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ABSTRACT

This paper presents preliminary findings of atwo-year programme of field research and monitoring of the
energy consumption of generic Air-Conditioning (A/C) systemsin UK Office environments. Thework is
being undertaken to provide information on the actual energy consumption and operating efficiency of the
systems as operated in these environments.

The preliminary findings presented in the paper include:

The peak energy consumption per unit floor area by each generic A/C system type ranges from 20
W/ for Chilled Ceiling systems, through to over 75 W/n? for Fancoil systems.

A system performanceratio is defined based on estimated internal loads faced by the A/C system and
the monitored consumption data, i.e. no correction for fabric and ventilation heat losses or gains. This

ratio is used to allow amore direct comparison of the performance of the various A/C system as
installed.

An estimate that A/C loadsin UK Offices could be comfortably reduced by over 50% if the lower
energy systems could be replicated widely.

INTRODUCTION

Future projections of UK market trends suggest alarge increase in the use of A/C resulting in increased
energy demand and associated carbon emissions. (BSRIA 2000) This growth in the use of A/C threatens
the UK government’ s commitment to reduce greenhouse gas emissions under the Kyoto protocol (Hitchin
2000) and has seriousimplications for the UK electricity supply infrastructure. (National Grid Company
2001)

Therefore the ability to select A/C systems that consume the least energy “in practice” is of importance if
we are to minimize future carbon emissions. However, despite extensive testing and research into the
performance of A/C and refrigeration equipment under laboratory conditions, comparatively little is known
about how these ‘efficiencies’ translate into energy consumption in thereal world. Thisresearch aimsto
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provide some data to start filling this knowledge gap by monitoring the energy performance of A/C
systems, “asfound” in UK office accommodation with real occupants and operating practices.

The Welsh School of Architecture, Cardiff University in association with Toshiba-Carrier UK and the

UK’ s Building Research Establishment, is undertaking the research. The work is also contributing data
towards a concurrent research programme being undertaken by the UK National Grid Company and the UK
Electricity Association, which aimsto assess the effect of growth in the use of A/C on the UK’ s National
Grid requirements.

The findings presented are derived from monitoring the energy consumption of 34 Office A/C systems at
15-minute intervals around the UK for between 12 and 18 months. Monitoring commenced in April 2000
and is expected to conclude in the summer of 2002. Internal and external environmental conditions are also
being monitored concurrently at all sitesin order to calculate the respective system loads over the same
period.

RESEARCH OVERVIEW
The monitoring program is studying 34 installations of the following 5 generic A/C types:

Chilled Ceilings (passive and active systems)

All-Air (variable air volume (VAV) and constant volume (CV) systems)

Fancoils (2-pipe and 4-pipe systems)

Split DX (cooling only, 2-pipe inverter and reverse cycle systems)

3-pipe VRF/VRYV (direct expansion systems with the ability to simultaneously heat and cool)

The Office sites studied were selected to cover a number of examples of each of the generic types of A/C
system (see table 1), and to mimic the UK national air-conditioned building stock regional distribution.

Table 1. Numbers of systems by system category

System type All - air Fancoils Chilled Ceilings DX - Splits DX - VRF

Number of sites 9 7 5 9 4

The monitoring at each site covers the parameters shown in Table 2 at typically 15-minute intervals. For
the purposes of this study it is recognised that the various system types often deliver differing levels of
services but have limited ourselves to considering only the delivery of cooling to the occupied space. Loads
associated with the provision of mechanical ventilation are therefore only included when the ventilation air
isintegral to the delivery of space cooling.

Table 2. Summary of monitored parameters at each site

M onitoring Parameters M easur ed units Intervals
Refrigeration, heat rejection & distribution loads KWh & kVArh 10, 15,or 30 minutes
associated with the cooling system

Internal temperature °C 10, 15,or 30 minutes
Local external temperature °C 10, 15,or 30 minutes
Local external relative humidity %RH 10, 15,or 30 minutes

I'n addition to the monitoring shown, more detailed weather data has also been collected on aregional basis.
We have also undertaken building surveys based on the CIBSE Energy Assessment and Reporting
Methodology for Offices (CIBSE 1999) for each building.

The regional weather dataincludes; Temperature, Relative Humidity, Wind Speed & Direction, Solar
Irradiance, and External Lux levels. Building surveys have been carried out on all the sample sitesto
determine the details of the building form & fabric, HVAC systems & controls, aswell astheir occupancy
levels & patterns.
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The currently planned outputs from the monitoring phase of the research include:

Range of energy consumption of the generic system types

Range of generic system performances based on space loads (An Internal Load Performance Ratio
(ILPR) is produced for this measure, calculated as [internal load as calculated from survey (W/nf)/

A/C system power consumption (W/nf)])

Range of power factors of A/C system components

Range of proportion of energy consumption by A/C system components where possible

Range of A/C consumption as a proportion of total building load

Range of run-hours of A/C systems
Refrigeration system Part-load profiles

Range of occupied space temperatures provided by A/C systems

ENERGY CONSUMPTION PER UNIT AREA BY GENERIC SYSTEM TYPE

Figures 1 to 6 summarize the findings to date for the ‘ cooling only’ energy consumption of the generic
systems studied. This datais taken from the July 2001 monitored consumption for each system. The figures
show the daily variation at 15-minute intervalsin the weekday energy input to the A/C systems per n? of

floor area served.

Average & Variation of Summer Cooling Power Consumption
per m by System Type (Normalised by floor area only)
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Figure 1.Cooling power consumption by system type.

Figure 2. Average All-Air system energy profiles
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Figure 3. Average Chilled Ceiling energy profiles

Figure 4. Average Fancoil system energy profiles
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Demand Profiles DX Split Systems Demand Profiles 3-Pipe VRF / VRV Systems
Average Weekday July 01 Average Weekday July 01
60 '1'\'.\“‘ 60
.
50 — v 50 -
A N <’ ‘.,
40 R * 40 —== T
LY
£ 5 N AN ~ £ ot L
E ’ ’ “-\;-.. g Phe \‘
N PSRN N o~ A\
/ / A\
10 10 L N
/‘\\ﬂ - \_
P
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII rrrrrrrrrrrrrrTriIiT T T T T T T T IR T T T T T T P RTT T ITTTITIrTT
69&49%@@“%@&&&@%@&«%@&&&@@ @@MW«M&@@&&&&& ®
| Average ™ " "STDev+l == 'STDev-ll | Average = * 'STDev+]l == STDev—ll

Figure 5. Average DX Split energy profiles

Notable findings from figures 1 to 6 indicate:

Figure 6. Average VRF/VRV energy profiles

Peak power consumptions for the generic systems range from about 50 — 70 W/n for All-air, DX,
VRF and Fancoil, down to about 20 W/nf for Chilled Ceiling systems.

Fancoil and all-air systems appear to consume the greatest amount of energy per unit area.

Chilled ceiling systems consume the least energy per unit area.

Chilled ceiling and VRF/VRV systems have the lowest * out-of-hours’ consumptions. The other system
types have significant ‘ out-of-hours’ energy demands.

Most system consumptions rise during the working day, indicating reasonable control as the systems
deal with the cumulative effect of solar gains and reduction of early morning cooling by the fabric.

ENERGY CONSUMPTION PER UNIT AREA BY GENERIC SYSTEM TYPE,
NORMALIZED FOR INTERNAL LOADS

This section takes the data shown in figures 2 to 6 and normalizes it for the calculated internal load. The

methodology for this calculation was as follows:

A survey of each site was undertaken to collect the required information on the buildings form, fabric,
occupancy, and operation. The surveys were based upon the CIBSE Energy Assessment and Reporting
M ethodology (CIBSE 1999) and the internal |oads have been cal culated from the following information

obtained during the surveys:
Occupancy levels and patterns

Type and quantity of heat producing

appliances including equipment plate ratings.

Typeand quantity of lighting fixtures
Method of lighting control

From the survey information the internal loads were
calculated for each site using a CIBSE internal heat

gain design calculation (CIBSE 1999). Figure 7 shows

the results of this calculation.

The calculated loads in our sample offices range from
24 W/nf to 88 W/nf. These are broadly similar to
current UK rules of thumb, which indicate internal

Range & Mean Internal Heat Gains in the Sample Buildings by
System Type
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Figure 7. Calculated Internal Heat Gains

heat gains in offices to be between 55 and 90 W/nf (Hayward 1988). This may indicate that our calculated
|oads are higher than the actual loads within the buildings, as the rules of thumb are generally considered to

be ‘safe’ design figures.
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In order to graph this normalization it has been necessary to define a performance measure, which we have
chosen to call the Internal Load Performance Ratio (ILPR). Thisis defined as:

cdculated internd load (W/m2)

ILPR =

power input to the AC system (W/m2)

The ILPR istherefore effectively a system Coefficient of Performance (COP) that does not include fabric

or ventilation losses and gains, and uses a standard design methodology for calculating internal loads. From
figure 7 it can be seen that the variation in internal loads imposed on the systems are quite large. It might
also be noted that they are similar to the range of consumptions seen in figure 1.

Figures 8 to 13 show the results of normalizing the consumptions with these loads.
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Figure 10. ILPR — Fancoils

Figure1l. ILPR — DX Splits
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Notable findings from figures 8 to 13 indicate:
Chilled ceilings still appear to be the most energy efficient systems

VRF/VRV now emerge as the clear second best performer based on the | LPR definition of
performance

All-air systems, Fancoil systemsand DX split systems appear to provide the lowest energy efficiencies
in meeting the calculated loads. All air-systems appear to be as good as VRF/VRV systems from figure
13, but figure 8 shows thisis simply the result of some of the sample systems turning off early during
the working day. While we ought to just consider this as an example of good control, it is clear from
therest of the day that the all-air system performance isinherently no better than the Fancoil and DX
systems.

TheILPR’s shown in figure 13 are perhaps higher than we might expect, given that they do not
account for fabric or ventilation loads. This may be a consequence of the assumptionsin the CIBSE
Guide A design load calculation. Future analysisin this study will establish if thisisthe case.

GENERAL OBSERVATIONS

The preliminary findings presented in this section are based upon the period between March 2000 and
December 2001. Asageneral point, the July 2001 period covered by the figures shown above was warmer
than the 20-year average for the UK.

A key observation from the work, not shown in any of the figures or graphs here, isthat the data suggests
system control issues are akey factor affecting energy performance. A simple control issue on one system
type increased the annual consumption by over 60%. Generally, localised systems and controls reduced
cooling energy consumption, compared to similar systems under central control.

The lowest energy consumer of all the monitored systems utilised passive chilled beams served from a
packaged air-cooled liquid chiller, with ventilation provided naturally through passive vents. Perimeter
radiators served by gas boilers provide heating.

During July 2001 this system typically consumed only 5 W/nf, with a peak of 15 W/nf. It also operated
for only 1891 hours per year (22%). Of interest isthe fact that, even though thisis aparticularly low
energy consuming system, the part-loading of the chiller was still quite poor - spending 90% of itstime
operating below 25% Capacity.

The highest energy consumer of the systems studied was a large office building served by acentralized 2-
pipe fancoil system, with alarge water-cooled screw compressor chiller and dry remote coolers. This
system consumed an average of 37 W/nf during July 2001, reaching a peak of 75 W/nf- The chiller ran
7683 hours per year (87%), spending 80% of that time below 25% of full-load. The main points of
comparison for the two systems are summarized in Table 3.

Table 3. Comparison of lowest and highest energy consumer - selected data

Measure L owest Highest

Typical summer energy input to entire A/C system 5 (15 peak) 37 (75 peak)

(W/nf)

Average Internal load served (W/nf) 24.4 34.6

Average Internal Load Performance Ratio (ILPR) 7.7 0.68

Y ear of building construction 1989 (Refurbished 1995 with 1957 (Refurbished
Chilled Ceilings) 2000)

Annual hours of use 1891 (22%) 7683 (87%)

Installed chiller capacity (W/nf) 22.9 Winf 151.8 W/nf

Glazing ratio: 40% 80%

Fromtable 5 it is notable that the installed chiller capacities for the systems are roughly 1.5 to 2 times the
peak demand recorded for the systemsincluding their ancillary equipment.
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CONCLUSIONS

There are significant differences between the uncorrected energy requirements per m? of treated floor area
for the different air-conditioning system types. Peak fancoil system energy consumptions for the systems
tested were around 75 W/nf. In comparison, peak energy consumptions for the chilled ceiling systems
were around 20 W/nf. The remaining system types had peak consumptions of between 50 and 70 W/nf.

Whilst these figures might be of interest in obtaining rules-of-thumb regarding the potential energy
consumption for A/C systems based on any of the generic types, it is clear that the systems are having to
deal with very different internal cooling loads.

To obtain amore accurate indication of the relative performance of the generic A/C system types we were
able at this stage of the study to use a CIBSE design method cal culation to normalize the monitored energy
consumptions for the internal loads on the systems.

The results obtained after normalizing for these internal loads indicate that the energy consumption
differences reduce for the mgjority of systems—though a clear efficiency ranking emerges, from DX splits
as generally the most inefficient system type, through to the chilled ceiling systems which are markedly the
most efficient.

Thesefindings are still only provisional however, as the study has yet to model the heating and cooling
loads imposed by the building fabric and ventilation for each building. Until this has been completed these
apparent generic A/C system efficiency trends should be used cautiously. In particular, the study has
suggested that some of the ‘average’ or ‘poor’ system types can deliver apparently outstanding efficiencies
at individual sites, and these will need to be investigated in more detail.

However, assuming that the final conclusions do not alter dramatically, it would appear that the study will
show that the provision of cooling in UK Office buildings can be undertaken far more efficiently than
generally occurs at present.

The potential for reduction in current A/C energy use in the mgjority of UK Offices would appear to be
comfortably over 50%, and possibly over 75% with holistic design techniques.

FUTURE WORK

The results and

conclusions presented METHOD FOR CALCULATING AC SYSTEM EFFICIENCY:

here have shown THF LIK OFFICF AIR CONDITIONING FNFRGY PROFII ING STULIDY

preliminary findings

based on a standard BUILDING SURVEY: DYNAMIC SYSTEM

methodol ogy for © Form THERMAL EFFICIENCY:

calculating internal * Fabric MODEL: e

loads. The study still has - System System efficiency =

to assesswhethyer the - Controls Calculates caculated kW cooling

- - Occupancy instantaneous provided divided by kW

bUIIdlng.Surve)_/ dataand cooling load per energy consumed by

observations will interval of refrigeration and

produce similar internal REGIONAL meteorol ogical delivery Systems.

loads to the CIBSE METEOROLOGICAL data.

methodology. MONITORING: Allows for the causes of
Temperature differencesin energy

It will also be necessary - Relative humidity consumption between

to assess the building - Irradiance sitesto beisolated and

fabric and ventilation identified.

thermal loads from our MEASURED ENERGY CONSUMPTION:

monitored data. It is - Primary refrigeration & heat rejection

anticipated that this ~__ Delivery components

inf i ill
Iorl)toarj?:(fil\?inavx”lnodlﬁi ng, Figure 14. Method for calculating A/C system efficiency

using ECOTECT software (Marsh 2002).
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Figure 14 shows how the study intends to produce the definitive system efficiency profilesfor each
building.

We expect some of the key outputs following the modeling work to be:

I dentification of the relative importance of load types, e.g. occupancy, fabric, solar, etc., for each office
studied. From this will come information about the relative importance of building design versus A/C
system design

Predicted loads in offices studied, at 15-minute intervals
Predicted A/C system efficiency profilesin the Offices studied, at 15 minute intervals

Variation of cooling energy (W/nf) required depending on system type, system control and method of
cooling delivery

More accurate ‘rules-of-thumb’ for rough sizing of various A/C system types

An input to the next revision of the UK’ s Building Regulations Part L: Provisions for Energy
Efficiency

An Energy Efficiency Best Practice Programme publication updating the existing guidance in Good
Practice Guide 74 on choosing A/C systems for energy efficiency

Impact of plant sizing on cooling energy requirements for agiven load for a given system

ACKNOWLEDGEMENTS

The Welsh School of Architecture wishes to acknowledge Toshiba-Carrier UK, the Building Research
Establishment and the National Grid Company for the funding of this research. We also wish to
acknowledge our association with the Electricity Association, who obtained some of the data used in the
study.

REFERENCES
BSRIA. 2000. UK Market Revenues, BSRIA Report 15237, April 2000, Bracknell, UK.

CIBSE 1999. CIBSE Energy Assessment and Reporting Methodology, Technical Memorandum 22,
London, UK: Chartered Institution of Building Services Engineers

CIBSE 1999. CIBSE Guide A: Environmental Design, London, UK: Chartered I nstitution of Building
Services Engineers.

Hayward, R.H. 1988. Rules of Thumb: examples for the design of air systems, BSRIA Technical Note
5/88.1, Bracknell, UK.

Hitchin R. 2000. Carbon scenarios for cooling, Building Services Journal, September 2000, Pp 57.
Marsh. A. 2002. ECOTECT v5, www.squl.com, Cardiff, Wales, UK.

National Grid Company. 2001. Forecastersto research hot spell demand surges, Network for NGC, Issue
62, September 2001, pp 16.

8of 8



