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1 INTRODUCTION

Currently most of people tend to spend most ofr ttieie in the interior of the building,
e.g. at home, offices and hospitals, in schoolsusninkrsities. That is why breathing

fresh indoor air is vital for our health.

Ventilation is considered to be one of the mostantgmt factors for maintaining
acceptable indoor air quality in any space. Itssdito introduce outside air, control
temperature and remove excessive moisture, odockes heat, dust, airborne bacteria,

and carbon dioxide.

However, ventilation consumes energy in terms e€teical fan power as well as cooling
and heating energy. Energy production also affieetmtively on our environment and

contributes to C@emissions to the atmosphere.

Many types of ventilation systems encounter proklémcontrol minimum supply air and
thus to consume minimum amount of energy. But dilaion system based on
registration of increasing G@oncentration can facilitate in solving the giyenblem.

Such a technology is called GBased demand controlled ventilation (DCV).

The experience and field studies have shown tlealetrel of carbon dioxide in any space
can be a reliable indicator and quite a cheapungnt of the air quality and ventilation
rate. That is why C@is used as an indicator of air quality in demaoatiolled

ventilation systems.

CO,-based demand controlled ventilation system costie amount of supply outdoor
fresh air in a building depending on a number afpbe and their activity. People are the
main source of C@in a building. If a number of people in a roond@ubled, the C®
level will accordingly double. If one or few peopéave a room, the level of GWiill
proportionally decrease. Thus DCV saves energyysbienot heating or cooling

unnecessary amount of outdoor air. The benefisaiof a ventilation system are maximal



when a number of people continuously changes wmildibg, in the extreme climate

conditions or when the electricity cost is quitghi

Taking into account the above mentioned, the olvestof the given Bachelor’'s Thesis

are as follows:

- to define benefits of demand controlled ventilation

- to investigate the standards which describe theimed limits of CQ concentration;
- to compare C@based DCV and the conventional ventilation system;

— to explore different types of G@ensors;

— to consider the application of DCV in different lolimgs and situations.

2 THEORETICAL BACKGROUND

This chapter provides clear understanding of thim m@ncept of C@based DCV. The
chapter may provide a necessary background to statet how C@based DCV
operates and how it is applied under current cadédsstandards. The given chapter
introduces the information about human breathirgdythe way it influences the air
quality in the interior of the building. The chap#tso explains the required ventilation

rates and C@differential.

2.1 CO, DCV concept

The concept of DCV has been known for over 20 yeklre sensors of the first

generation did not provide the required reliabjlapd the cost of the sensors was high.

In recent years, the advances in sensor technslbgiee made demand controlled
ventilation both reliable and cost-effective. ThREARAE Standard 62.1-2004 indicate
that the demand controlled ventilation is accegtatdien correctly designed and installed
/1]

CO»-based demand controlled ventilation is a combamadif two technologies:



1. COs-sensors monitor carbon dioxide level in the aithi@ interior of the building.

2. An air-handling system that employs data from #ressrs to regulate the amount of

supply air.

CO, sensors continually monitor air in a conditionpdce. Since people exhale carbon
dioxide, the difference between the £&ncentration in the interior of the building and
the level in the exterior of the building indicatee occupancy and activity level in a
space and, thus, its ventilation requirements.sEmsors send carbon dioxide data to the
ventilation controllers, which automatically incseaventilation when carbon dioxide

concentrations exceed a certain level in a space.

Ventilation rates can be measured and controlleédban real occupancy. This
contradicts the conventional method of ventilat@ fixed rate independent of
occupancy. This results in much larger air flovesatoming into buildings than
necessary. That quantity of air must be takenactmunt, because it increases energy
consumption and costs. In humid climates, the exgestilation also can result in
uncomfortable humidity and mould growth, making ithdoor air quality quite
inappropriate. Furthermore, the lack of fresh aim make building occupants drowsy. To
avoid the problems of excessive and insufficieeslfrair, people can apply demand

controlled ventilation.

CO»-based DCV provides a possibility to monitor boticigpancy and ventilation rates in
a building all the time. Most ventilation systemme aften regulated and adjusted only at
the time they are installed. DCV provides a higbgel of control when monitoring

conditions in the space and constantly adjustsyktem to the respond to the change of

parameters.

2.2 COzintheexterior of the building

Clean atmospheric air consists of different gaseke proportions given in Figure 1.



® Nitrogen 78%

Oxygen 21%

= Argon 0.9%

® Other gases (Carhbc
dioxide, Neon, Heliun
etc.) 0.1%

Figure 1. Chemical composition of clean and dry atmospheric air /2, p. 116/

The given figurellustrates the contelof clean atmospheric aHowever, due to human
activities and natural processes, the real atmaogpéir cancontainthe variable amount
of water vapor@n averagaround 1%), dust, pollespores, sea ray and volcanic ash.
Various industrial pollutants mealsobe present, such as chlorine (elementary
compounds), fluorine compounds, elemental meramg, sulfur cmpounds such as
sulfur dioxide (SQ). /2, p. 116/

The carbon dioxide concentration in the atmospheagalterduring a year due tany
combustion device or proct throughout the worldsuch as burning of fossil fu.
Yearlythe concentration of carbon dioxiincreases more andore. Scientists suppose

the increase of COmay cause the global warming.

For examplethe history of atmospheric carbon dioxide concéiatng, directly measured
at Mauna Loa, Hawg, is given in Figure 2. This curve shoti®® annual increase of GO
in theatmospheric ailThe annual fluctuations @farbon dioxide exist due CO,
absorption ofand plant in different seasons. The zigzagrve shows the avera
monthly concentrations, a the full curve shows the 12-montagerage change. /3, p.
49/
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Figure 2. Change of carbon dioxide in the atmospher e observed at Mauna L oa,
Hawaii, from 1958 to 2009 /3, p. 49/

As Hawaii is located in the central Pacific Oceéuese concentrations represent the
lowest concentrations in the world. In urban a@asloor CQ levels typically range
from 360 to 450-500 ppm. But carbon dioxide lewsan be even higher when in close

proximity to a source of CO

CO, has low molecular weight. Therefore carbon diexadsily occupies the whole open
space. It is possible to assume outside [@@els are constant for large geographic
regions. Consequently, G@& a baseline reference for outside air for thgppse of

measuring and controlling ventilation.

2.3 Carbon dioxidein theinterior of the building

There are a number of sources of qu@oduction in the exterior of the building, such a
burning of fossil fuels, producing cement and otprexducts, forest combustion and so
forth. But humans and their activity is the majouce of carbon dioxide in the interior

of the building. Plants contribute G@significantly in the interior if the building,u to
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their low level of metabolic activity. Combustioausces can accordingly contribute to
carbon dioxide in the interior of the building, they are normally not present in

residential buildings and public places.

The main process of G@roduction by humans in the interior of the builglis
respiration. For adults GQroduction varies from about Bén*h per person when
sleeping to about 17dm*h per person at high levels of physical activi@¥d, production
is different for children and adults. For instanicekindergartens an activity level of 157
W/m?, CO, production is 18m*/h per person. In schools with children aged frafidl.
16, the CQ production is about 18m¥/h per person. It is equal to GProduction of
adults during sedentary activity. /2, p. 144/ Movermation is provided in Table 1.

Table 1. The generation of carbon dioxide by humans at six activity levels/2, p. 144/

Activity Carbone dioxide

(dm*h per person)
Adults, sedentary (58-70 Whn 19
Adults, low level of physical exercise (174 Wjm 50
Adults, medium level of physical exercise (348 W/m 100
Adults, high level of physical exercise, athlet88Q W/nf) 170
Children of kindergarten age, 3-6 years old (15Tty/ 18
Children of school age, 14-16 years old (58-70 ¥y/m 19

The rate of carbon dioxide production by humanirasipn is related to the metabolic
rate by Formula 1 /4, p. 36/:

G = 410°M-A Awla 1
where: G - C@production, eh¥/s; M - metabolic rate, W/fA - body surface area,m
For example, for an adult person occupied with s&dg activities (M = 70 W/fhand A

= 1.8 nf), such as office work, the G@roduction by respiration is about 0.0050#/s
(18.1dm’h) per person.



As people exhale a predictable quantity of carbdoride depending on their physical
activity it can be used as a good indicator of,@@ ventilation control. It is important to
lay emphasis that G@oncentration in the interior of the building doex provide
enough information of the actual number of peoplg,it can be used in combination

with CO, concentration in the exterior of the building.

The required amount of G@oncentration in the interior of the building atiog to
Finnish Classification of Indoor Climate is repneteal in Table 2. Indoor climate is
divided into 3 categories in that table, i.e. indual indoor climate (S1), good indoor
climate (S2) and satisfactory indoor climate (S3)d. 647/.

Table 2. Target valuesfor indoor air quality /5, p. 647/

Indoor climate category
Unit Maximum values Note
Sl* &** %***
Carbone dioxide GPpm 700 900 1200 ({l))

I The concentration of carbon dioxide inclaamrbon dioxide from outdoor (350

ppm) and human sources. The {£Oncentration can be measured, for example, With

an infrared analyzer.

*S1: Individual Indoor Climate

The indoor air quality of the space is very good #re thermal conditions are
comfortable both in summer and winter. The useghefspace may individually control
the thermal conditions and improve the indoor agldy by increasing the ventilation
when necessary. The thermal conditions and indoquality satisfy, as a general rule,
the special requirements of the users (e.g. elgetyple, people with allergies or
respiratory illnesses, and others).

**S2: Good Indoor Climate

The indoor air quality of the space is good andiraughts occur. The temperature rises
above comfortable levels during the hottest dayth@summer.

***S3: Satisfactory Indoor Climate

The indoor air quality and the thermal conditiohshe space fulfill the requirements set
by the building codes. The indoor air may occadigrieel stuffy and draughts may
occur. The temperature usually exceeds comfortdene hot summer days.



2.4 CO, differential and ventilation r ates

If the ventilation rate in an occupied space desgeathe carbon dioxide concentration
will begin to increase and vice versa. Once peepter a room, C©Oconcentration will
begin to increase. This level will continue to ease until the amount of G@roduced

by the space occupants and the dilution air dedtvéo the space are in balance. Such a

state is called the equilibrium point.

The relation between GQevel and outside air ventilation rates can becdesd using a

simple two chamber model. This is illustrated igufe 3.

F— Space
/ Occupants
V.C, —» /) o3
vECS N / VECE
— e
t ©
Cs

Figure 3. Two chamber model /1, p. 35/

Formula 2 /1, p. 35/ shows the mass-balance equttipredict the difference between
indoor and outdoor C&concentrations at steady-state conditions, giveonstant

ventilation rate per person and a constani-Géheration rate:

N
T Ce_Co

V, orfula 2

where: Vo — outdoor airflow rate, dfe*person; N - C@generation rate, dits*person;

Cs - indoor CQ@concentration, ppm; Co - outdoor €€bncentration, ppm.



The equation can also be restated so that thelegumh level (Ceq) for a particular

ventilation rate can be calculated using Formula 3:
N
Ceq=Cs=Co + v Forma@la

The correlation between indoor / outdoor Qiliferential and ventilation rate do not
depend on volume of a room. However, the voluma imfom will affect the time it takes
for CO;, to build up to an equilibrium level. This equaticem be only applied when
equilibrium conditions exist. To make an accuratrmination of drfis*person rates
one should take COneasurements when the occupancy has stabilizeasiiag CQ
concentrations that are still in transition to aaiebrium level can result in
overestimation of the ventilation rate. Applied pedy spot measurements can be

extremely useful in helping to qualify if a spaseoverventilated. /1, p. 35/

The ANSI/ASHRASE Standard 62.1-2004 states thatfedrtodor) criteria with respect
to human bioeffluents are likely to be satisfieth# ventilation results in indoor GO

concentrations are less than 700 ppm above th@owu&r concentration /1/.

Appendix D of Standard 62.1-2004 provides an exartipht shows how this 700 ppm
level is derived from the 7.5 ds per person minimum ventilation rate establishetie
standard /1/. The calculation below assumes awigydével of 70 W/nf (which is equal

to 1.2 MET) which would be considered equivalenth® office activity type. Average

CO, production at this activity level (as providedrigure C.2 taken from Appendix D of
Standard 62.1-2004) is 0.00517 #sn Outside C@concentrations are assumed to be 400
ppm. If this turns out to be the case then the le@el for a 700 ppm differential will be
1100 ppm. It can be calculated applying Formula 3.

0.00517
7.5

Ceq = Cs = 400 + = 1100 ppm

These two tables show the differences betweeroairrates for office buildings in

different standards and countries (USA and Finlamtgy are vary significantly. For
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instance, in USA the minimum ventilation rate fdfiaes is 2.5dm*s per person, while in

Finland is 8dm®/s per person.

Table 3. Minimum ventilation ratesin breathing zonein office buildingsin Finland
1, p. 13/

Default Values
People Outdoor | Area Outdoor Comhbined
Occupancy ) ) Occupant ) Air
Air Rate R, Air Rate R, _ Outdoor Air
Category Density Class
Rate
dm?/s* person dm?/s* #/100 n’ dm?/s* person
Office
2.5 0.3 5 8.5 1
space
Reception
2.5 0.3 30 3.5 1
areas
Telephone/
2.5 0.3 60 3.0 1
data entry
Main entry
_ 2.5 0.3 10 55 1
lobbies




Table 4. Minimum ventilation ratesin office buildingsin USA #1 /6, p. 33/

11

Outdoor Sound Air
_ Outdoor | Extract _
air flow ] ) level vel ocity
Spacet @’ air flow | air flow L (winter/ Not
ace m/s winter ote
ype @ndg) | (dmirsy |
per 2 2 Lamex | Summer)
person dB nvs
Office and similar roon *C1
15 33/38*| 0.20/0.30|
guidel
Conference roo 8 4 33/3¢ | 0.20/0.3( | #3
Customer are 2 38/4: | 0.30/0.4( | #2
Corridor are 0.t 38/4% | 0.3(C #2
Canteen, break ar 5 38/4: | 0.2%
Archive, storage roo 0.3¢
Smoking room
-during building occupancy 10 20 38/43 | 0.30 #4
-outside building occupancy 10 #4
Copying roon 1 4

#1 For hygiene rooms’ extract air flows, see TdldleHygiene roon (D2).
#2 Guideline values for air velocity at fixed watations are the same as for offices.
#3 If a building has three or more conference matrshall be possible to control their

ventilation according to the actual demand.

#4 The pressure in smoking rooms shall alwayower than in the surrounding rooms.

3 BENEFITSOF CO,-BASED DCV

Compared to conventional ventilation, DCV providessiderable advantages.

The three major benefits of demand controlled Vatiin should be mentioned in

connection herewith:

First of all, demand controlled ventilation savesmgy by avoiding the heating, cooling,

and dehumidification of more ventilation air thamsineeded. According to the

observations, the savings range from 5 to 80 péinerontrast to the conventional
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ventilation system. The payback can vary from sav@aonths to two years and can often
be significant enough to facilitate to pay for otbeilding systems. /7/

The payback from C&based DCV will be greatest in higher density spaadnere
occupancy constantly changes (e.g. schools, tlsea&tail establishments, meeting and
conference areas). In spaces with more static ecwigps (e.g. offices) DCV can provide
control and verification that adequate ventilagwavided to all spaces. For example, a
building operator may arbitrarily and accidentabtablish a fixed air intake damper
position that results in over- or underventilatadrall or some parts of space. A €0
control strategy can ensure the position of thekatair dampers is appropriate for the
ventilation needs and occupancy of the space #hadk.

Secondly, active control of ventilation system paovide the opportunity to control
indoor air quality. Demand controlled ventilatioreates improved IAQ by increasing
ventilation if CQ level rise to an unacceptable level.

And the last advantage is simplicity and reliapibf DCV.

4 CO; MEASUREMENT TECHNOLOGY

Although relation between G@nd controlled ventilation has been known to theegal
public from 1916, C®@as a reliable and economic method of control \edrgn began to
be used not long ago. The first €&&nsor used for controlling ventilation in HYAC

application appeared on the market only in 199@ /3)/.

CO, measurements in HVAC applications are based exellyson the Infrared (IR)
absorption principle. This is because differentegaabsorb infrared energy at specific and

unique wavelengths in the infrared spectrum.

There are two types of sensors to measurgdo@centration with help of the IR
absorption method:
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1. Non-Dispersive Infrared (NDIR) absorption sensor

2. Photo-acoustic sensor
These technologies can be cost-efficient, but lf¥erent operational characteristics.
4.1 Non-DispersiveInfrared (NDIR) CO, sensor

Sensors based on non-dispersive infrared detestiarch the net increase or decrease of
light that occurs at the wavelength where,@Bsorption takes place. The light intensity

change depends on the concentration of carbond#oxi

Figure 4 shows an example of a typical NDIR sem&tere air is penetrating into a
sample chamber that contains a light source oorleend and a light detector on the

other.

Irfrared Filters
Referance Target Gas

Crual Beam
Infrared
?‘ betactor
|
|
|

Infrared Saurca

Waveguide

Microprocessor

Figure 4. Basic parts of non-dispersiveinfrared detection (NDIR) CO, sensor /8,

p.19/

A selective optical filter is fixed over the lighletector to allow light at the specific
wavelength where Cabsorbs light. This figure also illustrates thessel detector and
filter, although it is not always applied. The sedmptical filter is adjusted at the
wavelength where there is no gas absorption. ®uersd detector and filter are used as a
reference to correct changes in the sensor opiatsriay be the result of sensor deviation
over a time period. One of the important parthmdesign of this sensor type is to

minimize or remove sensor deviations that may obegause of accumulation of
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particles in the sensor and aging of a light sautsee method of minimizing
accumulation of particles is to use a gas penetnagimbrane that facilitates penetration

of gas molecules but locks larger particles thag nfenge the sensor optics.

The second factor of deviation is aging of a lightirce. It can be minimized by selection
of sources with stable characteristics. The metias®d on dual beam detector
application, shown in Figure 4, is one of the mdthto compensate both aging and

particle accumulation.

Compared with photo-acoustic sensors, NDIR sersars the following advantages:

Firstly, NDIR sensors are less sensitive to presshanges. Secondly, these sensors are
less sensitive to vibrations and acoustic interfees. And the last advantage is that such

sensors have a compact design.

But photo-acoustic sensors also have benefit, asctonsensitivity to dirt and dust.

4.2 Photo-acoustic CO, sensor

Another sensor type to measure Qing IR is called photo-acoustic sensors. Tipg ty
of sensor is designed with a chamber which is apehe atmosphere. Such a sensor
exposes air in the chamber to flashes of infraightt Epecific to the gas absorption
wavelength for CQ This flashing light produces vibrations of €@olecules as they
absorb infrared energy. A small microphone in th@nsber monitors this vibration and

then microprocessors in the sensor calculated@@centration.

Figure 5 shows a schematic of a photo-acousticsemhis type of sensor is not so
sensitive to dirt or dust. But it can also havessemeviations due to aging of a light
source. Photo-acoustic sensor can also be affegtetbration and atmospheric pressure
changes. More accurate sensors often use a presswger to correct the range of

pressures.
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EG:MDI@&:IEE

IR Source

Wavelength
Filter

Microphona/Prassure Sensor

Figureb. Basic parts of photo-acoustic CO, sensor /8, p.20/

5 APPLICATION OF DCV

DCV has a number of applications in various typsunldings. Firstly, DCV is applied
in buildings where the number of people changes$imoously during the whole day (24-
hour period). It is also applied in places whereupancy is unpredictable and attains a
high level. In buildings with a more stable occupatevel, DCV provides enough
amount of fresh supply air per person all the tiBwt this will turn out to be
uneconomical. Demand controlled ventilation redwerssygy costs in the areas with a

high utility level.

Secondly, DCV is used in spaces where heating aolihg for most parts of the year are
required. Thirdly, demand controlled ventilatioruidized in the areas with high utility

rates, high energy demand and energy costs.

Thirdly, DCV is used in buildings with low averagecupancy in comparison with design
occupancy. DCV is also applied in such types ofdings as office centers,
governmental facilities, banks, shops and shoppialls, cinemas, auditoriums, lecture
halls, schools, outpatient areas in hospital, hett@ims or lobbies, restaurants, bars,
nightclubs and so forth. Demand controlled veritilais used in the areas with warm and

humid climates or extreme climate conditions, aaddings which have equipment for
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automated adjusting of air supply (for examplejalde speed fans or variable damper

arrangement).

DCV is applied in spaces where €fiom human respiration and human activity is the
main source of pollution. But G&ensors used for DCV are not applied to monitog CO

for medical or industrial purposes, because theyatel more exact air quality control.

And the last point to consider is that DCV may ppleed in buildings where there is

poor indoor air quality related with under- or owentilation or excessive humidity.

CO,-based DCV can operate in combination with a heatvery or other systems that
supply outdoor air in buildings for heating or dogl However, energy savings may be

less where heat exchangers are used dependingratesloccupancy and a building

type.

Several manufacturers produce £88nsors that can be used in demand controlled
ventilation. Most manufacturers of thermostats aindhandling units integrate GO
sensors into their products. And major manufactuoéHVAC systems offer to install

CO, sensors at the factories as an option.

6 DESIGN CONSIDERATIONSFOR DCV

CO»,-sensing is a rather uncomplicated technology,iastdllation of CQ sensors is a
trouble-free procedure. Sensor voltage, power antral of output requirements are

similar to those ones commonly used in thermostats.

There are two types of sensors: wired and wirel@at from wireless sensors is
delivered with the use of signal communicationstéléiss sensors have self-contained
power supply. Such sensors are used on-board pmmméolling to alert a building

operator when battery charge is low and needs deged.
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All suppliers of HVAC systems frequently offer sgsts for located demand controlled
ventilation and reading data from sensors. Theegfoutting into operation of G&based
DCV is not a complicated process. However, upg@@ievious systems with pneumatic
controls for operation with DCV may be more chadjien.

Sensors are typically mounted on walls similati@rinostats. Some manufacturers offer
standard sets, which include a thermostat and sehise standard sets which can
monitor temperature, Gand humidity are also available. They are usexyatems that

include a drier to control humidity in ventilatiair.

Data from C@-sensors delivered to HVAC control system in adiog or to an actuator
that controls the amount of ventilation air. Faraestruction of HVAC system it may
become necessary to repair or upgrade dampers. Gaodting of dampers that can be
automatically controlled is of great importanceeematic controls will need to be
replaced with electronic control or Direct Digi@bntrol (DDC). Actuators which do not

have input points for the sensors will need toudel these points.

But it is not simple to upgrade and calculate HV#&@tems for more complex systems,
such as variable-air-volume systems, as it may s€sra needs a more complex
algorithm.

COy-sensors can be mounted in the interior of thedingl or by integration into an air-
handling system. The data from sensors to regtii@tamount of supply outdoor

ventilation air are applied in them. The illustoatiof this is provided in Figure 6.
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Air-Handling Unit

Ventilation Air : .
Exhanst Air

CO2 Sensor
.4-—-"'/ (Alternate

Ventilation flow Location 2)
control logic
based on COn

levels (may be

integrated with

heat recovery
control)

Retum Supply

Conditioned

. CO2 Sensor (Alternate Location 1) Space

Figure 6. Generalized DCV integration into HVAC system /9, p.118/

When CQ-sensors are installed it is imperative to payndiba to the following
technological things, such as measurement accumperature resistance, waterproof
and protection of dust, solar resistance, frequafegttings, resistance to mechanical
vibrations, resistance to electrical interferenpdscement of sensors and number of

Sensors.
7 ENERGY EFFICIENCY

One of the methods to save energy in a buildingisg CQ-based demand controlled
ventilation. Maximum saving energy with using DQ/provided in a building, where the
number of people continuously changed. But DCVmawvide people with needed
amount of air, and not more. If a building is 0B§26 occupied, then only 50% of air for
ventilation is required. Demand controlled venidatsaves energy by avoiding heating,
cooling, and dehumidification of more ventilationthan it is needed.
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7.1 Energy saving potential

If demand controlled ventilation lowers excessiup@y outdoor air in a building during
heating and cooling seasons, then annual energynegp for heating and cooling the
outdoor air reduce correspondently. In additiomdpoutdoor air requirements decrease
the fan energy expenses to supply or extract@in & building. Actual occupancy levels
in buildings are generally significantly lower thére design occupancy levelhe
experience indicates that actual occupancy levelg lmea25-30% and 60-75% lower in
some buildings than the design levels /10, p.9Mé first and last, saving energy potential
using demand controlled ventilation may vary depeman climate, type of a building,
type of HVAC system and occupancy in the spacehithvDCV is implemented and
other operating conditions. The capability of auied staff to maintain and operate

equipment properly may also positively affect sggin

Available data suggest that demand controlled {atin reduces ventilation, heating and
cooling loads by 10% to 30% /10, p. 91/. Buildingh large fluctuation of occupancy,
such as office buildings, shopping malls, cinenaaslitoriums, schools, nightclubs etc.,

realize the largest saving energy.

Demand controlled ventilation reduces electricgguirements when actual occupancy
level is below than design occupancy level durtmgdemand periods. Lower amount of
supply of outdoor air reduces cooling and ventilatioads and thus, air-conditioning
power reducessenerally speaking, energy saving potential varesifouilding to

building. It depends on its occupancy.

Figure 7 shows an example of graphical represemntati energy saving potential.
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Figure 7. A graphic representation of energy saving potential /11, p.1214/

The figure shows the importance of providing a bassilation rate for non-human

contaminants. The example showed in Figure 7 ass@@8% of the design capacity

would be provided all the time.

7.2 Market factors

Costs of C@sensors with installation on the average vary fiEeldR 300 to EUR 400,

with one sensor installed per zone (185-28p/aD/. This also depends on a

manufacturer, quality and technical characteristicsensors and an installation

company. Potential of saving energy with £fased DCV has been estimated in some

sources as from EUR 0.39 to more than EUR 7.7%pedepending on types of

buildings /10/.

The quick pay-off period of C{sensors can be expected in spaces, in which oocypa

is variable and unpredictable (auditoriums, soni®atbuildings, shops etc.), as well as

in the areas with high heating and/or cooling desireamd high utility rates. On the

average demand controlled ventilation has a paypadkd of two to three years that can

be cost-attractive for many customers /10/.
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But many buildings do not use DCV that is due tmealisadvantages, namely that£0
sensors of DCV system do not respond to other indoltutants and expensiveness of
operational personnel. DCV is a new concept fanddieds and local building codes,
which one should not hurry to apply. Contractorg dasigners have questions and
doubts about liability of systems, if they can mieeor air quality standards. Because of
that it may be due to incorrect installation of £5@nsors and presence of large amount
of non-human pollutants exceeding the acceptalild.|©n the other hand, DCV requires
installation and operational personnel, which acegarexpensive and difficult to find. But

the energy saving can compensate these disadvantage
8 DESIGN EXAMPLE OF DCV

This chapter considers an example of applying of-8&3ed demand controlled
ventilation system in a single zone with a largeroprea (retail-clothing store) and
central indoor sensor location. The given chapteoduces the calculation of the
required ventilation rates in a retail-clothingrstolhe chapter describes determination
and selection of a suitable control strategy ferdglven example and considers the

selection of a sensor type and its location.
8.1 Concept of architecture and ventilation system

The described example shows the application ofggelsingle zone space used for a
retail-clothing store. The store contains a 4GQemail floor, 40 M storage area and 12
dressing rooms covering 6(Ffnach area is separated but left open to 5 mdedimgs.

The volume of the space is 30 persons/160amd the total occupancy is 160 people.
The calculations of this example can be used foerosimilar applications, where one or
more air handlers provide a large single zone, sisdheaters, large ballrooms or

conference areas, multi-purpose gymnasiums, c&ster other retail applications.

The architectural drawing of the retail-clothingrgtis shown in Figure 8.
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Figure 8. Single zoneretail space - retail clothing store/12, p.29/

Similar to many other retail spaces, the givenest@s continuously changeable
occupancy, which can change at various times duhagvhole day. Many types of retail
spaces have front doors open to increase custoafiiéc.tFresh air entering through the
front doors can be measured by a,Gé€nsor and exclude a part of mechanical ventilating

that would have to be included if the doors weosed.

Retail-clothing space has a single-zone HVAC syst#&wentilation system operates as
follows: outdoor air is pumped by fan 1 throughtiregor cooling coils. Heated or

cooled air flows into the occupation zone. Roomnaih some CQlevel is pumped from
occupation zone by fan 2. A part of exhaust aiircetates in a by-pass duct. There are
two regulated dampers in the system, the firstiorike supply outdoor air duct and the
second one in the recirculated by-pass duct. Ttefdam CQ sensor are delivered to a

controller which regulates dampers.

The schematic of a ventilation system in the redimte is represented in Figure 9.
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Figure 9. Ventilation system of theretail clothing store schematic /13, p.2/

Because the recirculated air returns from only zoree, it may be possible to place a,CO
sensor in the return-air (RA) duct as an alterrmasiensor location. But if any supply air
bypassed the breathing zone, the sensor in theUgAngay register a less-than-actual
indoor CQ concentration. In the given example a;&@nsor is installed on the wall in
the breathing zone. For expedience the outdogrd@@centration is generally assumed
to be constant, so the indoor concentration (rétrear the difference between the indoor
and the outdoor concentrations) is measured arditasaodulate the position of the
outdoor air damper and, thereby, provide the spaitethe proper amount of ventilation

air on a per-person basis.

8.2 Control strategy selection

There are two possible control strategies ta-G&sed DCV — the set-point control and
the proportional control, which is described in ASAE Standard 62.1-2004 /1/.

The set-point control strategy has limited appiaratsince it will not increase outdoor air
intake within acceptable lag times in many caspac8s with higher occupant densities,
which reach full or nearly full occupancy rapidlgae occupancy commences, can be

suitable candidates for this strategy. But the ieeample represents the clothing retail
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store with continuously changeable occupancy amglsapace volume. Accordingly, set

point control would not be a recommended approackhie described example.

The used ASHRAE Standard, a paraphrase of a piopaltontrol method is as follows:

1. To determine the required intake flow of outdoarfai the design zone

population

The required rate is based on the number of ocdsparthe zone and the zone floor area.
Therefore, ventilation rates for people-relatedrsesi and building-related sources have
to be taken into account. The reason the standadisome codes state is that the
ventilation rate has to provide space with fresiwdiich is contaminated by both people
and materials when a fixed ventilation rate is pted. With DCV the ventilation rate

will be provided continuously for materials, angaxt will be changeable for people.

The required intake flow of outdoor air is calcelhpplying Formula 4.

RpXP;)+(RzXA
Vot—design = (R Z)EZ( 2XAe) Formdla

where: Vot-design — required intake flow of outdaot dni/s; Rp — required outdoor
airflow rate per person, diis *person; Pz — zone population, person; Ra —iredju
outdoor airflow rate per unit area, &s1*m? Az — zone flow area, mEz — zone air

distribution effectiveness.

Except for 40 rof the storage area, 46 im used for public needs. Then the inside
space is taken as the retail space. The datadaethil space are taken in Table 6.1 and
Table 6.2 from ASHRAE Standard 62.1-2004 /1/.

(3.8 x30) + (0.3 x 460) 3
Vot-design = 10 =252dm°/s
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2. To determine the required intake flow of outdoarvaien the zone is unoccupied,
that is, Pz = 0 person

3.8x0)+ (0.3 x460
Votomin = ( ) 15) ) =138 dm3/s

3. To determine the target indoor €€bncentration at design outdoor-air intake

flow

After frequent measuring during a week at lunchtitheetarget indoor C{xoncentration
at minimum outdoor-air intake flow (Co), which igual to the outdoor CO
concentration, appears to range from 400 to 420. gysnthe levels appear to be

consistent, the designer has assumed that theleuésiel will be 400 ppm.

The target indoor C&concentration is calculated with Formula 5.

N
Cs—desien = Co + Formula 5
s—design ° (Vot—design/Pz—design)

where: Cs-design — target indoor £€ncentration at design outdoor-air intake flow,
ppm; Co — target indoor G@oncentration at minimum outdoor-air intake floygpm N —
CO, generation rate, dits*person; Vot-design — required intake flow ofadaur air,

dm’/s; Pz-design — target zone population, person.

0.00517

Cs_desien = 400 + ———
s—design (252/30)

= 1015 ppm

When the indoor C@concentration equals to Cs-design (1015 ppm)abeired intake
flow of outdoor air has to be equal to Vot-desigBg dni/s). When the concentration of
CO; indoors equals to Cs-min (400 ppm), the requingalkie flow of outdoor air has to be
equal to Vot-min (138 dis). When the C@®concentration in the interior of the building

is between its minimum (Cs-min) and designed (Cseptg values, a controller has to
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adjust outdoor-air intake flow Vot proportionallgtiveen Vot-min and Vot-design using

Formula 6:

_ Cs—actual_cs—min
Vot - X (Vot—design - Vot—min) + Vot—min Formula 6

Cs—design_cs—min

As Figure 10 shows, the proportional control apphogields an outdoor-air intake flow
(Vot) that equals or exceeds the requirement oABERAE 62.1-2004 standard. It
requires a modulating outdoor-air damper, and &cber with two CQ limits (Cs-
design, Cs-min) and two OA-damper limits that cepand to intake airflows (Vot-

design, Vot-min).

600 1200
Cs-design

1000

800

600

wdd ‘s) ‘2o 100puy

Outdoor-air Intake Flow, Vot, dm¥s

0 10 20 30
Zone Population, Pz, person

Figure 10. Proportional control strategy

Outdoor-air intake flow (Vot) and Gare proportional (or linear) to each other, but
neither is linear with respect to zone populatibime controller adjusts intake airflow
(Vot) in proportion to the percentage of the &@nal range. But when the controller

changes outdoor airflow, the indoor £€€ncentration changes, too. So, the controller
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has to adjust Vot in small increments until thedadCGQ, reaches a stable value. When
plotted in relation to zone population, the resaftthese control actions are curves for
both Vot and indoor C9

8.3 Sensor salection

As a proportional control is selected, one,@@nsor is recommended for using in the
given example. A sensor has to be capable to habdiet 500 rh A sensor has to be
provided with a self-calibration feature. For moogrect operation of this feature a
sensor will utilize a pre-occupancy purge of thetegn that will automatically occur

every morning to provide inside G@vels are similar to outside levels. This wikal
ensure that any contaminants appearing over cldsings are exhaust of the space before

occupancy begins.

The sensor will be mounted open on a centrallytéxtaupport post and about 1,8 m
above the floor but is placed in such a way thatipants cannot directly breathe on the
sensor. The proportional signal from the &@nsor is provided directly to an air

handling unit. The C&sensor will be located as shown in Figure 8.

To conclude it has to be said that DCV will operdieing all occupied hours. The
economizer will be programmed to override DCV cohifroutside air is used for free
cooling. Every morning pre-occupancy purge candezlun the sequence of operations of
the air handler. The air handler can be set uggpnbmodulation of outside air when
inside concentrations are 100 ppm over outsideaanations (500 ppm). The damper
position on the air handler will be proportionathpdulated so that when levels reached
the equilibrium point the design ventilation rafe262 dni/s are provided. The maximum
position of the air handler outdoor air dampenfentilation delivery under the DCV
strategy will be 252 difs (based on 3.8 I/s*person and volume of the spa86
people/100 r).
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9 DISCUSSION AND CONCLUSIONS

DCV system controls the amount of outdoor frestsapply, depending on the number of
people in a building and their activity. DCV makepossible to maintain the needed
ventilation and improve indoor air quality whileveiag energy. Such systems benefit both

building operators and building occupants.

CO»-based DCV, when applied in spaces subject to variar intermittent occupancy or
in spaces where actual occupancies are greatlywlsdsign occupancy, reduces
unnecessary overventilation while ensuring thagdaper person ventilation rates are
met. Such ventilation systems use4 &3 a control input to modulate ventilation below
the maximum total outdoor air intake rate whildl stiaintaining the required ventilation
rate per person. Using G@ata logged over time in an occupied space possible to
estimate the ventilation rate of a continuouslytlated space, even if equilibrium levels
have not been reached, provided that occupancyaageity level, and varying densities
within the space over time are known. In such a,waynand controlled ventilation saves
energy by preventing heating, cooling, and dehuioation of more ventilation air than

it is needed. DCV reduces electricity requiremavtien an actual occupancy level is
below than the design occupancy level during theateled periods. The lower amount
of supplied outdoor air reduces cooling and vettitaloads and, therefore, air-
conditioning power reduces. Maximum saving energpgiDCV is provided in

buildings, where the number of people continuogbignged, is unpredictable and attains
a high level, for example, office buildings, shappmalls, cinemas, auditoriums,

schools, nightclubs etc.

In buildings with a more stable occupancy level\D&@ovides enough amount of fresh
air supply per person all the time. But it couldumeconomical, because DCV reduces

energy costs less in the areas with a high utéwgl.

Saving energy potential can change as well, depgrah climate, the type of a building,
the type of a HVAC system with which DCV is implemted and other operating

conditions. The achievement of improvements inddx&ign characteristics of DCV is
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feasible with minimal additional equipment and niieditions of the system. This may be

also mentioned as one of many advantages of DCV.

Controlling indoor air quality is carried out bytae control of the ventilation system.
Demand controlled ventilation creates improved ordar quality by increasing

ventilation, when C@level rises to an unacceptable level.

One of the most important aspects of designing DsCd6rrect control strategy selection.
In such a manner the set-point control strategybeadesigned for spaces with high
occupant densities, which reach full or nearly dtupancy rapidly once occupancy
commences. While the proportional control stratisggpplicable to a wide range of
occupant densities and patterns. A proportionatrobapproach starts to open a damper
or increase the introduction of outdoor air whesioior CQ levels are a certain amount
above outdoor levels. This lower control set pairthe control range is 100 to 200 ppm
above outdoor levels. As G@evels in the occupied zone rise, the damper ophe.
Two important criteria for any C{rontrol strategy are that the target per-person
ventilation rate is met at all times and that dgnoeriods of changing occupancy the lag
times as prescribed in ASHRAE standard 62.1-2084vwet. It is possible to determine
the number of sensors and to select types of sgnsben a control strategy is chosen

correctly.
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