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Solar Chimney Design
Investigating Natural Ventilation and Cooling in Offices with the Aid of Computer Simulation

Abstract

Solar chimney design is investigated as a means of improving natural ventilation
and passive cooling in office buildings. Existing scientific research and built
precedents are generally limited; literature review findings on various features of
solar chimneys were categorised and used to develop a building simulation
strategy. Using UK climatic data, simulations were performed on several
computer models in order to investigate solar chimney performance during a
single day period and an entire cooling season.

Passive cooling with a solar chimney is possible but actual reduction in
temperatures in most cases examined could be negligible. Cooling potential is
increased on still, warm days, while the prospects for night cooling are further
improved. A solar chimney may help reduce considerably the occurrence of
resultant temperatures at or above the 25 C° and 28 C° thresholds. Solar
chimney width, height, apertures and integral use of thermal mass are the most
significant parameters for cooling.

Simulation results showed that a solar chimney can increase significantly natural
ventilation rates. Total ventilation rates may be increased by at least 22%.
During still days a solar chimney can enhance ventilation rates by 36% or more.
Stack ventilation through a solar chimney is typically ~20% of cross ventilation,;
during night time this may increase to at least 40-45% and on still days it may

reach 100% of typical cross ventilation rates.

Solar chimney induced stack ventilation and cross ventilation are interrelated.
Resultant air flow patterns may have an important effect on convective heat
transfers and thermal comfort. Climate and microclimate conditions should be an
integral part of solar chimney design. Key aspects and recommendations
regarding solar chimneys, passive cooling and natural ventilation are provided
for design guidance and feedback in further research.
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Preface

“Reality is infinitely complex. Our knowledge of the world is always finite and
therefore always incomplete. The marvel is that we function quite well in the
world in spite of never fully understanding it. Our tool to deal with incomplete
knowledge is modeling. A model is a small finite description of an infinitely
complex reality: for the purpose of answering particular questions. The
complexity of a model depends on the kind of questions we are seeking to
answer.” Benjamin Kuipers, 1994, Qualitative Simulation, The MIT Press

"It is not at all simple to understand the simple."
Eric Hoffer
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1. Introduction

1.1  Global warming and buildings

In recent years energy use and global warming have become daily subjects in
news media around the world. A recent report from the World Wildlife Fund
analyzing summer temperature data from 16 EU cities shows that some of the
continent's capitals have been warming by as much as 2 °C in the last 30 years.
The average maximum summer temperature in London has increased from 20.5
°C in the early 1970s to 22.5 °C in the last five years. This was followed by
Athens and Lisbon (1.9 °C), Warsaw (1.3°C) and Berlin (1.2 °C). (Ashton J.,
2005),

Countries in the European Union have agreed to reduce greenhouse-gas
emissions between 2008 and 2012 by 8%, as outlined in the Kyoto Protocol.
(EU, 2005) The UK has committed to an overall 12.5% reduction of emissions.
Most of the burden for reducing greenhouse-gas emission will fall on the EU's
energy, manufacturing, transport and farming industries but new guidelines and
regulations are being introduced in the building industry.

1.2 Energy use and buildings

Buildings in the UK and other European countries consume approximately 40 to
50% of primary energy and are associated with about 50% of CO? emissions.
(Santamouris et al. 1994) According to a survey (Energy Paper 66), energy for
cooling in commercial office buildings amounts to 278,000 tones-of-oil-
equivalent delivered energy. This represents slightly over 10% of the total
energy consumed by commercial office buildings. In addition, according to the
same survey, the percentage of full air-conditioned office space is also
increasing; 7.5% of floor area was air-conditioned in 1970, 12% in 1980, 19% in
1990, and 27% in 1994. (Kolokotroni et al., 1999) More recently demand for
room and packaged air conditioner has grown 23% between 2000 and 2003
while future demands are projected to increase by an additional 21%. (JRAIA,
2005)
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Economic affluence and technological advances have exasperated the problem
of unsustainable energy use though dramatic improvement in living standards.
Thermal comfort during summer has become gradually more important yet, with
the increasing energy prices, reduction of cooling loads by natural means has
become a major priority for many consumers as well as electric utility
companies. Peak electricity demands and resulting high costs of conventional
cooling systems make the strategic management of air conditioning growth an
important issue of industrialized countries. (Todorovich, 1991)

Offices are probably some of the most demanding buildings in terms of energy
use. Increased occupancy levels and electrical equipment result in greater heat
gains. Building use during peak external temperatures (summer season) and
improved internal conditions further increase the need for cooling and fresh air.
Modeling of standard air-conditioned office buildings has shown that energy
demand for cooling always exceeds the need for heat, wherever the building is
located. (Kolokotroni et al., 2005)

1.3 Bioclimatic design

Inexpensive and abundant energy have allowed designers to rely solely on
technology to resolve the aspect of environmental control. Yet, integration of
established methods of construction and innovative technologies has always
been the key factor of successful buildings. The approach to building design is
essential in producing buildings that are energy efficient.

Bioclimatic architecture is based on a combination of new and traditional
methods of creating human habitats through an improved scientific
understanding of natural principles such as climate and mechanisms of human
response to environmental conditions. According to Olgyay’s (1973) studies of
regional architecture around the world, common characteristics can be found in
buildings with similar climate conditions, while some of the differences are based
on site context such as natural resources and culture. Olgyay used available
scientific means to investigate further the relationship of climatic factors and

human comfort. He devised a number of methods and tools which can be used
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to assess and employ the existing climate conditions into the design of buildings.
Scientists such as Fanger, Givoni and Watson further explored the parameters

of environmental control and helped establish current design principles.

Air flow pafterns and ventilation rates are some of the most important aspects
for controlling the environmental conditions within buildings as well as improving
human comfort. Natural ventilation is increasingly explored as a feasible method
for passive cooling and improved energy efficiency. Scientific developments and
new computer software enable the integration of established principles of
bioclimatic design with new concepts and strategies.

‘As with passive solar heating and passive solar design, the study and
application of passive cooling are a part of a multi-layered and multi-disciplinary
process. It is especially important to treat the subject in conjunction with other
aspects of architectural and engineering design and in the context of an overall
environmental design strategy.” (Santamouris et al., 1997)

The aim of this dissertation is to investigate through existing literature and the
use of computer simulation the potential use of solar chimneys in enhancing the

natural ventilation and passive cooling in an office building module, in the UK.

Nikolaos Angelis UCL « The Bartlett - MSc EDE 2005
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2. The role of ventilation in buildings

21 General Requirements

Ventilation in buildings can be naturally or mechanically induced or even a
combination of both (hybrid ventilation) and fulfills a number of important
functions related to health, thermal comfort and cooling. Table 2.1 provides a

summary of general recommendations on building ventilation rates.

Table 2.1: Reqliriremenits and functions of ventilation

Requirement ACH I/m? | Function
Health 0.5-1

k1—5 Providés O3, dispiarcvés indoor poIquants

Air Quality Depends on Ventilation dilutes and removes pollutants
space / use generated in a space (CO, CO,, OC’s)

Comfort 0.4-0.8 |[0.8.-4 |Good ventilation strategies will provide thermal
comfort and eliminate cold draughts.

Cooling 5-30 4-25 |Ventilation can be used to cool a space, thus
minimizing the need for air-conditioning and
reducing energy use and CO2 emissions

Energy ’ Air change accounts for up to 50% of energy dissipation from
buildings. Energy efficient design maximizes air quality while
avoiding excessive energy kfsj 7

Sources: CIBSE Guide A, CIBSE AM 10

2.2 Ventilation and Health

Ventilation is essential in providing oxygen (O2) for respiration. Fresh air
requirements for humans will depend on the level of activity taking place
indoors. Table 2.2 provides recommendations for fresh air flow rates in relation
to human activity indoors.

Ventilation is also very important in displacing hazardous indoor pollutants such
products of normal human activity (CO.), or gasses and particles originating in
construction materials, furnishings or building equipment. (CO, VOC's)
Adequate fresh air can prevent and even eliminate the development of
microorganisms such as dust mites. (Davies et al., 2004) Table 2.3 provides

Nikolaos Angelis UCL - The Bartlett - MSc EDE 2005
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some of the building relating diseases such as sick building syndrome that could
be prevented or at least minimized by adequate ventilation.

Table 2.2: Fresh Air Requirements for respiration

Activity Metabolic Flow rate to maintain room CO2 concentration at a given
(adult male) Rate (W) value assuming 0.04% COin fresh air (I/s)
0.5% CO; 0.25% CO,
Seated quietly 100 0.8 1.8
Light work 160-320 1.3-2.6 2.8-5.6
Moderate work 320-480 2.6-3.9 5.6-8.4
Heavy work 480-650 3.9-6.3 8.4-11.4
Very heavy work |650-800 5.3-6.4 11.4-14.0

Note: These values are based on CO, production rate of 7.2x 10°Is

Source: Awbi H.B., Ventilation of Buildings; Spon Press, London 2™
Edition, 2003, Table 2.2, page 52

Table 2.3: Building related diseases

Disease Symptoms Causes
Rhinitis, Stuffy, runny nose, Direct occupational exposures,
Sinusitis postnasal drip, pale or molds, laser toners, carbonless

erythematous mucosa copy paper, cleaning agents pet

Asthma Coughing, wheezing, Dust, allergies, dust mites
episodic dyspnea,
difficulty breathing

Hypersensitivity | Cough, dyspnea, myalgia | Molds, moisture
pneumonitis weakness

Organic dust Cough, dyspnea, chest |Gram-negative bacteria

toxic syndrome  |tightness, feverishness

Contact Dry skin, itching, scaling |Molds, carbonless copy paper,

dermatitis laser toners

(allergic)

Contact urticaria |Hives Office products

Eye irritation Eye itching, irritation, Low relative humidity, volatile
dryness organic compounds particulates

Nasal irritation Stuffy, congested nose, |Low relative humidity, volatile
rhinitis organic compounds, particulates
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Central nervous |Headache, fatigue, Volatile organic compounds,
system irritability, difficulty noise, lighting, work stress,
symptoms or concentrating carbon monoxide, cytokines from
SBS aerosol exposure

Legionnaires' Pneumonic iliness Aerosols from contaminated
disease water, humidifiers

Source: Diseases Related to Buildings, 2001 ASHRAE Fundamentals Handbook, p. 170

Extensive urbanization and subsequently increased pollution and noise levels in
cities pose a major design challenge in selecting an appropriate ventilation
strategy for a building. This problem becomes more evident when considering
natural ventilation techniques which require free movement of air uninhibited by
filters and noise buffers. The orientation, size, location and degree of opening of
any apertures as well the methods of ventilation become very important in

minimizing pollution and noise.

2.3 Ventilation and thermal comfort

Human beings are homeothermic species; their body temperature is maintained
within a very narrow range through a variety of thermoregulatory structural and
physiological devices. In any environmental condition that the human body is
exposed it must maintain a temperature of approximately 37° C (£0.5).
Maintaining heat balance is the primary condition for achieving a neutral thermal
sensation yet, even though the human thermoregulatory system can effectively
create heat balance within relatively wide range of environmental conditions,

comfort may not necessarily be achieved. (Fanger, 1970)

There are four main environmental factors that affect thermal comfort:

e Air temperature (dry bulb temperature)

¢ Mean radiant temperature

e Air speed

o Relative Humidity
The combination of dry bulb temperature and mean radiant temperature provide
the Dry Resultant Temperature. This index adopted by CIBSE is primarily used
for thermal comfort assessment and guidance and in practice it is equivalent to
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the operative temperature used in the 1SO22 and ANSI/ASHRAE standards.
(CIBSE A, p. 1-6)

Ventilation will have a direct influence on air temperature, air speed and
humidity in a building while it may also affect indirectly mean radiant
temperature. Air movement may increase psychologically the perception of
cooling. Overall natural ventilation is often seen as a user friendly option and
occupants tend to accept wider variations of indoor environmental conditions
then they would with any mechanical methods.

2.4 Ventilation and cooling

Ventilation can provide significant cooling to buildings and occupants. This

cooling takes place via convective heat transfer in the followings ways:

¢ Introduces cool, fresh air while displacing internal warm air
e Creates a comfort breeze which removes heat directly from occupants
and equipment

¢ Directly removes heat stored in buildings thermal mass

Heat transfer by convection depends upon the temperature difference between
the surface and the air, the surface roughness, the air velocity and the direction
of heat flow. Convective heat transfer where there is significant air movement is

a more complex phenomenon. (CIBSE Guide A, p.3-8)

Excessive ventilation rates (greater than 10 ACH) can be achieved by cross
ventilation but cooling effectiveness is reduced and can cause discomfort.
(CIBSE Guide A, p. 5-34)

Night time ventilation takes advantage of diurnal temperature swings to improve
cooling. Furthermore it may be used to cool the building fabric, effectively
transforming the building mass into a “cool’ storage and thus allowing it to
absorb more internal heat gains during the day. Table2.3 provides the

approximate cooling capacity of the most common types of building ventilation.

Nikolaos Angelis UCL - The Bartlett - MSc EDE 2005
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Table 2.3 Range of cooling loads applicable to various technologies

Type of System Typical range of cooling (W/mz)
(approximate values)

Natural ventilation 10-35

Mechanical ventilation 20-40

Displacement ventilation 7 o 30 -50

Chilled ceiling + o
) o 60 -100

displacement ventilation

VAV air conditioning 80- 150

Fan coil air conditioning 80 -150

Source: Technical Note AIVC 46, 1996, The role of ventilation in cooling non-domestic buildings,
International Energy Agency
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15



Solar Chimney Design
Investigating Natural Ventilation and Cooling in Offices with the Aid of Computer Simulation

3. Natural ventilation

3.1 Types of natural ventilation

Natural ventilation is the process of supplying and removing air through an
indoor space by natural means. There are two types of natural ventilation
occurring in buildings: wind driven ventilation and stack ventilation. The
pressures generated by the stack effect mechanisms are quite low (typical
values: 0.3 Pa to 3 Pa) while wind pressures are usually far greater (~1 Pa to 35
Pa). The majority of buildings will rely mostly on wind driven ventilation yet stack
ventilation can offer several benefits. The most efficient design for a natural

ventilation building should implement both types of ventilation.

3.1.1 Wind driven ventilation

The static pressure of air is the pressure in a free-flowing air stream and is
depicted by isobars in weather maps. Differences in static pressure arise from
global and microclimate thermal phenomena and create the air flow we call
wind. Dynamic pressure is the pressure exerted when the wind comes into
contact with an object such as a hill or a building and it is related to the air
density and the square of the wind speed. The impact of wind on a building
affects the ventilation and infiltration rates through it and the associated heat
losses or heat gains. Wind speed increases with height and is lower towards the
ground due to frictional drag.

The impact of wind on the building form creates areas of positive pressure on
the windward side of a building and negative pressure on the leeward and sides
of the building. Thus building shape is crucial in creating the wind pressures that
will drive air flow through its apertures. In practical terms wind pressure will vary
considerably creating complex air flows and turbulence by its interaction with
elements of the natural environment (trees, hills) and urban context (buildings,

structures).

Typical building design relies on rules of thumb for harnessing the power of wind

for the purpose of natural ventilation. Design guidelines are offered in building

Nikolaos Angelis UCL - The Bartlett - MSc EDE 2005
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regulations and other related literature and include a variety of
recommendations on several subjects such as:

e Building location and orientation

o Buildi-ng form and dimensions

¢ Window typologies and operation

e Other aperture types (doors, chimneys)

e Construction methods and detailing (infiltration)

o External elements (walls, screens)

e Urban planning conditions

Image 1 Sketch guidelines on wind design and natural ventilation strategies
Source: P. Jones, Thermal Environment

Wind driven ventilation has several significant benefits:

e Great magnitude and effectiveness
¢ Readily available (natural occurring force)
¢ Relatively economic implementation

e User friendly (when provisions for control are provided to occupants)

17
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