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Abstract 

This study comprises the simulation of the ground source 

heat pump (GSHP) system of a university building in the 
UK; this GSHP is non-standard, as the same heat pump 

unit provides space heating and cooling simultaneously. 

The overall cooling demand can be met by the simulated 

GSHP cooling circuit. However, the heating GSHP 

system in reality fails to pre-heat the return flow from the 

radiators, as the supply and return flow temperatures of 

the radiators are higher compared to the simulated 

scenarios. Sensitivity analysis results indicate that heating 

plate heat exchanger and boilers set point temperatures 

have the greatest impact on the system electricity 

consumption. System electricity consumption can be 

reduced by 5% by changing the set-point temperature 

parameters of the system. 

Introduction 

Currently, emissions from the building sector account for 

17% of the UK’s direct GHG emissions. These emissions 

are primarily due to fossil fuels used for space heating 

purposes. A GSHP system is a technology that utilises the 

relatively constant and low ground temperature to offer 

low-carbon cooling, heating and hot water to domestic 

and commercial buildings. In such a system, the ground is 

used as a heat source during winter months, whereas it 

acts as a heat sink over the summer (Skidmore et al., 

2010). The balance between the heat extracted from and 
rejected to the ground is crucial for maintaining the 

average ground temperature in the long term.  

In buildings where heating and cooling needs occur 

simultaneously, a GSHP for simultaneous heating and 

cooling can be considered a suitable solution. This type of 

heat pump can operate in three modes: heating mode, 

cooling mode or simultaneous mode, where hot and 

chilled water are generated for space heating and cooling, 

and/or domestic hot water demand (Ghoubali et al., 2014). 

Such a system can be used for buildings where space 

heating demand occurs during winter to provide thermal 

comfort of the occupants, whereas, at the same time, space 
cooling is required for specific type of rooms, such as 

server and archive rooms. Such a system is unusual and 

complex, both in application and academic studies. 

Ghoubali et al. (2014) have considered the simulation of 

the energy performance of different types of buildings in 

TRNSYS by using a heat pump for simultaneous heating 

and cooling in a residential building, an office building 

and a retail store. 
An indicator of simultaneous needs was presented to 

identify the most suitable type of building to be equipped 

with a simultaneous heat pump technology. It has been 

concluded that the residential low-energy building seems 

most suitable for a simultaneous production system. 

Byrne et al. (2009) designed and simulated a heat pump 

providing simultaneous space heating and cooling, and 

domestic hot water. This system has three main heat 

exchangers: a water condenser that heats a hot water tank 

for space heating; a water evaporator that cools a cooling 

tank for space cooling and a balancing air coil that works 

either as an evaporator in a heating mode or as a 
condenser in a cooling mode. In the simultaneous mode, 

hot and chilled water are produced by using the water 

condenser and water evaporator at the same time. The 

components of the simultaneous system were 

programmed in FORTRAN and then adapted for the 

TRNSYS models.  

This study comprises the simulation of the GSHP of a 

university building in the UK; this non-standard GSHP 

unit provides space heating and cooling simultaneously 

during the heating season. The main objective of this 

study is to compare the theoretical performance of such a 
system in a building by undertaking energy simulations in 

TRNSYS against actual recorded data. Additional 

objectives are to identify influential system parameters 

through a sensitivity analysis, and to quantify the most 

beneficial system improvements by means of parametric 

simulations. It should be noted, there are no off-the-shelf 

modules for simulating simultaneous GSHP system in 

TRNSYS. 

Methodology 

Simultaneous GSHP system 

A GSHP system is used to provide space heating and 

cooling in various areas of the building. From November 

to April, space heating and cooling needs of different 
rooms of the building occur simultaneously; therefore, the 

installed GSHP is designed to provide hot and cold water 

simultaneously.  

Figure 1 provides an overview of the GSHP heating and 

cooling system. A water-source heat pump with a four-

pipe system is utilised in this case study for the 

simultaneous production of chilled and hot water by 

means of two independent water circuits. This system 

consists of two independent refrigerant circuits utilising 
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R410A refrigerant gas. It is noted that there is a hot plate 

heat exchanger (condenser) and a cold plate heat 

exchanger (evaporator) on the load side of the system, in 

addition to the one on the source side. 

During the simultaneous production of chilled and hot 

water, the cold water returning from the building further 

cools down due to the heat exchanged between the return 

flow and the evaporator of the refrigerant circuit, while at 

the same time the heating return flow becomes warmer by 

the heat exchanged between the return flow and the 
condenser. The cold and hot water produced from the 

GSHP is delivered to a cooling and a heating plate heat 

exchanger (PHE) respectively, which supply the cold and 

hot water required to the cooling and heating systems of 

the building. The chilled water system provides cold 

water to the cooling coil of the air handling unit (AHU2), 

and the air conditioning (CRAC) unit; the former provides 

conditioned air to the film and paper archive rooms, and 

the latter to the server rooms of the building. 

Regarding the heating system, boilers provide the primary 

heating to the building. The GSHP heating system 
preheats the return flow from the radiators of various 

zones of the building provided by variable temperature 

(VT) pumps, while additional heating to the return circuit 

is supplied by the boilers through the primary pumps. In 

addition, the boilers serve the heating coil of the general 

air handling unit (AHU1), which provides space heating 

in seminar and meeting rooms. 
 

 
 

Figure 1: Overview of the GSHP heating and cooling 

system. 

 

 

 

 

TRNSYS simulation model 

There is often a discrepancy between the design and 

actual performance of a building. Therefore, simulation 

software packages, such as TRNSYS, can be used to 
model the building, including its heating and cooling 

system components, and identify the parameters that are 

critical to the overall building performance. All the 

building components modelled in TRNSYS as part of this 

study are presented in Figure 2, and are divided into four 

groups: the ground loop and the GSHP system, the 

heating system, the cooling system, as well as the various 

zones and rooms of the building. 
 

 
 

Figure 2: Components simulated in the TRNSYS model. 

 

It should be noted that this study is focused on the 

behaviour of the heating and cooling system. The system 

is connected to the zones of the building in the model, 

however, the heating demand of these zones is not 

modelled in detail.  

A water-to-water heat pump (Type 927) is used to model 

the GSHP of the system. Type 927 is limited to one inlet 

and one outlet on each load and source sides. The actual 

GSHP system examined in this study, however, has a 

four-piping system on the load side (hot-water inlet/outlet 

and cold-water inlet/outlet) in order to provide hot and 
chilled water simultaneously. For this reason, two 

components of Type 927 are used to model the 

simultaneous cooling and heating operation of the GSHP 

system, as illustrated in Figure 3. The first heat pump 

component (GSHP 1 cooling) represents the cooling 

mode of the heat pump, where water on the source side 
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inlet is delivered from the ground heat exchangers (GHE), 

and water on the source side outlet is transferred to the 

source inlet of the second heat pump (GSHP 2 heating). 

On the load side of the GSHP 1 cooling component, cold 

water is returned from and supplied to the building. The 

GSHP 2 heating component denotes the heat pump during 

heating mode operation. On the source side inlet, water is 

received from the source side outlet of the GSHP 1 

cooling component, whereas the output water flow is 

delivered to the GHEs. On the load side, the hot water is 
returned from and supplied to the building.    
 

 
 

Figure 3: Schematic of the GSHP system as modelled in 

TRNSYS. 

 

The operation of this water-to-water heat pump 

component is determined by the rated heating and cooling 

capacity and power of the heat pump, which are input 

parameters to the model, and is associated with the 

entering load and source temperatures. This component 

also operates based on a temperature level control, as the 

user defines the control signal of the unit to be ON in 

either heating or cooling mode. Therefore, the GSHP 1 
cooling component is ON in the cooling mode and 

operates at its rated cooling capacity, while at the same 

time the GSHP 2 heating component is ON in the heating 

mode at its rated heating capacity.  

In order to validate the simulated performance of the 

building, which is based on the design of the system, it is 

required to compare the simulation results with the BMS 

recorded data that represent the actual performance of the 

installed system. These data comprise temperature 

variations of the heating and cooling system. A qualitative 

comparison aims to check if the simulation results are 
broadly consistent with the recorded data. It is noted that 

a meaningful statistical comparison of the simulated and 

actual performance is not possible due to the lack of 

sufficient recorded data. 

Sensitivity analysis and parametric simulations 

Sensitivity analysis is a valuable tool widely used as part 

of the evaluation of the building energy performance. The 

sensitivity analysis of the model inputs is an important 
step not only in reducing the uncertainty of the model 

input data, but also in identifying those parameters that 

affect the simulation outcome the most. 

The Morris method with the factorial sampling plan is 

considered to be a suitable method for the sensitivity 

analysis of the model in this study, as it provides a 

reasonable compromise between the accuracy and the 

efficiency of this computationally intensive model 

(Kucherenko et al., 2009). The main focus of the 

sensitivity analysis of this study is to examine the effect 

of the input values of the heating and cooling system 

components on the total electricity consumption of the 
system. The maximum and minimum values of each input 

parameter k are defined within the parameter space. The 

parameter space is discretized by transforming the input 

parameters into dimensionless variables in the interval 

(0;1) and dividing each parameter interval into a number 

of p levels, which form a regular grid in the unit-length 

hypercube Hk. A simulation trajectory is defined as a 

sequence of k+1 points in the hypercube, where each 

parameter only changes once with a pre-defined step Δ𝑖. 

The starting point for sampling on the hypercube is 
randomly chosen and each point differs only one 

coordinate from the preceding one. The magnitude of 

variation in the model output due to the pre-defined 

variation of one parameter X is called elementary effect. 

The statistical measures for the evaluation of elementary 

effects are the absolute mean 𝜇∗and the standard deviation 

𝜎. The former indicates the magnitude of influence of a 

parameter to the model outcome and is used to rank the 

parameters based on their importance. The latter indicates 

the non-linearity in input parameters of the model and 
parameter interactions (Garcia Sanchez et al., 2014).  

The Morris factorial sampling plan is also employed in 

the parametric simulations to generate pseudo-random 

combinations for the parameters that mostly affect the 

electricity consumption as investigated in the sensitivity 

analysis by considering the same range of values. These 

combinations are, therefore, run in the simulation model 

in order to identify potential improvements for the energy 

performance of the system. 

Results and discussion 

Simulation of the cooling system 

The simulated GSHP cold water load outlet supplied to 

the cooling PHE at approximately 7℃ provides cooling to 

the building cold-water return flow in order to achieve the 

required temperature of 10℃ (Figure 4). As a result, the 

temperature of the water returned to the GSHP load inlet 

increases to approximately 11℃.  

The dry process air outlet from the dehumidifier is 

delivered to the cooling coil of AHU2, and therefore to 

the film archive room at a temperature of 15℃ as required 

(Figure 5), and at a relative humidity of around 38.5%, 
which is slightly higher than the required value of 35%, 
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but is still within the acceptable range of 30-40%. In 

addition, the indoor temperature of the film archive varies 

with the ambient temperature, as illustrated in Figure 5, 

whilst it occasionally drops below the supplied air 

temperature at times when the ambient temperature is 

below 0℃. This could be addressed by increasing the 

temperature of the air supplied by means of a reheat coil 

on days when ambient temperatures are low.  
 
 

 
 

Figure 4: Simulated GSHP fluid temperature variations 

from 15/11/2016 to 17/01/2017. 

 

 

 

Figure 5: Simulated cold supplied air and indoor 

temperatures of the film archive room from 15/11/2016 

to 17/01/2017. 

Similarly, the indoor temprerature requirements of the 

paper archive and the server rooms are also met (results 

not shown). The paper archive maintains the required 

temperature of 17℃, and the relative humidity variation 

of 40-50%. The conditioned air supplied from CRAC 

units to both server rooms at 16℃ results in the indoor 

room temperature of around 18℃. This temperature is 

slightly lower than the minimum required temperature of 

19℃ for typical server rooms. 

Simulation of the heating system 

The GSHP hot water load outlet delivered to the heating 

PHE at temperatures between 49.5℃ to 54 ℃ preheats the 
VT return flow from the radiators and rises the VT return 

temperature from 42℃ to approximately 47℃ (Figure 6). 

As a result, the temperature of the water delivered to the 

GSHP hot load inlet decreases, as illustrated in Figure 4. 

The temperature variations of the GSHP hot load side are 

affected by the fluctuations of the VT return flow from the 

radiators resulting from the intermittent operation of the 

VT pumps. When in operation, the VT pumps provide the 

required hot water temperature of 55℃ to the radiators. In 

addition, as the VT preheat flow is approximately 8℃ 

lower than the operational flow temperature of the 

radiators, additional heat is delivered from the primary 

pumps (at a temperature of 60℃) in order to achieve the 

required VT heating flow temperature of 55℃. 

As illustrated in Figure 6, the boilers provide a hot water 

temperature of 60℃ to the primary pumps. The primary 

pumps supply hot water at 60 ℃  to the constant 

temperature (CT) pumps, which in turn provide the 
required hot water to the AHU1 heating coil for space 

heating. As expected, the return fluid temperature to the 

boilers is affected by the ambient temperature. For 

instance, the return temperature is lower by 

approximately 5℃  than the supply water temperature 

from the boilers for ambient temperature of between -5℃ 

to 5℃.  

According to the building zones results, the indoor zone 

temperatures, where space heating is provided by the 

radiators, vary within the acceptable range of 15℃  to 

27℃. 
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Figure 6: Heating flow temperature variations for 

ambient temperature of between -5 °C and 5 °C on 

16/12/16 and 17/12/16.  

 

Simulated system electricity consumption 

The total electricity consumption of the heating and 
cooling system over a period of two months is 98,641 

KWh. The percentage of electricity consumption of each 

system component is presented in Figure 7. The majority 

of the electricity is consumed by the GSHP heating 

component due to its high heating rated capacity of 74.9 

kW and its constant operation. The GSHP cooling 

component consumes less than half of the amount 

consumed by the heating GSHP, but it still contributes to 

the consumption of a significant amount of electricity. In 

addition, the electricity consumption of the overall 

cooling components of the system (excluding the GSHP 

cooling component) have a high electricity demand of 
about 20% compared to the overall heating components 

(excluding the GSHP heating component) that only 

consume approximately 14% of the total electricity 

consumption. The reason for this significant electricity 

consumption by the cooling components, such as AHU1 

fans, chilled water pumps, CRAC units, is their 24-hour 

operation. 

 
     **Note: GSHP (heating) bar goes up to 45%. 

 

Figure 7: Percentage of electricity consumption of the 

heating (in red) and cooling (in blue) components from 

15/11/2016 to 17/01/2017.  
 

Validation of simulation results 

The previously discussed simulation results are compared 

to the BMS data, which represent the actual performance 
of the heating and cooling system of the building. As 

illustrated in Figure 8, both the actual cold-water supply 

and return temperatures of the building are lower by 2℃ - 

4℃ compared to the equivalent simulated values, which 

are shown in Figure 9. The discrepancy between the 

actual and simulated temperatures is due to the 

assumption made in the model that the supply water 

temperature of the building remains constant at 10℃, and 

also due to the fact that the actual, dynamic demand of the 

building was not modelled in detail. In practice, this 
temperature varies with demand as a function on the 

ambient temperature. In addition, due to data 

unavailability, the comparison between the actual and 

simulated performance refers to different dates with 

different ambient temperatures, and therefore this also 

contributes to the discrepancy between the BMS and 

TRNSYS results.  
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Figure 8: Chilled water flows based on the actual 

performance of the system (BMS data) on 18/04/2017. 

 

Figure 9: Chilled water flows based on TRNSYS results 

on 16/11/2016. 
 

According to the simulation results of the heating system, 

the VT return flow from the radiators has a sufficiently 

low temperature (42℃) to be preheated to 47℃ (Figure 

10). In the actual system, in contrast, the VT return flow 
temperature from the radiators is equal to the VT preheat 

flow temperature (Figure 11); therefore, the actual GSHP 

system fails to preheat the radiators return flow 

temperature. The actual return flow circuit can only be 

preheated at times when the VT pumps are not in 

operation, as the temperature of the return flow is too high 

to be preheated by means of the actual PHE at times when 

VT pumps are operational. Therefore, the actual system 

does not take advantage of the available heat in the ground 

loop. The discrepancy between the simulation results and 

the actual system performance may result from the 

assumption made in the TRNSYS model that the set point 

temperature of the heating PHE is fixed at 43℃, although 

in the actual system it appears to be lower.  

Figure 10: VT heating temperatures based on the actual 

performance of the system (BMS data) on 30/11/16. 

 

Figure 11: VT heating temperatures based on TRNSYS 

results on 30/11/16. 

 

In addition, differences between the simulated and the 

actual performance may also result from the way GSHP 

system was modelled in TRNSYS, considering two heat 

pump units, where in reality the actual system consists of 

one unit with four-piping system on the load side.  

Sensitivity analysis results 

The Morris method with the factorial sampling plan is 
utilised for the sensitivity analysis of the model in this 

study in order to examine the effect of a range of input 

values of the simulated heating and cooling system 

components on the total electricity consumption of the 

system. A range of values for twelve system parameters 

is carefully selected based on literature review and the 

capabilities of the system. The system parameters are 

divided into physical and settings parameters. The former 

refer to the parameters that are associated with the 

decisions made when purchasing the system, such GSHP 
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Table 1: Parameter combinations considered in parametric simulation runs along with the corresponding 

electricity consumption. 

 

 

 

Table 1: Parameter combinations considered in parametric simulation runs along with the corresponding 

electricity consumption. 

 

 

*Note: The electricity consumption by the ground source CIRC pumps is excluded from the electricity consumption 

of the cooling and heating system. 

 

 

 

Scenarios GSHP GSHP Heating Boilers Total Cooling Heating 

rated capacity and PHE effectiveness, and the latter are 

associated with temperature settings, such as boilers and 

PHE set point temperatures.  

The top six physical and settings parameters found to 

affect the electricity consumption of the system the most 

from a preliminary analysis are implemented together in 

the sensitivity analysis. 

Overall, the settings parameters have a greater impact on 

the model outcome compared to the physical parameters. 

As illustrated in Figure 12, the hot-side set point 
temperature of the heating PHE has the most significant 

impact on the total electricity consumption, whereas the 

GSHP rated cooling capacity and the boilers set point 

temperature also have a considerable effect, but to a 

smaller extent. In addition, the magnitude of influence of 

the GSHP rated cooling capacity on the model outcome 

highly depends on the remaining parameters considered 

in the analysis. The effect of the boilers set point 

temperature and the hot-side temperature of the heating 

PHE also depends on the other parameters.   

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 12: Sensitivity analysis results of physical and 

settings parameters. The numbers indicate the ranking of 

the parameters according to their importance. 

 

 

 

 

Parametric simulations results 

The four parameters that have the most substantial effect 

on the total electricity consumption of the system, as 

investigated in the sensitivity analysis (Figure 11), are 
used in parametric simulations in order to identify 

potential improvements for the energy performance of the 

system. In these simulations, the same range of input 

values is considered as in the sensitivity analysis. The 

combinations of the four parameters that mostly affect the 

electricity consumption of the system are presented in 

Table 1, along with the parameters and the corresponding 

electricity consumption of the system as designed and 

initially simulated. 

Considering the minimum values of both the heating PHE 

hot side and the boilers set point temperatures correspond 

to the minimum electricity consumption of the system. 
This results in the reduction of the electricity consumption 

by approximately 5% compared to the electricity 

consumption of the designed system. Therefore, this 

system can perform more efficiently for lower set point 

temperatures of the settings parameters. The system 

electricity consumption can be reduced by 5320 KWh for 

a period of two months by calibrating these settings 

parameters. In addition, the average variable unit price for 

electricity in the UK is £0.143/KWh. Therefore, this 

electricity reduction would result in cost savings of 

approximately £760. 
Similarly, considering the minimum values of the set-

point temperature parameters and the cooling and heating 

rated capacity of the GSHP, the electricity reduction is 

similar to the case of considering the minimum values of 

the set point temperature parameters. 

In order to increase the efficiency of the distribution 

system, the VT preheated flow could potentially be 

supplied to an underfloor heating system instead, as the 

hot side set-point temperature of the heating PHE would 

be lower (around 35 ℃), and the required flow demand 

from the boilers would also be reduced. This would result 
in lower electricity consumption within the system.  

 

 

 

 

Scenarios GSHP 

Cooling  

rated 

capacity 

(kW) 

GSHP 

Heating  

rated 

capacity 

(kW) 

Heating 

PHE hot 

side set 

point T 

(℃) 

Boilers 

set 

point T  
(℃) 

Total 

electricity 

consumption 

of the system 

(kWh) 

Cooling 

Electricity 

consumption 

(kWh) 

* 

Heating 

Electricity 

consumption 

(kWh) 

* 

Designed 

system/initially 

simulated 

69 74.9 43 60 98641 37098 58103 

Minimum set 

point T  

69 74.9 40 50 93322 36715 54168 

Minimum set 

point T and 

rated capacities 

66 70 40 50 93522  36899 

 

54184 

Physical 

Settings 
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Conclusions 

This study compares the theoretical performance of a 

GSHP system for simultaneous space heating and cooling  

in a building by undertaking energy simulations in 

TRNSYS against actual recorded data. It identifies 

important system parameters by performing a sensitivity 

analysis, as well as quantifies system improvements as 

part of parametric simulations. 

Generally, the TRNSYS simulation results are shown to 

be in reasonably good agreement with the BMS data 

representing the actual performance of the system despite 
a number of small discrepancies. The overall cooling 

demand of specific rooms of the building (server rooms, 

paper and film archives) can be met by the simulated 

GSHP cooling circuit. The simulated GSHP heating 

system is able to preheat the return flow from the radiators 

up to a certain level, while additional required heat is 

provided by the boilers. As shown by the TRNSYS 

results, the space heating requirements of the various 

zones of the building are satisfied by the combination of 

the GSHP heating circuit and the primary heating circuit 

of the boilers. However, the actual GSHP system in reality 
fails to pre-heat the VT return flow from the radiators, as 

the radiators supply and return flow temperatures are 

higher compared to the simulated results. It can therefore 

be concluded that the set point temperature of the boilers 

should be reduced in order for the GSHP to transfer heat 

to the radiators return circuit.  

Discrepancies between the simulated and actual 

performance of the system may result from the fact that 

the actual, dynamic demand of the building was not 

modelled in detail.  

As shown in the sensitivity analysis, the heating PHE set 

point temperature, and the boilers set point temperature, 
have the greatest impact on the electricity consumption of 

the system. It is therefore concluded in the parametric 

simulations that the distribution system could perform 

more efficiently for low set-point temperatures. This 

would result in 5% reduction of the total electricity 

consumption. In addition, the coefficient of performance 

of the heating GSHP would increase due to the resulting 

lower temperature difference between the input 

temperature of the fluid from the ground and the output 

temperature of the hot water from the GSHP.  

Regarding the limitations of the model, the representation 
of the GSHP is limited by the absence of a GSHP 

component in TRNSYS that produces hot and cold water 

simultaneously. In order to model this simultaneous 

operation, two separate GSHP components were used as 

part of the model; one for heating, and one for cooling. 

This model limitation may also lead to discrepancies 

between actual and simulated performance of the system.  

Due to the complexity of the model, only the heating and 

cooling system is considered in the sensitivity analysis 

and parametric simulations. In future studies, a range of 

other parameters for the thermal loads of the building, 

such as internal gains, thermal capacitance, and total heat 
loss coefficient, could be considered. Such analyses 

would be expected to give a more holistic overview of the 

effect of these parameters on the energy performance of 

the building by considering the heating and cooling 

system in conjunction with the thermal loads of the 

various zones of the building. In addition, future work 

could consider the effect of these parameters on additional 

model outcomes, such as supply and return water 

temperatures. 
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