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PREFACE

International Energy Agency

The International Energy Agency (IEA) was
established in 1974 within the framework of the
Organisation for Economic Co-operation and
Development (OECD) to implement an
International Energy Programme. A basic aim of the
IEA is to foster co-operation among the twenty-one
TEA Participating Countries to increase energy
security through energy conservation, development
of alternative energy sources and energy research
development and demonstration (RD&D).

Energy Conservation in Buildings
and Community Systems

The I[EA sponsors research and development in a
number of areas related to energy. In one of these
areas, energy conservation in buildings, the IEA is
sponsoring various exercises to predict more
accurately the energy use of buildings, including
comparison of existing computer programs, building
monitoring, comparison of calculation methods, as
well as air quality and studies of occupancy.

The Executive Committee

Overall control of the programme is maintained by
an Executive Committee, which not only monitors
existing projects but identifies new areas where
collaborative effort may be beneficial.

To date the following have been initiated by the
Executive Committee (completed projects are
identified by *):

I Load Energy Determination of Buildings*

I Ekistics and Advanced Community Energy
Systems*

I Energy Conservation in Residential Buildings*

v Glasgow Commercial Building Monitoring*

\% Air Infiltration and Ventilation Centre

VI Energy Systems and Design of Communities*

VII Local Government Energy Planning*

VIII Inhabitant Behaviour with Regard to
Ventilation*

X Minimum Ventilation Rates*

X Building HVAC Systems Simulation*
X1 Energy Auditing*

XIT Windows and Fenestration*

XIII Energy Management in Hospitals*
X1v Condensation*

XV Energy Efficiency in Schools*

XVI BEMS - 1 Energy Management Procedures®

XVl BEMS - 2: Evaluation and Emulation
Techniques

XVIII Demand Controlled Ventilating Systems*

XIX Low Slope Roof Systems

XX Air Flow Patterns within Buildings*

XX1 Thermal Modelling*

XXII Energy Efficient Communities

XXII  Multizone Air Flow Modelling (COMIS)

XXIV  Heat Air and Moisture Transfer in Envelopes

XXv Real Time HEVAC Simulation

XXVI  Energy Efficient Ventilation of Large

Enclosures

Evaluation and Demonstration of Domestic

Ventilation Systems

XXVII Low Energy Cooling Systems

XXIX  Energy Efficiency in Educational Buildings

XXX Bringing Simulation to Application

XXVII

Annex V Air Infiltration and
Ventilation Centre

The Air Infiltration and Ventlation Centre was
established by the Executive Committee following
unanimous agreement that more needed to be
understood about the impact of air change on energy
use and indoor air quality. The purpose of the
Centre is to promote an understanding of the
complex behaviour of air flow in buildings and to
advance the effective application of associated
energy saving measures in both the design of new
buildings and the improvement of the existing
building stock.

The Participants in this task are Belgium, Canada,
Denmark, Germany, Finland, France, Netherlands,
New Zealand, Norway, Sweden, Switzerland,
United Kingdom and the United States of America.
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EXECUTIVE SUMMARY

The energy impact and/or trade-offs involved between bringing in outdoor air for indoor air
pollution reduction and the energy required to condition this air are investigated in this report.
Long-term hourly weather data from several European and American locations were analyzed to
determine the average conditions of air over the period of record of the data. These data were
then analyzed to determine the psychrometric process theoretical heating, cooling and moisture
removal energy requirements for a constant mass of airflow per hour (MJ-h/kg). Summary
weather data are also provided if it is desired to determine the additional effects of equipment
and design.

It was found that a significant amount of energy is required to condition air which is used for
ventilation. The annual energy required per kg/hr of airflow varied from 22.1 MJ-h/kg for Los
Angeles to 102.5 MJ-h/kg for Omaha. In Europe the range was from 45.6 MJ-h/kg for Nice to
101.1 MJ-h/kg for Saint-Hubert. In Europe most of the energy was used to heat the air to the
desired setpoint. In'America there were significant amounts of both heating and cooling
required. Much of the variation was due to the amount of moisture in the air which had to be
removed in air conditioning. In situations where air conditioning is used, a significant amount of
this energy is used in dehumidifying the air. For example, in Miami 86% of the energy is used
for moisture removal. It was found that the energy used was highly sensitive to the cooling and
relative humidity setpoints.






1 INTRODUCTION

Outdoor air is brought into buildings for many different reasons such as free cooling, “fresh air”
and pollution reduction. Over the last several years structures have been built tighter to reduce
air infiltration and conserve energy used to heat the air coming into the building. Several
standards and organizations have been specifying minimum amounts of “fresh” outdoor air for
indoor air quality purposes. There are questions however as to the energy impact and/or
trade-offs involved between bringing in outdoor air (for pollution reduction) and the energy
required to condition this air.

1.1 Objectives

The objectives of this work are: first to determine the theoretical energy requirements per
constant mass unit of outdoor air used for ventilation for a number of different climates and
locations in North America and Europe; and secondly to determine the variation of this annual
ventilation heating and cooling energy requirements due to the setpoints for temperature and
humidity.

1.2 Procedure

Estimates were made of the theoretical amount of energy needed to condition a constant airflow
rate of one kg of dry air per hour (kg/h) of outdoor air used for ventilation. These estimates were
made using measured hourly weather data from a number of locations and the change in the
energy content of the air needed to heat and/or cool it, as it enters the building. The weather data
for each location were analyzed to determine the number of hours the outdoor. air conditions fell
within each psychrometric process region and the weighted average air property for each region.
The sensible and latent energies required in each of the psychrometric process regions were then
determined by calculating the energy difference between the air statepoint representing the
average condition for all the hours within that region and the air at the desired setpoint. Energy
values from each of the processes were then combined to determine the total energy per unit
mass of ventilation. The effects of equipment and different heating and/or cooling techniques are
not included due to the wide variety and efficiencies of possible equipment. Summary weather
data are provided to determine these effects if desired.



2 PSYCHROMETRIC PROCESSES ASSOCIATED WITH VENTILATION

A psychrometric chart is a visual presentation of the possible characteristics of an air-water
vapor mixture and is often used to describe the possible conditions or statepoints which may be
obtained by the air. The psychrometric chart is commonly used to determine the heat and

moisture changes in the air as it goes from one condition (such as 32 °C, 65% relative humidity
outdoor air) to another condition (26 °C, 40% relative humidity) such as inside a building.

The psychrometric chart can also be used to determine the heat and moisture which must be
added or subtracted from the air. Therefore if the average conditions of the outdoor air are
known, the theoretical energy which must be added or subtracted from the air to heat, cool
and/or dehumidify it when the air enters the building may be determined.

Sensible heat is that energy which is used to increase the energy content of the dry air and the

moisture vapor mixed with the dry air. The amount of sensible energy need to heat or cool air is
based upon the dry-bulb temperature and is calculated as:

Sensible = (Cpat+W*Cpw)(Tdb-setpt - Tdb-outside) (D
where:

Cpa = Specific heat of dry air (1.0056 kJ/{kgdry-air’C})

W = Amount of moisture in the air (kg)

Cpw = Specific heat of water vapor (1.86 kJ/{kgwater’C})

Tdb-setpt = Setpoint dry-bulb temperature (°C)

Tdb-outside = Outside dry-bulb temperature (°C)
Latent heat is that energy which must be added or withdrawn when water is vaporized (in the
case of humidification) or condensed (in the case of dehumidification) from the air. The latent
heat transfer, or the energy which must be used for moisture control with
humidification/dehumidification, can be determined from the amount of moisture which must be
added or removed as:

Latent=L * AW )
where:

L = Latent heat of vaporization (2501.3 kJ/kgwater)

The amount of water which must be subtracted from the air is:

AW = Hsetpt - Houtside 3)



where:
Hsetpt = Humidity ratio of the air at the setpoint (kgwater vapor /kgdry-air)
Houtside = Humidity ratio of the outside air (kgwater vapor /kgdry-air)

If two independent measurements (such as dry-bulb temperature and relative humidity) and the
air pressure are known, the others characteristics (such as humidity ratio, wet-bulb temperature,
dew-point temperature, etc.) may be determined from the psychrometric chart or from equations
which mathematically describing it. The computerized psychrometric routines used in this work
were developed by Gates, et al. (1994).

The psychrometric chart may be divided into several regions where the air being described by
that region undergoes the same psychrometric process to reach the desired condition of
temperature and moisture content. If the average condition (over all the hours the air is within
that region) for the air within that region is known, then the energy and moisture which must be
added or subtracted may then be determined. The conditions of the outdoor air fall into six
different regions on the chart with respect to the desired condition of the air in the building (see

Figure 1).
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Figure 1. Psychrometric Chart with Regions of Processes Used to Reach Desired Statepoint



Region 1: Outdoor Dry-Bulb Temperature Less Than Heating Setpoint

(Tdb-outdoor < Tdbh-setpt)

(Heating Region)

This is the typical wintertime condition when heat is being added to the ventilation air. In this

case only sensible heat is added to the air to reach the desired statepoint since typically moisture
is not controlled in heating situations.

The sensible energy used (per unit mass of air) to condition the air in this region is calculated as:
Sensible] = Cp (Tdbh-setpt - Tdb-outdoor) (4)

There is typically no moisture added in heating situations, therefore it will be assumed that there
is no latent heat exchange in this region:

Latent; =0

Region 2: Outdoor Dry-Bulb Temperature Greater Than Heating Setpoint but Less Than
Cooling Setpoint

(Tdbh-setpt< Tdb-outdoor<Tdbc-setpt)
(No Heating nor Cooling Region)

This is the condition when the outdoor air does not need to be either heated or cooled. It
represents the moderate weather conditions typically encountered during the spring and fall or at
other times when neither heating or cooling are needed. This also represents the situation when
the outdoor air is being introducing into the building for natural ventilation. In this case:

Sensible2=0

Since the controls used to heat or cool ventilating air are primarily based upon dry-bulb control
and the air in this region is below the dry-bulb cooling setpoint, the air conditioning would not
be operating and therefore there would be no dehumidification from the air conditioning coils.
Since moisture is not intentionally being added or withdrawn from the air the latent heat transfer
is:

Latent2 =0

It should be recognized that a potential exists for moisture to be added to the building from the
air represented by this statepoint. The amount of moisture added is determined by the moisture
in the incoming air and the equilibrium moisture content of the materials of the building
surfaces. However, condensation will occur only when the surface temperature is below the
dew-point temperature of the incoming air. Moisture exchange between building materials and



the incoming air is a very complex process and depends upon a number of building descriptors
such as building contents, their sorption characteristics, etc. This has been the topic of several
extensive research projects. It is not considered here because the time frame used in this study is
much longer. (The moisture absorbed by the contents of the building during the high moisture
conditions will be released later during lower moisture conditions and the building reaches the
equilibrium moisture content.) In addition, it is assumed that this exchange does not directly
impact the energy transfer in ventilation and thus is considered to be beyond the scope of this
project. Therefore the energy impacts of moisture exchange is not considered in this region.

Region 3: Dry-Bulb Temperature Greater Than Cooling Setpoint Temperature and Wet-Bulb
Less Than Desired Wet-Bulb

(Tdb-outdoor> T dbe-setpt, Twb-outdoor<Twb-setpt )
(Evaporative Cooling Region)

The air in this region has a higher dry-bulb temperature than desired, however the outdoor
wet-bulb temperature is less than the wet-bulb of the design setpoint. This condition is typically
associated with hot, dry weather. Evaporative cooling (a process which approximately follows
the wet-bulb line) can be used in this psychrometric region to provide the desired reduction in
dry-bulb temperature. The sensible energy used to cool the air comes from the latent heat of
evaporization of the water added to the air.

There is no external energy required for this cooling process other than that required for water
pumping and/or spraying and air circulation. It is commonly assumed that these energy
requirements are negligible compared to the sensible/latent energy exchange.

For the purposes of this work, it is assumed that humidities below the setpoint are acceptable.
Otherwise energy would have to be used to vaporize water to raise the humidity. This
energy-intensive humidification process is very rarely done in these situations. Therefore the
amount of additional latent energy which would be required to evaporate water to raise the
humidity to the desired condition is not determined.

The sensible heat exchange in this region, S3, is defined by Eqn 1.

The latent heat in this region, L3, is considered to be zero.
Since there is an exchange of sensible and latent heat in this region and in practice the energy
required is for pumping/spraying, the sensible and latent energy requirements for this region will

not be included in the total energy requirements.

Region 4: Outdoor Dry-Bulb and Wet-Bulb Temperatures Greater Than Cooling Setpoint
Temperatures, Dew-Point Less Than Setpoint

(Tdb-outdoor™>Tdbc-setpt, Twb-outdoor™>Twbc-setpt, Tdp-outdoor<Tdpc-setpt )



(Refrigerative and Evaporative Cooling Region)

Air in this region may be partially cooled with evaporate cooling (up to the dew-point of the
setpoint) and then external energy must be used to remove the remaining sensible heat if
moisture conditioning is achieved.

In many cases, cooling is only controlled based upon dry-bulb temperature and moisture is
controlled with the system design. However for the purposes of this study, the total energy
required is the net of the sensible and latent heats.

The sensible and latent energy requirements in this region are defined by Eqns 1 and 2.

Region 5: Outdoor Dry-Bulb Temperature Greater Than Cooling Setpoint Temperature,
Outdoor Dew-Point Greater than Setpoint and Less Than Saturation

(Tdb-outdoor>Tdbc-setpt, wa-outdoor>wac-setpt ,poc-setpt<rdp—outdoor<rdpc-sat)

(Refrigerative Cooling Region, Dew-point less than Setpoint Saturation Temperature)

Air in this region must have both sensible heat and moisture (latent heat) removed to maintain
the desired setpoint. The amount of moisture removed may be used to determine the amount of
latent heat which is removed for humidity control.

The sensible and latent energy requirements in this region are defined by Eqns 1 and 2.

Region 6: Outdoor Dry-Bulb and Dew-Point Temperatures Greater Than Cooling Dry-Bulb
Setpoint Temperature and Dewpoint at Saturation

(Tdb-outdoor™ Tdbe-setpt, Twb-outdoor™> Twbc-setpt , T dp-outdoor™>T dpc-sat)
tp p-
(Refrigerative Cooling Region, Dew-point greater than Setpoint Saturation Temperature)

Air in this region is hot and humid. The latent (moisture) heat removal is the significant energy
requirement to maintain the desired conditions.

The sensible and latent energy requirements in this region are defined by Eqns 1 and 2.

It should be recognized that the energy values presented are for the minimum theoretical
enthalpy changes of the air and the total amount of equipment energy used in Regions 4, 5, and 6
may be larger than the theoretical energies given due to the system design and equipment
efficiencies.



2.1 Energy Transfer Summary

The sensible energy which must be used over all the psychrometric regions to heat to the desired
heating setpoint and cool to the desired cooling setpoint is the sum of the heating and cooling
energy requirements, or:

Sentotal = S1 +| S4 + S5 +S6 | )

The total latent energy which must be removed to obtain the desired cooling humidity conditions
is:

Lattotat =|La +Ls + L¢ | (6)

The total energy which must be supplied to maintain the desired conditions is the sum of the
sensible and latent heat transfers or:

Energy total = Sen total + Lat total @)
3 WEATHER DATA SOURCES

Measured hourly weather data from a number of locations in North America and Europe were
used to determine the average outdoor weather conditions. Representative North American
locations were selected based upon their climate classification region. European locations were
selected based upon the availability of hourly weather data.

An overall climate indicator often used to describe the climatic conditions is the climate region.
An indicator previously used to provide a reduced set of locations with a diverse weather when a
large number of locations are available for larger data sets is the climate region. A climate region
is an area of the earth’s surface over which the combined effects of the processes in the earth’s
climate system result in an approximately homogeneous set of climatic conditions (Critchfield,
1983). The most widely used system of climatic classification is that of K&ppen. It is based on
vegetation zones, temperature, rainfall and their seasonal characteristics. A more comprehensive
classification which considered vegetation, the daily and seasonal temperature differences as
well as the proximity to maritime or continental weather patterns was introduced by Troll in
1980 (Mtiller, 1982). These two climate indicators have previously been used to select diverse
data sites for weather data analysis (Colliver, 1993).

Long-term (30 years) hourly weather data for 238 US locations are available in the SAMSON
data set NCDC, 1993). A subset of these weather data sets was selected to be representative of
the range of climates and weather conditions experienced in America. The selected United States
locations and their Képpen and Troll climate classification are presented in Table 1 and Figure 2.



Table 1. US Locations and Climate Class

Location WBAN Latitude Longitude Elevation Climate

# ¢ 'N) C 'wW (m) Képpen Troll
Atlanta, GA 13874 3339 084 28 315 | Cfa v7
Boston, MA 14739 42 22 071 02 5 | Db ns
Brownsville, TX 12019 2664 097 28 6 | Cfa V3
Cheyenne, WY 24018 41 09 104 49 1872 | BSk n4
Ft Worth, TX 03927 3250 087 03 164 | Cfa V4
Lexington, KY 93820 38 02 084 38 301 | Cfa s
Los Angeles, CA 23174 33858 118 24 32 | Csa A"
Miamli, FL 12838 2548 080 16 2 | Aw V2
Omaha, NE 94918 41 22 098 31 404 | Dfa ne
Phoenix, AZ 23183 33 26 11201 338 | BWh V56
Salt Lake City, UT 24127 40 48 111 58 1288 | Csa n1o
Seattle, WA 24233 47 27 122 18 122 | Csb 4

Los Angeles

o Phoenlix

Bait Leke City

Cheyenne
.

Brownaville

o Omaha

Figure 2. American Locations Selected for Analysis
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Hourly weather data for most of the British locations were obtained from the CIBSE Example
Weather Years (EWY). This data set was developed by the CIBSE Example Year Task Group to
provide for weather data input into energy simulations to make comparisons of annual energy
consumptions of different design options (Irving, 1988). It consists of a single year of
representative weather data for 15 locations in Great Britain (see Figure 3). Their locations,
standard air pressures used (determined from elevation) and climate classifications are presented
in Table 2.

The EWY was derived by selection of a complete year of weather data out of the years of data
available. A group of potential example weather years were selected in which each month had
several parameters which were within two standard deviations of the long-term average monthly
value for each of those parameters. The single year of data selected from these potential example
years was the year which had the minimum total deviation of all the parameters from the long
term means.

It should be recognized that this and other data sets of “average conditions” will not duplicate the
extreme conditions which are needed for design purposes and it will also not contain the
variation which will occur if several years of data are used. While it would be advantageous to
use long term hourly data, example weather years are often used when the long term data are not
available.

Weather data for other European locations and four additional UK locations were obtained from
the CEC Test Reference Years (CEC, 1985). Their locations are presented in Figure 4 and Table
3. The CEC TRYs were compiled from 12 individual months of “average” measured weather
data taken from different years. The data for the hours at the start and end of each month were
adjusted to provide for a smooth transition between adjacent months when they were selected
from different years. Comments about the applicability of the CIBSE data apply to the EC TRYs
also. The month-year data selected to make up the TRY are presented in Appendix A. It should
be noted that very few of the data months used in the TRY's come from the year of data used in
the EWY.

Each TRY and EWY have been prepared for a specific location. The limits of its applicability
should be restricted to a geographic region in which the deviations caused by the geographical
distance from the original location do not exceed the standard deviation of the results caused by
the stochastic variations of weather from year to year (CEC, 1985).

11



Table 2. British Locations Using CIBSE Example Weather Year

Location WMO Lat Long Yeoar Elevation Standard Climate Classification
# (°'N) c'w Selected {m) Pressure
(mb)
Kdppen Troll

Aberdeen 30910 657 12 0213 80/81 856 1006.06 Cfb n,2
Aberporth 36020 62 08 04 34 72/73 133 996.564 Cfb ,2
Aldergrove 39170 64 39 06 13 77178 68 1004.87 Cfb n,2
(Belfast

Airport)

Birmingham 36340 62 27 01 44 72/73 98 1001.16 Cfb mn,2
Brigtol 37280 51 28 02 38 84/86 1 1011.86 Cfb n,2
Camborne 38080 50 13 06 19 81/82 88 1002.17 | Cfb m2
Dundee 31634 66 27 03 01 80/81 4 1012.74 Cfb m2
Eskdalemuir 31820 66 19 0312 70/71 242 983.08 | Cfb m,2
Glasgow 31400 65 62 04 26 72/73 6 1012.62 Cfb n,2
Heathrow 37720 61 29 00 27 79/80 26 1010.09 | Cfb n,2
Kew 61 28 00 19 84/656 77 1003.54 Cfb mn2
Manchester 33340 83 21 0216 84/86 75 1003.80 Cfb n,2
Newcastle 32433 66 02 01 42 86/87 81 1003.04 Ctb n,2
Norwlch 34920 52 38 ?51) 19 81/82 18 1010.97 Cfb m,2
Sheffield 33600 63 29 01 00 86/87 17 1011.10 Cfb mn,2
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Table 3. Locations Using the CEC Test Reference Year

Location Latitude Longitude Elevation Climate Classification
¢ "N) ¢ 'wW {m)
K8ppen Troll
Belgium
Oostende 6112 02 52 a|cw mn,2
Saint-Hubert 60 02 0b 24 663 | Cfb mn,3
Uccle 50 48 04 21 105 | Cfb n,a3
(Bruxslles)
Denmark
Copenhagen b6 46 1219 19 | Cfb in,3
France
Carpentras 44 0b 056 03 106 | Csa v,1
Limoges 456 49 0117 284 | Cfb n,2
Macon 46 18 04 48 217 | Cfb mn,3
Nancy a8 a1 06 13 204 | ctb .3
Nice 43 39 0712 10 | Csa v,1
Trappes 48 46 02 01 168 | Cfb 2
Netherlands
De Bilt 52 06 05 11 40 | Cfb 3
Eelde 63 08 06 36 6 | Cfb n,3
Vlissingen 61 27 03 36 22 | Cfb n,2
United Kingdom
Aberporth 62 08 04 34 133 | Cfb m2
Eskdalemuir 55 19 0312 242 | Cfb mn,2
Kew 61 28 0019 77 | Cfb m,2
Lerwick 60 08 01 1 82 | Cfb m,2

15



4 DETERMINATION OF THE AVERAGE WEATHER CONDITION FOR EACH
PSYCHROMETRIC REGION

The “average air” in each psychrometric region for each location was determined by analyzing
the long-term, measured weather data. Coincident matrices or arrays were made which contained
the number of hours each dew-point temperature occurred coincidentally with each dry-bulb
temperature. These X-Y arrays ( X dry-bulb temperature vs. Y dew-point temperature) contained
the number of occurrences of Y dew-point temperature which had occurred at X dry-bulb
temperature. Thirteen (12 monthly and one yearly total) matrices were determined from the
long-term weather data for each location. One degree Celsius bins were used for both dry-bulb
and dew-point temperatures.

The “average air” statepoint for each region was then determined from the matrices by assuming
that it was a mixing process of all the occurrences of conditions within a psychrometric region.
In a mixing process of two air streams, each air stream is weighted by the mass of air flowing in
that stream. In this situation each dry-bulb/dew-point combination was weighted by the number
of hours of occurrence of that condition in the historical data set. Dry-bulb and absolute
humidity for the given dew-point were the psychrometric parameters used in the mixing
routines. The psychrometric properties were calculated using the routines of Zhang and Gates
(1992). Standard air pressure based upon station elevation was used for all the mixing
calculations.

The average percentage of the annual hours in each psychrometric region and the corresponding
average dry-bulb temperature and humidity ratio are given in Table 4 for each of the locations
investigated. This is given for a heating setpoint of 18 °C and a cooling setpoint of 25.6 °C, 40%
relative humidity. Examples of the data contained in this table are given in Figure 5 for four
locations. The percentage of the total number of hours in each region is given for the sample
locations in the pie charts in Figure 6.
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Table 4: Average Conditions for the Air within Each Psychrometric Region and Percentage of

Annual Occurrence

(Note: The average condition is computed from all the period-of-record hours the hourly air

statepoint is bounded by the region.)

0000
1000
§00°0
0000
0000

8000

%

L >4
eIz eIt
iz rsC
AT A
§iZ eoc
iz rez

¥H 8q

9 NOOY

S0
200
9910
€110
vo
€100
1o
«o
#00°0
€6£'0
$S0°0
0000
1000
9000
1000
000

1000

1000
1000
2000
1000

1000
2000

0000
100°0
0000
¥00'0
[>> i)
Z1oc
¥20°0
8100
€900
Z00'0

1000
6000

o

rs 82
88 68W
DY TS S >
8EL 16
14D ®
ok €LZ
LE} £
€ri o€
98 (§74
69t 0%

Eb &
L AT - 4
§0F 'R
0k Y&
b oz
rZE 9
i 9
ve 982
i re
L 6
x4} ®
0L e
90 w8
8ok 4
ETL S®&
x4 ez
L 98
€SI 88
L ez
L T
€0L 8L
80l @82
yoL T
L0k -4

0l S8
St e

¥YH G

§ NOIOR

2000
8200
+80°0
2000
0000
t000
t000
€000
2000
+00'0
1000

0000

000
0000
€000
0000

%

€L L&
89 LT®
T96 T®W
Y. Le
§L 9W
09 £T®
Y. se
TL LO0€
YL soe

L S0¢
Y., re&
Ve [~
9. &
8l ¢
r., rez
9L 2

¥H 80

¥ NOMO3Y

000

400
510
8000
+000
8000
€000
2000

o
2000
000

0000

L000
L0000
t000
8000

%

HY %O0¥ 'Ds 95T = naodhos Ougoo)
D% 81 = JNOteS Bugeey

re 12
TS -4
Ty [«
T &z
$9 LW
€y o2
89 8%
8s &z
T§ 64
8s rZ
€9 8w
L9 -4
TL e
19 Tz
'L T
| 23 o
89 €4

¥4 8Q

€ NOIIH

Lo
Z8L0
20
aZz o
[ 2 4]
6680
Z8Z0
€0
L0
96E°0
20
1600
9600
o
200
§040
8100
€00

4800
800
[24 %)
S¥00
1200
¥00
8e0°0
i900
1S0°0
1800
200
9400
L¥00

€00
(439}
Zeo
8210
910
erio
oz o
§60°0
6500
€800
€20

%

(musoep) uoBes NFALOXPAS] LY Ut SNOY ENUUE B J0 S0eUBIB - %
(@y5) ogms Aoy aBesBAY - HH
G.vn-ﬂuﬁlg\égx.oo

e

roz

1 4] [ ¥4
€5 €Iz
80k 212
e€elt s,

oL zoe
S T
9Lk 2T
e 60
8> S 0~ 4
801 34
Z0L S8l
se 1o

8
18 1’6l

oL 10z
16 0%l
[AC) S8l
e o
-3 184
(A 98l
rAL) [-2.1%
98 (.13
866 98l
98 213
801 8L
X:] 26t
56 +OZ
€6 rel
¥e rel
FoL L8
£e £'6l
¥e ToZ
it ¥4
96 Yo
10t SO
€6 02
re
€. [+ "4
86 o2
£oL  ¥8L
10l £

1 TR

Z NOI93Y

1890
€890
680
2890
8900
6.50
€190
6y o
T80
0z0
8120
9080
2080
€990
628’0
1880
880
o980

3
0680
180
880
560
8480
8.8'0
198°0
€560
800
2080
€80
960
9960
6660
880
Y90
W0
1180
©$80
Y2L'0
€080
1960
9600
8980

%

s e VMW 9805 VSN
8t § ln'A)eews vsn
Yy L Zv ueoNd  YSN
y ¢ 3N BEWO VSN
€L LE 14 ‘wewy vSN
YL 6Ch VD seEbuy 607 VSN
Ly [ A ‘uoBup  vSn
Zs 88 XL @M T4 VSN
X3 14 JUTRLTT S TR ]
zL 71 XL ogasumond VSN
€y 8% VI umog  YSN
€9 €86 N W
9 s o3 W
[ 9 ¥9eQ W
8¢ T8 eSS 89
85 62 WMON 89
s 92 MeEWeN 89
9 99 oOUR 89
96 689 23D VW @O
65 18 030 '‘mey 8O
9 I8 LT 5]
€9 T6 Ll T )
869 €8 =cbeyo g9
LS 68 O30'muwempws 89
8s 689 el 99
LS 8 sepung 99
L 0L owoqued g9
19 T8 g @9
9 »8 weybuning 89
19 ¥8 oafbepry g9
$9 S8 230wuodeqy 89
-] wodegy 99
8s L2 usopRqy g9
-] seddeil W4
8s 60} N M
8s 9¢ oueN ud
9 ez ucom M4
19 68 sefour] W4
s 8 sequadsed W4
$§ L9 wlayedod  %a
95 8§ usqnH-umes 138
o 8e opussa) 138
€9 ¥e sogerug 138
¥H 8d
L NOIOJY

SH0N

134
zr
14

RINRIGRBRERISAAIRRER3Q

FTNOTNDON O

17



XIUaoyd Vv lwelpy X SOIN O sajjoxnig @

Do ‘AINnjelsadwa | qng-Aig

o

o€ G¢ 0c S 0L G

1

I Il I
T T T T

1 4 41 | U GRS R W (Y GRS G S O
T T 1 — T T+ 1t 1ttt 1

G000

100

GL00

¢00

G200

€00

4 3
LN SN D B D SN S S D (et AR SN S e s S B S A BN S M S A (e S A B S B AN SR B

D WD D U N N T N U N TS Y TN NN U U U S TS N G B |

GE00

18

2By M6y ‘oney Aypiwuny
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5 ANNUAL HEATING ENERGY REQUIREMENTS

The amount of sensible heating required for conditioning a constant airflow of one kg/h of
ventilating air to 18 °C for each of the locations is presented in Table 5 and in Figure 7. This
setpoint was used to closely correspond to a setpoint commonly used in some American
standards which relate to air infiltration and ventilation (ASHRAE Stds. 119 and 136).
Sometimes it is assumed that the entering air needs to be heated to a temperature less than the
setpoint due to solar and internal heat gains. This is considered by determining the energy
required to heat the air to 1,2, and 3 degrees less than the setpoint (17 °C, 16 °C, & 15 °C
respectively). The lower setpoints’ percentage of energy required to heat to 18 °C are also
presented in Table 5 and the amount of energy in Figure 7.

There is a significant amount of energy used to heat the incoming air. For the 18 °C setpoint it
varies from approximately 101 MJ-h/kg for Saint-Hubert, Belgium (cold climate) to 3.3 MJ-h/kg
for Miami, USA (warm climate). These account for 99.6% and 2.3% of the total energy
respectively.

It was also found that for the locations selected in this work which had a significant amount of

heating required that there was approximately a 10% (7.2 MJ-h/kg) reduction in this energy for
_every degree Celsius of reduction in the setpoint.
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Table 5. Average Annual Sensible Energy Required for Heating Air to the Setpoint (MJ-h/kg)

Setpoint Peroentage of Energy Needed st
18°C
18°C 17°C 18°C 18°C 17C 16°C 15°C

1 BEL Bruxelles 734 838 86.1 81.2 89.6 79.2 8.7
2 BEL Oostende 76.0 877 50.3 $1.2 89.1 78.3 874
3 BEL Saint-Hubert 1011 028 848 782 018 838 764
4 DK Copenhagen 808 81.6 736 837 011 022 734
6 FR Carpentras 88.0 487 423 5.0 88.4 76.8 86.2
8 FR Limoges 70.3 02.9 (LX) 48.2 8958 70.0 68.6
7 FR Macon 724 66.2 56.1 51.0 90.1 80.3 704
8 FR Nancy 78.7 AR 83.6 66.0 004 80.7 711
9 FR Nice 401 344 287 231 8se 77 878
10 FR Trappes 748 687 89.0 51.2 898 701 8.7
1 GB Aberdeen 88.2 7086 AR 826 003 806 70.8
12 GB Aberporth 727 842 66.8 474 884 78.0 852
13 GB Aberporth, CEC 739 882 586 47.0 88.3 766 048
14 GB Aldergrove 822 738 65.0 888 LI 791 8.7
13 GB Birmingham 77.0 60.0 61.0 83.0 LX) 792 68.9
16 GB Bristol 821 738 6864 571 808 787 88.6
17 GB Cambome e7.0 5868 60.2 418 7.8 749 624
18 GB Dundee 840 76.2 a77 60.2 00.0 80.0 70.0
19 G8 Eskdelemuir 5.1 886 78.0 804 01.0 819 729
20 [e]:] Eskdalemuir,CEC 06.1 874 78.8 702 1.0 820 734
21 aB Glasgow 81.2 728 844 580 808 70.3 88.9
22 GB Heathrow a7e 598 621 444 LY 772 857
23 [e]:] Kow M7 [xX.} 55.8 476 887 776 6.2
24 GB Kew, CEC 704 8256 54.6 458 087 T7.4 88.2
25 GB Lerwick, CEC 07.8 887 79.9 71 91.0 81.9 729
26 GB Manchester 788 702 819 836 80.4 708 682
27 [¢]:] Newoastie 88.0 704 70.7 821 90.2 80.3 70.5
28 GB Norwich 796 7me 638 866.0 00.1 80.2 704
29 [¢]:] ShefMeld 80.4 722 641 88.9 888 707 806
30 NL DeBitt 77.8 007 02.0 642 0.0 70.0 80.9
k) NL Eeide 832 752 87.3 303 904 80.8 713
32 NL Vilssingen 608 618 538 46.8 88.6 771 8se
3 usa Boston, MA 773 70.9 646 58.3 o118 836 76.4
M4 USA Brownavllle, TX 107 | - 89 71 8.3 833 [LLX.} 49.9
s USA Cheyenne, WY 100.0 028 86.6 785 928 857 786
k4 USA FL Worth, TX Mo 3 274 238 89.2 78.3 67.8
37 USA Laxington, KY 849 80.3 54.1 487 07 834 76.0
38 USA Los Angseiss, CA 200 16.8 107 68 750 512 287
k] USA Miami, FL 33 28 18 1.0 768 63.7 308
40 USA Omaha, NE 84.7 78.9 732 87.5 03.2 884 797
41 USA Phoenlx, AZ 196 186 136 106 847 60.3 84.0
42 USA Satt Lake City, UT 79.2 731 a7.0 a0 e 923 848 76.9
43 USA " Seatte, WA 67.2 - 60.7 821 4.0 888 778 683
Aversge T4 639 88.7 49.6 889 798 9.7
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Figure 7. Average Annual Sensible Energy Required for Heating Air (MJ-h/kg)
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5] Variation of the Heatine Redu e 10 Setpoini T

The amount of sensible energy required to heat the air to the desired setpoint depends greatly
upon the setpoint selected. The energy required at each location was determined over a range of
setpoints from S °C to 40 °C. This variation of energy required is given for several locations in
Figure 8. It can be seen that this is an exponential curve of the form:

Sensible energy = a * setpoint b

®)

The sensible energy required for each location in the range of setpoints from 10 °C to 25 °C was
fit using a least-squares linear regression on the log transformation of Eqn 8 to determine the
coefficients for each location. These coefTicients are given in Appendix B. The coefficients to
use for a 1,2 and 3 degree reduction in setpoint are also presented.

Figure 8. Variation of Heating Energy Required Due to Setpoint Temperature

200

150 -

100 -

50 -

Sensible Energy Required, MJ-h/kg

Heating Setpoint, °C

(:1— Lexington, KY - - a-- Ft. Worth, TX — % - Omaha, NE - - o - Nice, FR\

23



6 ANNUAL SENSIBLE AND LATENT COOLING ENERGY REQUIREMENTS

The sensible and latent energy exchange required for humidity control and cooling to the desired
statepoint of 25.6 °C and 40% RH for psychrometric Regions 3 through 6 for each location is
presented in Table 6.

The total sensible and latent energy exchange for psychrometric Regions 4 through 6 are
presented in Table 7 and Figure 9. (Evaporative cooling humidity control is not commonly done
for Region 3 therefore it is not included in the totals.)

These results indicate that conditioning of air to provide cooling and dehumidification can
require significant amounts of energy. The greatest amount of sensible cooling was required in
Phoenix, AZ (20.2 MJ-h/kg dry air) and the greatest amount of latent cooling was required in
Miami, FL (82.2 MJ-h/kg). The total cooling load (combined sensible and latent) is highest in
Miami (92.1 MJ-l/kg) which has a hot humid climate. The percentage of total cooling for
sensible and latent cooling is also presented in Table 7.

On the average (each station weighted evenly), latent cooling required 65.3% of the total cooling
load for all the locations investigated. When only those locations requiring more than 5 MJ-h/kg
are considered (i.e. consider only those locations typically requiring air conditioning) latent
cooling required 79.7% of the total cooling load.
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Table 6. Sensible and Latent Energy Transfer for Temperature and Humidity Control to 25.6 °C
and 40% RH (kJ-hkg)

Reglon 3 Region 4 Region 5 Region 6
Sensible Latent Senslble Latont Sensible Latent Sensible Latent

1 | BEL | Bruxelies 0 0 0 0 -133 -089 0 0

2 | BEL Oostende 0 0 0 0 -7 -38 0 0

3 | BEL | Saint-Hubert 0 0 0 0 0 -6 0 0

4 | DK Copenhagen 0 0 -1 1 -29 -102 0 0

8| FR Campentres -83 183 -108 88 -1608 -3819 0 0

8| FR Limoges -4 28 - -8 4 -328 887 0 0

7| FR Macon -3 20 -1 8 -388 -1764 0 0

8| FR Nancy 0 0 0 [ -183 -a81 0 0

8| FR Nioe -19 46 7 [ -367 -6128 0 0
10 | FR Trappes 0 0 ] 0 -33 -284 0 0
1 { GB Abardeen 0 0 0 0 B -20 0 0
12 | GB Aberporth 0 0 0 0 -7 70 0 0
13| GB Aberporth, CEC 0 0 0 0 0 E.] 0 0
14 | GB Aldergrove 0 0 0 0 0 0 0 0
16 | GB Birmingham -2 3 0 0 21 -107 0 0
18 | G8 Bristol Y 1] 0 0 8 48 0 0
17 | G8 Cambome 0 0 0 0 0 0 0 0
18| GB Dundes 0 0 0 0 0 0 0 0
19 | GB Eskdalemuir 0 0 0 0 0 0 0 0
20 | g8 Eskdalemuir, CEC 0 0 0 0 0 0 0 0
21| GB Glasgow 0 0 0 0 -2 -68 0 0
22| G8 Heathrow 0 4 [+} 0 -26 -170 0 0
23|68 Kew 0 0 0 0 -4 -18 0 0
24 | GB Kew, CEC 0 0 0 0 290 -28 0 0
256 | GB Lerwick, CEC 0 0 0 0 0 0 0 0
2 | g8 Manchester 0 0 0 0 -4 -06 0 0
27 | GB Newcastie 0 0 0 0 0 0 0 0
28 | GB Norwich 0 0 0 0 30 e r] 0 0
20 |'ags ShefMeld 0 0 0 0 -4 L] 0 0
30 | NL DeBilt 0 0 0 0 -10 -247 0 0
31 | NL Eeide 0 0 0 0 L] -70 0 0
32 | NL Viissingen 0 0 0 0 -2 -24 0 0
33 | USA | Boston -38 147 -3 17 -1403 -8820 0 0
34 | USA | Brownsville 40 140 23 13 -11612 74720 -149 -1687
38 | USA | Cheyenne -028 3219 -03 68 -85 -83 0 0
38 | USA | FL Worth -101 are -114 87 -10307 -34480 -8 -39
37 | USA | Lexington -37 128 -38 20 -2482 -11968 -3 -10
38 | USA | Los Angeles -168 630 -58 M -203 906 0 0
39 | uSA | Miami -10 41 -7 4 9747 -80826 -120 -1380
40 | USA | Omahe -81 208 o7 39 -3633 -13040 43 23
41 | USA | Phoenlx £031 13010 7608 N -12678 -12302 0 -2
42 | USA | Satlt Lake City -2327 5910 -1788 1168 -6789 407 0 0
43 | USA | Sesttte ) -58 168 -37 30 -314 -307 0 0

Note: Negative energy indicates haat extrection (cooling).
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Table 7. Average Sensible and Latent Energy Required for Conditioning Air to the 25.6 °C, 40%
RH Setpoint (MJ-h/kgdry-air)

COOLING Sonsible Latant Totat % %
(MJ-hkg) (MJ-Kg) (MJ-IRg) Sensible Latent
1 | BEL Bruxelles 0.1 10 11 0.119 0.881
2 | BEL Ocstende 0.0 0.0 0.0 0.163 0.837
3 | eeL Saint-Hubert 0.0 0.0 00 0.000 1.000
4| ok Copenhagen 0.0 0.1 0.1 0220 0771
s | FR Carpentres 18 36 53 0.343 0.657
s | FR Limoges 03 07 10 0.340 0.660
7 | FR Macon o8 17 23 0.248 0782
8 | FR Nancy 02 0.9 11 0172 0.628
e | FR Nice 04 6.1 56 0006 0.034
10 | FR Trappes 0.0 03 03 0.104 0.806
11 | GB Aberceen 0.0 0.0 0.0 0048 0.962
12 | c8 Aberporth 00 0.1 01 0081 0.919
13 | c8 Aberporth CEC 0.0 00 0.0 0.000 1.000
14 | a8 Aldergrove 0.0 0.0 0.0
13 | cB Birmingham 0.0 01 0.1 0.164 0.836
16 GB Bristol 0.0 0.0 01 0.111 0.889
17 | a8 Cambome 00 0.0 0.0
1 | 6B Dundee 0.0 0.0 0.0
10 | e Eskdalemuir 0.0 00 0.0
20 | @8 Eskdalemuir,CEC 0.0 0.0 00
21 | o8 Glasgow 0.0 01 0.1 0034 0.000
22 | o8 Heathrow 0.0 02 0.2 0128 0.872
23 | cB Kew 0.0 00 00 0.182 0818
24 | a8 Kew. CEC 00 0.0 0.1 0637 0.483
26 | 88 | Lewick CEC 00 0.0 00
26 | cB Manchester 00 01 0.1 0284 0738
27 | g8 Newoastis 0.0 Y 0o
26 | 68 Norwich 00 03 04 0.106 0.806
20 | o8 Sheffeid 00 0.9 0.1 0.044 0.058
30 | N DeBllt 0.1 02 03 0.200 0.710
31 | N Eede 00 01 01 0.070 0.021
2 | N Viissingen 00 0.0 0.0 0077 0.923
33 | usa Boston, MA 14 58 72 0.198 0.802
34 | usa Brownaville, TX 1.7 784 8.1 0133 0.667
35 | usa Cheysnne, WY 01 0.0 01 1.035 0.036
38 | usa Ft Worth, TX 104 Y 449 0232 0.768
37 | usa Lexington, KY 26 120 146 0174 0828
as | usa Los Angeles, CA 03 1.0 12 0215 0.786
39 | usa Miami, FL Y 822 021 0107 0093
40 | usa Omaha, NE Y 141 178 0.206 0.793
41 | usa Phosnix, AZ 202 87 288 0.700 0.300
42 | usa Salt Laxe City, UT 24 07 18 1483 0.403
43 | usa Seattie, WA 04 04 07 0510 0.490
Average for all locations 18 ) 7.4 0.218 0.784
Average for cooling locations (Y 269 38 0.204 0.798
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Figure 9. Latent and Sensible Cooling for Conditioning to 25.6 °C and 40% RH (kJ-h/kgdry-air)

‘| Variationof E Required due 1o Selpoi

The effect of the cooling setpoint on the energy required was determined by changing the
setpoint plus and minus two degrees Celsius for those locations which had greater than 5
MJ-h/kg cooling load. The respective percentage increase and decrease of the total cooling
energy required at 25.6 °C and 40% are presented in Table 8.

It was found that generally the greater the cooling energy required, the higher the potential for
energy savings. This variation is an indication of the great sensitivity of the cooling energy
requirements to the control setpoint selected. The greatest change in energy requirements was for
Miami where the cooling energy required at 2 °C higher and lower setpoints was 151.4% and
49.5% of the energy required at 25.6 °C.
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Table 8. Variation in Cooling Energy Required Due to Temperature Setpoint

Total Cooling cooling @ 23.6 °C/ cooling @ 27.6 °C/

@ 25.6 °C (MJ-h/kg) cooling @ 25.6 °C cooling @ 25.6 °C

USA Miami, FL 92.1 1.514 0.495
USA | Brownsville, TX 88.1 1.421 0577
USA Ft. Worth, TX 449 1.269 0.767
USA Phoenix, AZ 288 1.258 0.772
USA Omaha, NE 17.8 1.093 0.922
USA Lexington, KY 14.5 1.128 0.906
USA Boston, MA 7.2 1.068 0.854
FR Nice 5.5 1.1477 0.896
FR Carpentras 5.3 1.077 0.950
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52 Variation of E Required due 1o Humidity Desion Sewpai

The latent energy requirements in the previous tables indicate that a significant amount of the
energy used is for dehumidifying the air to the desired condition. Thus the design relative
humidity greatly impacts the energy requirements. (The energy requirements were determined
initially for a 40% relative humidity design.) In order to determine the sensitivity of the relative
humidity setting, the energy required for relative humidity designs of 60% and 80% were also
determined. These values and the percentage of the 40% RH energy requirements are presented
in Table 9.

Increasing the relative humidity setpoint from 40% to 60% had a significant impact of the energy
requirements for those locations with significant cooling requirements. The energy requirements
at 60% relative humidity relative to that required at 40% RH ranged from 15.2% for Carpentras
to 59.0% for Brownsville. When the setpoint was raised to 80% there was an even greater
reduction in the energy requirements. The fraction of energy required at 80% RH ranged from
0.0% to 21.2% of that when the setpoint was 40% RH.

Table 9. Variation in Cooling Energy Required Due to Humidity Setpoint (Dry-Bulb Setpoint =
25.6 °C)

Total Cooling @ 25.6 °C (MJ-h/kg) Energy Use Ratio

40% RH 60% RH 80% RH 60/40 80/40
1| USA | Miami, FL 92.1 51.4 16.0 0.558 0.174
2 | USA Brownsville, TX 88.1 52.0 18.7 0.590 0.212
3 | USA Ft. Worth, TX 449 21.8 44 0.486 0.098
4 | USA Phoenix, AZ 28.8 9.3 0.7 0.322 0.024
5 | USA | Omaha, NE 17.8 8.0 1.8 0.450 0.101
6 | USA Lexington, KY 14.5 6.0 1.0 0.414 0.069
7 | USA | Boston, MA 7.2 28| 04 0.387 0.055
8 | FR Nice 55 26 0.5 0.474 0.081
9 | FR Carpentras 53 08 0.0 0.152 0.000
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7 COMBINED ANNUAL SENSIBLE, LATENT AND TOTAL ENERGY
REQUIREMENTS PER UNITARY AIRFLOW RATE

The combined heating and cooling sensible, latent and total energy requirements (based on the
18 °C heating, and 25.6 °C, 40% cooling setpoints) are presented for each of the locations in
Table 10 and Figure 10. This is the total energy required over the entire year which must be
supplied to condition the ventilation air to the desired conditions. The total energy required
ranged from 22.1 to 102.5 MJ-h/kg in America (Los Angeles and Omaha) and from 45.6 to
101.1 MJ-Wkg in Europe (Nice and Saint-Hubert). Heating accounted for almost all the energy
used for conditioning ventilating air in Europe with the maximum air conditioning load being
5.5 MJI'hkg (12.1% of total) in Nice. In America the fraction of the total energy used for cooling
varied from 96.5% to 0.1% (92.1 to 0.1 MJ-h/kg for Miami and Cheyenne respectively). The
latent load was larger than the sensible load for air conditioning in all the locations with a
significant cooling load except Phoenix which has a hot dry climate.
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Table 10. Annual Sensible, Latent and Total Energy Requirements (MJ-h/kgdry-air)

TOTAL HEATING |
Total Cooling Cooling Total & COOLING
Heating Sensible Latent Cooling (MJ-h/kg)

(MIhkg) |  (MINkg) | (MINKg) | (MIhkg) '
1 BEL Bruxelies 734 0.1 -1.0 -t1 74.8
2 | BEL Oostende 78.0 0.0 0.0 0.0 76.0
3 BEL Saint-Hubert 1011 0.0 0.0 0.0 1011
4 | ok Copenhagen 808 0.0 0.1 0.1 89.7
5 FR Carpentras 66.0 -1.8 35 5.3 80.3
8 FR Limoges 703 0.3 07 -1.0 713
7 | FR Macon 72.4 08 A7 -23 74.7
8 FR Nancy 78.7 0.2 0.9 -11 79.7
9 FR Nioe 40.1 04 -8.1 -6.5 458
10 FR Trappes 745 0.0 03 0.3 748
1 | GB Aberdeen 88.2 0.0 0.0 0.0 88.2
12 GB Abesmporth 727 0.0 0.1 0.1 728
13 GB Aberporth, CEC 73.9 0.0 00 0.0 73.9
14 | GB Aldergrove 82.2 0.0 0.0 0.0 82.2
15 | GB Birmingham 77.0 0.0 0.1 -0.1 771
18 GB Bristol 82.1 0.0 0.0 0.1 82.2
17 GB Camborne 67.0 0.0 0.0 0.0 67.0
18 | GB Dundes 84.6 0.0 0.0 0.0 846
19 | GB Eskdalemulr 96.1 0.0 0.0 0.0 96.1
20 a8 Eskdalemuir,CEC 96.1 0.0 0.0 0.0 06.1
21 GB Glasgow 81.2 0.0 0.1 0.1 81.2
22 GB Heathrow 678 0.0 0.2 0.2 87.8
23 GB Kow 717 0.0 0.0 0.0 71.7
24 GB Kew, CEC 704 0.0 0.0 0.1 70.5
25 | GB Lerwick, CEC 97.5 0.0 0.0 0.0 07.5
26 | GB Manchester 78.8 0.0 0.1 0.1 78.7
27 | GB Newcastle 88.0 0.0 0.0 0.0 88.0
28 GB Norwich 79.8 0.0 03 04 79.8
20 | GB Sheffield 80.4 0.0 0.1 0.1 80.8
30 NL DeBilt 778 0.1 -0.2 0.3 77.9
3N NL Eelde 83.2 0.0 0.1 0.1 83.2
32 NL Viissingen 9.8 0.0 ‘0.0 0.0 89.9
kx] USA Boston, MA 77.3 -14 -5.8 7.2 848
34 | USA Brownsville, TX 10.7 -11.7 -76.4 -88.1 98.7
36 USA Cheyenne, WY 100.0 0.1 0.0 0.1 100.1
38 USA Ft. Worth, TX 349 -104 -34.6 449 788
7 USA Lexington, KY 64.9 2.8 -12.0 -14.5 79.4
38 | usa Los Angeles, CA 20.9 03 -1.0 -1.2 22.1
39 USA Miaml, FL 33 9.9 -82.2 -82.1 954
40 USA Omaha, NE 84.7 -36 -14.1 -17.8 102.5
41 USA Phosnix, AZ 18.5 -20.2 87 -28.8 48.3
42 | USA Salt Lake City, UT 19.2 -24 07 -1.8 80.8
43 | USA Seattle, WA 87.2 04 04 0.7 87.9
Note: Negative snergy represants snergy extracted in cooling.
The total is the sum of the absolute values of heating and cooling.
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Figure 10. Total Energy Required for Ventilation Based Upon Constant Airflow Rate

(Setpoints: Heating = 18 °C, Cooling 25.6 °C, 40% RH)

32



8 SUMMARY

A significant amount of energy is required to condition air which is used for ventilation. The
annual energy required per kg/hr of airflow varied from 22.1 MJ-h/kg for Los Angeles to 102.5
MJ-h/kg for Omaha. In Europe the range was from 45.6 MJ-h/kg for Nice to 101.1 MJ-h/kg for
Saint-Hubert. In Europe most of the energy was used to heat the air to the desired setpoint. In
America there were significant amounts of both heating and cooling required. Much of the
variation was due to the amount of moisture in the air which had to be removed in air
conditioning. In situations where air conditioning is used a significant amount of this energy is
used in dehumidifying the air. For example in Miami 86.1% of the energy is used for moisture
removal.
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APPENDIX A

Years Used in the CEC Test Reference Year - 19XX

LOCATION Jan Feb | Mer | Apr May Jun Jul Aug | Sep | Oct Nov Dec
DeBIit 85 76 74 80 73 88 73 74 68 76 72 87
Eelde 73 76 75 80 73 89 77 70 8 77 72 73
Vlissingen 7 " 74 80 73 80 77 80 77 80 72 7
Aberporth 88 82 68 84 ee 88 81 81 87 81 80 87
Eskdalemuir 82 64 83 83 81 59 X 60 68 85 81 83
Kew (1.3 64 63 64 83 63 81 85 60 61 59 68
Lerwick 85 84 68 87 81 81 e7 88 83 80 81 82
Carpentras 69 70 78 74 75 78 Ial 768 " A 73 76
Limogens 77 88 89 77 69 73 75 74 69 73 73 76
Macon 76 768 70 74 69 " 70 74 70 89 72 76
Nancy 77 68 72 69 78 68 77 " 77 78 75 7
Nice 69 74 70 72 74 78 68 70 69 7" 7 76
Trappes 88 Al 89 89 73 74 72 77 68 75 72 73
Oostende 70 74 70 77 74 78 77 70 78 80 79 80
Saint-Hubert 80 74 89 76 1) 71 77 70 77 76 72 73
Uccle 87 82 83 82 88 64 82 81 70 58 72 87
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APPENDIX B

A and B Coefficients used in Eqn 8 to Estimate Sensible Heating Energy Required

Sensible = a * (temperature setting) * b

Temperature Setting

a b RA2

1  Bruxelies 302.8 1.8953 0.0998
2  Oostende 283.7 1.9857 0.9990
3  Saint-Hubaert 13766 1.4840 0.0908
4 Copenhagen 933.3 1.5784 0.9908
5 Carpentras 113.6 2.1363 0.0007
8 Umoges 200.0 19327 0.9988
7 Macon 423.7 1.7781 0.9909
8 Nancy 480.2 1.7560 0.9998
9 Nice 10.6 2.8352 0.9004
10 Trappes 2020 1.8121 0.0004
11 Aberdeen 466.0 1.8103 0.0980
12 Aberporth 100.2 2.2327 0.9949
13 Aberporth,CEC 95.2 22829 0.0034
14 Aldergrove 279.0 1.9557 0.9074
16 Bimingham 274.9 1.0417 0.9088
16 Bristol 370.6 1.8611 0.0080
17 Cambome 62.9 2.3038 0.9948
18 Dundee 385.1 1.8747 0.9978
19 Eskdalemuir 710.0 1.6871 0.9983
20 Eskdalemulr,CEC 742.3 1.6751 0.9964
21 Glasgow 263.3 1.9350 0.0078
22 Heathrow 145.§ 2.1168 0.9080
23 Kew 1751 2.0719 0.69087
24 Kew, CEC 1024 2.0917 0.9088
25 Lerwick, CEC 545.6 1.7816 0.9938
26 Manchester 2760.1 1.0485 0.0087
27 Newcastis 4045 10518 0.8973
28 Norwich 455.6 1.7827 0.0008
29 Sheffeid 3528 1.8717 0.9980
30 DeBilt 4144 1.8070 0.0008
31 Eeide 566.0 1.7240 0.0098
32 Viissingen 100.5 2.09063 0.9980
33 Boston 1179.1 1.4522 0.0084
34 Brownaville 1.03 3.2076 0.9992
35 Cheyenne 2721.0 1.2508 0.9985
36 Ft Worth 1184 1.9738 0.9988
37 Lexington 8473 1.4708 0.0067
38 Los Angeles 0.0080 65.0568 0.8906
39 Miami 0.0047 4.6803 0.0082
40 Omaha 20236 1.1841 00087
41 Phoenix 340 20383 0.9904
42 SaltlakeClty 15181 1.3721 0.9988
43 Sesttle 148.7 2.1104 0.9083

Temp Setting minus 1 °C

a
1708
141.6
044.2
844.7

638
152.2
2741
300.5

3.86
170.2
2620

47 4

40.3
149.9
1519
2213

267
2023
420.6
440.5
168.2

7

08.2

87.0
278.9
166.7
2239
288.2
206.4
2881
380.8

a3
895.7
0.626
21829

80.2

7448
0.00113
0.00188
2364.7
1.69
1163.8
750

b
20372
21217
1.6844
1.6748
2.2932
20787
1.8926
1.8811
3.128¢0
2.0801
1.0678
24768
2.65340
21312
2.1078
2.0022
2.0554
2.0411
1.8339
1.8171
2.1100
22610
2.2410
22053
1.9772
21034
20191
1.9087
20192
1.9342
1.8445
22793
1.5176
3.3783
1.3001
2.0880
1.5234
5.6353
49019
1.2210
J.1682
1.4389
2.2970

RA2
0.9886
0.0080
0.0008
0.9968
0.9096
0.9994
1.0000
0.9997
0.0048
0.9903
0.9978
0.9937
0.9928
0.0074
0.9882
0.9000
09037
0.9976
0.9980
0.9982
0.0078
0.9987
0.9087
0.9986
0.9924
0.9988
0.9971
0.9008
0.9990
0.9008
0.0008
0.9986
0.9087
0.9997
0.9886
09992
0.9972
09014
0.9954
0.9981
0.9901
0.9902
0.997¢

Note: Limits of squation are for setpoint temperature from 10 °C to 25 °C.
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Temp Setting minus 2 *°C

a b
92.0 2.2251
68.0 2.3481
500.8 1.7082
411.8 1.7944
28.2 25110
76.2 2.2734
168.9 2.0405
170.2 2.0444
0.741 36244
84.7 22571
127.86 21750
14.4 2.8342
11.7 2.9047
668.3 2.3681
69.8 23312
118.0 2.1883
6.84 3.05%4
04.0 22628
2171 2.0240
2350 1.0008
70.3 2.3458
33.8 2.6317
425 24718
38.0 2.5034
1181 2.2418
76.2 2.3124
1041 22412
188.2 2.0718
103.9 2.2138
1410 2.0007
206.9 1.9980
34.4 265348
647.2 1.5972
0.184 3.6643

1044.4 13718
498 2.1928
881.3 148879

2.30E-07 8.3739
2.76E-04 54105

1034.2 1.2642
0.489 3.5372
835.8 1.5196
30.8 2.5574

R*2
0.9993
0.0883
0.0007
0.9968
0.0002
0.9960
0.9000
0.9996
0.0801
0.9990
0.9072
0.9001
0.9901
0.9908
0.9078
0.9980
0.9900
0.9968
0.9972
0.09768
0.9960
0.9882
0.96684
0.9081
0.9964
0.9060
0.9968
0.9997
0.9088
0.8097
0.9967
0.9972
0.9990
0.9999
0.0087
0.9686
0.9078
0.86964
0.0080
0.9968
0.9981
0.9905
0.9668

Temp Setting minus 3 °C

[] b
36.9 2.4895
225 2660
342.0 1.8084
2362 1.0478
9.56 2.8371
29.4 25408
77.9 22403
78.3 2.2683

0.0128 49148
32.6 2.6387
48.0 24048
1.90 3.4631
1.48 3.55644
209 2.7129
234 26584
47.9 24305
0.8617 3.8081
325 26703
00.2 2.2833
101.9 2.2461
223 26803
968 28041
13.4 28123
11.56 2.8580
32.4 2.6300
27.3 2.6068
38.2 2.55682
727 2.2935
41.0 2.4852
64.2 23260
99.3 2.2001
9.24 2.0287

438.9 1.0968

0.0243 4.2388

1200.1 1.4504
25.2 2.3874
399.9 1.6885

3.63E-06 7.3038
9.98E-07 7.0949

1635.6 1.3154

0.0393 4.2914
667.6 1.0104
8.09 20587

R*2
0.0083
0.9865
0.9686
0.9889
0.9080
0.9981
09987
0.9988
0.6483
0.0078
0.9056
0.9760
0.9792
0.9048
0.9954
0.9987
0.9730
0.9848
0.9053
09983
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