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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 IEA Participating Countries to increase energy security through energy 
conservation, development of alternative energy sources and energy research development 
and demonstration (RD&D). This is achieved in part through a p r o g r m e  of collaborative 
RD&D consisting of forty-two Implementing Agreements, containing a total of over eighty 
separate energy RD&D projects. This publication forms one element of this programme. 

Energy Conservation in Buildings and Community Systems 

The IEA 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. Seventeen countries have elected to participate in this area 
and have designated contracting parties to the Implementing Agreement covering 
collaborative research in this area. The designation by governments of a number of private 
organisations, as well as universities and government laboratories, as contracting parties, has 
provided a broader range of expertise to tackle the projects in the different technology areas 
than would have been the case if participation was restricted to governments. The importance 
of associating industry with government sponsored energy research and development is 
recognized in the IEA, and every effort is made to encourage this trend. 

The Executive Commitltee 

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. The Executive Committee ensures that all projects fit into a pre-determined 
strategy, without unnecessary overlap or duplication but with effective liaison and 
communication. The Executive Committee has initiated the following projects to date 
(completed projects are identified by *. The final reports for these projects can be obtained 
fiom AIVC): 

ANNEX 1 
ANNEX 2 
ANNEX 3 
ANNEX 4 
ANNEX 5 
ANNEX 6 
ANNEX 7 

I ANNEX 8 
I 

Load Energy Determination of Buildings* 
Ekistics and Advanced Community Energy Systems* 
Energy Conservation in Residential Buildings* 
Glasgow Commercial Building Monitoring* 
Air Infiltration and Ventilation Centre 
Energy Systems and Design of Communities* 
Local Government Energy Planning* 
Inhabitant Behaviour with Regard to Ventilation* 



ANNEX 9 
ANNEX 10 
ANNEX 1 1  
ANNEX 12 
ANNEX 13 
ANNEX 14 
ANNEX 15 
ANNEX 16 
ANNEX 17 
ANNEX 18 
ANNEX 19 
ANNEX 20 
ANNEX 21 
ANNEX 22 
ANNEX 23 
ANNEX 24 
ANNEX 25 
ANNEX 26 
ANNEX 27 
ANNEX 28 
 EX 29 
ANNEX 30 

Minimum Ventilation Rates* 
Building HVAC Systems Simulation* 
Energy Auditing* 
Windows and Fenestration* 
Energy Management in Hospitals* 
Condensation* 
Energy Efficiency in Schools* 
BEMS - 1 : Energy Management Procedures* 
BEMS - 2: Evaluation and Emulation Techniques* 
Demand Controlled Ventilating Systems* 
Low Slope Roof Systems* 
Air Flow Patterns within Buildings* 
Thermal Modelling* 
Energy Efficient Communities 
Multizone Air Flow Modelling (COMIS) 
Heat Air and Moisture Transfer in Envelopes 
Real Time HEVAC Simulation 
Energy Efficient Ventilation of Large Enclosures 
Evaluation and Demonstration of Domestic Ventilation Systems 
Low Energy Cooling Systems 
Daylighting in Buildings 
Bringing Simulation to Application 

Annex V Air Infiltration and Ventilation Centre 

The IEA Executive Committee (Building and Community Systems) has highlighted areas 
where the level of knowledge is unsatisfactory and there was unanimous aggreement that 
infiltration was the area about which least was known. An infiltration group was formed 
drawing experts from most progressive countries, their long term aim to encourage joint 
international research and increase the world pool of knowledge on infiltration and 
ventilation. Much valuable but sporadic and uncoordinated research was already taking place 
and after some initial groundwork the experts group recommended to their executive the 
formation of an Air Infiltration and Ventilation Centre. This recommendation was accepted . 
and proposals for its establishment were invited internationally. 

The aims of the Centre are the standardisation of techniques, the validation of models, the 
catalogue and transfer of information, and the encouragement of research. It is intended to be 
a review body for current world research, to ensure full dissemination of this research and 
based on a knowledge of work already done to give direction and firm basis for future 
research in the Participating Countries. 

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

The C-2000 program for advanced commercial buildings is an awards program to assist in the 
development of energy efficient and sustainable building technologies and design in Canada. 
The objectives of the C-2000 program are to develop energy efficient buildings using 
sustainable materials and technologies. The buildings must provide a high level of occupant 
comfort. The technology must be transferable to the current building industry and must meet 
market constraints. This paper presents a case study of the design and development of two 
C-2000 office buildings, in which innovative energy efficient ventilation strategies were 
implemented. The buildings are located in the Pacific Northwest in British Columbia and are 
projected to use between 30% - 50% of the energy used by a base building, performing to the 
ASHRAE/IES 90.1 Standards. 



The C-2000 program for advanced commercial buildings is an awards program to assist in the 
development of energy efficient and sustainable building technologies and design in Canada. 
The Bentall Crestwood Corporate Centre has two buildings as a single project under the C- 
2000 Awards Program. The Buildings are located in a campus style business park in 
Richmond, British Columbia and are referred to in this paper as Building 2 and Building 8. 

The objectives of the C-2000 program are to develop energy efficient buildings using 
sustainable materials and technologies. The buildings must provide a high level of occupant 
comfort. The technology must be transferable to the current building industry and must meet 
market constraints. 

In order to achieve the objectives of the C-2000 award program, the designers of the Bentall 
Crestwood Corporate Centre developed an innovative team approach, integrating all 
disciplines through all stages of the design. The design process was coupled with a computer 
modeling process to provide feedback on the effects of design decisions on energy demand 
and to provide a quantitative basis for measurement of performance measures. The design 
process progressed through a series of eight key steps; Orientation and Configuration 
Modeling, Envelope Design, Lighting and Power Design, Heating and Cooling Design, 
Ventilation Design, Building Materials Selection, Site Design and Cori.lmissioning/Quality 
Assurance. The design team; including architects, energy, mechanical, electrical and 
environmental consultants worked together to create two buildings that perform functionally, 
aesthetically and environmentally. 

The Bentall Crestwood Corporate Centre buildings use between 30% - 50% of the energy 
used by a base building, performing to the ASHRAE/IES 90.1 Standards (ASHRAE/IES, 
1990). The design team applied advanced window design, a self-balancing interior atrium 
space (volarium), advanced envelope technology, advanced and innovative systems design 
and window shading to achieve the energy objectives. 

The Bentall Crestwood Corporate Centre buildings are thermally balanced, have good 
acoustic ratings, optimize daylighting, have operable windows and a once through fresh air 
system for ventilation. Interior ambient lighting is maintained at approximately 60 foot 
candles. In addition, a Cornmissioning/Quality Assurance process was designed specifically 
for the project to ensure that the buildings are properly designed, constructed, operated and 
maintained. 

This paper presents a case study of the design and development of the two Bentall Crestwood 
Corporate Centre C-2000 office buildings focusing on the innovative energy efficient 
ventilation strategies. 



2.0 VENTILATION STRATEGY FOR BENTALL CRESTWOOD 
CORPORATE CENTER 6-2000 BUILDINGS 

2.1 DESIGN PROCESS 

The entire design team was involved from the beginning of the concept design phase. At this 
time, critical information regarding energy budgeting, client parameters, site restraints and 
basic technical information were exchanged. Each member of the group was made aware of 
every other members' concerns and ideas and contributed equally during the concept design 
process. The exchange of ideas between team members was facilitated by adding a series of 
eight meetings to the design process. The meetings were structured as follows: 

Meeting 1: Entire team with client and funding partners. 
@ Discussion to resolve parameters for energy and environmental 
goals. 

Action to develop preliminary design goals. 

Meeting 2: Entire design team. 
Discussion to refine preliminary design approach. 

e Action to sketch basic configuration options responding to energy 
and environmental goals. 

Meeting 3: 

Meeting 4: 

Meeting 5: 

Meeting 6: 

Meeting 7: 

a Entire team including client, funding partners and experts. 
Discuss research information available as presented by guest experts 

in atrium design and daylighting design. 
Action to model basic configuration options. 

e Architectural and energy team members. 
e Review results of preliminary orientation, configuration and atrium 
options on DOE-2.1E. 
r Action to refine modeling. 

@ Architectural and energy team members. 
Review results of refined modeling. 

a Action to finish modeling all options. 

e Architectural and client team members. 
Develop options for envelope treatment. 
Action to sketch detailed options. 

e Architectural, energy and client team members. 
r Select best orientation and configuration option. 

Action to input envelope design option values and model for 
selected configuration/orientation option. 



Meeting 8: Entire design team. 
Review modeling results. 
Action to tabulate cost benefit analysis of various options and 

develop concept design approach for presentation. 

The energy and environmental goals were outlined in these eight meetings. The team 
developed a slightly different approach to each of the two buildings. For Building 8, because 
the form was fixed due to owner site constraints, the design team chose to achieve C-2000 
performance levels using high performance, but relatively non-exotic technologies applied in 
innovative and effective ways. The result is a building which can be easily reproduced by the 
design community at large without highly specialized resources or the assumption of a high 
level of risk. The design team took a much more adventurous and leading-edge approach to 
Building 2, relying on a super-performance envelope and a high degree of thermodynamic 
synergy to produce very low energy loads which can be met by extremely efficient, yet 
extremely simple mechanical systems. 

2.2 CONCEPT DESIGN 

For both buildings the objectives of the overall ventilation strategy were to: 

1. Reduce the source level of volatile organic compounds in the interior spaces 

2. Reduce the source level of indoor particulates. 

3. Reduce the potential for indoor microbial contamination. 

4. Provide alternatives to back up ventilation systems. 

5. Reduce overall energy consumption. 

6. Reduce the use of ozone depleting refrigerants. 

7. Minimize the entry indoors of outdoor ambient pollutants such as carbon monoxide, 
oxides of nitrogen and particulates. 

These seven objectives were to be met within the constraints of the owners' functional 
program. Constraints imposed upon the design of the ventilation systems included: 

s Provision of outside air ventilation rates exceeding current standards (ASHRAEIANSI, 
62- 1989). 

Maintenance of constant volume air flow to maximizing occupant comfort. 

Multiple zoning allowing a maximum of 1,000 ft2/zone in the interior space and 500 
ft2/zone in the perimeter space. 

s Flexibility to add further capacity and zoning to the HVAC system 



Cost efficient system design based on life-cycle costing balanced with a low capital cost. 

In meeting these constraints the W A C  strategy for both Buildings 8 and 2 is predicated on 
the fundamental concept of maximum compartmentalization of HVAC functions. Meeting 
thermal and ventilation requirements on a highly local basis eliminates the intrinsic zone 
control (i.e. reheat), ventilation, and energy transport inefficiencies of conventional central 
HVAC systems while offering an extremely high level of individual zone control and 
flexibility. 

2.3 DESIGN DEVELOPMENT 

Options for ventilation were not modeled separately but formed an intrinsic part of the 
considerations for both buildings. As options were investigated throughout the design 
development, the following opportunities for improying the ventilation and energy efficiency 
of both buildings became apparent.. 

2.3.1 Operable Windows 

The HVAC system for Building 2 is a low volume system based on the low heating and 
cooling loads the building is expected to generate. Operable windows were considered as a 
back up air supply system. The operable windows are tied to a simple interlock system that 
shuts the air supply off at one diffuser if a window is opened. Generally this is a cost 
effective and viable solution. The operable windows comprise approximately 10% of the 
general window area. However, operable windows were determined to not be an effective 
solution as back up ventilation for Building 8. 

2.3.2 Volarium 

For the internal space in Building 2 a "Volarium" was evaluated. The "Volarium" is a hybrid 
or modified atrium which is completely internal to the building envelope. For the purpose of 
ventilation, the volarium is intended to provide mixed air that has been marginally cooled or 
heated. The air supplied through the volarium may be freshened with specific plants that 
have been found to cleanse the air of specific toxins. If the volarium is not used for this 
purpose, the system may be reversed to exhaust the stale air from the building. , 

2.3.3 100% Direct-Ducted Fresh Air Systems 

The design team explored direct-ducted 100% fresh air systems for both Buildings 8 and 2. 
The design supply of outside air is 30 cubic feet per minute (cfm) per person. Studies 
undertaken to determine the local relative humidity within buildings in the Pacific Northwest 
show that the relative humidity design goal of 50% is achievable in a low volume ventilation 
system without the use of a supplemental humidification. 



2.3.4 Indoor Air Quality 

The design team investigated the option of restricting the selection of materials for 
construction and interior finishing to those with minimal contaminant emission problems. 
Emissions of concern included off-gassing of harmful vapors (commonly found in carpet 
glues, wall vinyl and some paints) and particulates (from the fine breakdown of unstable 
materials such as insulation, cloth fabrics and carpets). 

Locations of outside air intakes were evaluated to minimize the intake of carbon monoxide 
and other contaminants commonly found in outdoor air. Commissioning Specifications were 
written with the intent of eliminating the potential for microbial contamination. 

2.4 HEATING, VENTILATION AND ATR CONDITIONING SYSTEMS 

The ventilation system in Building 8 provides unmixed, outside air directly to a four-pipe 
heath001 fan coil unit and ceiling diffuser system in each individual HVAC zone using a 
roof-mounted ventilation air handler with hot water pre-heat. The outside air is mixed with 
local return air in the fan coil and subsequently provided directly to the space. This positive 
ventilation delivery directly to the zone avoids the inherent loss of overall ventilation 
effectiveness associated with centralized variable air volume (VAV) systems. Combined 
with the constant volume air flow characteristics of the fan coil system, estimated net 
ventilation effectiveness is 0.90. Passive relief air dampers in the ceiling space to the outside 
wall at several locations on each floor provide system trim balancing in conjunction with 
mechanical washroom and other specialized exhaust (e.g. photocopy rooms, kitchens, etc.). 
The system is fully flexible to accommodate tenant improvements, and includes accessible 
exhaust risers for tenant connection. 

Installed system capacity accommodates a net effective ventilation rate of up to 30 cfm per 
person for initial and periodic building flushout purposes, although the normal final 
operational rate is anticipated to be 20 cfm per person. Ongoing air quality monitoring may 
allow the rate to be reduced further. Gross fan coil air supply will provide a minimum zone 
air circulation rate of four air changes per hour. 

Given the relatively simple ventilation configuration and the associated ease of maintenance 
(the most catastrophic failure would consist of a motor replacement which could be 
accomplished in a few hours), provision for backup ventilation was not considered 
economically justifiable. 

Building 2 extends the ventilation concepts introduced for Building 8 even further by 
providing unmixed, outside air directly to overhead high induction room diffusers in a "once 
through" ventilation configuration. The ventilation air is tempered by zone heatlcool coils 
and is the sole primary diffuser supply. Secondary induction occurs at the room level, and 
there is subsequently no inter-room air mixing or no inter-room air recirculation. Estimated 
net ventilation effectiveness is 0.90. Relief and exhaust provisions are similar to Building 8, 
as are the installed and planned ventilation capacities of 30 and 20 cfm per person 
respectively. Effective induced room air movement will be validated through laboratory 
verification of individual products, but is not expected to be less than four air changes per 



hour. This system is also fully flexible with respect to accommodating tenant improvements. 
Backup ventilation for Building 2 will be provided by openable windows. Outside air 
filtration is minimum 50% dust spot efficiency for both buildings. 

ENERGY EFFICIENCY 

A preliminary energy efficiency plan was developed at the Concept Design phase of the 
project. Although a number of modifications to specific strategies had to be made as the 
analyses proceeded through Design Development, the initial premises and performance 
targets remained intact. 

Simplicity, elegance, robustness, and cost-effectiveness were the key criteria for all strategies. 
Complex, highly exotic or specialized, or "fragile" technologies were avoided. The 
introspective question continuously asked by the design team was whether or not a proposed 
approach or technology would be likely to be embraced and reproduced by the mainstream 
building industry. If not, it was abandoned as unsuitable. 

Reflecting this premise, Building 8 was developed using entirely mainstream and readily 
reproducible technologies applied in an effective and integrated manner. The resulting 
building, a visual twin to an existing adjacent building achieves the 50%-of-ASHRAEIIES 
90.1 energy performance target with negligible projected net incremental capital cost 
compared to the baseline market building (less than 2%). 

Building 2 was developed using slightly more advanced, (but not exotic) technologies with 
the objective of significantly exceeding the 50% of ASHRAEES target. At the present level 
of development, the building energy use approaches 30% of ASHRAEES 90.1. 

DOE 2. l e  (integrated with LBL Window 4.1) was used for all energy analyses. In addition to 
the Building 8 and Building 2 ASHRAE/IES Reference design models, two variations of a 
Building 8 "market" or baseline building were modeled for life-cycle costing purposes. 

3.0 CONCLUDING COMMENTS 

Early in the project, modelling of the energy demands for both buildings identified an 
important practical design consideration that carried through to the final design of the HVAC 
systems. Put simply, the design team determined that while the magnitude of envelope and 
electrical energy loads is clearly a cornerstone of building energy performance, the single 
most significant factor in the performance equation is often the response of the WVAC system 
to these loads. In this regard popular central mixed-air VAV systems do not perform well. 
They generally address multiple-zone load variations by supplying cooling air to meet the 
worst-zone cooling load, and then relying on VAV box shutdown combined with reheating to 
control overcooling in less critical areas. In practical reality, the minimum VAV box position 
is dictated by ventilation andlor air circulation requirements, and since this is often still well 
above what is required to meet the cooling load, the zone operates in reheat mode for 
extended periods of time. Most central VAV-reheat systems do in fact operate as constant 



volume reheat systems most of the year. The wider the zone thermal variances, the more 
severe the effect. 

One solution to this problem is to compartmentalize HVAC systems as much as possible, 
minimizing the number of zones served by any one system. In this respect the HVAC 
systems for both Buildings 8 and 2 extend this practical concept to its logical conclusion by 
meeting heating and cooling loads at the zone, or "terminal" level. The resulting buildings 
use between 30% - 50% of the energy used by a base building, performing to the 
ASHRAEJIES 90.1 standards. To achieve this goal, the design team made use of advanced 
window design, an interior self-balancing atrium space (volarium), advanced envelope 
technology, advanced and innovative systems design and window shading. 
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FIELD SURVEY OF RESIDENTIAL HEAT RECOVERY VENTILATION SYSTEMS: 
OCCUPANT INTERACTIONS 

The installation of packaged heat recovery ventilation (HRV) systems has recently become 
common practise in new homes in Canada. Despite improvements in product quality and 
reliability, HRV systems are only capable of providing safe, continuous, efficient and effective 
ventilation if homeholders have a understanding of the basic operation and maintenance 
procedures and the system's interaction with other house systems. Furthermore, homeholders 
must be able to perceive the value of HRV systems if they are expected to operate them. 

Canada Mortgage and Housing Corporation initiated a research project to determine the degree 
to which homeholders are capable, or willing, to interact with HRV systems. HRV systems 
within fifty-eight, regionally representative houses of various age were inspected to characterise 
the condition and performance of the systems as found. Interviews were conducted with the 
occupants to determine their understanding of the operation and maintenance requirements of 
their HRV systems and their perceptions of system value, effectiveness and efficiency. 

V\lhile most occupants reported an understanding of the operation and maintenance needs of their 
NRV systems certain disparities exist. For instance, more than half of the systems surveyed had 
immediate service requirements such as filter, heat recovery core and intake grille cleaning. More 
than half of the systems had unbalanced supply and exhaust air flows. Ventilation rates were 
found to be substandard in 60% of the homes surveyed. The occupants of tract built homes 
demonstrated the least appreciation of the operating and maintenance requirements of HRV 
systems. The configuration of the M[RV systems ductwork and the availability of controls also 
was found to have an influence on occupant interactions. This investigation demonstrated that 
most homeholders appear willing and able to interact with HRV systems. More consumer 
education and refined (user-friendly) control and maintenance strategies are required to ensure the 
successhl adoption of MRV systems within Canadian homes. 

In Canada, heat recovery ventilators (HRV) are commonly installed in new homes to meet 
building code ventilation requirements or in existing homes to improve indoor air quality. 
Although HRV systems have been routinely installed in energy efficient and custom homes for 
the past 15 years, their application in conventional homes is a relatively new phenomenon. Wile  
the evolution of the design, fabrication and installation processes has significantly improved the 
reliability and performance of fIRVs, questions remain unanswered concerning the impact of 
occupant-system interactions and m V  installation configurations on the ability of the systems to 
safely, efficiently and effectively ventilate homes. 



Recent surveys have indicated that homeholders that dwell in new homes with HRV systems are 
very knowledgeable about the operation of their ventilation systems and are generally very 
satisfied with the performance (1). However, HRV systems are relatively complex for 
homeholders to understand, operate and maintain, particularly when compared with more familiar 
approaches to ventilation such as operable windows and localised exhaust-only systems. Many 
components such as motors, filters, heat recovery cores, air intake grilles require routine service. 
Field investigations of HRV systems have found that homeholder interactions, or a lack thereof, 
can be problematic as poorly maintained HRVs can fail to operate properly (2). 

Additionally, homeholders must be able to control the ventilation system in order to meet ever 
changing needs. Control strategies often include combinations of manual and automatic switches 
that are either remotely located (e.g.; in kitchens and bathrooms) or are mounted on the HRV 
itself (which are usually found in relatively inconvenient locations such as basements or service 
rooms). Occupants must also be aware of how HRV systems interact with central forced air 
heatinglcooling systems, combustion venting systems and the building envelope if the systems are 
to be operated in a safe, efficient and effective manner. The failure of occupants to properly 
operate and maintain HRV systems could cause indoor air quality problems due to inadequate 
ventilation and combustion venting failures due to unbalanced air flows. Building envelope 
durability could also suffer due to high indoor humidity levels and forced exfiltration due to 
insufficient and unbalanced ventilation, respectively. 

The objective of this study is to assess the ability of homeholders to interact with residential HRV 
systems and the subsequent impacts on system performance, system condition and occupant 
perceptions of indoor air quality, and the overall value of HRV systems. 

2.0 METHOD: 

FiRy-eight houses located in the central, Western and maritime regions of Canada were selected 
for the field investigation to characterise regional differences in installation practises, occupant 
awareness and market penetration of HRV systems (Table 1). 

Table 1 .O: IlRV System Type, Region and Age Distribution 
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The HRV systems selected were representative of the three most prevalent types of installation 
configurations: hlly ducted, partially ducted and simplified systems (Figure 1). The sample set of 
houses contained HRV systems that were between 2 and 15 years old. 

Fl[GURE 1: HRV LNSTALLATION CONFIGURATIONS 
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The field investigation consisted of an inspection of each HRV system and an interview with the 
associated homeholder. The HRV inspection included an general assessment of the condition of 
the NRV and duct system, measurement of air flows to and from the house, and the compliance 
of the system with appropriate codes and standards. The interview was performed to assess the 
occupant's understanding of the HRV operation and maintenance needs, control strategies, 
interaction with other house systems, and the implications of improper system operation and 
maintenance on health and safety and building durability. The occupant's perceptions of indoor 
air quality were also solicited. 

The investigation was conducted during January, February and March to assess the performance 
of HRV systems during extreme conditions. Given cold outdoor air temperatures, closed 
windows and high occupancy levels, homeholders would be more likely to be conscious of poor 
indoor air quality conditions. Additionally, under such conditions, any failure on the part of 
homeholders to properly operate and maintain their HRV systems would be more noticeable to 
the investigators. 

3.0 RESULTS: 

The results of the study can be presented in terms of the occupant survey results, HRV system 
inspection results and the apparent relationships between occupant interactions with the HRV 
systems and subsequent system performance and condition. 

3.1 Occupant Survey Results: 

Of the 58 occupants interviewed: 

69% reported having had their system explained to them, 
84% had reported having manuals for the IWV (although only 67% indicated that they had 
read them), 
WRV service agreements were not at all common, 
77% reported to understand the purpose and operation of their HRV systems, 
26% reported indoor air quality problems (95% of the problems reported concerned overly dry 
indoor air) 
81% indicated that they performed regular maintenance on the HRV systems, 
while 70% reported that they understood the HRV system controls, only 42% understood the 
automatic humidity controls, 
all respondents used the HRV system high speed activation switches located in bathroom and 
kitchen areas when they were provided, 
controls mounted on the HRV cabinet were the least likely to be used or understood, 
8 1% reported operating the WRV system continuously during the winter (the apparent lack of 
need, energy concerns and cold drafts were primary reasons for deactivation in the winter), 
50% reported operating the KRV continuously during the summer (a preference for opening 
windows for ventilation during the summer was the most common reason for the deactivation 
of the IIRVs at this time), 



66% of the occupants with partially ducted systems understood the importance of operating 
the fan of the forced air heating system to distribute the ventilation air, 
33% of the occupants with simplified systems understood the importance of operating the fan 
of the forced air heating system to distribute the ventilation air. 

3.2 HRV Inspection Results: 

Of the 58 HRV systems inspected: 

71% were installed in accordance with good practise guidelines, 
simplified HRV systems were mostly likely to be improperly installed and commissioned, 
75% had remote controls in the living area while the remaining 25% had controls mounted on 
the HRV only, 
50% of the systems had airflow balancing equipment installed, 
60% of the system airflow rates are below current Canadian ventilation standards, 7% were 
found to be too high. 
55% of the systems had unbalanced supply and exhaust air flows (29% of the systems were 
unbalanced by more than 40%) 
50% of the systems had filters, heat recovery cores, ZlRV cabinet interiors that required 
cleaning, 
14% of the systems inspected had exterior air intake grilles that were loaded with debris, 
Of the systems integrated with forced air heating systems, only 45% of the occupants reported 
operating the fan of the forced air system continuously to distribute the ventilation air, 
Of the 15% of the systems that had major repair or service performed, all were greater than 4 
years old and 50% were greater than 7 years old. 

3.3 Occupant Interactions with the HRV Systems: 

Of the occupants who reported that they understood their HRV systems (77%): 

50% had HRV systems that were unbalanced 
60% had substandard ventilation 

* 52% of occupants with partially ducted or simplified WRV systems were not aware of the need 
to operate the fan of the forced air heating system. 

Of the occupants who reported indoor air quality problems (26%): 
60% had substandard ventilation 
62% had unbalanced HRV system supply and exhaust air flows 

* 56% had HRV systems with dirty filters, heat recovery cores, HRV cabinets. 

Ofthe occupants who reported that they performed regular maintenance (8 1%): 
42% had systems with dirty filters, cores, cabinets 
15% had blocked air intakes 

* 46% had unbalanced HRV system supply and exhaust air flows 



Of occupants who reported having read the HRV operation and maintenance manuals (32%): 
43% had dirty filters, cores, cabinets 

* 49% had unbalanced HRV supply and exhaust air flows 
40% operated the HRV systems at recommended ventilation rates 

Of the occupants who reported that they did not read the HRV manuals (68%): 
77% had dirty filters, cores, cabinets 

* 63% had unbalanced HRV supply and exhaust air flows 
17% operated the HRV systems at recommended ventilation rates 

Of the HRV systems that had been provided with remote controls in the living areas: 
* 80% of the occupants understood how to use the controls 

Of the HRV systems that had been provided with no remote controls: 
36% of the occupants understood how to use the controls 

4.0 DISCUSSION: 

In Canada, the increased airtightness of houses, growing occupant awareness of indoor air quality 
and more demanding regulatory requirements have created a need for effective and efficient 
residential ventilation systems. While packaged residential heat recovery ventilation systems 
represent one of the most promising means of meeting this need, little was known about the 
ability, or desire, of homeholders to properly operate and maintain these relatively new and 
sophisticated systems. However, based on the results of this investigation, it has been 
demonstrated that, for the most part, homeholders are willing to operate and maintain HRV 
systems even though they often lack the technical knowledge to properly do so. Nevertheless, the 
majority of the homeholders surveyed are satisfied with their HRV systems and the high level of 
indoor air quality the systems provide. 

The results of the occupant interview and HRV system inspection are representative a wide cross 
section of homeholder demographics, regional differences, system configurations and age. 
Accordingly, the results presented do not identi& specific concerns or observations that pertain to 
certain aspects of HRV installations. For instance, of the occupants surveyed, it was discovered 
that knowledge of HRV system operation and maintenance requirements was greater for those 
who live in custom homes as opposed to those who live in tract built housing. Custom 
horneholders usually were responsible for the decision to install their HRV systems and were 
more likely to appreciate the value of the systems. Homeholders living in tract housing often 
moved into homes where HRV systems had been already provided with little or no discussion 
regarding the value of the systems. 

The type of HRV installation was also found to have bearing on homeholder use and maintenance 
patterns. Simplified systems were far less likely to be understood, operated or maintained by 
homeholders, particularly when no remote controls in the living areas were provided. The 
absence of a day to day presence of simplified systems tended to promote an "out of sight, out of 
mind" attitude on the part of homeholders. These observations are of significant concern as the 



application of HRV systems in tract built housing represents the fastest growing market for HRV 
systems in Canada. 

e homeholders tend to believe that they understand the purpose and operating principles of 
their HRV systems, the control strategies were generally less well understood. Dehumidistat 
controls were found to be the most poorly understood control mechanism. Improper settings may 
have been responsible for homeholder complaints of uncomfortably dry indoor air. It was noted 
that in many of the houses where the homeholders complained of dry air, humidification 
equipment had been subsequently installed. This corrective action may not have been necessary if 
the homeholders had a better understanding of the relationships between the dehurnidistat setting, 
HRV continuous airflow speed setting and the relative humidity of the indoor air. Furthermore, 
few homeholders understood the interaction of their KRVs with other house systems. The need 
to operate the fan of the forced air heating systems when simplified and extended ducting 
configurations are used was not readily apparent to most homeholders. The potential impact of 
unbalanced airflow rates on the venting of other household combustion appliances and the 
building envelope was also unknown. This lack of understanding couId be detrimental to the 
health of unsuspecting homeholders and the durability of the building envelope although no 
evidence of either concern was noted during the inspections. 

In general, the successfU1 maintenance of HRV systems is not beyond the capabilities of the 
average homeholder. However, there is a concern that maintenance activities are not as rigorous 
or frequent as required. Dirty filters, cores and intake grilles were found in many installations 
where the homeholder was under the impression that his maintenance activities were sufficient. 
There was also a general lack of awareness concerning HRV defrost systems and motor oiling 
requirements. In the majority of cases, homeholders are not provided with the means to balance 
and/or veri.fj. the HRV system's air flows. This was evident in the number of systems that were 
found to be unbalanced and /or operating at substandard ventilation rates. While formal repair 
and service agreements could help alleviate many of these concerns, most homeholders do not 
recognise that such arrangements may be necessary. 

Given the successfbl evolution of the packaged residential heat recovery ventilator, the delivery of 
comprehensive HRV system design and installation courses for contractors and the pending 
adoption of specific performance and installation related requirements for ventilation systems in 
the 1995 National Building Code of Canada, problems relating to product quality and installation 
practise can be expected to occur less frequently. Homeholder related operational and 
maintenance related concerns will continue to occur and possibly increase as HRVs proliferate in 
the conventional housing stock. HRV manufacturers and installing contractors must continue to 
develop and refine the information transfer processes used to educate homeholders about HRV 
systems. Additionally, operation and maintenance strategies must be refined to make them more 
obvious and accessible for the average homeholder. As this technology improves and becomes 
more common in housing, the occurrence of many of the operation and maintenance related 
problems noted in this investigation should decrease dramatically. 
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Synopsis 

Nowadays it is rather common with demand controlled ventilation in public buildings and 
offices. The purpose of demand controlled ventilation is to adapt the ventilation to the varying 
needs of the occupations. In dwellings it is rather unusual with demand controlled system. The 
main reason for that is the high investment cost for the system. The outdoor air used for 
ventilation in dwellings is therefore not effectively used. For example in a mechanical exhaust 
ventilation system 50 % of outdoor air is leaving the house without being used of the people. 

In a multi zone computer program simulations baced on tracer gas measurements were done 
for two modern typical houses. We did calculations for outdoor air flow for the whole and for 
a single room, during a heating season. Two different ventilation systems were simulated. The 
air flows between rooms and between inside and outside were calculated. 

We found that we could utilize the outdoor air better-if the systems were reconstructed. The 
reconstructed system contains the same amount of air inlets and outlets, but all outdoor air is 
supplied to the bedrooms. Further calculations show us the ratio between the interzonal air 
flow created by the fan(s) and interzonal air flow created by differences in temperature was 1 
to 10. 

The paper presents the results from calculations of air flows for two diffrent ventilation 
systems. Further on the paper discusses how a system should be constructed to utilize the 
outdoor air in an optimal way. 

I. INTRODUCTION 

An investigation into various ventilation principles employed in modern single-family houses 
has been carried out by, and on the initiative of, the Swedish National Testing and Research 
Institute (SP), financed by the Swedish Council for Building Research (BFR), the National 
Board of Housing, Building and Planning and the Swedish building industry's Development 
Fund. The investigation involved 40 single-family houses, built between 1988 and 1992, 

One of the objectives of the project was to 'determine, by means of measurements and 
calculations, how well different types of ventilation systems ventilate individual rooms.' In 
addition, another objective has been to investigate the air source, i.e. outdoor air or transferred 
air (air flowing into one room from an adjacent room). 

In order to obtain this data, outdoor air flows and transferred air flows to an individual room 
have been measured in 40 houses. These measurements were made over a period of a month 
in a large bedroom, using the passive tracer gas method. The MOVECOMP-PC program 
(Bring 1988, Herrlin 1987) has been used to generalise the results. The program allows air 
flows between rooms, outdoor air flows, infiltration and exfiltration to be simulated. 

This paper describes the results from calculations and measurements of ventilation in two of 
the 40 houses having different types of ventilation systems. The measured results from the 
other houses have been described in a report (Blomsterberg, Carlsson, 1995). 



2. DWELLING WITH MECHANICAL EXHAUST VENTILATION 
SYSTEM 

2.1 General 

In a house having a mechanical exhaust ventilation system (see Figure 2. I), the proportion of 
outdoor air entering an individual room depends on the number of outdoor air inlets, air leaks 
in the building envelope and the pressure difference across the building envelope. This 
pressure difference depends on the general airtightness of the building, the exhaust air flow 
rate, wind velocity, wind direction and the indoor/outdoor temperature difference. 

Figure 2.1 Positions of ventilation air inlets in a 1%-storey house with a mechanical exhaust 
system. 

Single-family houses generally have outdoor air inlets in bedrooms, the sitting room and in 
any general-purpose room. If these inlets are closed in the sitting room and the 
general-purpose room, the proportion of outdoor air entering via the bedrooms will increase. 

By how much will the outdoor air flow rate to the bedroom increase if the outdoor air inlets in 
the other rooms are closed? What w.ill be the effect on air change rate in the sitting room and 
general-purpose room when the outdoor air inlets in those rooms are closed? 

2.2 Input data for simulation 

One of the houses in the survey, having mechanical exhaust ventilation, has been simulated by 
the program. This is a 1%-storey house, with a conventional floor plan (see Figure 2. I), with 
bedrooms and bathroom on the upper floor and the remaining rooms on the ground floor. The 
ventilation system is typical of that in modern Swedish single-family houses with mechanical 
exhaust ventilation. The house fulfils Swedish Building Regulations requirements in respect 
of airtightness of the building envelope (3.0 air changesh, 50 Pa). 



The measured pressurelflow characteristics of the outdoor air inlets have been used in the 
simulations (Mellin, 1980). The house's wind pressure coefficients have been taken from wind 
tunnel investigations (Wiren, 1985). The actual airtightness of the house was measured during 
the diagnostic tests after construction (2.8 m3/h, m2). On the basis of our experience of leakage 
measurements through building envelopes in conventional single-family houses, we feel that 
the actual air leakage in a 1%-storey house can be regarded as being distributed as follows: 
60 % through the floorlceiling structure between the ground floor and upper floor, 20 % via 
penetrations, 10 % at the edges of floors, 5 % around the edges of the ceiling and 5 % through 
windows. The exhaust air flow rate used in the program (176 m3/h) is that as measured for the 
house. Room temperatures and temperature gradients are based on measurements made when 
checking the performance of the system (see Table 2.2). Climate data for the 1971 reference 
year for Stocfiolm has been used when calculating heating and ventilation requirements for a 
heating season. 

Table 2.2 Room temperatures and temperature gradients as used in the simulation. 

2.3 Comparison between memured and calculated values 

The first computer run was performed in order to compare the actual measured results 
obtained from tracer gas measurements with the calculated outdoor air flow rate for 
bedroom 3 (see Figure 2.1). Simulation was performed for two different outdoor temperatures, 
with a wind velocity of 1 mls. The model results were in good agreement with the measured 
values. The measured outdoor air flow rate to the bedroom was 3.9 Us, while the calculated 
outdoor air flow rates to the bedroom at ambient temperatures of 0 "C and 10 "C were 3.4 lls 
and 4.0 lls respectively. 

The computer model calculations were made on the basis of open bedroom doors and at two 
different ambient temperature levels in order to illustrate the effects of temperature. During 
the actual measurement period, the ambient temperature varied between 0 "C and 10 "C, while 
the indoor temperature was 20 "C. As indicated by the model simulation, the outdoor air flow 
rate to the bedroom increased when the ambient temperature increased, as a result of thermal 
driving forces. 

2.4 Calculations for a whole healing season 

The outdoor air flow rate is less than 8 lls (the Swedish Building Regulations requirement for 
bedrooms with two persons) for most of the heating season (see Diagram 2.4.1). The reason 
for the variation in flow rate is partly thermal driving forces and partly the effects of wind. . 



The house used for the model contained two outdoor air inlets in the sitting room (see Figure 
2.1). If these inlets are relocated to bedrooms 2 and 3, the outdoor air flow rate to these 
bedrooms will increase (see Diagram 2.4.2). The average outdoor air flow rate over the period 
increases from 2.6 Vs to 5.8 Vs in bedroom 3 if the sitting room air inlets are 'transferred' to 
the 
bedrooms. 

Outdoor air flow rate to bedroom 3 during a heating season 

Diagram 2.4.1 Duration diagram (showing the Building Regulations requirement for 8 Vs 
outdoor air flow rate) for the outdoor air flow rate to bedroom 3 (standard 
type ventilation system, see Figure 2.1). Over the heating season, the 
average value of outdoor air flow rate is 2.6 Us. 
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Diagram 2.4.2 Duration diagram (showing the Building Regulations requirement for 8 11s 
outdoor air flow rate) for the outdoor air flow rate to bedroom 3 (with closed 
outdoor air inlets in the sitting room and an extra outdoor air inlet in the 
bedroom). Over the heating season, the average value of outdoor air flow 
rate is 5.8 Vs. With open bedroom door. 



Both the simulations were performed assuming an open bedroom door. If the door is closed, 
the outdoor air flow rate is reduced as a result of the pressure drop across the door. A further 
simulation was performed without air inlets in the sitting room, but with a closed bedroom 
door. This indicated that the average outdoor air flow rate during the heating'season fell from 
5.8 Us to 4.9 Us. Moving the outdoor air inlets from the sitting room to the bedrooms thus 
greatly increases the proportion of outdoor air to the bedrooms. 

3. THE: EFFECT OF OOR TEMPERATURE ON mTERNAL AIR 
CHANGE RATES 

Three simulations were performed in order to investigate the effects on air change rates in 
individual rooms with different types of ventilation arrangements. Airtightness parameters 
were assumed to be in accordance with Swedish standard requirements for the building 
envelope. The temperature difference between indoor and outdoor temperatures was taken to 
be about 20 "C, with a wind velocity of 1.0 m/s. 

1. Air change rate in the room, as powered by mechanical ventilation only, i.e. no 
temperature difference between the rooms (standard ventilation system). 

2. Air change rate in the room, as powered by mechanical ventilation and temperature 
differences (see Table 8.1) between the rooms (standard ventilation system). 

3. As simulation No. 2, but with outdoor air inlets only in the bedrooms. 

Ventilation air change rate in individual rooms , 11s m2 

Living Utility Kitchen Hall Bedroom Bedroom Bedroom Hall 
room room 1 2 3 

Diagram 3.1.1 Simulation no. 1. Ventilation air change rates (Us, m2 of floor area) as 
generated by mechanical ventilation only. Simulation results based on the 
standard design of ventilation system. Rooms as shown in Figure 2.1. 



Ventialfion air change rate in individual rooms, 11s rn2 
11s rn2 

Ventilation system standard Ils m2 

[7 Ventialtion system, without living 
room inlets, Ils m2 1 

Living Utility Kitchen Hall Bedroom Bedroom Bedroom Hall 
room room 1 2 3 

Diagram 3.1.2 Simulations 2 and 3. Ventilation air change rates (l/s, m2 of floor 
area) as generated by mechanical ventilation and thermal driving forces. 
Simulation results based on the standard design of ventilation system and as 
modified with inlets in the bedrooms only. Rooms as shown in Figure 2.1. 

The model simulation calculations assumed that all doors were open between all rooms. If the 
door to a room is closed, air change will not be affected by thermal drive forces between the 
rooms. Modern houses generally have no internal doors between the hall, sitting room, 
general-purpose room and kitchen. 

The earlier simulations showed that the outdoor air flow rate to the bedrooms increased 
substantially, from 2.6 l/s to 5.8 l/s (see Diagrams 2.4.1 and 2.4.2) if the outdoor air inlets in 
the sitting room were closed. Air change in the rooms is strongly affected if temperature 
differences between the rooms arise when the internal doors are open (see Table 2.2, Diagram 
8.4 and Diagram 8.5). If the internal doors are open, air change in the rooms is affected only 
insignificantly by whether or not there are outdoor air inlets in the rooms. The proportion of 
air change between rooms that can be affected by the fans when the doors are open is of the 
order of 10 %. 

Further simulations that we performed showed that if the outdoor air inlets in the sitting room 
are closed and the total exhaust air flow rate is reduced from 178 m3/h to 88 m3/h, the outdoor 
air flow rate to the bedroom investigated increases to 2.8 Us instead of 2.6 Us (the mean value 
for the heating season). In other words, the bedrooms can be ventilated just as effectively with 
only half the exhaust air flow rate if there are outdoor air inlets in the bedrooms only. 



LLING WITH BALANCED MECHANICAL VENTILATION 
SYSTEM 

4.1 General 

One of the houses in the investigation, a 1%-storey house having a balanced mechanical 
ventilation system combined with air heating, has been simulated by the computer program. 
The house had a relatively conventional layout, with bedrooms and bathroom on the upper 
floor and with the remaining rooms on the ground floor (see Figure 4.1). The ventilation' 
system, shown in Figure 4.2, is of a type commonly employed in Swedish houses with air 
heating systems. The house complied with Swedish standards in respect of airtightness. 

Figure 4.1 A plan of the house, showing positions of inlets and outlets for a balanced 
veitilation system. Supply and exhaust air flow rates are shown in Vs. 

Figure 4.2 Schematic diagram of ventilation system for a single-family house with air 
heating. R = circulated air, T = supply air, F = exhaust air. 



4.2 Input data for simulation 
The house's form factors have been taken from wind tunnel investigations (Wiren, 1987). The 
actual airtightness of the house was measured during the diagnostic tests after construction 
(2.6 m3h, m2). Leakage has been assumed to be distributed as follows: 60 % through the 
floorlceiling structure between the ground floor and upper floor, 20 % via penetrations, 10 % 
around the edges of floors, 5 % around the edges of the ceiling and 5 % through windows. The 
measured air flow rates were 149 m3/h of exhaust air flow, 95 m3/h of outdoor air flow and 
300 m3/h of circulated air flow. Room temperatures and temperature gradients are based on 
measurements made when checking the performance of the system (see Table 4.2). Climate 
data for the 1971 reference year for Stockholm has been used when calculating heating and 
ventilation requirements for a heating season. 

Table 4.2 Room temperatures and temperature gradients as used in the simulation. 

4.3 Comparhon between measured and calculated values 

The first computer run was performed in order to compare the actual measured results 
obtained from tracer gas measurements with the calculated outdoor air flow rate. Simulation 
was performed for two different outdoor temperatures, with a wind velocity of 1 m/s. The 
model results were in good agreement with the measured values. The measured outdoor air 
flow rate to the bedroom was 1.9 l/s, while the theoretical outdoor air flow rates to the 
bedroom at ambient temperatures of 0 "C and 10 "C were 1.2 l/s and 1.4 l/s respectively. 

The computer model calculations were made on the basis of two different ambient 
temperature levels in order to illustrate the effects of temperature. During the actual 
measurement period, the ambient temperature varied between 0 "C and 10 "C, while the 
indoor temperature was 20 "C. As indicated by the model simulation, the outdoor air flow rate 
to the bedroom increased when the ambient temperature increased, as a result of thermal 
driving forces. 

The low outdoor air flow rate to the room is due to the use of a combined heating and 
ventilation system (see Figure 4.2). Bedroom 1, which was studied is on the upper floor (see 
Figure 4.1). Most of its heating demand is met by heat from the ground floor. This means that 
there must be a lower outdoor air flow rate to the upper floor than to the lower floor in order 
to prevent excessive temperatures. 

I 



4.4 Calculations for a whole heating season 

Both the computer simulation and the measured values indicate a low value of outdoor air 
flow rate. The requirements in the Building Regulations for a ventilation air flow rate of 8 Us 
are fulfilled in the master ljedroom for only a few hours during the period (see Diagram 4.4.1). 
One way of improving the outdoor air supply to the bedrooms with this type of ventilation 
system would be to divide the system up into two zones. The supply air to the bedrooms 
would then consist solely of outdoor air, while the supply air to other rooms would consist of 
recirculated air (see Figure 4.4). 

Outdoor air flow rate to bedroom 1 durlng a heating season 

0 
0 1000 2000 3000 4000 5000 6000 

Hours 

7 

\ Bulldlng Regulations requirement for a bedroom with two  persons 

I 

Diagram 4.4.1 Duration diagram for outdoor air flow rate to a two-person bedroom during 
a heating season. The diagram above is based on an open bedroom door. 
The average air flow rate during the period is 3.3 Us ( of which 2.3 Us are 
infiltration). 

Diagram 4.4.2 Duration diagram of outdoor air flow rate to bedroom 1, with the heating 
and ventilation system modified as shown in Figure 4.2. The average air 
flow rate during the period is 10.3 Us (of which 1.7 Us are infiltration). 
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The measured results for the individual bedroom indicate low outdoor air flow rates (1.9 Us). 
By modifying the system so that outdoor air is supplied via the bedrooms, the outdoor air flow 
rate increases from 3.3 Us to 10.3 Us, although the total air flow rate to the house remains 
unaltered. In the existing system, most of the fresh air is supplied to the ground floor. 

When the bedrooms are occupied, all outdoor air supplied to the house will benefit those in 
the rooms. When the bedrooms are unoccupied, the outdoor air will pass through them and 
benefit the rest of the house. 

The result is that better use would be made of the outdoor air than with the present system 
design. With the same outdoor air flow rate to the house, but with the modified system 
arrangement, the outdoor air flow rate to bedroom 1 would exceed 8 Ys throughout the entire 
heating season, as shown in Diagram 4.4.2. 

Figure 4.4 Modified air heating system 

5. Conclusions 

Ventilation systems in Sweden have generally been designed so that outdoor air is supplied to 
the bedrooms, sitting room and general-purpose room. This means that when the bedrooms 
are occupied, the fresh air supplied to the sitting room and general-purpose room eventually 
leaves the house without having ventilated the bedrooms: it is effectively wasted. 

If, instead, all the incoming fresh air is supplied via the bedrooms, it will be utilised more 
effectively. When the bedrooms are unoccupied, the air will flow through them without being 
contaminated by recirculated air and will then benefit the other rooms. 

The general conclusion to be drawn from these measurements and calculations is that all 
outdoor air should be supplied via the bedrooms, regardless of which of the types of 
ventilation systems investigated is used. This would mean that the outdoor air flow rate to the 
bedrooms will increase (c.f. Diagrams 2.4.1 and 2.4.2 and Diagrams 4.4.1 and 4.4.2). 
Diagram 3.1.2 shows that the incoming fresh air will benefit the rest of the house when the 
bedrooms are unoccupied. 



If it is felt that the quantity of outdoor air supplied by the present system design is sufficient, 
the proportion of outdoor air can be reduced using the suggested system design. As described 
in Section 3.1, the outdoor air flow rate can be reduced by 50 % in a system in which outdoor 
air is supplied only to the bedrooms, and yet still provide the same quantity of outdoor air to 
the bedrooms. A reduction in outdoor air flow rate will result in reduced energy use and a . 
quieter system. When the building is new increased ventilation might be necessary during 0,5- 
1 years to remove emissions from new serface materials.One important condition is that there 
are no harmful emissions from building materials and furniture. 

Maintenance of a ventilation system in a house with lowered ventialtion rate is very 
important, as the marginal to too low ventilation rate is reduced. 
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Abstract 

A breakthrough in ventilation research was made once it was realized that ventilation 
principles based on mixed flow patterns are not optimal and that further energy savings can 
be achieved if an alternative technique could be developed. Several researchers, particularly 
in the Nordic countries, have shown by theoretical studies that replacing mixed ventilation 
flow by displacement flow increases ventilation efficiency. This also results in decreased air 
supply volumes and thus decreased energy requirements. In addition, lower air velocities may 
reduce problems of comfort and noise. 
Soon, however, practical experience showed that a displacement ventilation system must be 
very carefully designed in order to work as theoretically expected. Not all systems were 
successful initially and difficulties were encountered in implementing the new technology. 

This paper discusses the design basics for practical displacement ventilation systems. An 
example is taken from a plastics industry, where horizontal displacement ventilation is applied 
to a real work environment situation. Field measurements are made. Results of the field 
measurements, carried out in the plastics industry, are surprisingly good. For a channel flow 
ventilation situation, an air change efficiency of around 80 % has been achieved. It is also 
shown that worker exposure to styrene vapor can be kept within acceptable limits. The results 
are affected by the room geometry and the nature of the air supply. The energy gains from 
high air change efficiencies are discussed, particularly with regard to cold climates where 
there are large heating requirements. 

Introduction 

Displacement ventilation systems have become popular in a growing number of applications, 
because of their efficient contaminant removal and high air change efficiency. Conventional 
mixing ventilation can never be more efficient than 50%, in terms of air change efficiency. 
This is one of the main reasons for the development of displacement ventilation systems [I]. 
Another is the increasing demands for better thermal comfort conditions, In processes where 
contaminant emission and heat generation are not strongly coupled, momentum driven supply 
air can flow horizontally through a room [2]. Laboratory work for a better understanding of 
this type of displaced flow has been reported [3].The distribution of the supply air has been 
shown here to have a great influence on the flow pattern in a ventilated space. 



successful industrial applications of horizontal displacement ventilation have been recently 
reported [4,5]. These measurements are discussed further here and compared to numerical 
simulations of the same industrial work place situation. The process described is the 
manufacture of polyester products reinforced with glass-fibre. With mixing ventilation, this 
process requires extremely high air change rates to keep the styrene concentrations in the 
lamination hall within acceptable limits. This paper reports the results and discusses the 
research efforts for better ventilation principles in this type of industrial application. 

Figure 1. Worker exposure to styrene during lamination with polyester shows great variation 
with worker position and the principle of ventilation air transport. 

Numerical simulations 

Numerical simulations were used to analyze the air flow and concentration patterns. The 
governing equations to describe the three-dimensional transport mechanisms are the equations 
for continuity, momentum, concentration and the local mean age of air. The k-E turbulence 
model, Jones and Launder [6], uses two additional equations, one for the kinetic energy of 
turbulence k and one for the dissipation of this energy e. Both these equations are of the same 
type as those mentioned earlier. In general form, the partial differential equations are: 

where S+ is the source term [7]. In these calculations, the dependent variable 4 takes the 
forms: u, v, w, c9 ;i;,, k, E. For the continuity equation, I$ = 1. The SIMPLE algorithm [8] and 
staggered grid arrangements were used to give discrete solutions of the equations. The discreet 
equations for each node point were derived by hybrid upwind central differencing [9]. A 
stable iterative solving of the equations was thus achieved. All calculations were performed 
in three dimensions on a 40*40*36 grid with constant spacing. The solution time on a Risc- 
6000 work station was around three hours per dependent variable 4. 



Boundary conditions 

All surfaces were assumed to be adiabatic (zero heat flux). Zero-gradient boundary conditions 
were assumed for incoming and outgoing air. The boundary conditions for the k-E turbulence 
model used were given for isotropic turbulence. Wall functions of the conventional type were 
used. The ventilation flow rate was 1,9 m3/s. In the numerical simulations, the styrene 
emission rate was set to 60 mg/s, and the location of the source was fixed. The laminar and 
turbulent Prandtl numbers (Schmidt numbers for concentration) a and a+were set to 0,72 and 
0,90 respectively in all calculations. The diffusion coefficient, I?,, took the form: 

where p and p, are the laminar and the turbulent dynamic viscosities [6]. A steady-state 
method was used for the numerical prediction of the mean age of air [7]. The final differential 
equation for the local mean age of air Zp includes the density p as the source term: 

The boundary condition is ;i;, = 0 at the inlet. 

Measurements in the work environment 

Some results frorn the plastics industry [4,5] are compared with the numerical simulations. 
The most useful result frorn the measurements was the extremely high air change efficiency 
found in a channel-shaped lamination room with horizontal displacement ventilation. The 
results also indicated how much air is required for ventilation if a mixing ventilation principle 
is used. These figures are compared to corresponding figures when horizontal displacement 
ventilation is used. A pattern of the channel flow is described by measured vertical velocity 
profiles. 

Simulated air flows 

The lamination chamber, including the air terminal for the one-way orientation of the 
ventilation flow, has been described [4]. All the dimensions are straightforward and easy to 
model in a computer program. The mold , however, is more complicated and its shape had 
to be simplified for the computer program. Figure 2 shows a plan view (x-y) of the simulated 
6-metre long, simplified, double-cross mold model. The whole chamber width was open for 
supply and exhaust air, see Figures 1 and 2. 



Figure 2. Plan view of the lamination hall, where both industrial measurements and numerical 
calculations were performed. Points A, B and C are worker positions. The styrene 
concentration was estimated at these points in the breathing zone 1,5 m above the floor. The 
simulated styrene emission (60 mg/s) was equally distributed over the striped source area. 

The air supply velocity u, for both measurements and simulations was 0,3 m/s. The Reynolds 
number for the flow, Re, is based on the active (open) air supply area A and takes the form: 

where Y is the kinematic viscosity of the flow. For the displacement flow shown here, a 
Reynolds number of 55200 was used. 

Side view - displacement 

I Mdd I + +I 
Figure 3. Elevation of lamination hall and mold. In the calculations, the mold geometry was 
simplified. In reality, the upper corners were a bit curved [4]. 



Figure 4. Simulated air flow structure in the lamination hall with horizontal displacement 
ventilation. Recirculation occurred only in a small area above the air supply. Center-plane 
crossing the mold; y =1,75 m. 

* = measurements [4] 

Figure 5. Numerically calculated vertical velocity protile over the mold compared to the 
measured profile (x = 7 m, y = 1,75 m). Supply velocity u, = 0,3 m/s. The velocity is blocked 
by the mold from z = 0,5 m to z = 1,O m. 

Simulated mixing ventilation as reference 

Mixing ventilation was used as a reference and compared to the displacement flow. The 
comparison was done both for the work place and in the numerical calculations. The mixing 
model (plant) used was identical to the displacement model, except for the size and shape of 
the air supply inlet and exhaust outlet. Both were reduced here to a 0,35-m-high slit extending 
the full width of the room. A constant ventilation flow rate of 1,9 m3/s was used. This gave 
supply and exhaust velocities almost six times greater than those in the displacement flow. 



Side view - mixing I 

Figure 6. The mixing ventilation reference simulations were also performed in the 13-m-long 
chamber. The air supply and exhaust velocities were higher than for the displaced flow. 

Figure 7. Simulated air flow structure in the lamination hall with mixing ventilation. 
Recirculation occurs both on the upper and lower side of the mold. Center-plane crossing the 
mold; y =1,75 m. 

Figure 8. Simulated vertical velocity profile through the center line of the styrene-emitting 
area of the mold (striped area in Figure 2). A Reynolds number of 132000 was used. 



Ventilation efficiency 

A tracer gas pulse method was used to measure the mean age of air in the lamination hall [5]. 
In the simulations, equation (3) was used to calculate the local mean age of air at every grid 
point in the room. The room mean age, <Z>, was then calculated as the average value of the 
local mean ages. For the air change efficiency, E,, the following definition was used: 

where z, =V/q (=room volume/ventilation flow rate) is the nominal time constant of the room 
[lo]. 

The contaminant removal effectiveness <E> is defined as the ratio between the steady-state 
contaminant concentration in the exhaust outlet and the steady-state average contaminant 
concentration in the room [11,12]: 

Equation (6) shows that <E> can also be expressed as the ratio between the nominal time 
constant of the room, z,, and the mean residence time of the contaminants, z, 1131. It is a 
measure of how quickly the contaminants are removed from the room. A comparison of 
measured and simulated ventilation efficiencies is given in Table 1. 

Table I. Measured and simulated ventilation efficiency measures. 

Air change efficiency, E, Contaminant removal 

* The measured industrial plant for mixing ventilation 1141 was different from the simulated 
mixing reference plant. An air change efficiency of over 50 % indicates some degree of 
displacement flow. 

I Table 1 shows that the agreement between simulated and measured air change efficiencies in 



the displacement chamber (Figures 1-3) is good. The measured contaminant removal 
effectiveness value is higher than the simulated. A probable reason for the deviation is the 
location of the contaminant source, which was 0,75 m closer to the exhaust outlet during 
measurement than in the simulations. 

For mixing ventilation, the measured industrial plant was not identical to the simulated plant. 
The ventilation systems, including air terminals, were also different. The simulated system, 
shown in Figure 6, was inefficient. The supply air passed through the room without contacting 
the contaminants. The recirculated air came in close contact with the contaminants and thus 
blew contaminants the wrong way. This lead to a contaminant removal effectiveness of only 
0,54. 

By far most efficient ventilation was achieved with the channel-flow arrangement with 
horizontal displacement ventilation. A buoyancy influence from the exothermal lamination 
process, not considered in the simulations, could be one reason for the small difference in 
measured (81 %) and simulated (85 %) air change efficiencies. 

Simulated exposure rates with different ventilation principles 

Measured exposure rates are not directly dealt with in this report. The reason is that the 
appropriate measured data were not available. It was difficult to generate steady-state 
conditions in the lamination hall, and difficult and expensive to measure at many points 
simultaneously. A constant, time-independent styrene-emission from the mold is difficult to 
arrange. The comparison of exposure rates here is based on numerical simulations only. 
Constant boundary conditions are easy to arrange. So it is possible to have a fair comparison 
of the effects of different air flow principles on the exposure rates. 

Table 2. Numerically calculated exposure rates with different ventilation principles at different 
worker place locations A, B and C. All three locations are 0,3 m from the mold and 1,s m 
above floor (see Figure 2). The upper surface of the mold i.e. the styrene source, is 1. m above 
floor level. 



Displacement ventilation gave lower exposure rates than mixing ventilation, even at worker 
position C. This is because of a low vertical concentration diffusion, up to the breathing zone, 
with this type of ventilation flow. At the source level, l m  above floor level, dangerous 
concentrations occur. Table 2 shows that the two types of ventilation can be expected to give 
very different exposure rates. 

Figure 9. Styrene exposure rates [mg/m3] with horizontal displacement ventilation. In the zero- 
a on cent ration zones the exposure is guaranteed to be less than 6 mg/m3. Fence plot showing 
center-planes for x-y, x-z and exhaust outlet plane for y-z. 

Figure 10. Styrene exposure rates [mg/m3] with mixing ventilation. The value (value label) 
positions are the same as for the previous figure. This makes it possible to compare exposure 
rates with the two ventilation principles. 



Energy and health aspects 

For mixing ventilation, there is a well-known relation between the contaminant generation m, 
and the ventilation flow rate q, which gives the contaminant concentration c in the room. 

There is a great influence of the ventilation efficiency E and the spatial positions (x,y,z) on 
the styrene exposure rates. This leads to a new principal equation for the local styrene 
concentration c, in the room: 

where the ventilation efficiency 5 is a measure of the stored styrene quantity in the room, and 
p(x,y,z) indicates the spread of this quantity. The latter is a position factor that depends on 
the contaminant source position and the positions of the ventilation air supply and exhaust. 
Equation (8) states that in all parts of the room the concentrations are directly influenced by 
the total ventilation flow rate q. The term Ijh;f(~,p(x,y,z)) determines the level and the 
distribution of the local room concentrations. 

For worker position C in Table 2, the mixing ventilation flow rate has to be increased by a 
factor of 8 to bring the exposure rate down to a level achieved by horizontal displacement 
ventilation (18 mg/m3). Air consumption data from measurements [4] and concentration 
extrapolation show that 4-5 times more air has to be used with mixing ventilation. The 
differences in air change efficiency between displacement and mixing were: for the 
simulations 85% - 41% = 44%; and for measurements 81% - 51% = 30%, Table 1. The 
energy E, required to heat ventilation air is given by: 

where 
q = ventilation flow rate 
p = density of air 
At = heating duration 
c, = specific thermal capacity 
AT = temperature rise of the heated air. 

It has been shown that efficient ventilation means low ventilation flow rates, q. Equation (9) 
shows that this also means low energy requirements, E. In the equation no account is taken 
of the heat losses during heating and transport, the efficiency of the heater, or the energy used 
by the fans. Countries with high heating requirements for ventilation air normally also have 



a long heating season, which affects At, and a large indoor-outdoor temperature difference, 
which affects AT. To compensate for this, ventilation flow rates are often lowered. In this 
situation, efficient ventilation should be introduced for health reasons. Also, knowledge about 
correct work practice and favorable worker positions are important. Recently the exposure 
limits for styrene have b&n lowered; the eight-hour exposure limit in Sweden and Finland 
is today 20 ppm (90 mg/m3). This once again puts higher demands on future ventilation 
systems. 

Conclusions 

Because of large variations in the size of manufactured products and the movable nature of 
work activities, general ventilation is frequently used for controlling airborne styrene. High 
exposure rates can be avoided by using horizontal displacement ventilation that is properly 
positioned in the room. Factors that need more study, because of their influence on the 
ventilation air flow, include room geometries, air supply and exhaust arrangements, and 
thermal loads. Concentrated air supply diffusers [15] can probably reduce costs further. 
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Synopsis 

Especially in modern buildings with small capacity of humidity storage it is necessary to 
reduce the humidity in the supply air. Normally a refrigeration system containing CFC's is 
used. There are some alternative fluids available, but mostly they show a high global warming 
potential. These systems all need electrical energy to be driven and therefore it is necessary to 
consider other possibilities with alternative systems. 

The most promissing systems are sorptive systems which are used now in open cycles. In these 
systems the air is dehumidified by a liquid sorbens and cooled indirectly by evaporating water 
in an open circuit. In this paper a design of an open cycle liquid desiccant system is shown as 
well as two possible system configurations. Very interesting possibilities for the regeneration 
are given in using low temperature energy and also solar radiation in sunny areas. 

Heating, ventilating and air conditioning (HAVC) systems are build to process outdoor air to a 
special indoor air condition. The demand of the air quality depends on the kind of building. In 
an industrial building the quality of the products is very important, but in an office building the 
thermal comfort of the employees must be guaranteed. Basically the parameters temperature 
and humidity can be changed by special components of a WAC-system. 

Especially in modem office buildings with small capacity of humidity storage it is necessary to 
reduce the humidity in the supply air. The classical way to dehumidify the outdoor air is using 
a refrigeration system. Everybody knows the problems and the discussions about the 
refrigerants. For that it is very important to find alternative components to dehumidify the air. 

An interesting technique to dehumidify air is using hygroscopical solid or liquid substances. 
The ad- respectively absorption technology used in WAC-systems is nowadays a good 
enlargement to the existing refrigeration systems but particulary by using liquid desiccants a 
high demand of research work is necessary. In this paper an open cycle liquid desiccant 
dehumidification system combined with an evaporative cooling system is described. 



2. Methodes of dehumidification 

In the W A C  technology the following dehumidification systems are usual: 

@ Condensation on cold surfaces of chillers or water droplets. 

@ Desiccating by the contact with hygroscopic materials. 

TO O: 

This kind of dehumidification is the frequent applied technology. To get condensate 
temperatures below the dew point of the dehumidifjing air are necessary. These low 
temperatures can be realised by an evaporating refrigerant (direct evaporater) or by cold water 
(water cooled chiller). 

The cold water is made by a refrigeration plant and its usual preliminary temperatur is 
approximately 6OC. The refrigeration systems are formed basically in the three following 
groups: 

- Compression-refrigeration system 
- Absorption-refrigeration system 
- Steam jet-refrigeration system 

The employment of steam jet-refiigerators in WAC-systems is secondary. The both common 
refrigeration systems are schematically shown in figure 1 and 2. Further the process is 
presented in a Ig p, h respectively a lg p, 1/T-diagram. 

Figure 2: Ideal process of an absorption refrigeration system. 



Disadvantageous by using this kind of systems is: 

# Poor controllability due to constant water temperature in the cold water chiller. * Disadvantageous high energy demand for the refrigeration. 

e3 For the air conditioning it is not always necessary to have preliminary water 

temperatures of G°C. 

Energy demand for the compressor. 

Reheating of the dehumidified air is often necessary. 

@ Only limited usability of low temperature heat by the refrigeration systems. 

Figure 1 : Ideal process of a compression refrigeration system. 

By increasing the preliminary water temperature it is possible to reduce the energy demand for 

preparing the cooling water with refrigeration systems. By increasing the water temperature of 

about 1 K the improvement of the coefficient of performance (COP) is approximately 3 %. 

Desiccating by contact with hygroscopic materials are distingushed by the kind of the used 

materials: 

solid hygroscopic materials and 

+ liquid hygroscopic materials. 

There is a great variety of solid materials which can be used for dehumidieing air. Active 

carbon, active alumina, silicagel, zeolithes as well as hygroscopic salts are mostly used for 

technical drying. Silicagel and hygroscopic salts are privileged for the air dehumidifier. 

Continuous working rotary wheels or discontinuous working packed beds are equipped with 

such solid desiccants. In this paper the solid desiccants and the design of belonging plants is 

not described because the main emphasis is the use of liquid desiccants. 



One of the first liquid desiccants which was used for the dehumidification of air was 

triethylenglycol. Due to the high vapor pressure the application of this desiccant in open cycle 

systems is unfit because there are high losses of desiccants which have a negative influence to 

the environment. However open desiccant cycles working with solutions of lithium chloride- 

respectively calcium chloride are partly successfbl in practice or investigated in promising 

research projects. 

3. Design of open absorp~on systtems 

The described system is an absorptive system for air conditioning. The outdoor air is 
dehumidified by a liquid desiccant and cooled indirect by evaporation of water in an open 

cycle. The following figures show schematically possibilities of different processes. Figure 3 

presents the arrangement of an open liquid desiccative and evaporative system with the main 

belonging components. It describes a system working with 100% outdoor air. 

Warm humid outdoor air passing the salt solution is dehumidified in a crossflow absorber. To 

Figure 3: Open cycle liquid desiccant cooling system (100% outdoor air). 

get a constant dehumification performance it is necessary to take away the absorption heat by 

a cooling tower. 

By the absorption of steam the salt concentration of the solution is decreasing so the ability of 

the absorption is reduced. To achieve a constant concentration of the salt solution a 

regeneration after the absorption is necessary. This is happend in the regenerator where the 

solution is heated and the water evaporates. The steam and the regeneration air (outdoor air) 

pass an air to air heat exchanger and leave to the environment. 



The change of air conditions for the case of 100% outdoor air is sketched in a Mollier-h,x- 
diagram in figure 4. Point @ describes the outdoor air situation on a warm humid summerday. 
The change of condition from @ to @ shows the dehumidification in the absorber with 
simultaneously cooling by an indirect cooling tower. So the supply air a has a lower 
temperatur as well as a lower water content than the outdoor air. 

0 @kg 6 @kg $0 @ks 15 @kg 20 @kg 25 @kg 30@kg 36@kg 40 @kg 46 @kg 
water content 

Figure 4: Change of air condition in a h,x-diagram (100% outdoor air). 

Moreover in figure 4 also the change of air conditions in the cooling tower as well as the 
regeneration process are skeched. Such as already mentioned the outdoor air is humidified in 
the cooling tower by the principle of evaporation (@ -3 a'). With assumption of a complete 

wet mode of operation in the cooling tower it is possible to reach point (D. The outdoor air 
which is used for the regeneration is warmed up from @ -3 @. By heating the salt solution 
the water evaporates in the regenerator (@ -3 0) and leaves together the system with the air 
after the heat exchanger (@ -3 @). 

The air conditioning of buildings is normally done with a part of return air. It means, that a 
part of the exhaust air is mixed with the conditioned outdoor air in a mixing chamber. Such air 
conditioning process is shown in figure 5. The main difference in the absorption process to the 
system which is explained before is after point @. In this process it is necessary to dehumidify 
the outdoor air to a low water content because there is a mixing of humid return a air with 
already conditioned outdoor air 0. 



- salt solution 

Figure 5: Open cycle liquid desiccant cooling system (With a part of return air). 

By mixing the return air a and outdoor air @ the temperature in point (D is increasing so 
that it is necessary to cool the mixed air before entering the room. The cooling of this air is 
done by an indirect evaporative cooler which operates with a part of the supply air. The 

0 glkg 6 @kg lOglkg I6glkg 20glkg 26glkg 30 @kg 36glkg 40glkg 46glkg 

water content 

Figure 6: Change of air condition in a h,x-diagram (With a part of return air). 



change of the mixed air condition from a -3 @ is sketched in figure 6 on the condition of the 

complete wet operation of the cooler to reach point 6). 

3.1 DehumidificaGon by the ""KathabarV~systema 

The "Kathabarw-sytem is used in different fields of air conditioning. The desiccant (the so- 

called Kathene solution) of this system is a 40 % Lithium chloride solution. Figure 7 shows a 

schematic diagram of the system with the main components: a heating- and a cooling coil, a 

conditioner, a regenerator, a sump and a pumping unit. 

outdoor alrlreturn alr 
outdoor alr 

droplet 
llmlnator 

pumplng unl 

Figure 7: Schematic diagram of the "KathabarW-system. 

The solution is sprayed over the cooling coil in the conditioner and the outdoor air 

respectively the return air comes in direct contact with the solution. The absorption heat is 

taken away by the cooling coil and the dehumidified air passes a droplet eliminator to 

guarrantee that there are no particles of solution in the supply air. The weak solution flows 

back into the pumping unit. Steam is pumped to the regenerator heating coil to warm up the 

solution. For that reason the water is evaporated and is exhausted with the air flow. 

To guarantee a stationary operation of the dehumidifying process it is necessary to regenerate 

the weak solution. This can be made by different ways. Basically it is possible to use the same 

construction for the regenator as for the absorber. Instead of a cooling unit a heating unit is 

installed and it is only low temperature energy necessary to drive out the water of the solution. 

Temperatures between 60°C to 80°C are sufficient so that it is possible to use district heating 



 re 8: Example of a solar-collector-regenerator. 
for example. Further the use of solar-collector-regenerators in sunny areas is an efficient way 
to regenerate the weak solution. Figure 8 shows an example for a solar-collector-regenerator. 
Usually the surface of a solar-collector is blackened to facilitate the absorption of solar energy 
and the back is well insulated. The surface can be corrugated, V-grooved or a textured surface 
to aid the even distribution of liquid film. 
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Synopsis 

With effect fiom January lst, 1995 the amended Heat Transfer Barrier Act 
(,,W~eschutzverordnung") was introduced in the Federal Republic of Gemany, replacing 
the 1982 version. This decree is binding on all houses to be built so that they reach the low 
energy standard. Former decrees envisaged mainly the reduction of the transmission heat loss 
while the amended version takes into account all other relevant aspects such as internal and 
solar heat gains as well as ventilation heat losses, and includes them into an energy balance 
procedure. In this way the new Heat Transfer Barrier Act does not lay down certain 
construction types or heating techniques, but focuses on the annual heat energy demand. With 
this energy conservation code the German Government aims at a 30 per cent reduction of the 
heat energy demand of new houses 

1. The Heat Transfer Barrier Aet 

1.1 The Legal Background 
The legal background of the Heat Transfer Barrier Act, HTBA, ("Warmeschutzverordnung~') 
was fixed in 1976 when the ,,Energieeinsparungsgesetz'" (EnEG), an energy conservation 
code, was passed. With the first Heat Transfer Barrier Act in 1977 the energy conservation 
code was put into practice. The necessity of the reinforced conservation of energy together 
with the development of modern construction techniques then lead to the amendment of the 
Heat Transfer Barrier Act in 1982 as well as to its introduction into planning and building 
laws and regulations in 1984. 
The latest HTBA came into force on January 1 st, 1995 after four years of difficult 
negotiations: Within the framework of its strategy to reduce the energy related emissions of 
the greenhouse gas C02, the government of the Federal Republic of Germany decided in 
November 1990 to amend both the Heat Transfer Barrier Act and the Heating Systems Act. 
Further impetus gave the report of the commission of enquiry ,,Precautions for the Protection 
of the Global Atmosphere" (,,Vorsorge zum Schutz der Erdatmosph8re") which was adopted 
by the German Parliament in September 1991. When the reflections on the part of the 
European partners regarding any hindrance of the common market were dispelled the cabinet 
decided the final version in July 1994. 
On the occasion of the hearing in the German Ministry of Trade and Commerce the 
Fachinstitut Gebaude-Klima e. V. commented on the important topics of ventilation and heat 
recovery. 

1.2 Area of Application of the '95 Heat Transfer Barrier Act 

The main area of application of the 95 HTBA are buildings to be constructed. The latters are 
divided into three sections or types, depending on their use and indoor temperature level. 
Accordingly, they have to fulfill graded requirement profiles. Furthermore, the HTBA 
contains rules and requirements as for constructional changes like extension or heightening of 
existing buildings. Figure 1 gives an overview of the area of application of the '95 HTBA. 

In the following areas, HTBA-requirements have to be met: 
- Buildings to be constructed with normal indoor temperatures such as dwellings, office 

and administration buildings, schools etc. 
- Buildings to be constructed with indoor temperatures between 12 and 19 "C such as 

industrial buildings 
- Extension or heightening of existing buildings 



- Change of individual heat transferring components of existing buildings (replacement, 
renewing, installation) 

- Particularly relevant individual components such as slats for shutters, surface heating, 
ventilation systems etc. 

2. The main changes of the WTBA 

2.1 Increased requirements: With the help of the new HTBA the heat energy requirements 
and the pollutant emission of new buildings will be reduced by 30 per cent compared to the 
previous standard. In order to achieve these values, the heat requirement of new buildings 
follows the standard of low energy buildings, which is 54 to 100 k ~ h l m ~ a .  Comparing 
calculations show that the annual oil consumption can be decreased to 6-12 l/m2 and the gas 
consumption to 6-12 m3. Before, the standard consumption of oil driven heating systems 
amounted to more than 20 l/m2a. 

2.2 New proof procedure: While in the previous calculations only the heat loss through the 
building envelope (transmission heat loss) was considered, the new HTBA lays down an 
energy balance procedure. The u-value (k-value) calculation is only valid for (normally) 
heated small dwellings, i. e. buildings with up to two complete floors and not more than three 
accomodation units. Here, however, the requirements regarding the heat transfer are tightened 
compared to the 1982 HTBA. In all cases one of the two possible proofs of the heat transfer 
barrier have to be furnished. Figure 2 shows the area of application of the proof procedures for 
buildings to be constructed as well as for the extension of existing buildings. 

Fig. 2: Area of application of the proof procedures according to the '95 HTBA 
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The new calculation procedure is based on a heat balance of the entire heated building, i. e. 
not only the transmission heat loss, but the ventilation heat loss as well as solar and internal 
heat gains are considered also. The transmission heat loss informs about how much heat is 
transferred through the building envelope (external building components). The ventilation 
heat loss represents the arriount of heat lost due to the exchange of warm indoor air against 
cold outdoor air. Solar heat gains indicate the amount of heat resulting fiom solar radiation 
into the building while internal heat gains result fiom several factors occurring inside such as 
occupancy, quantity of computers and other electronic devices used, lighting, etc. The 
calculated value now represents an energy parameter of the considered building on which the 
calculation of the annual heat energy demand is based. 

2.3 Bonus arrangement for energy saving ventilation systems: The installation of 
ventilation systems can help reduce ventilation heat losses. Reduction factors according to the 
ventilation system that is built in may be used now for calculating the ventilation heat loss. 
The reduction factor of supply/exhaust systems is 0,95, the factor for systems with heat 
recovery and systems with heat recovery and heat pump is 0,80. 
In order to prevent the operation of ventilation systems fiom being more energy consuming 
than energy saving, limiting values for the energy use of each system type have been fixed. 
As the annual heat energy demand of each building has been fixed, too, the reduction of 
ventilation heat losses thanks to a ventilation system allows the constructional heat insulation 
to be reduced. In order to limit constructional ventilation heat losses, the requirements in view 
of building airtightness were tightened, too. 

2.4 The heat demand certificate for new buildings represents another important innovation 
of the '95 HTBA. It informs authorities, builders, tenants and buyers clearly about the energy 
relevant features of a building. This heat demand certificate contains a written synopsis of the 
calculated results of the heat transfer barrier proof. The builder or the owner of a building has 
to show the certificate to potential buyers oder tenants of his building. Normally the architect 
or the construction engineer issues the certificate and delivers it to the builder. The heat 
demand certificate is always issued for the entire building and not only for one accomodation 
unit. It informs about the determined annual heat energy demand, but not about the real energy 
demand of a building per year. 

The proof procedure represents the core of the amended Heat Transfer Barrier Act. In the 
following, it is explained more precisely therefore: 

3. Course of the proof procedure 

At first, the ratio that the heat transferring parts of the building envelope A bears to the 
enclosed building volume V is calculated for a certain building plan (the same procedure as 
before). 
Secondly, the upper limiting value of the annual heat energy demand is evaluated. This is 
done by the calculation of the AN-ratio and ranges between 17,3 and 32 kwh per m3 of the 
heated building volume and per year. 
Only with buildings with a clear height equal to or smaller than 2,6 my the maximum values 
can refer to the effective area as well. In this way they cover a range fiom 54 to 100 kwh/m2 
useable floor space and year. According to the '95 HTBA ,,useable floor space" means 0,32 
times the heated building volume V. The staircase, basement and loft do not belong to the 
heated building volume V. 



Fig. 3: Maximum values of the annual heat energy demand which is based on the heated 
building volume or on the useable floor space AN in dependance on the ratio AN. 

Intermediate values are to be determined according to the following equation: 
1) QYH = 13,82 + 17,32 (AN) in kWh/m3a 
2) Q"H = Q'H/0,32 in kWh/m2a 

2 3 Dwellings with an AN ratio of 0,72 m /m and a headway of e ual to or smaller than 2,60 m 92 show a maximum annual heat energy demand of 82 kWh per m useable floor space and year. 

Following now is the calculation of the annual heat energy demand of the entire building and 
after this it has to be checked whether the calculated result exceeds the upper limiting value of 
the heat energy demand or not. If yes, constructional changes have to be integrated into the 
plans until the recalculated results meet the required values. 

Fig. 4: Annual heat energy demand 



The annual heat energy demand QH of a building is composed of 
- the transmission heat demand QT - the ventilation heat demand QL - the useable internal heat gain QI caused by the heat emission of persons and technical 

devices - useable solar heat gains Qs. 

It is to be calculated for the entire building according to the following equation: 

QH = 0.9 (QT + QL) - (QI + Qs) 

The time spans of lowered indoor temperatures are taken into account with factor 0.9. Each 
single demand and all heat gains are to be determined according to the HTBA procedures. 
With the ventilation heat demand it has to be distinguished whether the building is ventilated 
through window opening or through a mechanical supply/exhaust system with or without heat 
recovery. As for solar heat gains, the solar radiation is evaluated according to the orientation 
and the angle of inclination of the window or the fiench window considered. Before starting 
the calculations therefore the orientation and the angles of inclination of all windows and 
fiench windows have to be determined. 

Apartment building with six Semi-detached corner house 
accomodation units 
Useable floor space: 544 m2 Useable floor space: 123 m2 
,,ANb' ratio 0,49 m2/m3 ,,A/V ratio 0,72 m2/m3 
Upper limiting value of the 69,7 kwh/m2 year Upper limiting value of the 82,2 kwh/m2 year 
annual heat energy demand (1 00 %) annual heat energy demand (1 00 %) 
Annual heat energy demand: 50,6 kwhlm2 year Annual heat energy demand: 59,7 kwh/m2 year 

(73 %) (73 %) 
Fig. 5: Graphic representation of two calculation examples 

Figure 5 shows the calculated results of the annual heat energy demand of an apartment 
building with six accomodation units and of a semi-detached corner house. The annual heat 
energy demand of each house remains under the upper limiting value by 27 per cent thanks to 
the building components and building constructions used. It is characteristic of both buildings 
that the useable internal and solar heat gains almost meet the respective transmission heat 
demand and that the ventilation heat demand corresponds to the scale of the annual heat 



energy demand, respectively. These results are applicable to other dwellings without heat 
recovery fiom exhaust air. It is clearly shown that the considerable influence of the ventilation 
heat demand on the annual heat energy demand is getting ever more important the better the 
building envelope is thermally insulated. 

'95 Heat Transfer Barrier ActICalculated results of the annual heat energy demand of two 
kinds of dwellings 

4. Conclusion 

The examples clearly show that the '95 Heat Transfer Barrier Act can be an effective 
instrument to reduce the pollutant emissions of new buildings. However, each regulation is 
only as effective as the possibility of controlling it. The annual heat energy demand simply 
represents an approximate value of the resulting heat energy demand. This is due on the one 
hand to the simplicity of the algorithm. Besides, the execution of the construction work as 
well as the heating and ventilating habits of the occupants can have a considerable influence 
on the heat energy demand. The problem of controlling the real annual energy consumption 
can not be solved therefore. 
The current Heat Transfer Barrier Act is to be reamended in 1999. It is desirable that the 
amendment will not only bring along a further intensification of the constructional heat 
insulation and of the annual heat energy demand, but all energy relevant factors should 
become more severely integrated than before. In this way the Heat Transfer Barrier Act could 
be transferred definitely into an energy conservation code. 
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AUTOMATIC CONTROL OF NA L VENTILATION 

Andrew Martin, BSRIA, Old Bracknell Lane West, 
Bracknell, Berkshire, RG12 7AH, U.K. 

Natural ventilation has the potential to replace or supplement air conditioning, comfort 
cooling and mechanical ventilation. Whilst there are obvious environmental advantages, 
there are problems of achieving adequate control. The flow of air must be controlled to 
ensure a comfortable environment in the building whilst limiting energy consumption and 
maintaining indoor air quality. 

Several UK buildings now use natural ventilation in conjunction with automatic control 
systems. This technique has a number of important benefits including: 

- reduced building energy consumption 

- potentially lower equipment costs 

- lower operation and maintenance costs 

- improved temperature control (primarily in passive buildings), especially 
during hot periods 

- possible integration with mechanical ventilation systems. 

This work was carried out as part of the Department of the Environment's EnREI 
(Energy Related Environmental Issues in Buildings) programme and was managed by the 
Building Research Establishment. The material presented in this paper highlights some 
aspects of two research projects, 'The Control of Natural Ventilation'['] and 'Night 
Cooling Control Strategies'. 

The research undertaken has led to the development of generic control strategies. These 
have evolved from consideration of the control strategies used in naturally ventilated 
buildings utilising Building Management System (BMS) control together with experience 
obtained from monitoring three naturally ventilated buildings. The site monitoring has 
also led to recommendations being provided for commissioning and fine tuning 
procedures. 



1 INTRODUCTION 

1.1 The decision to use automatic controls 

The decision to use automatic controls is primarily based on the expected heat gains in the 
occupied space. If the heat gains are expected to be below approximately 25 W/m2[21 
throughout the year then manual opening of windows will generally allow summer 
comfort conditions to be maintained. The use of automatic controls fitted to the inlet and 
outlet ventilation path within the building can extend this, through the use of night-cooling 
control strategies and an appropriate building design, to heat gains of approximately 40 
W/m2 or more. These cooling strategies allow the inlet and outlet vents to be opened 
during the night thus allowing the cool night time air to flow through the building, 
cooling the fabric, furniture and fittings. In this way the heat that has built up during the 
previous day is removed and storage of the cool air ('~001th') within these components is 
achieved, consequently providing a cooling effect the following day. The building fabric 
may be designed to have exposed concrete ceilings or other exposed mass to facilitate the 
storage of additional 'coolth', thus enhancing the effect. 

The use of a lighting control system may extend this even further since it will reduce the 
heat gains during the peak cooling season (perhaps by 10 W/m2) when natural light levels 
will be at their highest. Above heat gains of approximately 45 W/m2 mechanical 
ventilation in conjunction with comfort cooling or aii conditioning is more likely to be 
used. 

Automatic controls are not only used to ameliorate heat gains. Some buildings may not 
be suited to manual operation of windows especially public buildings where damage may 
occur to the vents when opened by occupants unfamiliar with their operation. Other 
buildings may not have accessible windows such as atria, sports halls, etc. 

Automatic control of the windows and vents may take place in conjunction with manual 
control. Research has been carried out12] showing that where occupants of a space have 
control over their local area they are more willing to accept a wider comfort band. This 
may be in the form of two separate ventilation components, one under manual control and 
the other under BMS control (for night-cooling). Alternatively, an occupant controlled 
pushbutton may be used to electrically drive a window or vent open during the day with 
the BMS overriding this at night. 

1.2 Openfcbsed or modulathg control 

Modulation of the vents is advantageous since it allows a reasonable level of ventilation to 
take place when there is rain or high winds present. This is achieved by restricting the 
opening of the vents to a position to prevent the ingress of water and high air velocities. 
Other building designs allow ventilation in poor weather conditions by protecting the air 
inlet path by the use of shades, grilles, cowls and baffles, thus allowing some or all of the 
vents to remain open. 

Modulation of the vents may not be necessary as opening and closing the device in steps 
can be acceptable, or alternatively, the successive opening of ventilation devices in 
sequence may be possible until the ventilation demand is satisfied. The air flow rate 



through the device will, in any case, be generally coarsely controlled due to the 
fluctuations in the wind speed. This renders close control of air flow rates impracticable. 
However, if ventilation openings with a large 'free area' are provided relative to the 
volume of the space, it is likely that they will be required to have modulating control in 
order that some control of the air flow rate can be achieved. 

The research carried out has led to the development of generic control strategies for 
buildings with automatic control of natural ventilation only, buildings with mechanical and 
natural ventilation control (mixed mode) as well as two generic control strategies for night 
cooling. These evolved from consideration of the control strategies used on ten sites 
together with experience from monitoring three of these sites. 

2 MMED MODE C OL STRATEGY 

The control system determines whether heating or cooling is required depending upon the 
average zone temperature and selects the appropriate ventilation system following the 
logic presented in figure 1. In the event that mechanical cooling is not available and both 
the internal and external temperatures rise above say, 23"C, then the optimum control 
strategy (ie whether to open or close the vents not required to satisfy the minimum fresh 
air requirement) is dependent upon a number of issues: 

i) Selecting the minimum source of heat gain - ie the external air will supply a heat 
gain to the space depending upon the external air temperature and the number of 
air changes per hour. This is approximately 0.35 W/m3 for each 1°C difference 
between internal and external temperature. 

ii) Maintaining the inlet and outlet vents open will maximise the air movement in the 
building, but at the cost of increasing the rate of internal temperature rise. 
However, the increased air movement will be beneficial to comfort in preference 
to slightly lower internal temperatures and less air movement. The extent of the 
perceived benefit of air movement on people has been discussed by Oselandr2] who 
suggests that " the graphs and algorithms used in current standards (CIBSE, 
ASHRAE Standard 55 and IS0 7730 [1993]) which show the increase in 
temperature required to compensate for an increase in air velocity can equally well 
be used to show the increase in summer temperature that will be tolerated with an 
increase in air velocity." This would suggest that an air velocity of 1 m/s will 
correspond to a perceived temperature decrease of about 2°C. 

iii) A further consideration is that the requirement to manually close vents, especially 
windows, is counter-intuitive to human nature when it is hot in countries where air 
conditioning is not prevalent. The benefit of providing mechanical ventilation 
plant simply to increase air flow under hot conditions should also be carefully 
considered. The use of a 'punkah' fan is likely to be more beneficial. 



Figure 1 - Mixed Mode Ventilation Control Strategy 
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3 NIGHT-COOLmG CONTROL S 

The choice of a night-cooling control strategy is dependent upon achieving the optimum 
transfer of cool night air into the building fabric, furniture and fittings. One control 
strategy for allowing this is presented in figure 2. This strategy aims to measure the day- 
time heat gains in the space and then remove the equivalent amount of heat at night, thus 
maintaining the equilibrium between the building fabric temperature and the space 
temperature. The method of quantifying the daytime heat gains is based upon measuring 
the number of hours that the internal space temperature is above room temperature 
setpoint, totalled for all the hours in this period. The cooling gain in degree hourd is 
defined as the number of hours that the internal temperature is below the room 
temperature setpoint, totalled for all the hours in the period. 

The decision as to night-cool or not is based upon the number of degree hours that the 
internal temperature is above the room temperature setpoint. If, at the end of the 
occupied period the internal temperature has been above the room temperature setpoint 
for more than say, three degree hours and the internal temperature is higher than the 
external temperature, then the decision is made to cool the building that night. The 
normal wind, rain and low external temperature interlocks still apply. In the event of 
these interlocks occurring the ventilation openings will either close or they will be 
limited, if possible, to a practical operating position. A multiplying factor may be 
provided so that the amount of cooling degree hours can be varied above or below the 
monitored daytime heating degree hours. 

Other night cooling control strategies allow the internal temperature to fall to a lower 
value (eg 14°C) thus increasing the amount of passive cooling provided. This may add 
an additional control problem - when to terminate the night cooling. Typically, an 
exposed ceiling slab will still be at a temperature of approximately 20 - 23°C even after a 
full night of cooling (it is unlikely that a concrete slab will change temperature by more 
than 1°C overnight and 0.5"C is more likely). This exposed slab thus provides a heating 
source capable of raising the internal air temperature towards the room heating 
temperature setpoint. If the night-cooling is not completed then the optimum time to 
terminate the night-cooling strategy is not clear. The two possibilities are: 

a) disabling the night-cooling earlier in the morning thus allowing the space to be 
heated by the heat re-emitted from the building fabric or, 

b) extending the night-cooling and initiating the heating system for a short period. 
This is believed-to provide additional stored cooling for use later in the day. 

In option a) the control system calculates the time that the ventilation system should shut 
down in order that the heat gains re-emitted from the building fabric will provide 
sufficient heating to raise the space temperature to the setpoint by the start of the 
occupation period. The intensity of this heating effect is typically expected to be in the 
region of 1 to 1.5 K per hour and will depend in particular, upon the effectiveness of the 
night-cooling strategy in conjunction with the thermal characteristics of the fabric, 
furniture and fittings. If there is insufficient passive heat available then it may be 



Figure 2 - Night Cooling Control Strategy 
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necessary to provide heating. It is, in any case, recommended that the conventional 
optimum start algorithm is provided to initiate the heating if the building is unlikely to 
achieve the space temperature setpoint by the start of the occupation period. This is 
analogous to option b) and the efficacy of this is based on the requirement that the 
internal temperature is at the space temperature setpoint by the start of occupancy. The 
comparatively small amount of heat input necessary to reach this state is expected to be 
justified by the additional cooling stored in the slab, which will benefit the space with a 
reduced air temperature during the ensuing day. It is, of course, necessary that the space 
temperature (heating) setpoint is below that of the slab temperature to prevent the slab 
absorbing the heat given out by the terminal heat emitters. 

Where mechanical ventilation is available a separate algorithm calculates the latest time 
that the supply and extract fans should start in order that night-cooling can be completed. 
There may be an interlock that only allows the fans to run during the low tariff period 
thus minimising electricity charges. 

Three buildings were monitored as part of the project, one of which is presented below. 

4 MONIT G O F A  MODE ING 

Tlie building is a three storey office building built around a central atrium. The building 
utilises BMS control of the casement vents with manually controlled centre pivot windows 
beneath. A mechanical ventilation system can provide either 2 or 4 air changes per hour 
to the open plan office space. The building utilises the generic ventilation control strategy 
presented in figure 1. The night-cooling strategy is based upon ventilating all night using 
natural ventilation to obtain a calculated slab temperature setpoint. This setpoint 
calculation is self learning according to the deviation from the setpoint at the start of the 
following day and is based upon equalising the slab temperature, the room temperature 
and the slab temperature setpoint. An adjustment factor is provided in order that towards 
the end of the occupancy period a cooling effect is still available from the slab. 
Mechanical ventilation is initiated during the low tariff period if necessary. The 
mechanical ventilation system is also initiated in the event of the high wind and rain 
interlocks operating. 

Monitoring of this building highlighted the following: 

- Night-cooling of the exposed concrete slab enabled the average space temperature 
to be held at 26°C with an external temperature of 3 1.5 "C (windows open), 

- Bad weather (high wind or rain) prevented the natural ventilation system from 
operating for approximately 30% of the time. Consequently the mechanical 
ventilation system ran thus increasing the energy use of the building. Fine tuning 
of the control setpoints will help to alleviate this, 

- However, mechanical ventilation to assist cooling during the daytime was initiated 
on only 9 of the days during the 4 month monitoring period. On 7 of these days 
the outside air temperature was above the internal temperature and therefore the 



mechanical ventilation was not suitable for cooling. This would suggest that if 
passive winter ventilation was provided together with either an improvement in the 
building design to facilitate natural ventilation during poor weather conditions 
and/or fine tuning of the weather control setpoints, then there is little requirement 
for mechanical ventilation, 

- The use of night-cooling using natural ventilation appeared to provide more 
effective cooling of the exposed slab (and the space temperature) than the use of 
night-cooling using mechanical ventilation. This is despite the natural ventilation 
working with higher temperature external air. This effect may be due to fan pick 
up. A better technique may be to use the extract fans to 'drag' air through the 
casement windows in order to cool the space, 

The initiation of the heating system following night-cooling occurred on 25 % of 
the monitored days. The night-cooling and heating controls were not linked other 
than to inhibit the optimum start routine if night-cooling was applied. It is 
suggested that for this building consideration should be given to linking the 
strategies in order to reduce the hours of operation of the heating system. 

The analysis carried out regarding the eleven buildings utilising automatic control as part 
of this project suggests that the buildings would benefit from further fine tuning of the 
control systems in order to enhance their performance, both in terms of the internal 
temperature as achieved and in a reduction in energy consumption. This fine tuning 
should be an additional contract following completion of the building and should be 
undertaken throughout the year following handover, perhaps involving three site visits. 
The additional cost of this can often be justified by the energy savings that can be 
achieved as well as the improved comfort conditions that will result. However, it is 
important that the contractor has a pre-conceived plan for the fine tuning method. 
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Air Flow Distribution in a Mechanically-Ventilated High-Rise Residential Building 

Richard C. Diamond and Helmut E. Feustel 
Lawrence Berkeley National Laboratory 

Synopsis: Air flow measurements and simulations were made on a 13-story apartment building to 
characterize the ventilation rates for the individual apartments. Parametric runs were performed for 
specific conditions, e.g., height, orientation, outside temperature and wind speed. Our analysis of 
the air flow simulations suggest that the ventilation to the individual units varies considerably. With 
the mechanical ventilation system disabled, units at the lower level of the building have adequate 
ventilation only on days with high inside-outside temperature differences, while units on higher 
floors have no ventilation at all. Units hcing the windward side will be over-ventilated when the 
building experiences wind directions between west and north. At the same time, leeward-side 
apartments will not experience any fresh air--the air flows enter the apartments from the corridor 
and exit through the exhaust shafts and the cracks in the facade. Even with the mechanical ventilation 
system operating, we found wide variation in the air flows to the individual apartments. In addition 
to the specific case presented here, these frndings have more general implications for energy retrofits 
and health and comfort of occupants in high-rise apartment buildings. 

1.0. Background 

Airflow in high-rise apartment buildings has been the s u o ~ e ~  UL sporadic research over the past 
three decades. From the early work by Shaw and colleagues in the early 1970s, researchers have 
tried to understand the driving forces for air flow in order to recommend energy efficiency measures 
that do not jeopardize the health and comfort of building occupants. 

Our recent activity in this area came about through the DOE-NUD Initiative, a response to the U.S. 
National Energy Strategy's directive to improve the energy efficiency in public housing. Under the 
Initiative's guidance a collaborative project was established to demonstrate energy efficiency in 
public housing as part of a utility's Demand Side Management (DSM) Program. 

The demonstration site is the Margolis Apartments, a modern 150-unit high-rise apartment building 
for the elderly and handicapped, located in Chelsea, Massachusetts, in the greater Boston, 
Massachusetts, metropolitan area. 

2.0 Building Description 

The Margolis Apartment building was designed in 1973-1974 and is typical of high-rise 
construction from that period. The building has thirteen stories and is of steel-frame construction. 
The individual apartments have electric-resistance heaters in each room, and double-pane windows 
and sliding balcony doors. A typical floor plan is shown in Figure 1. 

The building has a mechanical ventilation system, with kitchen and bathroom exhaust fans for each 
apartment leading into separate vertical shafts that have additional exhaust fans located on the roof. 
The supply air system for the building is provided by a fan and heating unit on the roof which 



connects to a vertical shaft with supply registers to the main hallway on each of the floors. Supply 
air then enters the apartments by a slot under the front door of each unit. 

Figure 1. Typical floor plan (floors 2-5), Margolis Apartments, Chelsea, MA. The "x" shows the 
location of the supply ventilation register for each corridor. 

The building is exposed on all sides to the wind, and i s  located less than 5 km fkom the airport 
weather station. Airport weather data records a mean annual wind speed of 6 mls with up to 26 m/s 
wind speeds in winter. The winter wind is primarily fiom the northwest; the wind in spring through 
fall is fiom the southwest. 

In December, 1993, the building underwent extensive retrofits. New double-pane, low-e windows 
replaced the old windows throughout the building. A computerized energy management system was 
installed that allowed for tracking and controlling of the thermostats in the individual apartments. 
Efficient light bulbs were installed in the individual apartments. A new sprinkler system was 
installed throughout the building. The balconies were screened in to prevent the pigeons fiom 
roosting. A second phase of retrofit activity a year later involved improvements to the abandoned 
ventilation system. 

Prior to the window retrofit, drafts were a major complaints expressed by the tenants, but since the 
retrofit, there have been--according to building management--fewer complaints about window drafts. 
There was mention of the windows being hard to open for some of the residents, both fiom the 
latching mechanism and the effort needed to lift the double-hung sash. No problems with 
condensation on the windows were reported since the retrofit. 

The northwest-facing units (weather side) continue to be the hardest units to maintain thermal 
comfort. Also the second floor units (above the open parking areas) continue to be a problem in cold 
weather. 



3.8 Measurements & Preliminary Findings 

The measurements and analysis that we are reporting here consist of two parts: 1) Air leakage 
measurements of the apartments measured pre- and post-retrofit, and 2) Computer simulations of 
the air flows in the building uhder different weather conditions. 

3.1 Air Leakage Measurements 

We measured using blower doors the air leakage in nine apartments, before and after the new 
windows were installed. TKe average pre-retrofit total effective leakage area for the one-bedroom 
apartments was 241 cm2 and 256 cm2 for the two-bedroom apartments. The post-retrofit total 
effective leakage area for the one-bedroom apartments was 230 cm2 and 248 cm2 for the two- 
bedroom apartments. 

These measurements suggest little or no reduction in air leakage due to the new windows, which is 
surprising given that tenants who had previously complained of drafts were now satisfied. One 
explanation is that tenants were previously experiencing down drafts at the window due to cold 
surface temperatures, which no longer occur because of the new double-pane, low-e windows. 

We also note that these measurements were made in very windy conditions--beyond the limits 
allowed for standard blower-door tests. While this problem is not uncommon in low-rise buildings, 
it is an even bigger problem in high-rise buildings, where wind speeds are often much higher than for 
buildings at ground level. Furthermore, the measurement technique used is based on a reference 
pressure describing the pressure field around the building. In large buildings, it is very difficult to 
find a pressure point which acts as the reference pressure for the apartment being investigated. 
There is also the possibility that the measurement technique itself, i.e., depressurization with a 
blower door, temporarily seals the windows and distorts the findings. 

By way of comparison, Kelley et al. (Kelly 1992) measured the air leakage pre-and post-retrofit in a 
high-rise apartment in Revere, Massachusetts, a few kilometers north of the Margolis apartment. 
They found an average pre-retrofit leakage for 17 of the apartments of 904 m3/h at 50 Pascals, and a 
post-retrofit leakage of 763 m3/h at 50 Pascals, a reduction of 15%. The comparable flows at 
Margolis were higher, and showed no reduction after the retrofit, with an average of 1 183 m3/h pre- 
retrofit and 12 14 m3/h post-retrofit. 

We also measured the leakage fiom one apartment to another, using tracer gases, and found little 
communication between units--less than 4% of the total leakage was to adjacent apartments. This 
was not altogether surprising given the concrete construction of the building. 

3.2 Ventilation Simulations 

Based on the measured air leakage data from the building we conducted extensive air flow modeling 
of the apartments using the multizone air flow model COMIS, a simulation tool, developed at 
Lawrence Berkeley Laboratory, which calculates air flows based on mass balance calculations for 
individual zones (Feustel, 1990). 



In order to limit the amount of input needed for the simulation model, each apartment was modeled 
as one zone, assuming the internal doors to be open. In order to account for the stack effect and the 
inter-zonal flows between the floors, all 13 floors were modeled. 

The results show, that with wind blowing perpendicular to the windward side and no stack effect 
present, air moves from the windward side facade through the corridors into the leeward side 
apartments. Under the previous conditions with no ventilation system present, only a small portion 
of the infiltration air is exhausted through the vertical shafts of the exhaust system. Dampers at the 
apartment level and on top of each of the shafts restrict the exhaust flow. 
When the building is opqating without the mechanical ventilation system, the air mass flow 
distribution for windward side apartments on different floors follows a predictable pattern (Figure 
2). With increasing wind speed, the distribution of infiltration becomes more pronounced, showing a 
minimum at the level of the third floor and a maximum at the 1 lth floor. The leeward side 
apartments do not experience any infiltration. 
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Figure 2, Mass air flow at different wind speeds and no insideloutside temperature difference for 
the windward apartments with the mechanical ventilation system off. The ASHRAE Standard 62 
recommends a ventilation rate of 0.35 ACH, which corresponds to a mass air flow of 50 kgh. 

With a larger insideloutside temperature difference of 20 OC ,and zero wind speed, the air flow for 
the windward apartments decreases with height above ground from 100 kglh (50 cfin) on the second 
floor to zero at the level of the 1 lth floor. With increasing wind speed the air flow curves show a 
more balanced air flow distribution until the velocity driven air flows override the stack effect 
(Figure 3). As the pressures forcing the air flow can be added, the air flows for any given wind speed 
is higher if stack pressure is present. 
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Figure 3. Mass air flow at different wind speeds and an insideloutside temperature difference 
of 20 K, for the windward apartments with the mechanical ventilation system off. 

The air flows for the leeward side is shown in Figure 4. With increasing wind speed the air flow 
entering the apartments through the outside wall is getting smaller. The zero wind speed curve is the 
same for the windward side and the leeward side. The top floors do not experience any infiltration. 
Higher wind speeds cause higher negative pressures on-the facade, which lower the level for the 
neutral pressure. At wind speeds of 12 m/s no infiltration occurs at the apartments facing the 
leeward side. 

At Tin - Tout = 20K 

Figure 4. Mass air flow at different wind speeds and an insideloutside temperature difference 
of 20 K, for the leeward apartments with the mechanical ventilation system off. 



Air flows into the apartments are slightly higher when the ventilation system is in operation. Figure 
5 shows the air flows entering the apartments located on the windward side through the facade for 
different wind speeds when no stack effect is present. At low wind conditions, infiltration is almost 
independent of the height above ground. With higher wind speeds, we see that the infiltration flows 
follow the wind pressure profile. 

Storey 1-1 

Figure 5. Mass air flow at different wind speeds and no inside/outside temperature difference, for 
the windward apartments with the mechanical ventilation system on. 

The ventilation system is designed to provide the necessary "fresh" air by means of supplying the 
air to the corridor. The direction of the air flow through the doorway of the apartment door 
determines whether the supplied air is entering the apartments. For the two higher wind speeds, the 
air flow passing through the doorways are shown for the apartments on both sides of the corridor. 
We see, that at higher wind speeds the windward side apartments do not receive any of the air 
supplied to the corridor (see Figure 6). At lower wind speeds, the windward side apartments located 
on the lower floors participate slightly in the air exchange provided by the supply system. This 
means, that at lower wind speeds nearly all the air entering through the facade is being exhausted 
directly into the vertical exhaust shafts. At higher wind speeds, air from these apartments is being 
pressed into the corridor. All leeward side apartments receive between 50 and 75 kgh air from the 
corridor. For higher wind speeds, this amount of air is smaller than the air which enters the corridor 
from the windward side apartments. The excess air is leaving the corridor through the elevator shaft 
(which has a large opening to the leeward side at the penthouse level). 
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Figure 6. Mass air flow between the apartments and the corridor at different wind speeds and no 
insideloutside temperature difference, for ail apartments and the mechanical ventilation system on. 
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Figure 7. Mass air flow between the apartments and the corridor at different wind speeds and an 
insideloutside temperature difference of 20 K, and with the mechanical ventilation system on. 
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With larger temperature differences between inside and outside present (Figure 7), the infiltration 
flows for the lower windward side apartments increase significantly. The flows for the apartments 
on the higher floors keep constant. The stack effect also causes the distribution of air flow through 
the doors to change. At wind speeds of 4 d s  and temperature differences of 20 OC all apartments 
on lower floors provide air flow to the corridor, rather than receiving ventilation air. Higher up in the 
building, leeward side apartments receive air from the corridor while windward side apartments 
exhaust air into the corridor. With increasing temperature difference, the stack effect is amplified. 

4.0 Conclusions 

Our analysis of the air flow simulations shows that the ventilation to the individual units varies 
considerably. With the mechanical ventilation system disabled (pre-retrofit case), units at the lower 
level of the building had adequate ventilation only on days with high temperature differences, while 
units on higher floors had no ventilation at all. Units facing the windward side were over-ventilated 
when the buildig experienced wind directions between west and north. At the same time, leeward 
side apartments would not experience any fresh air--air flows would enter the apartments from the 
corridor and exit through the exhaust shafts and the cracks in the facade. Even with-the mechanical 
ventilation system operating, we found wide variation in the air flows to the individual apartments. 

A fundamental issue here is the design question of how to best supply ventilation to individual 
apartments in a highrise buildig. Using the corridor as the supply route has several challenges, 
including the control of the temperature of the supply air,'the temperature of the corridor, the access 
from the corridor to the apartment, and the balance between supply and apartment exhaust. 

On the exhaust side, studies have shown that when apartment occupants have local control over 
bathroom and kitchen exhaust, they use them less than one hour per day, if at all (Shapiro-Baruch, 
1993), which makes it difficult to size the supply ventilation system, Continuous exhaust 
ventilation, however, presents the possibility of over ventilation and unnecessary use of energy. 

Efforts to improve the energy efficiency of high-rise apartment buildings have been frustrated 
because of the lack of knowledge on air flows for individual apartments. Ventilation rates for 
individual apartments vary greatly due to height, orientation, and wind speed and outdoor 
temperature. Any recommendations for reducing air leakage will have to take these variables into 
account, so that efforts to tighten the shell for energy efficiency do not create health and comfort 
problems for the residents. 
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Airtightness and infiltration rate measurements in office and other commercial buildings have 
shown that these buildings can experience significant levels of air leakage [1,2]. The energy 
impact of air leakage in U.S. office buildings was estimated based on the analysis of a set of 
25 buildings used in previous studies of energy consumption [3,4]. Each of these buildings 
represents a portion of the U.S. office building stock as of 1995. The energy impact of air 
leakage in each building was estimated by performing an hourly analysis over one year, with 
the infiltration rates varying linearly with the wind speed. The energy associated with each of 
the 25 buildings was then summed to estimate the national energy cost of air leakage. The 
results show that accounts for roughly 15% of the heating load in all office 
buildings nationwide, and a higher percentage in recently constructed buildings. A sensitivity 
analysis showed that the heating loads due to infiltration were particularly sensitive to 
uncertainty in the balance point temp-erature and nigkittime thermostat setback. The results 
also show that infiltration has very little impact on cooling loads in office buildings. The 
results for office buildings are presented and discussed, along with the implications for the 
energy impacts of air leakage for the total commercial building stock in the U.S. 

Despite common assumptions that envelope air leakage is not significant in office and other 
commercial buildings, airtightness and infiltration rate measurements have shown that these 
buildings sire subject to significant levels of air leakage [1,2]. Air leakage in commercial 
buildings can have several negative consequences, including reduced thermal comfort, 
interference with the proper operation of mechanical ventilation systems, degraded indoor air 
quality due to the infiltration of unfiltered outdoor air, moisture damage of building envelope 
components, and increased energy consumption. For these reasons, attention is being given 
to methods of improving airtightness both in existing buildings and new construction [5]. 
However, in order to evaluate the cost effectiveness of such measures, an estimate of the 
impact of air leakage on energy is needed. While there have been many studies of energy 
consumption in office and other commercial buildings using building energy simulation 
programs [3,6], these programs typically employ a simple approach to infiltration. For 
example, the DOE-2 program requires the user to specifl an air change rate, which: is then 
adjusted hourly depending on the wind speed [3]. However, outdoor infiltration in 
multizone, mechanically ventilated buildings is a complex phenomenon, with the infiltration 
rates depending on the indoor-outdoor temperature difference, wind speed and direction, the 
airtightness of exterior walls and interior partitions, and mechanical ventilation system airflow 
rates. In order to determine the impact of air leakage on energy consumption and to evaluate 
the benefits of various leakage mitigation strategies, a detailed multizone network airflow 
analysis, which calculates infiltration based on pressure distributions and effective leakage 
areas must be included in the energy simulation. While such an approach is currently being 
pursued at NIST, the objective of the current study is to make a preliminary estimate of the 
annual energy cost of infiltration in commercial buildings. 



2. BUILDING SET 

The calculations were performed for a set of 25 office buildings, each of which represents a 
portion of the office building stock in the U.S. Twenty of the buildings were developed by 
Briggs, Crawley, and Belzer [7] to represent the existing office building stock as of 1979; the 
other five buildings represent construction between 1980 and 1995 [4]. In both cases, cluster 
analysis was used to separate the total building population into several groups, within each of 
which certain physical characteristics and estimated annual loads of the buildings were 
relatively uniform. The characteristics on which the clusters were based were floor area, year 
of construction, number of floors, climate, and census region. For each group, a prototypical 
building was defined, using the mean values of the relevant properties of the member 
buildings. The source for the building characteristics was the Nonresidential Building Energy 
Consumption Survey database developed by the U.S. Energy Information Administration [8]. 
A summary of the salient features of the buildings appears in Table 1. 

1.  Each of buildings 21 - 25 represents a mix of construction in 1986 and 1995. 

Table 1. Summary of Representative Building Set 
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This set of buildings has been the subject of previous studies of building energy consumption. 
The total heating and cooling coil loads experienced annually in each of the 25 buildings has 
been estimated using the DOE-2 building energy simulation program [3,4]. It was therefore 
possible to estimate the percentage of the total annual load that is attributable to infiltration. 

TION OF ASPROACH 

The energy associated with infiltration in each of the buildings was estimated by summing the 
hourly infiltration load over one year. This analysis was performed with a program called 
AILOAD written in Microsoh Visual Basicm. The algorithm for calculating infiltration loads 
for a given building consists of the following steps: 

1. Obtain weather conditions for the current hour: outdoor temperature, humidity, and 
wind speed. 

2. Determine the infiltration rate for the current hour, based on wind speed and HVAC 
system status. 

3. Determine the appropriate thermostat setpoints of the HVAC system, based on the 
building occupancy schedule. 

4. Compare the temperature of the outdoor air with the thermostat setpoints and 
building balance points to determine whether the infiltrating air needs to be heated or 
cooled. 

5.  If cooling is necessary, compare the humidity of the outdoor air to the desired 
humidity to determine whether latent cooling loads exist. 

6.  Calculate the hourly sensible and latent loads using equations (a) and (b). 

7. Add the hourly infiltration load to the cumulative total heating or cooling load. 

In equations (a) and (b), Qs is the sensible load due to infiltration, QI is the latent load, p is the 
density of the infiltrating air, C, is the sensible heat capacity of air, hfg is the latent heat 
capacity of air, AT is the indoor-outdoor temperature difference, AW is the indoor-outdoor 
humidity ratio difference, ACH is the infiltration rate in air changes per hour, and V is the 
total volume of the building. ACH * V is, therefore, the volume of outdoor air that enters the 
building in one hour. The specific data and other input parameters that are required at each of 
the steps are discussed in section 4. 

The loads calculated in equations (a) and (b) are the space conditioning loads, indicating the 
amount of heat that must be added to or removed from the space to offset the heat loss or 



gain due to infiltration. In general, the totaI load on equipment is the sum of the conditioning 
loads for all the spaces it serves plus any losses in the air distribution system and any heat 
that must be added to or removed from ventilation air. Because the aim of this study is to 
assess the impact of infiltration only, the coil load is considered equivalent to the space 
heating load due to infiltration. Infiltration coil load intensities in MJ per m2 of building floor 
area were calculated for each building. These values were compared to the total coil load 
intensities as predicted by the DOE-2 energy simulations in previous studies of these 
buildings. In order to convert the coil loads into energy use, some knowledge of the fuel 
types and efficiency of each building's HVAC system was needed. This information was 
drawn fiom the results of the previous studies [3,4], which calculated the energy use 
associated with the annual cooling and heating loads for each building. It was assumed that 
the energy required to meet the infiltration coil loads would be proportional to the energy 
required to meet the overall coil loads of the same building. Different ratios were used for 
heating and cooling energy estimates. 

Implementation of this algorithm required specific information regarding the weather 
conditions, leakage characteristics of the buildings and HVAC system parameters. Much of 
the necessary information was provided by Briggs et al. [3] in the descriptions of the 
prototypical buildings and the input files for the DOE-2 energy simulations. Whenever 
possible, the parameter values for the infiltration load calculations were taken directly fiom 
the DOE-2 input files. However, in the cases of indoor humidity levels and building balance 
temperatures, no specific information was available, so additional assumptions were 
necessary. This section describes the important input parameters and the methods used to 
define their values. 

4.1 Weather Data 
Hourly weather data was provided by a WYEC (Weather Year for Energy Calculations) file 
for each of the 22 cities in which the prototypical buildings were located. Each file consists 
of a full year (8760 hours) of weather measurements, taken from U.S. Weather Service records 
for the month during which temperatures were closest to the long-term mean [9]. The 
specific data garnered from this source were the temperature, humidity, and wind speed for 
each hour of the typical year. 

4.2 Infiltration Rates 
Infiltration rates for each of the representative buildings were generated by Briggs et al. [3,4] 
for a wind speed of 4.5 mls (10 m.p.h.) based on the age and height of the building and the 
average annual temperature difference. For the infiltration load calculations, as in the DOE-2 
analysis, the baseline air change rates were adjusted hourly according to the current wind 
speed, assuming a linear relationship with zero infiltration in perfectly still conditions. No 
adjustment was made for the temperature difference across the building envelope; the baseline 
air change rates take into account the average influence of stack effects by including the 



building height and the average yearly temperature difference. However, the infiltration load 
estimation program used in this study allows specification of air change rates that vary with 
AT, and future analyses are planned to include this dependence. 

The infiltration rates in Table 1 are valid when the HVAC system fans are off and at a wind 
speed of 4.5 m/s. During hours of system operation, the resulting pressurization of the 
building is assumed to limit the leakage of air through the building envelope. The previous 
DOE-2 analysis reflected this through reduced air change rates during the operating hours of 
the building. The amount of this reduction was based on the height of the building. For 
buildings of five stories or less, infiltration was reduced to 25% of the fans-off rate; in taller 
buildings, it was reduced to 50% of the fans-off rate. 

4.3 Building Volume 
Infiltration rates were multiplied by the building volume to calculate the amount of air 
entering the building during an hour. Building volumes contained a 90% correction factor that 
adjusted for the presence of unconditioned spaces, walls, and furniture within the building: 

A is the floor area represented by the building, and H is the floor-to-floor height. 

4.4 W A C  System Parallzeters 
Due to the effect of building pressurization on the infiltration rate, it was necessary to know 
whether or not the HVAC system fans were m i n g  during any given hour of the day. The 
operating hours for each building were derived from occupancy schedules developed by 
Briggs et al. [3], which were in turn based on hourly lighting and receptacle load data compiled 
during the End-Use Load and Consumer Assessment Program, a survey of electrical loads in 
commercial buildings in the Pacific Northwest [lo]. The occupancy schedules used in the 
DOE-2 analysis contain hourly fractions of maximum occupant density, and the fans were 
assumed to be operating during all hours in which the scheduled occupancy was greater than 
5% of the maximum. Each prototypical building was assigned one of five different schedules, 
which were scaled to reflect the average number of operating hours per weekday among the 
buildings represented, as reported in the NBECS [8]. On weekend days, the operating 
schedules were typically one hour shorter than during the work week. 

The temperature setpoints reflected the common practice of changing thermostat settings in 
order to conserve energy at times when the building is unoccupied. Using the values as they 
appear in the DOE-2 input files, heating setbacks were 2.8 "C below the corresponding 
occupied-hours heating setpoint, which ranged from 2 1.1 "C to 22.2 "C. Setpoints for cooling 
fell between 23.3 "C and 25.0 "C. Cooling setups were fixed at 37 "C for every building, 
essentially ensuring that no cooling would occur during unoccupied hours. In general, 
setbacks and setups were in effect from the time the HVAC system fans cut off in the 
evening until one how before they restarted in the morning. The existing building descriptions 
do not include a setpoint, per se, for the humidity of the indoor air. However, the input files 
for the system subprogram of DOE-2 include a listing for the maximum humidity of the 



system air. When calculating latent cooling loads, it was assumed that all infiltrating air that 
needed to be cooled was also dehumidified to the maximum level indicated for that building. 
The maximums were 70% relative humidity for the 20 original buildings, and 60% for the 5 
buildings representing recent construction. 

4.5 Balance Points 

Another building parameter was introduced to account for the presence of internal heat 
sources, such as occupants, lighting, and electrical equipment. When the outdoor temperature 
is below the thermostat setpoint, infiltrating air may not need to be mechanically heated due 
to the heat generated by internal sources. The temperature above which this is true is called 
the balance temperature, or balance point, of the building. In order to account for the 'free' 
heating effect of a building's internal heat sources, a balance temperature was calculated for 
each of the representative buildings. If during any hour the temperature of infiltrating air fell 
between the balance temperature and the heating setpoint, no heating load was assessed. A 
balance temperature was estimated for each building, based on properties provided in the 
DOE-2 input files, using the following equation [l 11: 

qgain t bal =ti--- 
K t o t  

The total rate of heat gain, Q,,, includes internal sources such as occupants, lighting, 
equipment, solar gains through fenestration, and radiative gains through the walls and roof. 
Kt,, is the total heat loss coefficient of the building (in W/K) due to infiltration, ventilation, 
and conduction. For the DOE-2 simulation, Briggs et al. [3] separated the representative 
buildings into distinct thermal zones. In general, each building comprised 5 zones: one interior 
zone and four perimeter zones, one facing each cardinal direction. If one assumes that heat 
transfer between the zones of a building is negligible, then each zone will exhibit its own 
characteristic balance temperature. Since most heat loss occurs across the building envelope, 
the limiting balance temperature (i.e., the highest) will be that of the zones having exterior 
walls. For this reason only the heat sources in the perimeter zones were included in the heat 
gain term when calculating the balance point for multizone buildings. For each building, 
separate balance points were calculated for occupied and unoccupied hours, based on the 
internal load intensities and schedules in Appendix C of reference [3]. Balance point 
temperatures for the 25 prototypical buildings ranged from -5.5 "C to 15 'C during the day, 
and from 10 "C to 17 "C at night, with averages of 4.5 "C and 14 "C , respectively. These 
ranges are comparable with the values of 1.1 "C and 1 1.1 "C calculated by Norford [12] for a 
modern, 3-story office building. 



5. RESULTS 

The results of the infiltration load calculations appear in Table 2. For each of the 25 
buildings, the load estimates are shown, along with the total annual heating or 
cooling load predicted with DOE-2 [3,4] and the percentage of this total that is due to 
infiltration. Note that these values are the loads on the heating and cooling coils, and not the 
actual energy consumption, which depends on the source of energy. 

The results indicate that, nationwide, infiltration is responsible for about 15% of the total 
annual heating load of the office building stock, but only 1 % of the cooling load. The heating 
and cooling percentages are different because of the different extent to which these loads 
depend on AT. Heating loads arise fiom heat loss due to ventilation, conduction, and 
infiltration, all of which depend on AT. On the other hand, cooling loads have a substantial 
contribution fiom internal gains and solar gains, which do not depend on AT. Thus the 
portion of the total load that arises fiom AT-driven mechanisms, including ifiltration, is 
smaller for cooling than for heating. 

Table 2. Annual Heating and Cooling Liads 
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A closer look at the results for individual building categories reveals that the percentage of the 
heating load due to infiltration varies from building to building. In particular, the estimated 
percentage for all five of the recent building classes (2 1 through 25) are significantly above the 
mean of 15%. In the DOE-2 analysis, these buildings were assumed to meet the building 
energy efficiency guidelines of ASHRAE Standard 90.1-1989. The more stringent envelope 
insulation values prescribed therein decrease conductive losses, making infiltration loads a 
higher percentage of the total. In buildings 13 and 15, infiltration causes a far smaller 
percentage of the heating load than average, partly because the HVAC systems of these 
buildings operate 24 hours per day. This has the dual effect of eliminating thermostat 
setbacks, thus increasing the total heating coil load, and reducing the infiltration loads because 
the building is pressurized day and night. . 

The results in Table 2 were calculated assuming that air exchange rates were reduced by one 
half or three quarters during hours of fan operation, depending on the height of the building. 
In actuality the relationship between HVAC system operation and infiltration is not nearly so 
simple. These reductions were intended to reflect the fact that in some buildings, the systems 
are designed to maintain positive pressure inside the building, eliminating infiltration entirely. 
Since, in reality, the ability of an HVAC system to maintain positive pressure varies from 
building to building, it is informative to look at two extreme cases. The first assumes that the 
buildings are completely pressurized while the system fans are running, eliminating any 
infiltration during occupied hours. In this case, the mean heating load due to infiltration drops 
to 9% of the total annual heating load, and the cooling load due to is effectively 
eliminated. On the other hand, if it is assumed that infiltration is unabated during hours of fan 
operation, the portion of the total heating load attributable to infiltration climbs to 20%; the 
portion of the cooling load increases to 4%. 

6. Sensitivity Analysis 

Given the approximate nature of many of the inputs to the infiltration load calculations, a 
sensitivity analysis was performed to determine how the uncertainty in the inputs affects the 
results. 

6.1 Concept 
Sensitivity analysis is a statistical technique which measures the relative importance of each 
input parameter in terms of its effect on the output. The importance of each variable is 
represented by its 'main effect' - the percentage change in the output, y, as xi changes from its 
lowest value to its highest value [13]. It is also possible to determine the effect of a nonlinear 
interaction between two or more variables. The effects are determined by running the 
simulation numerous times while systematically varying the values of the input parameters. 
In a factorial design, each input is assigned one low and one high value, or level, and with 
every run one variable is toggled between its low and high level. For n variables, this method 
requires 2" runs to exhaust all combinations. 




















































































































































































































































































































































































