436 

10 55 12.479 4.160 

15 25 15.714 2.344 

15 35 15.195 2.913 

15 45 14.602 3.534 

15 55 13.858 4.249 
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B. The occupancy and appliance loads schedules and the 

type of modeled computer and artificial lighting 

 
In this section, the schedules related to the occupancy and appliance loads and also the types of computer 

and artificial lighting modeled in internal gains section of TYPE 56 are presented. 

 

Table 29 - The occupancy schedule in weekdays 

From Until Value 

00:00 08:00 1.00 

08:00 18:00 0.00 

18:00 24:00 1.00 

 

Table 30 - The occupancy schedule in Saturdays 

From Until Value 

00:00 16:00 1.00 

16:00 20:00 0.00 

20:00 24:00 1.00 

 

Table 31 - The occupancy schedule in Sundays 

From Until Value 

00:00 10:00 1.00 

10:00 18:00 0.00 

18:00 24:00 1.00 

 

Table 32 - The appliance loads and lighting schedule for all days 

From Until Value 

00:00 18:00 0.00 

18:00 22:00 1.00 

22:00 24:00 0.00 

 

Table 33 - The type of modeled computer and artificial lighting 

Item Computer Artificial lighting 

 Type Total heat gain 

Type 50 W Printer 5 W/m2 
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C. The related table of the radiator catalogue used for 

radiator selection 

 

 

 

 

 

 

 

 

 

 

 

 

Table 34 - The table of the radiator catalogue from which the suitable radiator was selected for the modeled building [12] 
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D.  The annual changes in other main parameters of the 

developed system model in TRNSYS related to the 15th 

performance map 

 

 

Figure 13 - The annual change in the radiator inlet temperature (˚C) 

 

Figure 14 - The annual change in the radiator outlet temperature (˚C) 
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Figure 15 - The annual change in the outlet temperature of the supply flow from the thermal storage 
tank to the radiator (˚C) 

 

 

Figure 16 - The annual change in the outlet temperature of the return flow from the thermal storage 
tank to the heat pump (˚C) 
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Figure 17 - The annual change in the inlet temperature of the supply flow from the heat pump to the 
thermal storage tank (˚C) 

 

 

Figure 18 - The annual change in the inlet temperature of the return flow from the radiator to the 
thermal storage tank (˚C) 



-57- 
  

 

Figure 19 - The annual change in the temperature of the thermal storage tank’s first node (˚C) 

 

 

 

Figure 20 - The annual change in the temperature of the thermal storage tank’s second node (˚C) 
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Figure 21 - The annual change in the temperature of the thermal storage tank’s third node (˚C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


