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Abstract: Current design trends are making residential housing increasingly air tight. A modern house in New 
Zealand has an estimated infiltration rate of around 0.25 ach standard pressure, whereas, international 
guidelines recommend a minimum fresh air supply rate of between 0.35 ach to 0.5 ach. Designing ventilation 
sustainably, or to do it well, is a balancing act. On one hand, occupants want and require fresh air while on 
the other, they don’t want increased air conditioning costs. This paper looks at the different types of 
ventilation, natural and mechanical, and the strategies that allow them to work, while also compiling 
information into an Excel based ventilation calculator for practicing architects. The calculator acts as a guide 
for assisting architects when designing ventilation. Calculations are run to check the design against code 
requirements and then suggest ventilation options to meet said requirements. Identified first are ventilation 
strategies that can be designed into new residential housing including positive, negative, and balanced 
pressure systems. The effectiveness and calculations required to investigate each strategy is determined. 
Secondly, the differences that pressure variation can cause on the ventilation rate is determined and related 
to good design practices.  
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1. Introduction 
This research paper investigates the development and application of a ventilation calculator used for 
improving designed building performance. The philosophy behind creating a tool to determine what 
ventilation methods would be best, is the intention to make it easy for occupants to understand how to 
operate their houses to produce effective and healthy environments. This involves considering existing 
calculation methods, and a range of ventilation techniques that are currently in-use to produce 
impactful results. The work carried out, comprehensively defines and evaluates the implications of 
existing passive and active ventilation strategies. Passive or natural ventilation, relies on natural forces 
such as wind or the stack effect to circulate air throughout a space. The alternative is active ventilation, 
which is provided through mechanical means such as extractor fans or Balanced Pressure Heat Recovery 
(BPHR). A range of passive and active ventilation strategies are used to inform a spreadsheet calculator 
created out of the amalgamation of established calculation methods by established authors. This 
calculator within Microsoft Excel, displays the meaningful information and guides the user through a 
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workflow that is not overwhelming or complicated. Each section of the calculator has an individual 
dashboard for ease of use, while the calculation process and formulae are concealed in the background. 

2. Background 
Homes in New Zealand were previously built with sufficient ventilation through natural air leakage paths 
(BRANZ, 2018). However, the current trend is for homes to be more airtight due to the types of 
construction materials used. This does have the benefit that internal environments can be controlled 
more easily. On the extreme end of air tightness, the Passive House Institute of New Zealand requires an 
air leakage/infiltration rate of 0.6 at 50 Pascals, which is equivalent to 0.03 ACH at standard pressures. 
Houses that follow this path must be designed to a high level so that contaminants don’t build up 
indoors making spaces uncomfortable to live in. At these very high performance levels, these rates are 
normally achieved through a very well-sealed house in combination with mechanical ventilation. 

3. Natural Ventilation Strategies  
Natural ventilation is the process of supplying and or removing air from an internal space without the 
use of mechanical systems, usually through wind or thermodynamic principles. A range of common 
natural ventilation strategies are reported in the section below. 

3.1 Base Infiltration 

The older a building, the leakier it is in terms of air movement. This loss and gain of air is called 
infiltration. Leakage is predominantly through the external façade, where windows, doors, or any 
penetrations have not been completely sealed. This is not solely the fault of the builder, but of the 
material choices and joinery as well. It is possible to achieve almost no infiltration if specific techniques 
are used. A natural base infiltration can be seen as a good thing and as a bad thing. For passive 
ventilation it provides a steady and constant flow of air no matter if the windows are open or closed. If 
this base level is high enough it can remove some low producing pollutants from a space. Infiltration can 
also be seen as bad because it is uncontrollable and can make a mechanical ventilation system work 
harder. Modern houses are becoming increasingly air tight due to better construction methods and 
material choices. Quaglia and McNeil (2011) report that a modern house, with simple form and 
particular building materials,  has a measured infiltration rate of around 0.25 ach. International 
guidelines recommend a ventilation rate of between 0.35 ACH and 0.5 ACH to effectively remove 
contaminants, but not high enough to effect energy efficiency. 

3.2 Trickle Ventilators 

Trickle vents are very small openings normally found around the frame of windows, but they can be 
installed through any part of a building’s envelope. Although they are typically long and narrow they 
come in a variety of shapes but to provide good background fresh air needs in an airtight home they 
must be 2000 mm2 or larger in New Zealand. A total equivalent ventilation area for different levels of 
occupants is found in section G4 of the New Zealand Building Code, which sets out the required 
openings for different spaces (MBIE, 2017). A feature these trickle vents have is that they can be opened 
or closed at the user’s discretion.  This provides the possibility of them being left open when occupants 
are away, but also allows for the possibility that a user never opens them.  

3.3 Stack Ventilation 

An effective form of natural ventilation is to use a passive stack strategy. This facilitates the idea of 
buoyancy, or that warm air is less dense and therefore rises. By adapting this effect through having low 
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and high placed windows or a “stack”, essentially a chimney, designs can produce differing air pressures 
causing air movement and natural ventilation. This is the de-facto worst case for naturally ventilated 
buildings: wind pressures are typically far larger than stack pressures so that natural ventilation 
openings must be far larger for stack effect ventilation. Thus, for smaller residential buildings, stack 
ventilation is a realistic strategy, leading to a definition of how big window openings have to be in the 
worst case scenario of only temperature differences driving air movement. With appropriate closers, the 
window opening can readily be reduced from this size if the wind ‘gets up’. For large buildings in  a 
dense urban environment sufficient amounts of wind to generate suction can be harder to obtain, and 
building effective ‘chimneys’ for hot air to rise for effective stack flow is quite problematic. 

3.4 Openable Windows 

The most common way of achieving a naturally ventilated space is to have openable windows. Although 
numerous styles and designs of windows can affect how much air flow is generated, the more important 
factor is their location in the facades. Ventilation rates for a space change extensively whether there is 
single sided ventilation or cross ventilation. The most effective placement is to have windows on 
opposite sides of a room so that air can pass directly through without any obstructions. A similar 
method but less effective is to have windows on adjacent walls. While, the least productive solution is to 
have windows on the same wall as each other (BRANZ, 2017). Different styles of window also have 
different effectiveness of air flow depending on wind direction and potential stack flow. These styles can 
have a substantial effect on ventilation rates. 

3.5 Cross Ventilation 

Ventilation rates from cross ventilation can be estimated using a variety of formulae such as that 
published by Atkinson J et al. (2009). Most formulae follow this format combining local wind speed, 
opening area, and the room volume in addition to other set values. It assumes that there are no 
obstacles blocking the path of air flow that would slow the through flow of air. 

3.6 Single Sided Ventilation 

The British Standard Method proposed  three base equations to predict the likely ventilation rate. These 
allow for three design situations: single sided ventilation rates due to wind alone, or to temperature 
difference each through a single opening, and single sided due to temperature difference with two 
openings (Santamouris and Asimakopoulos, 1997). These equations ignore all internal partitions and 
assume two dimensional flow. The equations are a very basic calculation for the ventilation rates due to 
different effects. They lack a lot of context and can only be used for basic design calculations. Another 
down side to these equations is that there is no proposed equation within the set to combine the effects 
of wind and temperature difference. The differences between stack flow and wind driven flow are often 
so great that only one need be taken into account. (Santamouris and Asimakopoulos, 1997). In the CIBSE 
(1997) guide to natural ventilation, a set of formulae from Warren and Parkins (1984) are used to 
calculate the combined effects of wind and stack effects. This is an expansion on the previous work 
which makes the equations more useful. The wind and stack driven flows can then be combined using a 
third equation. This was the first set to combine these effects. An advancement by De Gids and Phaff, 
(1982) incorporated additional empirical constants, C1, C2, and C3 these are used to represent the wind 
effect, buoyancy, and turbulence respectively. Thirty-three experiments were completed by Phaff and 
De Gids and the best overall fit produced constant values which are used in the formula. Then based on 
Phaff and De Gids work, Larsen and Heiselberg, 2008 made a more complex correlation. Their equation 
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now considers different wind directions through variations on the constant values C1, C2, and C3 by De 
Gids and Phaff. Most recently Wang and Chen (2012) developed a method to additionally predict the 
effects of fluctuating ventilation due to a pulsating flow. This was done as it is assumed that there is not 
an even pressure from the wind over a window. Wang and Chen’s equation is also the most complicated 
requiring integration to solve for the new wind effects. 

 

4. Mechanical Ventilation Strategies 
Mechanical ventilation is considered the opposite process of natural ventilation. Air is moved through 
means of mechanical systems using fans. Strategies involving mechanical systems to ventilate houses 
are shown below. 

4.1 Extract Fan 

Air extract systems are primarily used in areas where excess amounts of moisture or contaminants are 
produced, these spaces tend to be kitchens, bathrooms, and toilets. The simplest form of extract system 
is to have a small mechanical extract fan in these locations. Extract fans create a negative air pressure 
inside a space, which sucks out the moisture or contaminants. For example, air from a hallway is sucked 
into a bathroom which is then expelled outside through the extract fan. As this system uses energy, 
energy efficient performance is a constant balancing between energy efficiency and contaminant 
removal. New Zealand Standard, NZS 4303:1990 “Ventilation for acceptable indoor air quality”, states 
minimum extract flow rates for kitchens and bathrooms. These are spaces within a house that require a 
high level of ventilation and typically have an extract fan. Although, in a BRANZ study report it was 
found that only half of bathrooms and half of kitchens had mechanical ventilation to outside (White and 
Jones, 2017). Choosing one of the two options, intermittent or continuous, is up to the designer as there 
are benefits for both options. Intermittent ventilation can help get vast amounts of moisture and smells 
from a kitchen when an occupant is cooking, while it does nothing during the rest of the time. Whereas, 
continuous ventilation almost has the opposite problem, it deals with providing fresh air all day but 
cannot provide a high enough ventilation rate when cooking occurs. 

4.2 Heat Recovery 

Heat exchangers are simple in theory, they transfer energy from one source to another. They do this by 
passing warm indoor air past cooler fresh air, with a thin conductive material separating them. The 
advantage of this is that fresh air can be brought into a space while being pre heated to a higher 
temperature than outdoors. This saves energy by reducing the amount of energy needed to bring the air 
up to a set point. A BPHE is a mechanical ventilation system that uses fans to bring air into and out of a 
space. Although, what is described above is the optimal performance, there are many factors such as 
the base infiltration rate, or whether windows are open which can effect performance. There is a 
varying range of effective efficiencies for general BPHE systems. These have been determined through 

computer models, experimental tests, and guidelines. The Efficiencies range from 30% to 80% 
Cotterell and Dadeby (2012), Choi et al. (2018), Ginestet et al. (2014). 

5. Pressures 
The ventilation strategies previously mentioned create and or are caused by different types of 
pressurised spaces. A space can have unbalanced pressure (positively pressured and negatively 
pressured) or have a balanced pressure, which has previously been mentioned in terms of a BPHE. 
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Although there are different effects for each state of pressure they all promote the movement of air 
which if moved correctly can provide fresh air. 

5.1 Unbalanced Pressures 

Positive pressure gets its name from bringing air into a space, in turn, increasing the internal air 
pressure compared to outside. As there is an internal positive pressure, everything tries to balance, 
forcing air to escape out through gaps in the facade, windows, or passive grills. To achieve positive 
pressure there needs to be air moving into a space, this can be driven naturally by wind or mechanically 
by fans. Positive pressure works best when there is an outlet for the air to go, if this is not done 
ventilation rates can max out at the houses base infiltration rate. By using positive pressure the location 
of incoming air can be controlled directly in addition to outgoing if passive grills are used. While, 
negative pressure is named so because internal spaces have a lower air pressure than the outside. This 
is achieved by extracting air from rooms or the house, air from outside infiltrates in through gaps, 
windows or passive grills, essentially the opposite of positive pressure. Positive and negative unbalanced 
pressures essentially do the same thing, move air, but in opposite directions. Both of these are used 
extensively in hospitals to provide patients with either direct clean air or to stop infectious illness from 
spreading through the air. In these situations positive pressure is used when someone in a room needs 
clean air so wounds don’t get infected, in this case the air then passes out of the room and into the main 
supply. The other situation, where negative pressure is used, is when air cannot be recycled in the main 
supply as it could risk disease spreading. The “used” air is filtered and exhausted from the building. 
However, in residential construction it is more common only to have negative pressure systems in a 
household, and a d system would not be used as the main means of ventilation for the whole house. 

5.2 Balanced Pressure 

The term balanced pressure is used when the internal space is not being pressurised by having one fan 
pumping air in, or being depressurised by having one fan pumping out. A balanced pressure system has 
means of ventilating at the intake and outtake points, through having fans on either side of a house. This 
generates localised positive and negative pressures and creates air flow. An advantage to having a 
balanced pressure system is that flow rates in and out can be directly controlled, leaving the system to 
preform optimally and adjust when there are influxes of pollutants. As mentioned earlier, a BPHE uses 
this principle to optimally extract heat from outgoing air. 

6. Ventilation Systems 
To make design easier, different 
ventilation systems provide 
differing amounts of air per second.  
A range of these have been 
compiled from manufactures so 
that bands of effectiveness can be 
seen. The lowest ventilation rate is 
from the only non-mechanical 
system, passive wall vents, or 
trickle vents. This strategy is 
suggested most often when 
analysing single rooms as they tend to only need a small amount of additional ventilation. For a 

Figure 1: User-Free Ventilation systems 
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bathroom or a kitchen where rates are higher, some of the other systems come into effectiveness. 
When looking at the house as a whole the larger ventilation rates become more useful as a single 
system can provide the necessary rates.  

7. Codes 
Required ventilation rates can be found in NZS4303:1990, AS1668.2, ASRAE 62.2, and British Building 
Regulations Part F. Although, NZS4303 is the only standard that can be used to prove compliance using 
ventilation rates in New Zealand. Below in Table 1, these ventilation rates are shown. In the standard, 
less space types are given, they have been expanded on here to represent space types found in a house. 

Table 1: Ventilation Requirements 

Space Type Intermittent Continuous 

Living Areas - 0.35 ach 
Kitchen 50l/s 12l/s 

Bathroom 25l/s 10l/s 

Toilet 25l/s 10l/s 

Bedroom - 0.35 ach 

Laundry - 25l/s 

Study - 0.35 ach 

Hallway - 1l/s 

Garage - 1l/s 

Attic - 10l/s 

Dining - 0.5 ach 

8. Ventilation Formulae 
With all of the different formulae improving on each other for calculating single sided ventilation, only 
one can be used at a time in any design or analysis tool. The simplest equations simply calculate wind 
and stack driven ventilation separately, while the more complex and more modern  equations require 
integration. These equations span the range between being useful for design to analysis. The complexity 
increases due to trying to better represent reality, or to back up computational fluid dynamics 
calculations. 

 

 

Figure 2: Equation Complexity 

The ventilation calculator being produced alongside this report is for architectural design therefore, 
the lower complexity calculations are assumed to be more useful, as they are likely to be quicker to 
respond and therefore easier to use. Specific inputs for the complex equations are only obtainable 
through estimation or CFD, this data is not normally available at the start of a project. The first three 
equation sets the British Standard Method, Warren and Parkins, and Warren reviewed earlier, 
essentially look at only wind and stack effects. Therefore, they are not applicable to a wide enough 
range of situations to be used for architectural design. The fourth equation on the list, from Phaff and 
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De Gids, includes additional constant factors making it more in line with the effects of wind from any 
direction. While the Phaff and De Gids formula is used throughout the European standard EN 16798-7 as 
it gives reasonable average air flow values through openings. The most complex equation that can be 
used in Excel is from Larsen and Heiselberg, it gives different constant values depending on wind 
direction.  Figuring out which direction each window faces, the wind strength from each direction, and 
calculating the appropriate window size in the early design phases of a building is a stretch. The tool 
allows for this approach, but defaults to the simpler approach. In  

Table 2, the ventilation rates of a 10m2, 24m3 space are given for each corresponding formula. Every 
aspect about the calculator remains the same, only one variable is changed and that is the window size. 
Ventilation results range vastly over each calculation, up to eight times larger. The formula being used 
from Phaff and De Gids, is close to the average of the range. However the simplest on the formula which 
involves wind only calculations, using the British Standard Method is actually the closest to the average 
ventilation rate. Although, this doesn’t not mean it is any more accurate or reflective of reality. 

Table 2: Formula Results 

Window 
Size (m) 

BSM Wind 
(m3/s) 

BSM Temp 
(m3/s) 

Warren and 
Parkins (m3/s) 

Warren 
(m3/s) 

Phaff and De 
Gids (m3/s) 

Larsen and 
Heiselberg (m3/s) 

.5 x 2 0.063 0.027 0.129 0.069 0.051 0.016 

 2 0.126 0.076 0.264 0.147 0.110 0.039 

2 x 2 0.253 0.215 0.549 0.331 0.251 0.100 

9. Practicing Calculation Process 
Practicing architects calculate ventilation rates, determine what fans or systems to use, and provide 
compliance documentation. Almost every step involves finding information from codes, plans, or 
product manuals. This makes the process of designing good ventilation harder and time consuming. The 
initial deciding factor in the process  is whether the calculation is for compliance or not. This determines 
if a room by room calculation, or whole house calculation is used. With different means of compliance 
for different spaces types, the architect is forced to manually determine what is best for each space and 
calculate the rates that would be achieved. This is a problem as, without actually knowing how the 
airflow works, all the architect can claim is that the ventilation rate is above or at what is required. A 
limitation to their process, is that topological information is not considered. The local wind levels, as 
well as solar heat gains play a part in the internal environment. For these to be considered, a more 
advanced calculation method and process must be put forth that can account for varying wind levels 
and typology.  

 

10. Proposed Calculation Process 
From observations, a new process is proposed that considers more variables. In addition to all the 
required information to calculate ventilation rates is compiled into one spread sheet.  

10.1 Workflow of Calculator 

This workflow identifies all relevant tasks that must be completed in order to produce ventilation 
calculations, compliance information, and design advice. The image below the heading shows what the 
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sheet looks like in the calculator. The process is broken into two main sections. First, the top section 
which can be completed in any order but all sheets must be completed in order to generate ventilation 
results. This leads on to compliance methods and ventilation systems, once again, either can be 
completed first. This workflow acts as a method to produce ventilation rates for a household room by 
room. While, adapting to different climates, levels of shelter, fenestration opening types, fenestration 
opening sizes, infiltration rates, room types, open plan spaces, and mechanical systems.  

 

11. Discussion 
With the standard, NZS 
4303:1990, and the New 
Zealand Building Code section 
G4, there are only two ways to 
prove compliance. One of these 
methods, G4, does not directly 
account for the ventilation 
rates achievable, it only 
prescribes a value that must be 
reached, of 5% openable 
window area compared to floor 
area. This is the most common 
means of proving compliance, 
as it is a simple calculation for 
designers to perform. The 
down sides are, there is no 
accountability if occupants 
don’t open their windows and, 
therefore won’t be ventilating. 
In addition, the large amount of 
variant ventilation rates that 
can be achieved with different 
types of windows is not 
considered. Although, NZS 
4303:1990 goes a step further 
in the correct direction and 
prescribes ventilation rates that 
must be achieved through 
natural or mechanical 
ventilation. This means, 
window types and systems 
actually matter. However, there 
are still problems, as If a building 
has been calculated to work with 
natural ventilation and occupants don’t open their windows, these rates won’t be achieved. This is the 
reason for compiling data for a ventilation calculator. 

Figure 3: Process used in practice by Architects 
 



799 

 

Establishing Natural Ventilation Performance in Early Design 

The proposed process for 
calculating ventilation rates in 
Section 10, takes into account a 
lot more factors than the current 
method used in practice. These 
additional factors improve the 
accuracy of the calculation and 
are there for more accurately 
representing the ventilation 
rates that can be achieved. The 
ease of which a user can achieve 
these results is imperative as 
well, if the calculator is to 
complex or confusing to use, 
designers would just return to 
the method they know how to 
do. This is why a lot of work has 
gone into reducing information 
input fields and letting the 
calculator determine which 
option is the best.  

The fact that this calculator 
has been incorporated into a 
common software like Excel 
means it’s accessible to almost 
everyone.  There are some 
limitations to Excel that made 
applying some formulas not 
possible as well as making design 
choices more difficult to 
implement. The benefits for 
using a spread sheet comes from 
that most people are familiar 
with one, they understand 
where to put input and how 
outputs are calculated. Being 
able to provide graphical 
information alongside the inputs 
helped a lot in the usability factor. In the future, applying all the calculations and information gained in 
creating the spread sheet calculator towards a website or application, would allow more freedom to 
what can be achieved in terms of aesthetics as well as calculations. 

Assumptions are made throughout the calculator. The largest being that the correct formula is being 
used, as shown in section 8, there is a large variance in results produced. An expert’s opinion suggests 
the formula that is currently set, by Phaff and De Gids, but the option to change is available. More 

Figure 4: 
Proposed Process 
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research on what formula reflects reality best for design implications would be needed to know for sure. 
Another assumption is that rooms can be combined and that providing 80% clear wall area between 
spaces is sufficient. This is a problem as the formulas that have been used, assume that there are not 
barriers blocking air flow. 

12. Conclusion 
An architect can use the spreadsheet calculator to determine ventilation rates for each room in a house 
and a mechanical system that can be used to for fill that requirement, in addition to being shown which 
compliance paths are proven. This is a large implication as time can be saved through architects not 
having to do repetitive NZBC G4 calculations. Although this is the outcome of the research project, there 
is also information gained around the different processes used by architects to complete ventilation 
calculations. These are compared in the discussion section. With all the feedback gained from testing 
the calculator, vast improvements have been made on the processes in addition to design. Although in 
the future, more adaptions may become needed as the process is used more often in practice by 
inexperienced users. 
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