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1 Introduction  

 

This report constitutes Deliverable 4.3 entitled Integrated Building and Heat Pump Control 

Strategies 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 4.3 

is to develop control algorithms for evaluation as per the GROUNDMED project. 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) and MATLAB [2, 

18]. 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 

in Deliverable 4.2[3]. The sensitivity studies and associated control algorithms described in 

this report will be evaluated as part of the GROUNDMED demonstration programme. It is 

intended that further optimisation and development of the algorithms will continue during the 

demonstration phase of the project.   
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2  Background and Context 

2.1  Background 

The coefficient of performance (COP) of a heat pump system is primarily influenced by the 

temperature difference between the source and the sink. This value is further degraded by 

pressure losses in the vapour compression pipe network and heat exchangers and losses in the 

compressor. If a system COP is considered, then losses attributable to power consumption of 

auxiliary units such as circulation pumps and fan coils, also act to degrade the heat pump 

COP. Improvements in efficiency and correct sizing of components along with new system 

designs can reduce this degradation. A large amount of literature focuses on improvements to 

the efficiency of circulation pumps and heat exchangers. However, optimising system 

operation though integrated control can also reduce energy usage.  

While the COP is a measure of the instantaneous performance of the heat pump, the seasonal 

performance factor (SPF) refers to the performance of system components over a heating or 

cooling season and therefore gives a more realistic indication of possible energy savings. In 

this document, the system is analysed using the system performance factor measure. System 

performance factor refers to the heating (or cooling) output of the system to the energy 

consumption. Several definitions of SPF exist, depending on the components included for 

power consumption, in s similar manner to the definition of seasonal performance factor by 

Nordman et al [4]. SPF1 considers the power consumption of the heat pump, while SPF2 also 

considers the pump on the source loop. SPF3 considers the internal hydronic circuit pump, 

while SPF4 includes the fan coil units. The SPF definitions are outlined in Table 1. The 

control strategies implemented and the transient response of the heat pump system will 

increasingly play a critical role in increasing the SPF. 
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Figure 2.1-1: Schematic representation of the SPF definitions 

 

Air source heat pumps (ASHPs) are currently the most utilised heat pump, particularly for 

cooling applications. To date, ground source heat pumps (GSHPs) have been predominantly 

implemented in space heating system [5]. Some studies have pointed to the suitability of 

GSHPs for Mediterranean climates [6]. The use of GSHPs in warmer climates for heating and 

cooling applications has not received much attention to date. 

 

2.2  Individual control strategies 

The type of components and instrumentation present in a system governs the possible control 

algorithm that can be implemented. Through the use of inverters variable speed control of 

compressors, circulation pumps and fan coils is possible. The use of appropriate temperature  

instrumentation allows for the control of the set-point and bandwidth of the circuit water and 

space temperature. 

Temperature set-point reset refers to adjusting the supply or return circuit water or space air 

temperature depending on the building load, which can be characterised by the external 

temperature. The bandwidth of the set-point influences temperature oscillation and number of 

compressor start-ups. 

With regards to variable speed control of circulation pumps power savings can only be 

realised if, for an increased pump frequency, an increase in power consumption is offset by 

the increase in system capacity. However, the optimal flow-rate is also dependent on the heat 

pump and secondary pump dynamics along with water temperature. Hepbasli et al (2003) [7] 

also noted from tests on a GSHP system where the secondary circuit circulations pumps were 
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oversized and that, if correctly sized, COP savings of between 8% and 16% would be 

observed. 

Thermal energy storage can be either active, using buffer tanks as part of the system, or 

passive, using the thermal mass of the building. Buffer tanks are normally installed on the 

return line, for comfort control operation to reduce excess compressor cycling, or on the 

supply line for process chilling where quick load changes are expected (Figure 2.2.1). Double 

loop buffer tanks, shown in Figure 2.2.2, can be used to vary the supplied load across the 

building fan coils for an on/off fixed load heat pump. This reduces the heat pump on/off 

cycling and relies on stratification within the tank. 

 

Figure 2.2-1 Buffer tank installed on (a) return line (b) supply line 

 

 

Figure 2.2-2 Double loop buffer tank configuration 

 

Temperature set-back during off peak times, also known as night set-back, can be used to 

reduce system power consumption. Night set-back refers to resetting the room temperature 

during unoccupied times and can be used in conjunction with passive TES as part of a 

cooling strategy, where the building thermal mass is charged at night. This is known as night-

cooling and utilises reduced energy price and cooler external temperature at night to reduce 

cost [8]. In a study by Guo and Nutter (2010), optimal night set-back temperature and length 

of implementation were tested for buildings with large and small thermal capacities, for 

heating and cooling modes, while changing outdoor temperatures and different building 

(b) (a) 
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orientations [9]. Optimum set-points were observed for buildings with a large thermal 

capacity which varied with outdoor temperature for heating and cooling. Low thermal 

capacity buildings showed a decrease in energy consumption with decreasing set-points for 

cooling. The disadvantage of this type of control is that it requires an accurate building model 

and savings are highly dependent on building type and tariff rates.  

Free cooling can also be implemented by bypassing the primary heat pump circuit when the 

outside temperature is lower than the internal when cooling. For GSHP this situation would 

rarely occur. However, Malmberg and Mattsson (2008) [10] used free cooling for a water 

source heat pump by increasing the cooling water supply temperature to 14°C (from 7°C) and 

using a river as the thermal sink. In a study by Cipriano et al [11] it was found through 

simulation that the use of an earth tube during night cooling reduces the efficiency of the 

strategy. Similarly night cooling using a ground source heat pump would be likely to produce 

a lower efficiency than an air source heat pump. 

In certain studies night ventilation is implemented without the use of a building model as part 

of a free-cooling strategy. Tsukamoto et al [12] used night ventilation for free cooling where 

a window was automatically opened by a standard amount when room temperature rises 

above a certain level. Night cooling strategies that are currently in use are generally heuristic 

in nature and are not controlled using building models. These strategies can often lead to an 

increase in power consumption or result in discomfort for occupants [13]. 

 

2.3 Meta-control strategy 

Figure 2.3-1 shows the overall architecture for meta-control strategies showing possible 

inputs and controlled outputs. These strategies can be separated into those that are suitable for 

occupied or unoccupied times. The inputs can comprise of recorded data such as space, 

ambient, water temperature, flow rates, time, charge of phase change material or predicted 

data such as weather predictions. The outputs from the control strategy, which depend on the 

system components, such as frequency of variable speed components along with the set-

points and bandwidths of circuit water and space temperature. An overall system meta-

control strategy can be developed from these component control strategies. 
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Figure 2.3-1 Meta controls strategy overview 

 

2.3.1 Capacity Control 

During occupied times, the room temperature must be maintained within a specific 

bandwidth. The building load will change with ambient temperature along with gains from 

electrical equipment and occupation. This load must be matched by the heat pump system to 

maintain the space temperature. The specifics of the strategy will depend on the system 

components. With an increased number of components the control options and system 

dynamics become more complex. 

Water temperature set-point control is used for controlling a constant speed heat pump by 

on/off cycling of the compressor. If variable speed circulation pumps are also installed, the 

water temperature flow rate can be reset to maintain a constant water temperature difference 
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across the heat exchangers. In systems with variable speed compressors, the load on the 

system can be directly matched by varying the compressor frequency. If circulation pumps 

are also present both the flow-rate and supply water temperature can be controlled. The 

optimal compressor and pump frequencies that satisfy the necessary load should be 

implemented.  

If a decoupled buffer is present in a system with a fixed speed heat pump, load matching can 

be achieved by controlling the building side circulation pump. If a number of variable speed 

components and TES tanks are present, system optimisation is likely to be more complex. A 

number of objective terms are available for optimisation such as energy cost, power 

consumption and COP. If knowledge of the building dynamics, future occupancy and weather 

profiles are known, then only the energy cost needs to be considered for optimisation. If this 

is the case the system can be optimised for a reduction in energy cost over a period of time 

rather than for instantaneous results. However, if only instantaneous or forecasted values with 

a degree of error are available, which is normally the case, optimisation of energy cost may 

not result in the lowest possible value over a measured period of time. This is because 

unexpected load changes may force the system into suboptimal operating conditions in order 

to maintain the space temperature set-point. Scheduling operating modes or optimisation 

objectives for different time periods may however, be used to avoid this scenario. 

COP optimisation can be used in conjunction with TES, where the highest capacity output 

per unit input energy is used to charge the storage. Optimisation of power consumption has 

been used in many studies where the instantaneous load is matched without TES. In these 

cases the capacity is fixed, therefore, the minimum power consumption also gives the 

maximum COP. Energy cost reduction is also directly related to power consumption, except 

for a time variant tariff rate. Therefore implementing this objective term relies on the 

presence of TES, either active or passive. 

Night set-back of room temperature can be used to reduce the energy consumption during 

unoccupied times. However, the level of set-back should ensure that the occupied room 

temperature set point can be reached before the onset of occupancy. 

Changes in energy tariffs can be exploited by charging thermal mass during off peak times. 

An accurate building model is required for passive TES optimisation. However, active TES 
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may be charged at off peak times using less sophisticated models. Therefore, with the use of 

scheduling, optimisation may be used without advanced knowledge of the system. 

2.4 Example Studies 

In air-source heat pumps, a combination of strategies can be deployed using heuristic, 

optimal or near optimal methods. Control of condenser circulation pump speeds and cooling 

tower fan speed is often used in large plants with multiple air-source chillers as part of an 

optimisation strategy, without considering active or passive TES. Adaptive set-point control 

has been researched for small air-source heat pump systems with the use of heuristic control 

related to current building load [14]. 

Karlsson and Fahlen [15] optimised variable speed circulation pump flow-rates for of a 

variable capacity heat pump for a GSHP system. The seasonal performance factor of the 

variable speed compressor was compared to on/off control using a simulation model. 

However, time steps of 24 hours were implemented so dynamic control strategies were not 

considered. In another study by Fahlén and Karlsson [16], on/off compressor control in 

conjunction with a variable speed circulation pumps and both a double loop buffer heating 

tank and a separate DHW tank were examined in a test facility. A control strategy was tested 

that varied the speed of the building side circulation pump with a change in building load. 

Comparison was made with a standard on/off heat pump without a double loop buffer tank 

and it was shown that parasitic ratio decreased from 38% to 8%.  

 

In a study by Da Silva et al [17] variable speed compressor control was compared to on/off 

control with one hour operation and 30 minute suspension, using a system model, to reduce 

power consumption during a period of high load. The variable speed model was shown to 

maintain the zone temperature within its limits whereas the on/off method did not. To date, 

variable speed compressors and pumps have rarely been used for GSHPs and studies 

considering their control at a system level are not available. 
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3 Methodology 

 

The generalised mathematical model developed as part of Deliverable 4.1 was originally 

implemented using the Engineering Equation Solver software, was re-implemented using 

MATLAB. This model was validated against empirical data from Partner UPV (Universidad 

Politecnia de Valencia) and is fully described in Deliverable 4.2. The MATLAB  model the 

basic techniques available to control the heat pump and components in UPV. The heat pump 

system operates by switching the heat pump on/off depending on the internal circuit return 

water temperature. The fan coil units are controlled using the space temperature.  

 

The simulation studies in Section 4 explore the effect of different return water and space set-

point temperatures and bandwidths on the performance of the system. The performance of the 

system is analysed in terms of load factor, energy consumption, SPF2 and SPF4 for both 

heating and cooling. Load factor refers to the proportion of time that the heat pump is on 

between the hours of 7am and 10pm. The standard conditions of the set-points and 

bandwidths for the simulation study are given below: 

 

Return water set-point temperature: 12°C cooling, 40°C heating 

Return water set-point bandwidth: ±1°C cooling and ±1°C heating 

Space set-point temperature: 22°C heating, 23°C cooling 

Space water set-point bandwidth: ±1°C cooling and ±1°C heating 

The simulation study also explore the effect of load factor on SPF and energy consumption, 

as well as a temperature compensation algorithm using the indicators described above. In 

addition, 24 hour time traces for supply and return water temperature; space and ambient 

temperature are given for each simulation to verify the findings of each simulated daily cycle. 
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4 System Performance Analysis and Control Algorithm Development 

 

4.1  Cooling  

Return water temperature refers to the temperature of the water entering the heat pump heat 

exchanger on the internal hydronic loop. In cooling mode, the return water will be at a higher 

temperature than the supplied water, as heat will be taken from the space and absorbed by the 

water loop. The room cools down due to the transfer of heat to the internal hydronic circuit. 

As the water reaches the upper limit (i.e. set-point plus bandwidth), the heat pump turns on.  

As the water reaches its lower limit (set-point minus bandwidth), the heat pump switches off 

and the cycle begins again with the water in the hydronic circuit heating up again. 

 

The temperature of the water at the outlet of the heat pump determines the capacity of the fan 

coil units (FCUs). By controlling the supply temperature, the fan capacity can thus be 

controlled. Figure 4.1-1 shows an investigation of the effect changing the return water and 

space set-point temperature and bandwidth has on the performance of the system.  

 

Figure 4.1-1: Sample start-up operation of heat pump 

 

Figure 4.1-1 shows space air; return and supply water temperature profiles in cooling mode 

over a 50 minute period at the beginning of occupied time. 
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1. At 7am the system begins its operational cycle. The FCUs begin to cool the room and 

the water return temperature rises.  

2. The heat pump turns on, cooling the water by 7.5 C. The supply water is fed through 

the pipe network to the FCUs.  

3. Initially, the rate of room heating, influenced by external ambient temperature, is 

slow as the external temperature is low. 

4. The cooled supply water takes approximately three minutes to circulate through the 

system. Because of this time lag, the heat extracted from the room  heats up the return 

water causing the temperature to initially rise, despite the heat pump being on.  

 

 

Figure 4.1-2: Effect of heat pump on/off cycling on FCU operation 

 

Figure 4.1-2 shows space air and return and supply water temperature profiles in cooling 

mode over a 50 minute period during occupied time at low load. 

1. As the heat pump switches off as the return temperature reaches the lower bandwidth 

threshold. 

2. The fans have a significant capacity at the beginning of the cooling phase. After the 

heat pump switches off (accounting for time lag), the fans have lower capacity 

because the supply temperature is now higher, so the room temperature decreases 

more slowly.  

3 

4 
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3. The temperature increases steeply again as the fans switch off. The fans cool slowly 

once turned on again, as the heat pump is still off.  

4. The heat pump switches on again and the supply temperature to the FCUs drops 

causing the room to cool more quickly.  

 

 

Figure 4.1-3: Effect of higher load on system operation 

 

Figure 4.1-3 demonstrates air and return and supply water temperature profiles in cooling 

mode over a 100 minute period during occupied time at high load. 

 

1. The increasing load results in the heat pump being on for longer periods to deal with 

the extra levels of heat being absorbed by the water.  

2. The FCUs are also switched off for less time as the loads remains high in the middle 

of the day 

 

 

  

2 1 
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4.1.1 Space Temperature Control  

Return water set-point temperature 12 C 

Return water bandwidth Ñ1 C 

Space set-point temperature bandwidth Ñ1 C 

Space set-point temperatures tested 21, 22, 23, 24, 25 C 

 

 

Figure 4.1.1-1 (a) Operational Load Factor; (b) Total Energy Consumption 

The building load is dependent on the difference between internal space and external ambient 

temperature. Therefore, a decrease in building load is observed for an increase space set-point 

temperature. This results in a decreased load factor as observed in Figure 4.1.1-1. Energy 

consumed by the heat pump also decreases as set-point increases due to the decreased 

building load: 24.4 kWh to 16.6 kWh and for a set-point of 21 C and 25 C respectively. 

When cooling, a 1 C increase in room set-point temperature has a significant effect on the 

energy consumption. For example, increasing the set-point from 22 to 23 C reduces the heat 

pump energy consumption by 3.4 kWh (15%). 

 

 

Figure 4.1.1-2 (a) SPF2; (b) SPF4 
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All values of SPF4 are lower than SPF2 as the energy consumption of the fan coils internal 

circulation pump is considered in SPF4. The value SPF2 does not change significantly with 

changing space temperature set-point. This is because while energy consumed decreases, the 

cooling energy output of the heat pump also decreases with increasing space set-point 

temperature. This is also true for SPF4 as the increase in power consumption of the fan coils 

is also proportional to the increase in cooling output. The power consumption of the internal 

circulation pump is constant and therefore constitutes a higher proportion of the total energy 

consumption at lower building loads (higher space set-point temperatures). However, the 

internal circulation pump power consumption is not substantial enough to affect the SPF4 

value significantly. When adjusting the room temperature set-point, the energy consumption 

should be considered rather than the SPF values. 

 

The fan coil units are observed not to be capable of maintaining the room within the 1 C 

bandwidth of a set point of 21 or 22 C. As stated above, reducing the set-point temperature of 

the room is akin to changing the load on the building, and this load proved too great for the 

system.  

 

4.1.2 Space Bandwidth Control 

Return water set-point temperature12 C 

Return water set-point bandwidth Ñ1 C 

Space set-point temperature 23 C 

Space bandwidths tested 0.5, 1.0, 1.5, 2.0, 3.0 C 

 

 

Figure 4.1.2-1 (a) Operational Load Factor; (b) Total Energy Consumption 
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As seen if Figure 4.1.2-1(a), an increase in bandwidth results in an increase in load factor. 

The space temperature fluxuates between the upper and lower bandwidth set-points. As the 

bandwidth is increased the temperature differnce between the space and outside will increase 

when the tempearture is at the lower bandwidth and decrease when at the upper bandwidth. 

This will result in a greater maximum building load and a lower minimum load as the room 

temperature cycles. At low load the heat transfer across the fan coils is not significatly 

affected. At high load, however, when the room is at its lowest tempearture, the temperature  

difference across the fan coils is reduced which reduces the heat transfer across the coils. The 

combination of high building load and reduced fan coil capacity results in the space 

temperature remaining in the region of the lower bandwidth for a longer period of time. This 

results in an increased total energy consumption. A narrow bandwidth would be more 

preferable for the comfort of the occupants. The effect of changing room temperature 

bandwidth is seen to be less significant than changing the space set-point temperature.  

 

Figure 4.1.2-2 (a) SPF2; (b) SPF4 

 

No change in SPF2 or SPF4 is observed for increasing space temperature bandwidth as 

demonstrated in Figure 4.1.2-2. The increase in power consumption is matched by an 

increase in cooling output to the building. 
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4.1.3 Return Water Temperature Control  

Return water set-point bandwidth Ñ1 C 

Space set-point temperature 23 C 

Space set-point bandwidth Ñ1 C 

Return water set points tested 9, 12, 12 C 

 

 

 

Figure 4.1.3-1 (a) Operational Load Factor; (b) Total Energy Consumption 

 A decrease in load factor is observed for increasing return water set-point temperatures. This 

is due to the increased heat pump capacity at higher return water tempeatures. Because of 

this, the on cycle of the heat pump is reduced when delivering a fixed load to the building. 

The energy consumption of the heat pump and external circulation pump and the total energy 

consumption is reduced for increasing return water temperature. The external circulation 

pump switches on and off with the heat pump compressor. Thus the energy consumed will 

follow closely the trend of the load factor. However, the total energy consumption is only 

increased slightly due to the increasing fan coil energy consumption.  
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Figure 4.1.3-2 Total Fan Energy Consumption 

The fan coil power consumption increases for increasing return water temperature. This 

occurs because the temperature difference between the circuit water and the room air is 

decreased, which reduces the fan coil capacity, resulting in longer fan coil on-times. 

 

Figure 4.1.3-3 (a) SPF2; (b) SPF4 

An increase in SPF2 is observed of increasing return water temperature. This is due to the 

increased heat pump performance at high return water temperatures resulting in an increased 

cooling capacity. SPF4 however increases only by a negligible amount for increasing return 

water temperatures. This is because the increase in heat pump performance is negated by the 

increased in fan coil power consumption which results in only a slight decreases in total 

power consumption and thus SPF4. 
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stray outside the design temperatures. As the heat pump switches on, the FCUs have 

sufficient capacity for cooling and the room temperature decreases. As the heat pump 

switches off, however, the FCUs lose a significant proportion of their capacity and cannot 

match the load on the room. This offers further explanation to the lower power consumption 

of the heat pump at a return temperature of 15C, as for several hours, the average room 

temperature is approximately 24 C, instead of the designed 23C. As can be seen above, the 

higher the room temperature set-point, the lower the energy consumed by the system. This is 

only an issue during the middle of the day when the external ambient temperature is at its 

highest. At times of low load, this high return temperature is capable of maintaining the space 

temperature within the prescribed bandwidth. However, for higher ambient temperatures a 

lower return set-point is needed.  

 

Figure 4.1.3-4 Example of building load exceeding FCU capacity 

 

4.1.4 Return Water Bandwidth Control  

Return water set-point temperature 12 C 

Space set-point temperature 23 C 

Space set-point bandwidth Ñ1 C 

Return water bandwidths tested 0.5, 1.0, 1.5, 2.0, 3.0 C 
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Figure 4.1.4-1 (a) Operational Load Factor; (b) Total Energy Consumption 

The change in load factor and energy consumption with a change in return water temperature 

bandwidth is negligible (less than 2%) (see Fig 4.1.4-1). 

 

 

Figure 4.1.4-2 (a) SPF2; (b) SPF4 

 

Similarly, changes in SPF2 and SPF4 are negligible with varying return water temperature set-

point bandwidth (see Fig 4.1.4-2). 

 

Figure 4.1.4-3, with a return water bandwidth of Ñ3 C, examines the effect of the return water 

temperature bandwidth on the temperature space air, supply and return water profiles. For 

bandwidths of Ñ1 C and Ñ2 C the space air temperature is maintained within the prescribed 
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Figure 4.1.4-3 Effect of 3 C Return Water Bandwidth on Space Temperature 

 

4.1.5 Load Optimisation 

Load factor refers to the proportion of the time that the heat pump is in operation over an 

occupied period. A load factor of 0.7 indicates that the heat pump is on for 70% and off for 

30% of the time. The purpose of this load optimisation study is to access how the system 

performs under different load factors. The ambient temperature model was maintained at a 

fixed temperature for the occupied period from 7am to 10pm.  

 

Figure 4.1.5-1 SPF and Energy Consumption vs Operational Load Factor 
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Figure 4.1.5-2 Fan and ICP consumption vs Load Factor 

As seen in Figure 4.1.5-1 the energy consumption of both the heat pump and external pump 

increases for increasing load factor. This is as a result of the increased heat pump output 

required at high load. The total energy consumption of the system increases at a greater rate 

than that of the heat pump and external circulation pump for increasing load factor. This is 

due to the inclusion of the fan coil units power consumption which also increase for 

increasing load factor. The internal circulation pump, which is in constant operation, 

constitutes a constant offset between the two power consumption values. SPF2 remains 

constant as an increase in capacity output at increase load results in a proportional increase in 

power consumption. SPF4 is shown to increase for increasing load factors. This is due to the 

internal circulation pump power consumption. At lower load factors this constant term 

constitutes a larger proportion of the power consumption of the system and therefore the SPF4 

is reduced. 
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4.1.6  Temperature Compensation Algorithm s 

 

4.1.6-1 Return water set-point temperature compensation   

Temperature compensation refers in this case to an algorithm that changes the return water 

set-point temperature depending on the external ambient temperature. As seen earlier, the 

system performed more efficiently in cooling mode for a higher return temperature. However, 

the FCU capacity is reduced. This algorithm follows the pattern that at high loads (high 

ambient temperature) a low return temperature set-point is used and at low loads (low 

ambient temperatures) a high return temperature is used. The external temperature that 

triggers a change in the return water temperature is referred to as the ambient compensation 

temperature. This results in a lower energy consumption, while at all times, the room 

temperature stays within design limits. In the tests run, the same return water set-point 

temperatures were used in the temperature compensation algorithm, for ease of comparison. 

The three external ambient temperature thresholds tested are 31, 29 and 27 C with return 

water set-point temperatures switching between 12 - 15 C and 12 - 17 C. 

 

Return water temperature 12 C and 15 C. 

 

Figure 4.1.6-1 Ambient Compensation Temperature 31C 

0

5

10

15

20

25

30

35

0 200 400 600 800 1000 1200 1400 1600

T
e

m
p

e
ra

tu
re

 (
C

)

Time (mins)

Supply Return Space Ambient



23 

 

 

Figure 4.1.6-2 Ambient Compensation Temperature 29C 

 

Figure 4.1.6-3 Ambient Compensation Temperature 27C 

For an ambient compensation temperature of 31C, the system cannot maintain the required 

space temperature. For external ambient compensation temperature of 27 C and 29 C the 

space temperature does not exceed the space air bandwidth. 

 

Figure 4.1.6-4 Operational Load Factor 
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In Figure 4.1.6-4 the temperature compensation results are displayed (on the left), identified 

by their respective ambient compensation temperature. Results for a fixed return water 

temperature are also given (on the right) for comparison. Decreasing the ambient 

compensation temperature equates to a longer period of time that return water set-point of 

12 C is implemented. The load factor is greater for a return set-point of 12 C when compared 

to 15 C, as shown in figure 4.1.6-4. Therefore, the greater the proportion of time spent at a 

set-point of 12 C the greater the load factor. Because of this, a higher load factor is observed 

for an ambient compensation temperature of 27 C. 

 

Figure 4.1.6-5 (a) Total Energy Consumption; (b) Total Fan Energy Consumption 

A marginally greater total energy consumption is observed for a compensation temperature of 

27 C. 

 

Figure 4.1.6-6 (a) SPF2; (b) SPF4 

 

An increase in SPF2 is observed for increasing ambient compensation temperature due to the 
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system using a compensation temperature of 31 C does not ensure an acceptable room 

temperature at all times. 29 C is seen to be the best compensation temperature. 

 

Return water temperature 12 C and 17 C. 

 

Figure 4.1.6-7 Ambient Compensation Temperature 31C 

 

Figure 4.1.6-8 Ambient Compensation Temperature 29C 
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Figure 4.1.6-9 Ambient Compensation Temperature 27C 

The space temperature remains under control for the occupied period for compensation 

temperatures of 27 C, but is out of control at times with a compensation temperature of 29 C 

and out of control for extended periods 31 C. 

 

 

Figure 4.1.6-10 Operational Load Factor 

 

Load factor increases with increasing return water temperature set-point and decreases with 
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Figure 4.1.6-11 (a) Total Energy Consumption; (b) Total Fan Energy Consumption 

 

As with return water temperatures switching between 12 C and 15 C, the total energy 

consumption increases for decreasing external ambient compensation temperature.  

 

Figure 4.1.6-12 (a) SPF2; (b) SPF4 

 

An ambient compensation temperature of 31 C offers the highest SPF2 values. However, at 

31 C the space temperature is not maintained within the defined bandwidths. Therefore, a 

temperature of 29 C or 31 C is preferred. With respect to SPF4, values are similar for all 

compensation temperatures. 

For both compensation strategies of 12 C-15 C and 12 C-17 C a threshold temperature of 

29 C offered the best results when considering SPF2. At 12-17 a higher SPF2 values is 

observed than at 12-15. SPF4 values in both cases are the same. 
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4.1.6-2 Space air temperature set-point compensation   

Temperature compensation refers in this case to an algorithm that changes the space air set-

point temperature depending on the external ambient temperature. The system demonstrated 

lower total power consumption for a lower space set-point temperature. The algorithm 

follows the pattern that at high loads (high ambient temperature) a high space set-point 

temperature is used. At low loads (low ambient temperatures) a low set-point temperature is 

used. This results in a lower energy consumption, while at all times, the room temperature 

stays within design limits. In the tests run, the same test space set-point temperatures were 

used in the temperature compensation algorithm, for ease of comparison. The three external 

ambient temperature thresholds tested are 31, 29 and 27 C with space set-point temperatures 

switching between 23 C - 25 C and 25 C - 27 C. 

Space temperature 23 and 25C 

 

Figure 4.1.6-13 Ambient Compensation Temperature 31C 
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Figure 4.1.6-14 Ambient Compensation Temperature 29C 

 

Figure 4.1.6-15 Ambient Compensation Temperature 27C 

For all cases outlined above, temperatures remain within the design limits. 

 

Figure 4.1.6-16 Operational Load Factor 
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The load factor decreases with a decrease in the ambient compensation temperature. 

 

Figure 4.1.6-17 (a) Total Energy Consumption; (b) Total Fan Energy Consumption 

 

The energy consumption of all components (except ICP) is increased for increasing ambient 

compensation temperature.  

 

Figure 4.1.6-18 (a) SPF2; (b) SPF4 

 

Changes in SPF2 and SPF4 with a change in compensation temperature are negligible. As 

mentioned before, the energy consumption rather than the SPF should be considered when 

adjusting the room load. Therefore, an ambient compensation temperature of 27C should be 

used as it results the lowest total energy consumption. 
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Space temperature compensation 25-27 

 

 

Figure 4.1.6-19 Ambient Compensation Temperature 31C 

 

Figure 4.1.6-20 Ambient Compensation Temperature 29C 
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Figure 4.1.6-21 Ambient Compensation Temperature 27C 

For all cases outlined above, temperatures remain within the design limits. 

 

Figure 4.1.6-22 Operational Load Factor 

A higher load factor is observed for an ambient compensation temperature of 31C as more 

time is spent at a space set-point temperature of 25 C than 27 C. 

  

Figure 4.1.6-23(a) Total Energy Consumption; (b) Total Fan Energy Consumption 
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For adjusting space temperature, total energy consumption should be considered. At a lower 

space set-point temperature the total energy consumption increases due to the increased 

building load. Therefore a threshold temperature of 31C results in higher energy 

consumption and 27C results in lower energy consumption. Energy consumption is reduced 

by 5 kWh over the course of a day. 

 

  

Figure 4.1.6-24 (a) SPF2; (b) SPF4 

 

SPF2 and SPF4 values are unchanged for the different compensation temperatures.  

Comparing space temperature switching between 23C -25 C and 25 C -27 C it can be seen 

that at greater energy saving potential is observed for an ambient compensation temperature 

of 27 C with space air set-point switching between 25 C and 27 C. 
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4.2 Heating Mode 

Heating mode simulations we performed in a similar manner to those run in cooling mode. 

When heating, water is supplied to the space at a higher temperature than that of the building 

and returns at a cooler temperature. The higher the supply temperature, the greater the 

capacity of the FCUs.  

4.2.1 Space Temperature Control  

Simulations were run to explore the effect of different space set-points on the performance of 

the system. 

 

Different space set-point temperatures were used: 20, 21, 22, 23, 24 and 25 C. 

Fixed return water set-point temperature: 12 C 

Fixed return water bandwidth: Ñ1 C 

Fixed space set-point bandwidth Ñ1 C 

 

 

Figure 4.2.1-1 Operational Load Factor; (b) Total Energy Consumption 

 

The load on the building increases as the temperature difference between the space and 

outside gets larger. Therefore, as seen in Figure 4.2.1-1, building load increases as space set-

point temperature rises. Energy consumed also increases in line with load factor. Fans, 

external circulation pump and heat pump consumption all rise with increasing set-point 

temperature because it more energy is required to heat the space. There is a significant 

increase in energy consumption for each degree celsius increase in space temperature set-

point. 
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Figure 4.2.1-2 (a) SPF2; (b) SPF4 

SPF2 and SPF4 increase with increasing space set-point temperature i.e. load. Increased load 

factor results in an increase in system performance. This improved performance does not, 

however, justify high energy cost of higher set-point temperatures. 

When using a room temperature set-point of 20 C, the heat pump is off for three hours in the 

middle of the day. The ambient temperature comes close to the room temperature, so there is 

a reduced load between 12pm and 5pm. The load is insufficient for the heat pump to turn on 

between 2 and 5pm. For all set-points used in the tests, the load factor in the middle of the 

day is small. For a space set-point of 24 C (the most energy intensive), the load factor is as 

low as 0.36.  

 

4.2.2 Space Bandwidth Control 

A fixed space temperature is used in throughout the building and the effect of varying space 

temperature bandwidth from 0.5 C to 3 C was examined.  

Fixed return water set-point temperature: 40C 

Fixed return water bandwidth: Ñ1C 

Fixed space set-point temperature: 22 C 

Space temperature bandwidths used: Ñ 0.5, 1, 1.5, 2 3 C 
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Figure 4.2.2-1 (a) Operational Load Factor; (b) Total Energy Consumption 

 

No major change is seen in load factor, and consequently energy consumption, with changing 

bandwidth. There is a slight decrease in load factor and energy consumed for bandwidth of 

±3°C (see below).  

 

 

Figure 4.2.2-2 (a) SPF2; (b) SPF4 

There is a slight increase in SPF2 for bandwidth of Ñ2 and 3 C. SPF4 shows similar results for 

all bandwidths. 
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Figure 4.2.2-3: 3 C Bandwidth mid-day zero load 

Figure 4.2.2-3 shows the effect of the Ñ3 C bandwidth on the system. The heat pump is off 

for an extended period, leading to a reduction in energy consumption. This explains the drop 

in building load for that bandwidth.  

Overall there is negligible difference between the different bandwidths in terms of energy 

consumed, heat output and SPF. As a result it can be concluded that there is no apparent 

disadvantage to using narrow bandwidth. A narrow bandwidth will improve the comfort level 

for the occupant and should be used. 

 

4.2.3 Return Water Temperature Control. 

The effect of changing the return water set-point temperature is explored in the following 

section. In cooling mode, the system ran out of capacity and the room temperature went out 

of control at high load and high return temperatures. In heating mode, for all test cases, room 

temperature was maintained within the bandwidth in the control strategy. The reasons for this 

are quite simple.  

¶ The office is unoccupied for the coolest part of the day. The office is only used 

between 7am and 10pm. As such, the heat pump does not deal with the dayôs highest 

load.  
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¶ There is less of a need for heating in a Mediterranean climate than cooling. The 

temperature curve used in the simulation means that no ambient temperature lower 

than 10 C is seen by the building. 

In the cooling tests, ȹT decreased with decreasing return water set point temperatures, but 

when heating, the heat pump ȹT remained at approximately 8 C. The reason for the constant 

ȹT can be explained by the fact that in heating mode, the external heat exchanger acts as a 

condenser, which operates under a counter-flow arrangement, instead of co-current for 

cooling. 

 

 

Figure 4.2.3-1(a) Operational Load Factor; (b) Total Energy Consumption 

There is a slight increase in load factor with increasing return set-point temperature. Increase 

in load factor is explained by poorer performance of heat pump for high supply temperatures, 

resulting in longer on cycles. Energy consumed rises steadily for all return temperature 

because as heat pump performance decreases with increasing return water set-point 

temperature. The total power consumption of the heat pump increases for increasing return 

water temperatures as shown in figure 4.2.3-1. However, the on time of the fan coils 

decreases due to the increased heat transfer across the coils, largely offsetting the heat pump 

and external circulation pump consumption. The result is a slight increase in total energy 

consumption. 
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Figure 4.2.3-2 (a) Heat Pump Heat Output; (b) Fan Energy Consumption 

The load on the building remains almost constant so heat provided by heat pump remains 

almost constant, while the energy consumed by the fan coil units decreases with increased 

return water set-point. 

 

Figure 4.2.3-3 (a) SPF2; (b) SPF4 

SPF2 decreases with increasing return water temperature. This is due to the increase in heat 

pump power consumption for increasing return water temperature set-points. SPF4 decreases 

at a less significant rate when compared to SPF2. This is due to the decrease in fan coil power 

consumption for increasing return water temperature. 

 

0

20

40

60

80

100

120

140

35 37 40 43 45

H
e

a
t 
O

u
tp

u
t 
(k

W
h

)

Return Water Set-Point (C)

0

1

2

3

4

5

6

7

8

35 37 40 43 45

E
n

e
rg

y 
C

o
n

su
n

m
e

d
 (

k
W

h
)

Return Water Set-Point (C)

0

1

2

3

4

5

35 37 40 43 45

S
P

F
2

Return Water Set-Point (C)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

35 37 40 43 45

S
P

F
4

Return Water Set-Point (C)



40 

 

4.2.4  Return Water Bandwidth Control  

 

Figure 4.2.4-1 (a) Operational Load Factor (b) Total Energy Consumption 

Load factor and energy consumed do not change for varying return water temperature 

bandwidth. 

 

Figure 4.2.4-2 (a) SPF2; (b) SPF4 

SPF2 and SPF4 remain unchanged for varying return water temperature bandwidth. Overall 

varying the bandwidth of the return water temperature has little or no effect on the system 

performance. The only concern is therefore comfort associated with the bandwidth. For 

comfort, a narrow bandwidth would be preferred, and this is seen to have no negative 

performance effects. 
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4.2.5 Load Optimisation  

The effect of load factor, similar to that outlined in the cooling section is that of increasing 

energy consumption with increasing load factor.  SPF2 and SPF4 increase with load factor. 

Energy consumed increases also, with all components (except ICP) consuming energy at a 

rate directly proportional to load factor. The internal circulation pump is always in operation 

during the occupied period. Therefore, the associated power consumption is fixed at just over 

2kWh for the day. The increase in both SPF2 and SPF4 indicates that the system should be on 

as much as possible to take advantage of the improved performance. This improvement in 

SPF indicates that temperature compensation for load matching and variable speed heat pump 

would help boost the viability of heat pumps for space heating. 

 

Figure 4.2.5-1 (a) Energy Consumption Breakdown; (b) Fan and ICP consumption 

 

Figure 4.2.5-2 SPF and SPF2 for Load Factor 
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4.2.6 Temperature Compensation Algorithm s ï Heating Mode 

Similar to that for heating, the aim is to reduce the energy consumed while maintaining the 

desired space temperature. As the loading of a Mediterranean climate did not push the system 

to its maximum capacity, a temperature compensation algorithm would not prove necessary: 

the lowest return set-point would yield the best results. Therefore, for the following tests, a 

cooler temperature profile was used.  

The temperature compensation algorithm operates to reduce the load on the building. The 

purpose of reducing the load is such that the system can operate in as an efficient manner as 

possible, without going over system capacity. When the temperature is below a threshold 

called the ambient compensation temperature, a lower internal temperature is used.  As seen 

in section 4.2.1, heating the space to a lower temperature results in significant energy savings 

because the load is lower. The ambient temperature profile differs from those used in earlier 

studies, in order to increase the system load. 

 

4.2.6-1 Space Temperature Compensation: 21 and 23 C 

Ambient Compensation temperatures used: 6, 8, 10 C 

Space temperature bandwidth: Ñ1 C. 

Return water set-point temperature: 40C. 

Return water bandwidth: Ñ1 C 

Space set-point temperature:  

21 C if ambient temperature below compensation temperature  

23 C if ambient temperature above compensation temperature 
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Figure 4.2.6-1 Ambient Compensation Temperature 6C 

The space doesnôt reach the lower bandwidth before the ambient temperature reaches the 

compensation temperature, so no step change is seen at the start of the day. At the end of the 

day, before the switch to the lower space temperature, the system is seen to reach capacity 

just before the switch to the lower bandwidth. The heat pump runs out of capacity before the 

FCUs do, the opposite of that for cooling, for two reasons: 

o There is a larger temperature difference between the water and the room in 

heating than cooling, providing the FCUs with a greater capacity. 

o The heating capacity of the heat pump is less than that for cooling. 

 

Figure 4.2.6-2 Ambient Compensation Temperature 8C 
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The system comfortably has enough capacity to maintain the two space air set-point 

temperatures. At the very end of the day, the load begins to exceed the capacity of the heat 

pump. 

 

Figure 4.2.6-3 Ambient Compensation Temperature 10C 

 

Similar to a compensation temperature of 8 C the system has sufficient capacity at 10ÁC, but 

the load becomes too great at the end of the day. 

 

Figure 4.2.6-4 (a) Operational Load Factor; (b) Total Energy Consumption 

Load factor and total energy consumed decrease as expected with increasing external ambient 

threshold temperature. With increasing temperature, the proportion of time spent at the high 

space set-point is lower, resulting in lower overall load on the building. Fan consumption also 

decreases as the required load on the FCUs is lessened. 
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Figure 4.2.6-5 (a) SPF2; (b) SPF4 

SPF2 and SPF4 show little change in value, indicating no improvement in performance. There 

is, though, an improvement by using temperature compensation, as the energy consumed is 

reduced. 

 

4.2.6-2 Space Temperature Compensation: 19 and 21 C 

Ambient compensation temperatures: 6, 8, 10 C 

Space temperature bandwidth: Ñ1 C 

Return water set-point temperature: 40C 

Return water bandwidth: Ñ1 C 

Space set-point temperature:  

19 C if ambient temperature below compensation temperature  

21 C if ambient temperature above compensation temperature 

 

 

Figure 4.2.6-6 Ambient Compensation Temperature 6C 
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