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1 Introduction

This report constitutes Deliverable 4.3 entitledegrated Building and Heat Pump Control
Strategiesas part of Work Package 4 (WP4) of the GROUNDMED project. This deliverable
was completed in collaboration with partners UPV (Universidad Politecnica de \glenc
KTH (Royal Institute of Technology) and GroenHolland. The overall aim of Deliverable 4.3
is to developcontrol algorithms for evaluation as per the GROUNDMED project. Task 4.1
resulted in Deliverable 4.1 [1]. The system mathematical model of thelldB&idP unit, as
outlined in [1] was developed using Engineering Equation Solver (BBESMATLAB [2,

18]. This model incorporated each of the system components including: fan coils, circulation
pumps, hydronic pipe network, storage tank, building contttdospace, as well as the heat
pump performance maps. The heat pump performance maps, which were developed using the
vapour compression software package IM&RT, were validated using experimental results

in Deliverable 4.2[3].The sensitivity studies armassociated 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

demonstratiorphase of the project.



2  Background and Context

2.1 Backgound

The coefficient of performance (COP) of a heat pump systeringrily influenced by the
temperature difference between the source anditile This value idurther degraded by
pressure losses in trapour compressiopipe network and heat exchangand losses in the
compressorlf a system COP is considered, then losses attributatplevwter consumption of
auxiliary units such as circulation pumps and fan cailsp act to degrade the heat pump
COP.Improvements in efficiency and correct sizingooimponents 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 integratedntrol can alseeduce energy usage.

While the COP is a measure of the instantaneous performance of the heatheuseasonal
performance facr (SPF)refers to the performance of system components over a heating or
cooling season and therefore gives a more realistiication of possible energy savingss.

this document, the system is analysed u#lirgsystem performance factor meas@gstem
performance factor refers to the heating (or cooling) output of the system to the energy
consumption.Several definitions oSPF exist depending on the components included for
power consumptignin s similar manner to the definition of seasonal performancerfagto
Nordman et al [4]SPR considers the power consumption of the heat pumhge SPFE also
considers the pump oing source loop. SRFEonsiders the internal hydronic circuit pump,
while SPFR includes the fan coil unitsThe SPF definitionsre outlined in Table 1The
control strategies implemented and the transient response of the heat pump system will

increasinglyplay a critical role in increasing the SPF.

> :
PR 6 SR e
— A
SPE ) (I'):bHP Ps_pu:: +PB_pump e cﬁDHp + I:)s_pump ':PPB_pump PB—fa“S “

Table 1: Systenmperformance factor definitions
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Heat source Heat sink Heat sink
pump pump fan

Figure 2.1-1: Schematicrepreseration of the SPFdefinitions

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 heatisgstem [5] Somestudies have pointed to the suitability of
GSHPs for Mediterraneatimates [6] The use of GSHPs in warmer climates for heating and

cooling applications has not received much attertbasate

2.2 Individual control strategies

The type of componentnd 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 agppmapriate temperature
instrumentation allow for the control of the sqtoint and bandwidth of the circuit water and

Spacgemperature.

Temperature sqioint reset refers to adjusting the supply or return circuit water or space air
temperature depending on the building load, wieeh be characterised by the external
temperature. The bandwidth of the-peint influences temperature oscillation and number of

compressor stadps.

With regards to variable speed control of circulation pumps power savings can only be
realised if, foran increased pump frequency, an increase in power consumption is offset by
the increase in system capacity. However, the optimalfaiesisalsodependent on the heat
pump and secondary pump dynamics along with wataperatureHepbasliet al (2003)[7]

also noted from tests on a GSHP systemerethe secondary circuit circulations pumps were
3



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 tasf jae 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 daesare expectg@igure2.2.1). Double

loop buffer tanksshown in Figure 2.2.2, cape 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 stratificatiomithin the tank.

Air handlin
Heat Pump I | | o

Return e | -

Supply Supply

@ (0)

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

0
HP DelT1
(constant)

Del T 2
(variable)

ml mé

Figure 2.2-2 Double loop buffer tank configuration

Temperature sdiack during off peak timeslso known as night sdback, can be used to
reduce system poweonsumption. Night sdiack refers to resetting the room temperature
during unoccupied times and can be used in conjunction with passive TES as part of a
cooling strategywhere the building thermal mass is charged at night. This is known as night
coolingand utilises reduced energy price and cooler external temperature atonigtitice
cost[8]. In astudy byGuo and Nutter (2010bptimal night setback temperature and length

of implementation were tested for buildings with large and small thermaktitapafor

heating and cooling modesyhile changing outdoor temperatures and different building
4



orientations[9]. Optimum sefpoints were observed for buildings with a large thermal
capacity which varied with outdoor temperature for heating and codliog. thermal
capacity buildings showed a decrease in energy consumption with decreagogmisefor
cooling. The disadvantage of this type of control is that it requires an accurate building model
and savings are highly dependent on building type aiftirates.

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] usedefrcooling 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 studyQipriano et al [11] it was found through
simulation that the use of an earth tube during thagloling reduces the efficienayf the
strategy. Similarly night cooling using a ground source heat pump \Wedidely toproduce

a lower efficiency than an air source heat pump.

In certain studies night ventilatiosimplemened without the use of aubdding model as part

of a freecooling strategy. Tsukamott 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 thatareently in use are generally heuristic

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

increase in power consumptionresult indiscomfort for occupant<lf].

2.3 Meta-control strategy

Figure 2.31 shows theoverall architecture for metzontrol 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 ssjgcas
ambien, 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 alorfte veigh t

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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e
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Figure 2.3-1 Meta controls strategy overview

2.3.1Capacity Control

During occupied itmes 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 pace temperaturelhe 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 spbint control is used for controlling a constapeed heat pump by
on/off cycling of the compressor. If variable speed circulation pumps are also indtadied

water temperature flow rate can be reset to maintain a constant water temperature difference
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across the heat exchamgeln systems with varlde speed compressorthe load on the
system can be directly matched by varying the compressor frequency. If circulation pumps
are also present both the floate and supply water temperature can be controlled. The
optimal compressor and pump frequenctbst 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 andES tanks are present, system optimisaisolikely to be more complex. A
number of objective terms are available for optimisation such as energy cost, power
consumption and COP. khowledge of the building dynamics, future occupancy and weather
profiles are knownthen 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 instantaneougocasted 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 int@8oiab operating conditions in order

to maintain the space temperature-gant. 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 WIS, 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, therefothe minimum power consumption also gives the
maximum COP. Energy cost reduction is also direalgted to power consumption, except

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

presence of TES, either actigepassive.

Night setback of room temperature can be used to reduce the energy consumption during
unoccupied times. However, the level of-Batk 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



may be charged at off peak times using less sophisticated models. Therafoteewse of

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

2.4 ExampleStudies

In air-source heat pumps, a combination of strategies can be deployed using heuristic,
optimal or near optimal methods. Control of condenser latiom pump speeds and cooling
tower fan speed is often used in large plants with multiplsairce chillers as part of an
optimisation strategy, without considering active or passive TES. Adaptihmisgtcontrol

has been researched for smaltsmuce heat pump systems with the use of heuristic control
related to currerbuilding load [14].

Karlssonand Fahlen[15] optimised variable speed circulation pump flenates for of a
variable capacity heat punfpr a GSHP system The seasonal performance fac 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 Fahi@mnd Karlsson[16], on/off compressr 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 pwitp 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 88% to 8%.

In a study by Da Silvet al[17] variablespeed compressor control svaompared 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 whereasotiieff method did notTo date,

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

considering their control at a system level are not available.



3 Methodology

The generalised mathematical model developed as part of [dliged.1 was originally
implemented using the Engineering Equation Solver software, wamsptemented using
MATLAB. This model was validated against emgitidata from PartnddPV (Universidad
Politecnia de Valenciaand is fully describedh Deliverable4.2. The MATLAB modelthe
basictechniquesavailableto 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 cotdtblising thespaceemperature.

The simulatiorstudies in Section éxplore 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 lo&ttor, energy consumption, SP&d SPFE 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 tpeirdst and

bandwidths fothe simulationstudy are given below:
Return water sgboint temperature: 12°C cooling0°C heating
Return water sgpboint bandwidth: +1°C coolingnd+1°C heating
Space sepoint temperature: 22°C heatii28°C cooling

Space water sqtoint bandwidth: £1°C coolingnd+1°C heating

The simulation studglso explore the effect of load factor on SPF and energy cqgsumn
as well as a temperature compensation algorithm using the indicators described above. In
addition, 24hour time traces for supply and return water terajpee space and ambient

temperaturare giverfor each simulation to verify the findings of each simulated daily cycle.



4  SystemPerformance Analysis and Control Algorithm Development

4.1 Cooling

Return water temperature refers to the temperature of dber wntering 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 frospdiceand absorbed by the
water loop. The room cools downelto the transfer of heat to the internal hydronic circuit.
As the water reaches the upper limit (i.e-@@nt plus bandwidth), the heat pump turns on.
As the water reaches its lower limit (g&tint minus bandwidth), the heat pump switches off

and thecycle 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 canbthus
controlled.Figure 4.11 shows arinvestigation of the effect changing the retuvater and

spacesetpoint temperature and bandwidth has on the performance of the system.

Return Room External

—Supply

(28]
=
-y
L

25

&
-

20

15 7 &4

10 — —
k 7 ———\

5

400 410 420 430 440 450

Time [{mins)

Temperature [C)

Figure 4.1-1: Sample startup operation of heat pump

Figure 4.11 shows spacair; return and supply water temperaturefies in cooling mode

over a ® minute period at the beginning of occupied time.
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1. At 7am the systerbeginsits operaional cycle The FCUs begin to cool the room and
the water return temperature rises.

2. Theheapump turns on, cooling the water by
the pipe network to the FCUs.

3. Initially, the rate of room heatingnfluencedby externalambient temperatuyras
slow as the external temperature is low.

4. The cooled supply wateakes approximately three minutes to circulate through the
systemBecause of this time lag, tiheat extracted from the rootmeats up the return

water causing the temperature to initially ridespite the heat pump being on

— Supply Return Space — Ambient

P

w

5 P i
=

=)
g
o
a
a 15
a
=10

Time [mins)

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

Figure 4.12 shows space air and return and supply water temperature profiles in cooling
mode over &0 minute period during occupied time at low load.
1. As the heat pump switches off as the return temperatureagdoh 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), thes have lower capacity
because the supply temperature is now higher, so the remperature decreases

more slowly.

11



The temperaturécreasesteeply again as the fans switch off. The fans cool slowly
once turned on again, as the heat pump is still off.

The heat pump switches on again and the supply temperature to the FCUs drops
cawsing the room to cool more quickly.

35

30

25

20

15

Temperature [C)

10

5

0

800 810 820 830 840 850 860 870 880 890 900

— Supply Return Space — Ambient

N

—— 17 1
— — —

Time [mins)

Figure

Figure 4.1-3: Effect of higherload on system operation

4.13 demonstrates air and return and supply water temperature profiles in cooling

mode over 400 minute period during occupied time at high load.

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.

The FCUs are also switched off for less time as the loads remains high in the middle
of the day
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4.1.1 Space TemperatureControl
Returnwatersgp oi nt t emperature 12 C
Return water bandwidth N1 C

Spacesepoi nt temperature bandwidth N1 C

Spacesepoi nt temperatures tested 21, 22, 23,
0.8 £ 50
- < 40
% 0.6 - ;i: 0
% 04 - g T m Fans
n 20 -
g 2 wICP
a 0.2 4 Q 10 -
Q2 = ECP
0 - o 0 A
) mHP
21 22 23 24 25 5 21 22 23 24 25
Room SetPoint Temperature (C) Space SePoint Temperature (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 gp&EDe set
temperature. This results in a decreased load factor as observaglrie #1.11. Energy
consumed by the heat pump also decreases gwmis¢tincreases due to the decreased
building load: 24.4kWh to 16.6kWh and for a sepointof 21 C and 25 C r ¢
When <cooling, a 1 -p@nt temperat@eahmsea sigmficant @ftech onsthe t

energy consumption. For example, increasing thgseti nt from 22 to 23 C
pump energy consumption by XWh (15%).

21 22 23 24 25 21 22 23 24 25

Space SePoint (C) Space SePoint (C)

SPF2
OFRL NWMOUGTO
SPF4
O B N W N

Figure 4.1.1-2 (a) SPF2;(b) SPF4
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All values of SPE are lower than SRFas the energy consumption of the fan coils internal
circulation pump is considered in SPHFhe value SPFdoes not change significantly with
changing space temperature-geint. This is because while energy consumed decreases, the
cooling energy output of the heat pump also decreases with increasing sppo@tset
temperature. This is also true for SRS the increase in power consumption of the fan coils

is also proportionalat 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 spacepsett temperatures). However, the
internal circulation pump power consumption is not substantial enough to affect the SPF
value significantly. When adjusting the room temperaturegsktt, the energy consumption

should be considered rather than the SPF values.

The fan coil unitsare obseved not to be capable of maintainhghe r oom wi t hi n
bandwi dt h of a s Aststatpdabonet redacing tBelpeird temp2ratureCof

the room is akin to changing the load on the buildargd this load proved too great for the
system.

4.1.2 Space Bandwidth Control
Returnwatersgp oi nt t emperaturel2 C
Returnwatersgp oi nt bandwi dt h N1 C
Spacesepoi nt temperature 23 C
Space bandwidths tested 0.59),1..5, 20, 3.0 C

0.7 S 50
0.6 =
= 40
2 05 - é I I I I I
& 04 - 5 30 - E Fans
g 031 § 20 IcP
- g'i ] > 10 - = ECP
O n T T T T :Cj O n .HP
0.5 1 15 2 3 05 1 15 2 3
Space Bandwidth (C Space Bandwidth (C

Figure 4.1.21 (a) Operational Load Factor; (b) Total Energy Consumption
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As seen if Figure 4.1-2(a), an increase in bandwidth results in an increase in load factor.
The space temperature fluxuates between the upper and lower bandwipltimtsetAs the
bandwidth is increased the temperature differnce betweempdce snadutsidewill 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 transdcross the fan coils is not significatly
affected.At high load,however,when the room is at its lowest tempearture,tédmperature
difference across the fan coils is reduced which reduces the heat transfer across the coils. The
combination of high bilding load and reduced fan coil capacity fesun the space
tempeature remaining in the region of the lower bandwidth for a longer period of time. This
results in an increased total energy consumptdmarrow bandwidth would be more
preferable for e comfort of the occupants. The effect of changing room temperature

bandwidth is seen to be less significant than changing the spgusrgeemperature.

6 4.0
4 - e
N N 2.5 -
(C/L) 3 - a 2.0 -
2 15
1 0.5 -
0 i T T T T 0.0 = T T T T
0.5 1 15 2 3 0.5 1 15 2 3
Space Bandwidth (C Space Bandwidth (C

Figure 4.1.22 (a) SPF2 (b) SPF4

No change in SRFor SPRF is observed for increasing spatmmperaturebandwidth as
demonstrated in Figure 4.12 The increase in power consumption is matched by an

increase in cooling output to the building.

15



4.1.3 Return Water Temperature Control
Returnwatesetp oi nt bandwi dt h N1 C
Spacesepoi nt temperature 23 C
Spacesepoi nt bandwi dth N1 C

Return water set points tested 9, 12, 12
0.7 < 40
0.6 Z 35
S 05 5 301
© 25 - m Fans
©
L 04 % 20 -
% 0.3 £ 15 - ICP
4 0.2 O 10 - mECP
0.1 & 5-
0 2 0 - mHP
9 12 15 . 9 12 15
Return Water Sefoint (C) Return Water Sefoint (C)

Figure 4.1.31 (a) Operational Load Factor, (b) Total Energy Consumption

A decrease in load factor is observed for@&asing return water spoint 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 consumptiasf the heat pump and external circulation pump and thedgo&by
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 4.1.32 Total Fan Energy Consumption

The fan coil power consumption increases for increasingrrestater temperature. This
occurs because the temperature difference between the circuit water and the room air is

decreased, which reduces the fan coil capaeulting in longer fan coil etimes

6 4.0
5 30
o 4 N 25
% 3 a 2.0
5 @ 15
1.0
1 05
0 0.0 ; ;
9 12 15 9 12 15
Return Water Sefoint (C) Return Water Sefoint (C)

Figure 4.1.33 (a) SPF2 (b) SPF4

An increase in SB 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. SPFhowever 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 SPF

The effect of increasing the return wattemperature is shown below with a return
temperature sgg 0 i nt C.dHe roanbsepoi nt t emperature is 23 C
N1 C. For simul ations-poumt wot h9aC,rethenr oval
maintained within these the assgghbandwidth for the duration of the day. However, as
shown in Figure 4.1:3, withareturnsgpoi nt of 15 C the room t emj
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stray outside the design temperatures. As the heat pump switches on, the FCUs have
sufficient capacity for aoling 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 pum a't a r et ur nC, axefornmevera hours, ¢he avdéragel rbom
temperature is approxi mat eG. s cande seen abovesthee a d
higher the room temperature gint, the lower the energy consumed by the systdns. 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 highereamtemperatures a

lower return sepoint is needed.

35 — Supply —— Return Space —— Ambient

30 ——— ——
G 25 T — —
% 20
S L AN A AL D AAADN
e Y

. NN NN

0 . . . . .

600 700 800 900 1000 1100 1200

Time (mins)

Figure 4.1.3-4 Example of building load exceeding FCU capacity

4.1.4 Return Water Bandwidth Control
Returnwatersgp oi nt t emperature 12 C
Spacesepoi nt temperature 23 C
Spacesepoi nt bandwi dth N1 C
Return water bandwidths tested 0.9), 1.5, 20, 30C
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Figure 4.1.41 (a) Operational Load Factor, (b) Total Energy Consumption

The change in loathctor and energy consumption with a change in return water temperature
bandwidh is negligible (less than 2%) (see Fig 4-1)4

6 4.0
_ 3.5 -
j 3.0 -
[N T 2.5
o o3 - o 20 -
" D15 -
2 - 1.0 -
1 - 0.5 -
0 n . . . . 00 b T T T T
05 1 15 2 3 0.5 1 1.5 2 3
Return Water Bandwidth (C) Return Water Bandwidth (C)

Figure 4.1.42 (a) SPF2 (b) SPF4

Similarly, changes in SBFand SPEare negligible with varying return watemperatte set
point bandwidth (see Fig 4.12).

Figure 4143, wi th a return water bandwidth of N3
temperature bandwidth on the temperature space air, supply and return water profiles. For
bandwi dths of N1 C and N2 C the spadbed air t
i mits. However, for a bandwidth of N3 C the
the supply/return water is at the upper return water bandwidth. At this condition the fan coils

lack sufficient capacity because the watapplied bythe heat pmp is close to theoom

temperature. However, the temperature does n
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Figure 4.1.43 Effect of 3 C Return Water Bandwidth on Space Temperature

4.1.5 Load Optimisation

Load factor refers to the proportion of thené 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

performsunderdifferent loa factors. The ambient temperature model was maintained at a

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

SPF

——SPF2 SPF4

==FEnergy Consumed Tot: ==Energy Consumed HP+E!

6 60
5 50 s
— |2z
4 40 5
(4}
X /7 .
2 —— 20 3
1 10 &
O T T T T 0 8
L

0 0.2 0.4 0.6 0.8 1
Load Factor

Figure 4.1.51 SPF and Energy Consumption v®©perational Load Factor
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Figure 4.1.52 Fan and ICP consumption vs Load Factor

As seenn Figure 4.1.51 the energy consumption of both the heat pump and external pump
increases for increasing load factor. Thisagsa resulof the increased heat pump output
requiredat high load The total energy consumption of the system increasesrattegrate

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 iscamstant operation,
constitutes a constant offset between the two power consumption valuesregRins
constant as an increase in capacity output at increase load results in a proportional increase in
power consumption. SR¥ shown to increase for ireasing 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 SPF
is reduced.
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4.1.6 Temperature Compensaion Algorithm s

4.1.61 Return water setpoint temperature compensation

Temperature compensation refers in this case to an algorithm that changes the return water
setpoint temperature depending on the external ambient temperature. Asasben 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 retutemperaturesetpoint is usd and at low loads (low
ambient temperatures) a high return temperature is used. The external temperature that
triggersa change in the return water temperature is referred to asrtbentcompensation
temperature. This results in a lower energy consiamptwhile at all times, the room
temperature stays within design limits. In the tests run, the same return wapeinset
temperatures were used in the temperature compensation algorithm, for ease of comparison.
The three external ambient temperatureegholds tested ar@ 1 , 29 and 27 C wi
water sefpoint temperatures switching between-1I125 C ahd Q.2

Return water temperature 12 C and 15 C.
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Figure 4.1.61 Ambient CompensationTemperature 31C
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Figure 4.1.62 Ambient Compensation Tenperature 29C
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Figure 4.1.63 Ambient Compensation Tempeature 27C

For an ambientcompensatiotemperature f C3the system cannotaintain therequired
space temperater For external ambientompensatiot e mper at ur e of 27 C

space tempeture does not exceed the space air bandwidth.
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0.2
0.1

0 -
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31 29 27 9 12 15
Compensation Temperature/
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Figure 4.1.64 Operational Load Factor
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In Figure 4.1.64 thetemperature compensatioesults are idplayed(on theleft), identified

by their respectiveambient compensation temperature. Results for a fretdgrn water

temperature arealso given ¢n the right) for comparison. Decreasing the ambient

compensationtemperature equates to a longer period of time that return watpoisetof

c

omn

12 C i s i mplbad faconis grediter fol hreturnpeintof 12 C when
tol5 C, as s h o wnd4. Thereforei tigeugreater the ptopodtion of time spent at a
setpoi nt of 12 C the gr eat,ahigherltoad fdctorasadbsdrnadt t or .
for an ambientompensatiotemperature 02 7 C.
< 40 < 12
< 35 2 10
o 30 - °
% 25 - m Fans GE; 8 -
20 - |
O O 4 -
5 10 - mECP || 3
g 5 - & 2
S o - HP 0 0 -
31 29 27 9 12 15 31 29 27 9 12 15
Compensation Temperature/ Compensartion Temperature/
Fixed Returnm SePoint (C) Fixed Rreturn SePoint (C)

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

A marginally greater total energy consumption is observed dongensatiotemperature of

27 C.
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Figure 4.1.66 (a) SPF2; (b) SPF4

An increase in SPHs observedor increasingambientcompensatiotemperatureue to the

reduced power consumption of the heat pump and external circulation pump, whereas values

for SPR do not vary significantly for differerdompensatiotemperature As mentioned, a
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system using aompensatiotemperaturef 31 @oes not ensure an acceptable room

temperature at all time29 @& seen to be the best compensation temperature

Return water temperature 12 C and 17
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Figure 4.1.67 Ambient Compensation Temperature 31C
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Figure 4.1.68 Ambient Compensation Temgerature 29C
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Figure 4.1.69 Ambient Compensation Temperature 2T

The space temperature remains under control for the occupied peri@dni@ensation
t emper at u,buis oubof corfrgl at Gmes withcompensationemperature o2 9 C

and out of ontrol for extended periods1 C.
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Figure 4.1.610 Operational Load Factor

Load factor increases with increasing return water temperatumisgiand decreases with

compensation temperature

26



40
35 -
30 -

25 - m Fans
20 -
15 - mICP

10 - mECP

0 - mHP

31 29 27 9 12 15 31 29 27 9 12 15

Compensation Temperature/ Compensation Temperature/
Fixed Return SePoint (C) Fixed Return SePoint (C)

12
10 -

Energy Consumed (kWh
Energy Consumed (kWh

oON O @©
I

Figure 4.1.611 (a) Total Energy Consumption (b) Total Fan Energy Consumption

As with return water temperatures switching

consumption increases for decreasing exteamdlient compensatiaemperature.

4.0
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Compensation Temperature/ Compensation Temperature /
Fixed Return SePoint (C) Fixed Return SePoint (C)

Figure 4.1.612 (a) SPF2; (b) SPF4

SPF2
O R N W b~ 01 O
SPF4

An ambient compensatioempera ur e of 31 C o f, VamessHowetemt hi g he
31 C the space temperature i s not ma,iant ai ne
temper at uor Jstpre@rn@d. @ith respect to SPalues are similar for all
compensatiotempeatures.

For bothcompensatiorstrategieso f 115 € andr 2 aC threshold te

29 C offered the best ,rAeB171 d HghewBPEvalues snsi der
observed thn at 1215. SPE values in both cases are the same.
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4.1.62 Space air temperature sepoint 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 paover consumption for a lower space -peint temperature. The algorithm

follows the pattern that at high loads (high ambient temperature) a high spgm@nset
temperature is used. At low loads (low ambient temperatures) a lgroisettemperature 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 spapeisetemperatures were

used in the temperature compensation algorithm, for ease of comparisahrééhexternal

ambient temperature thresholds tested3afe, 29 and 2 7-poiGt tempetaturess p a c e
switching b2eb wk eanrddZ 32GC C

Space temperature 23 and 25 C

= Supply =—=Return Space = Ambient
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Figure 4.1.613 Ambient Compensation Temperature 31C
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The load factor decreases with a decrease in the antbieiensatioremperature.
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Figure 4.1.617 (a) Total Energy Consunption; (b) Total Fan Energy Consumption

The energy consumption of all componefescept ICP)s increasedor increasingambient

compensatiomemperature.
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0 |
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Changes in SBFand SPE with a chage in compensatiortemperature are negligible. As
mentioned beforethe energy consumption rather than the SPF should be considered when

adjusting the room load. Therefpen ambient compensaticemperature of 27 C

Figure 4.1.618 (a) SPF2; (b) SPF4

used as itesultsthe lowestotal energy consumption.
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Figure 4.1.621 Ambient Compensation Temperature 27C

For all cases outled above, temperatures remain within the design limits.
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Figure 4.1.622 Operational Load Factor

A higher load factor is observed for ambient compensatioclemperature of 31C as mor e

timeis spentataspacegeb i nt temperature of 25 C than 27
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Figure 4.1.623(a) Total Energy Consumption; (b)Total Fan Energy Consumption
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For adjusting space temperatut@al energy consumption should be considered. At a lower
spacesetpoint temperature the total energy consumption increases due to the increased
building load. Therefore a threshold temperature of 8tesults in higher energy
consumption and 27 @esults in lower energy consumption. Energy consumption is reduced
by 5 kWh over the course of a day.
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Figure 4.1.624 (a) SPF2; (b) SPF4

SPF, and SPEvalues are unchanged fibve differentcompensatiotemperature

Comparing space temperature switching between@3 @nd 25 G27 @ can be seen
that at greateenergy saving potential is observed foraanbient compensaticiemperature

of27 C wi t h sppoacnet asiwi tscehti ng bet ween 25 C and
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4.2 HeatingMode

Heating mode simulations we performed in a similar manner to those run in cooling mode.
When heahg, 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 explotke effect of different space sgbints on the performance of

the system.
Different spacesggt oi nt t emperatures were used: 20,
Fixedreturnwatersgtoi nt t emperature: 12 C

Fixed return water bandwidth: N1 C
Fixedspacesgioi nt bandwi dth N1 C

0.7 =
S
0.6 =
§ 0.5 3
@ £ ® Fans
T 04 5
= ICP
T 0.3 - S
3 02- 2 = ECP
(@]
0.1 - o
g mHP
0 = T T T T LU
20 21 22 23 24 20 21 22 23 24
Space SePoint Temperature (C) Space SePoint Temperature (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-4,2blilding load increases as space set

point temperature rises. Energy consumed also increaskseiwith load factor. Fans,
external circulation pump and heat pump consumption all rise with increasipgiset
temperature because it more energy is required to heat the space. There is a significant
increase in energy consumption for each degedgius increase in space temperature- set

point.
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Figure 4.2.1-:2 (a) SPF2; (b) SPF4
SPF, and SPEincrease with increasing space-peint temperature i.e. load. Increased load

factor results in an increase in system performance. This improved perford@saot,

however, justify high energy cost of higher-peint temperatures.

When using a room temperature-pep i nt of 20 C, the heat pump
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 forah@urap to turn on

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

day is small. For a spacegeb i nt of 24 C (the most energy |
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

Fixedreturnwatersgtoi nt tem@erature: 40
Fixed return w@ter bandwidt h: N 1
Fixed space sqioint temperature2 2 C

Space temperature bandwidths used: N 0.5, 1,
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Figure 4.2.21 (a) Operational Load Factor; (b) Total Energy Consumption

No major change is seen in load factord consequently energy consumptieith changing
bandwidth. There is a gt decrease in load factor and energy consumed for bandwidth of
+3°C (see below).

5 35
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Figure 4.2.22 (a) SPF2; (b) SPF4

There is a slight increase in SAFor bandwi dt h ssHowsi$itilaaresdts f8r C.

all bandwidths.
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Figure 4.2.23: 3 C Bandwidth mid-day zero load

Figure 4223 s hows t he

effect of the N3 C

bandwi

for an extended period, leading to a reduction in energy ogutsan. This explains thdrop
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 cdeviert

for the occupant and should be used.

4.2.3 Return Water Temperature Control.

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

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

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.

1 The office is uroccupiedfor the coolestpart of the day. The office is only used

bet ween

load.

7am and 10pm. As such, t he

37

heat

d

f



1 There is less of a need for heating in a Mediterranean climate than cooling. The
temperature curve used in the simulation rsedrat no ambient temperature lower

than 10 C is seen by the building.

I n the cooling tests, T decreased with dec
when heating,T trheemahienaetd pautm pahpogasanXor theaconstdany 8 C
g Tcan be explained by the fact that in heating mode, the external heat exchanger acts as a
condenser, which operates under a codifb@r arrangementinstead of ceurrent for

cooling
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Return Water Seboint (C) Return Water SePoint (C)

Figure 4.2.31(a) Operational Load Factor; (b) Total Energy Consumpion

There is a slight increase in load factor with increasing returpaéet 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 steéatilyall return temperature
because as heat pump performance decreases with increasing return wptent set
temperature. Théotal power consumption of the heat pump increases for increasing return
water temperatures as shown in figure 42.3However, the on time of the fan coils
decreases due to the increased heat transfer across théaogdly offsetting the heat pump

and external circulation pump consumptidrhe result is a slight increase in total energy

consumption.
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Figure 4.2.32 (a) HeatPump Heat Output; (b) Fan Energy Consumption

The load on the building remains almost constant so heat provided by heat pums remain
almost constantwhile the energy consumed by the fan coil units decreases with increased

return water sepoint
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Figure 4.2.33 (a) SPF2;(b) SPF4

SPF, decreases with imeasing return water temperauilhis is due to the increase in heat
pump power consumption for increasing return water temperatupoisgs. SPEdecreases
at a less significant rate when compared t6,SPhis is due to the decrease in fan coil power

consumption for increasing return water temperature.
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4.2.4 Return Water Bandwidth Control
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Figure 4.2.41 (a) Operational Load Factor (b) Total Energy Consumption

Load factor and energy consumed do not chafogevarying return water temperature
bandwidth.

5.0 3.0 -
4.0 2:5 1
2.0 -
N 3.0 - X
[l o 1.5 -
" 20 - 2 10l
1.0 - 05 -
00 1 T T T T 00 i T T T T
0.5 1 1.5 2 3 0.5 1 15 2 3
Return Water Bandwidth (C) Return Water Bandwidth (C)

Figure 4.2.42 (a) SPF2; (b) SPF4

SPF, and SPEremain unchanged for varying return water temperature bandwidth. Overall
varying the bandwidth of the return water temperature has little or no effece @ystem
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.

40



4.2.5 Load Optimisation

The effect of load factor, sitair to that outlined in the cooling section is that of increasing
energy consumption with increasing load factor. S&tel SPE increase with load factor.
Energy consumed increases also, with all components (except ICP) consuming energy at a
rate directlyproportional 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 $BRd SPEindicates that the systeshould 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.

e HP e ECP ICP = Fans = Fans Consumptior=—=|CP Consumptior
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Figure 4.2.51 (a) Energy Consumption Breakdown; (b)Fan and ICP consumption
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Figure 4.2.52 SPF and SPF2 for Load Factor
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4.2.6 Temperature CompensationAlgorithm si Heating Mode

Similar to that for heating, the aim is to reduce the energy consumed whil@imain the

desired space temperature. As the loading of a Mediterranean climate pgidshdhe system
to its maximum capacity, a temperature compensation algontboid not provenecessary:
the lowest return sqdoint would yield the best results. Théare,for the following testsa

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
passible, 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 argrefi@rgy savings
because the load is lowéthe ambient temperature profile differs from those used in earlier

studies, in order to increase the system load.

4261Space Temperature Compensation: 21 and 23

Ambient Compensation temperatures used: 6, 8
Space temperature bandwidt h: N1 C.
Returnwatersgp oi nt t em@.er at ur e: 40
Return water bandwidth: N1 C
Space sepoint temperature:

21 C i f ambient temperature below compens

23 C i f ambient temperature above compens
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Figure 4.2.61 Ambient Compensation Temperature 6C
The space doesnoét reach the | ower bahedwi

dt h

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 pumpauwinsf 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.

0 The heating capacity of theeat pumps less than that for cooling.
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Figure 4.2.62 Ambient Compensation Temperature 8C
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The system comfortably has enough capacity to maintain the two spacepaimset

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

pump.

e Supply = Return

e Space = Ambient
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Figure 4.2.63 Ambient Compensation Temperature 10C

Similar to acompensation e mper at ur e

the load becomes too gredthe end of the day.

of 8 C the

system has
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Figure 4.2.64 (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 sepoint is lower, resultig 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 4.2.65 (a) SPF2; (b) SPF4

SPF, and SPEshow little change in value, indicating no improvement in performance. There

is, though an improvement by using temperature compensati®rihe energy consumed is

redued.

4262Space Temperature Compensation: 19 and 21
Ambient compensation temperatures: 6, 8, 10
Space temperature bandwidt h: N1 C
Return water sgboint temperatured @C
Return water bandwidth: N1 C
Space sepoint temperature:
19 C if ambient temperature below compens
21 C if ambient temperature above compens
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Figure 4.2.66 Ambient Compensation Temperature &€
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