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1. Introduction 

 
This report constitutes Deliverable 4.2 entitled Generalised Dynamic Control Model 

Validation as part of Work Package 4 (WP4) of the GROUNDMED project. This deliverable 

was completed in collaboration with partners UPV (Universidad Politecnica de Valencia), 

KTH (Royal Institute of Technology) and GroenHolland. The overall aim of Deliverable 4.2 

is to validate the mathematical model developed in Work Package 4 - Task 4.1, as per the 

GROUNDMED programme. Task 4.1 resulted in Deliverable 4.1 [1]. The system 

mathematical model of the overall GSHP unit, as outlined in [1] was developed using 

Engineering Equation Solver (EES) [2]. This model incorporated each of the system 

components including: fan coils, circulation pumps, hydronic pipe network, storage tank, 

building conditioned space, as well as the heat pump performance maps. The heat pump 

performance maps, which were developed using the vapour compression software package 

IMST-ART, were validated using experimental results. The internal and external circulation 

pump models were created using manufacturer information and experimental data as were the 

inverter and fan coil models. Other system components such as the buffer tank and hydronic 

circuits were created using analytical models and were not validated individually. The heat 

transfer coefficient of the building model was determined from a TRNSYS model. The entire 

system model was validated against experimental data, taken from the UPV installation. 

Finally the system model was converted from EES to MATLAB and further validation 

carried out between both system implementations. 

 



2 

 

2. Component Development and Validation 

 

2.1 Heat Pump Model: Performance Map Validation 

The vapour compression software package IMST-ART was used to model the behaviour of 

the GSHP as a standalone system [3]. In order to do this, parametric data associated with the 

compressor, condenser, expansion valve and evaporator was utilised within IMST-ART to 

model the performance of the heat pump.  

Each heat pump heat exchanger was experimentally evaluated at UPV. The experimental data 

revealed an effectiveness rating of 0.8 when the heat exchangers were used in a condenser 

configuration. When configured to operate as evaporators, the heat exchangers only exhibited 

an effectiveness rating of 0.45 [4]. 

 

Using IMST-ART, the heat pump model was constructed on a component by component 

basis, thereby allowing validation between the IMST-ART predictions and experimental test 

data, as shown in Fig. (1). By constraining condenser and evaporator water inlet temperatures 

to be 10.8ºC and 22ºC respectively and considering three condenser water mass flow rates 

(Mc = 2000, 2300 and 2600 kg.h
-1

) in conjunction with five evaporator water mass flow rates 

(2000, 2300, 2600, 3100 and 4200 kg.h
-1

), five data points were obtained for each condenser 

mass flow rate condition. Comparison between the experimental results and IMST-ART 

predictions for these mass flow rate permutations show that cooling capacity and COP of the 

heat pump were within a ±2.5% error band [5].  
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Fig. 1. Validation of IMST-ART heat pump model for different evaporator and condenser 

flow rates [5]. 

 

Using the IMST-ART software package, a performance map describing the sensitivity of heat 

pump capacity and power consumption subject to variation in external and internal water 

mass flow rates (VCE,VCI) and external and internal water return temperatures (TRCE,TRCI) 

was made. This was carried out for both heating and cooling modes. Using this data, 

correlations for heating and cooling mode, were established as follows: 

 

 evaporator CI CE RCI RCEQ V V T T f , , ,                                                           (1) 

 condenser CI CE RCI RCEQ V V T T f , , ,                                                            (2) 

 HP CI CE RCI RCEP V V T Tf , , ,                                                                   (3) 

 

where the water mass flow rates (VCI, VCE) are expressed in kg.s
-1

, the water return 

temperatures are expressed in degrees Kelvin (K), the heat transfer capacities and the power 

consumption are in Watts (W). The correlated polynomial equations in cooling mode are 

given below along with coefficient values: 
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Cooling Mode Correlations   

2 2 2 RCE
evaporator 0 1 CE 2 CE 1 CI 2 CI 1 RCI 2 RCI 1 2 CI RCI

RCI

T
Q A (A * V ) (A * V ) (B * V ) (B * V ) (C * T ) (C * T ) (D * ) (D * V * T )

T
        

  (4)
 

2 2 2 RCE
condenser 0 1 CE 2 CE 1 CI 2 CI 1 RCE 2 RCE 1 2 CI RCI

RCI

T
Q A (A * V ) (A * V ) (B * V ) (B * V ) (C * T ) (C * T ) (D * ) (D * V * T )

T
        

  (5)
 

         2 2 2 2
HP 0 1 CI 2 CI 1 CE 2 CE 1 RCI 2 RCI 1 RCE 2 RCE 1 RCI CEP A (A * V ) (A * V ) (B * V ) (B * V ) (C * T ) (C * T ) (D * T ) (D * T ) (E * T * V ) (6) 

 

 
 

Table. 1. Coefficients for the cooling mode correlations 
 
The polynomial correlations were obtained by means of a quadratic regression curve fitting to 

the data. Figures 2 and 3 illustrate the evaporator and condenser capacity as predicted by 

IMST-Art and the correlated fit as per Equations 4 and 5 respectively in cooling mode. Figure 

4 shows the simulated predictions and correlated fits for the compressor power consumption 

in cooling mode (Equation 6). 
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Fig. 2. Cooling Mode: Comparison of building evaporator load predictions 
(IMST-ART) and correlated data fit. 

 

 
 

Fig. 3. Cooling Mode: Comparison of ground loop (condenser) load predictions 

(IMST-ART) and correlated data fit. 
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Fig. 4. Comparison of compressor power consumption predictions  

(IMST-ART) and correlated data fit. 

 
Inspecting the residual R value, at the bottom of Table 1, for each of the three correlations in 

cooling mode, (Equations 4 to 6) it is noted that the least accurate curve fit (power 

consumption) is less than 0.6% away from unity. Figures 5 and 6 illustrate the evaporator and 

condenser capacity as predicted by IMST-Art and the correlated fits in heating mode. Figure 

7 shows the simulated predictions and correlated fit for the compressor power consumption in 

heating mode. 

 
 

Fig. 5. Heating Mode: Comparison ground loop evaporator load predictions 

(IMST-ART) and correlated data fit. 
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Fig. 6. Heating Mode: Comparison building condenser load predictions  

(IMSTART) and correlated data fit. 

 

 

 
 

Fig. 7. Comparison of compressor power consumption predictions  

(IMST-ART) and correlated data fit. 

 

 

Through examination of Figures 2 to 7, it can be observed that the maximum deviation of any 

of the correlations is less than 1% from the results predicted by the IMST-ART software. 
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2.2 Circulation Pumps (Internal and External): Performance Map Fitting 

The pump inverter efficiency was experimentally characterised and the following correlation 

was determined for inverter efficiency as a function of pump frequency: 

Inverter efficiency = [-0.0261(FREQ)
2
+ 2.335(FREQ) + 43.765] / 100              (7) 

The pump affinity laws were used to obtain the variation of pump head, pump capacity and 

electrical power consumption as a function of pump speed [7]. For application of the affinity 

laws, data based on a pump speed of 50Hz (nominal speed) was deployed. The parameter ‘α’ 

is defined as the relationship between the actual rotational speed and the nominal (50Hz) 

pump speed. In accordance with the pump affinity laws, this is also equal to the ratio of the 

pump volumetric displacements. Figure 8 illustrates the pump power consumption as a 

function of pump volumetric flowrate. Figure 9 was created by applying the pump affinity 

laws at different frequencies. 

 

 

 

Fig. 8. Pump Pconsumed vs Volume Flowrate (50 Hz) CH4-30 Pump. 
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Fig. 9. Pump Pconsumed vs Volume Flowrate CH4-30 Pump (20-60Hz). 

The water flow rate for each circuit is dependent on the pump and system characteristics. 

Calculation of the mass flow rates for each pump was based on fitting empirical polynomial 

correlations to the experimental data. Fig. 10 shows the relationship between the measured 

water mass flow rate (dependent variable) and the internal pump frequency (independent 

variable). A similar approach was used to map the performance of the external pump. 

 

2.3 Fan Coils: Performance Map Fitting 

Fan Coils: Experimental characterisation of the fan coil units was carried out to allow 

performance maps to be established for the fan coil UA value (dependent variable) as a 

function of the air volumetric flow rate and the water mass flow rate (independent variables). 

The internal circulation pump frequency was varied from 20 to 60 Hz (in 10Hz increments), 

in conjunction with the three fan speed settings (V1, V2 and V3), and the experimental UA 

value noted.  For each fan speed, the value of the air flow rate was based on data supplied 

from the manufacturer (290m
3
/h, 440m

3
/h, 590m

3
/h). Table 2 tabulates the fan coil UA value 

for each water-air combination as a function of water inlet temperature, water outlet 

temperature, ambient air temperature, air outlet temperature and air mass flow rate. A number 
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of additional quantities including the water mass flowrate, the heat exchanger heat transfer 

and effectiveness were also evaluated and are given in Table 2. 
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Fig. 10. Circulation pump correlation (Internal Pump) 

 

 
Table. 2. UA-value of fan coils for the 15 operating points. 
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Figures 11 to 13 plot the UA data taken from Table 2 for three different fan coil air flowrates 

as a function of water flowrate. In each case a correlation between the UA value of the heat 

exchanger and the mass flowrate of water through the fan coil is obtained. 

 

 

 

Fig. 11. UA vs mass flowrate correlation (Fan position 1). 

 
 

 

Fig. 12. UA vs mass flowrate correlation (Fan position 2) 
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

 

Fig. 13. UA vs mass flowrate correlation (Fan position 3). 
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3. System Model Validation  
 

Validation of the system model was undertaken by comparing model predictions and 

experimental data taken from the UPV GSHP installation. A comparison between 

experimental results and predictions was carried out for a typical day, both for cooling and 

heating. For cooling mode, Fig. 14 to 16 shows the comparison between experimental results 

and correlated predictions in cooling mode for a 10 hour period. As can be observed on the 

right hand axes of Fig. 14 to 16, experimental measurements for cooling capacity and power 

input are predicted by the polynomial correlations with a maximum mean deviation better 

than 5% for cooling capacity and 2.4 % for power input. However, a maximum mean 

deviation of approximately 13.8% was observed for heating mode. The maximum deviations 

were observed at start-up, most likely due to transient conditions. These deviations were 

corrected in the model.   
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Fig. 14. Evaporator capacity (Cooling): Correlated data fit and experimental data 
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Fig. 15. Condenser capacity (Cooling): Correlated data fit and experimental data. 
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Fig. 16. Compressor power (Cooling): Correlated data fit and experimental data. 
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Fig. 17 compares model predictions for space and water temperatures against experimental 

data for a typical heat pump cycle period. For this data, the following boundary conditions 

were applicable for the system mathematical model:  

 Space set-point temperature 23.5ºC 

 Space temperature bandwidth ±0.5ºC 

 Building return water set-point temperature 10.4ºC 

 Building return water bandwidth ±1.6ºC 

 Internal circulation pump frequency 60 Hz 

 External circulation pump frequency 50 Hz 

 External ambient temperature corresponding to July 29
th

, 2009 
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Fig. 17. Comparison of system model predictions with building experimental data 

(July 29, 2009) 

Fig. 17 shows the evolution of the inlet and outlet temperatures for the internal circuit and the 

space temperature for one office in the building. In order to analyse system performance, 

critical points have been identified (Points 1 to 7) in Fig. 17. The heat pump can be observed 

to switch off, when the return temperature reaches the lower set-point of 8.8 ºC (Point 1). A 

delay of approximately one minute can be observed until equalisation of the supply and 

return temperatures occurs, which is attributed to the thermal inertia of the evaporator. Once 

the heat pump has been switched off, the supply temperature increases until point 2, and the 

return temperature continues to decrease due continued circulation of the remaining 6ºC 

chilled supply water until it reaches point 3. At point 3, as the heat pump is switched off, the 



16 

 

building cooling load results in a gradual increase in the building return temperature. A 

thermal time-lag, attributed to the hydronic loop inertia, can be observed between points 2 

and 3. At point 4, as the return temperature reaches its upper set-point of 12ºC, the heat pump 

switches on and the supply temperature drops until it reaches a quasi-steady temperature of 

8.8ºC at point 5. The return temperature continues to increase due to space cooling load, until 

the chilled water once more reaches the fan coils, with an associated time lag of 

approximately 3 minutes evident between points 4 and 6. This delay is produced by the 

thermal inertia of the internal hydronic circuit. Once chilled water reaches the fan coils, as the 

building load is less than heat pump capacity, the return water temperature decreases until it 

reaches 8.8ºC at point 7, where the heat pump switches off and cycle recommences. 

Space temperature is also shown in Fig. 17 for one of the building offices. A space 

temperature set-point of  23.5ºC was used, which is selectable by the user. Space air 

temperature, which varies according to the fan coil operation, is governed by a 3-way valve, 

that either circulates the chilled water through the fan coil or past it by means of the valve 

bypass action. This valve is controlled by the room thermostat, such that if the space 

temperature is 24ºC, the 3-way valve circulates the chilled water through the fan coil, such 

that the space temperature decreases until it reaches 23ºC. At this point, the chilled water will 

be diverted to the return circuit via the bypass. During the phase, as fan cooling action ceases, 

the space temperature increases until it reaches to 24ºC and the cycle starts again. 

Fig. 18 shows a set of simulation results for a 24 hour period, subject to a peak external 

ambient boundary condition of 35ºC and an internal set-point temperature of 23ºC. After an 

initial pull down period, quasi-steady behaviour is observed to occur, with an increase in heat 

pump ON cycle time, observable between 12:00 and 18:00 hrs, reflecting increased cooling 

demand during the afternoon period. 
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Fig. 18. Daily temperature profile – system mathematical model 

Fig. 19 shows the experimental measurements obtained for the 29
th
 of July, 2009. It can be 

observed that the simulation results for the return and supply water temperatures are very 

similar to experimental data. The space temperature, however, presents a different evolution. 

This is attributed to simplifications associated with calculating the thermal load for each 

building space. Moreover, fan speed settings for each fan coil unit have been assumed at a 

single fixed speed for all spaces. 
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Fig. 19. Daily temperature profile – system experimental measurements 
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In order to characterise overall performance, a number of additional parameters were 

calculated as follows. The ON/OFF time operation of the heat pump was determined, and is 

presented as a percentage for the heat pump in either ON and OFF mode, with reference to a 

24 hour period (1440 minutes). The seasonal performance factors of the heat pump and the 

system were also calculated based on a daily analysis, as per Eqs. (8) and (9).   

 

SPFHP =




t

0

HP

t

0

c

dt·P

dt·Q

"

"

        (8) 

SPFSYSTEM = 




t

0

SYSTEM

t

0

c

dt·P

dt·Q

"

"

       (9) 

   

Table 3 shows the results as determined for the experimental measurements and simulation 

predictions.  It can be observed that the model predictions are very close to experimental data 

with a maximum absolute deviation of 3.26%.  

 

System 

Performance Parameters 

Simulation 

Results 
Experimental 

Results 

Abs 

Deviation (%) 

HP ON (%) 41.08 41.29 0.5 

HP OFF (%) 58.92 58.71 0.35 

Energy Consumption - HP (kWh) 29.43 29.95 1.74 

Energy Consumption - System (kWh) 58.54 56.69 3.26 

Heat Pump Daily SPF (Eqn. 21)  4.78 4.64 3.04 

System Daily SPF (Eqn. 22) 2.40 2.45 1.90 

 

Table. 3. System performance parameters: experimental versus simulation results.



19 

 

4. MATLAB heat pump system model 

The EES heat pump system model was converted to MATLAB. This was done due to 

limitations of the EES software and to allow for greater compatibility with other software 

including SIMULINK and TRNSYS. The ESS model was re-programmed using MATLAB, 

implementing the system component models characterised in EES. 

The error between the two simulation models based on a 24 hour simulation period is 

minimal as shown in Fig 20 which compares return temperature over the course of a day. A 

maximum difference of ±0.8% is observed between the two results. 

 

Fig. 20. Comparison of return water temperature over a day for the MATLAB and EES simulation 
models(cooling mode). 

 

Figures 21 to 23 show the error between the MATLAB and EES models in terms of system 

daily SPF at varying room set-point, return water set-point and bandwidth temperatures. The 

maximum error is shown to be 0.25%. 
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Fig. 21. Energy consumption and daily SPF versus room temperature set-point. 

 

 

Fig. 22. Energy consumption and daily SPF versus building water return temperature set-point. 
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Fig. 23. Energy consumption and daily SPF versus building water return temperature set-point 

bandwidth. 
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5. Conclusions 

Components of the generalised heat pump system model, such as the heat pump model, were 

validated using experimental data while other component models were developed directly 

from experimental results. The ground source heat pump system model was then validated 

against experimental data over a 10 hour period and a maximum mean deviation of 5% for 

cooling capacity and 2.4 % for power input was observed. However, a maximum mean 

deviation of approximately 13.8% was observed for heating mode. The SPF of the heat pump 

and the entire system was determined over a day and compared to experimental data. The 

maximum deviation was shown to be 3.26%. The EES model was reprogrammed in 

MATLAB. Comparison of SPF results showed a maximum error of 0.25% between the two 

models. 

 

 



23 

 

References 

[1] Finn. D, Edwards. K (2009) ‘A Quasi-Steady State Mathematical Model of an Integrated Ground Source 

Heat Pump for Building Space Control’ , GROUND-MED Deliverable 4.1 

 [2] Engineering Equation Solver, F-Chart Software, The University of Wisconsin, Madison, 2009. 

[3] J. M. Corberán, J. Gonzálvez-Macia, IMST-ART, a computer code to assist the design of refrigeration and 

air conditioning equipment, www.imst-art.com, IMST, Universidad Politécnica de Valencia, Spain, 2009. 

[4] Hernandez, E. R. 2007, ‘Implementacion De Un Sistema De Control Digital Directo Para La Optimizacion 

De La Efficiencia Energitca De Una Insalacion Se Aire Acondicionado Por Fan Coils E Intercambiadores 

Enterrados’, Universidad Politecnica de Valencia. 

[5] J. M. Corberan, C. Radulescu, J. G. Macia, Performance Characterisation Of A Reversible Water To Water 

Heat Pump, 9th International IEA Heat Pump Conference, Zürich, Switzerland, 20-22 May 2008. 

[6] J.M. Corberan, D.P. Finn, C.M. Montagud, F.T. Murphy and K.C. Edwards‘A Quasi-Steady State 

Mathematical Model of an Integrated Ground Source Heat Pump for Building Space Control’ Energy and 

Buildings. Revisions to paper submitted 

[7] ASHRAE HVAC Applications Handbook SI Editions 2003, ‘American Society of Heating and Air 
Conditioning Engineers’, ISBN: 193186230 

 


