ABSTRACT

SUSTAINABLE
CLIMATE DESIGN
In a Cold & Humid Climate

Sustainable climate design is one that is sensitive to
the environment, energy consumption, human
thermal comfort, and health & wellbeing. Several
tools are used including a psychometric chart, sun dial
diagrams, and 3D modeling to make design decisions.
A design in Green Bay, WI a cold & humid climate, is
analyzed to find sustainable design strategies that
achieve this goal.
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Introduction
Sustainability in the built environment is making its way to the forefront of
architectural design. The world commission defines sustainability as, “development that
meets the needs of the present without jeopardizing the ability of future generations to
meet their own needs” (Brundtland et al., 1987). Sustainably built buildings are ones built
with local natural materials, utilize the least amount of energy possible, provide human
thermal comfort, and are healthy to inhabit. This is achieved through design that is
sensitive to the buildings local environmental and climatic conditions. Building strategies
that utilize a blend of vernacular techniques with modern technology result in
sustainable energy efficient buildings.
Reducing energy consumption in buildings reduces the amount of natural
resources humans consume, reduces the amount of carbon in the atmosphere, and will
save occupants money. Scientists have linked carbon emissions to climate change
including increased temperatures, an increase in natural disasters, and pollution
(Solecki, William, Rosenzweig, and Cynthia et al., 2013). Brenda and Robert Vale explain
in their essay “Principles of Green Architecture” that the design of buildings should use
the least amount of natural resources as possible and should be built in a way that
allows for other architectural options at the end of the building’s life (Vale and Vale,
1991).
In the United States buildings make up 40% of the country’s energy consumption
(May, 2010). This is a manageable and reduceable percentage that if reduced will
make the future brighter for all humans on the Earth. Energy use in buildings is reduced
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through design of passive heating and cooling strategies that provide human thermal
comfort before mechanical systems are used.
Vernacular architecture from early civilizations is a good place to begin to look
at ways to passively heat and cool a building. Early civilizations used the surrounding
environment to create comfortable places to live using strategies including building
materials, building shape & orientation, and variation in window & door size and
location.
Sustainable design begins with climate analysis and a solar study. Climate data is
collected and studied to determine what design strategies should be used to reduce
energy, provide human thermal comfort, and a heathy building for people to occupy
(Chalfoun, 2015. A solar study is used to determine the amount of sun hitting the
building and whether it should be blocked or used as a heat source.
This report will perform a climate analysis and a solar study in a cold and humid
climate. The city of Green Bay, Wisconsin was chosen due to its Northern location near
the great lakes which creates a cold and humid climate. Climate analysis and a solar
study is performed using tools such as a psychometric chart and sun path diagrams. This
reveals the sustainable strategies allowed in this climate which will then be applied to
an office building. Once the strategies are applied mechanical systems can be added
including heating and cooling, electrical lighting, and hot water heaters.
Future analysis would include energy modeling in software such as eQuest to
determine the energy consumption of the building. Once this number is known the
building design can be tweaked to further reduce energy consumption.
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Methods
Before any design analysis begins it is important to look at past architectural
styles to see how humans found comfort without the use of technology like heating and
air conditioning. Many building strategies used in ancient times are relevant today and
lay the foundation of environmental design. Once this understanding has been
established a climate study can begin for a specific area.
Performing a climate study requires climatic data to be collected for a specific
region. Climatic data is collected from established climate stations. This provides
quantitative data the informs the design of the building. This data is plotted on a
psychometric chart and a bioclimatic chart. Data used is relative humidity (%), dry bulb
temperature (° F), and dew point temperature (° F). Climatic data collected for several
years can be taken as averages or specific monthly data. Data collected from Green
Bay, Wi is from 1981-2010. Knowing the averages of over 30 years gives a good idea to
what weather patterns are in the area, yet as climate continues to change these
numbers may become obsolete.
Quantitative data is converted to qualitative data using the psychometric chart
and the bioclimatic chart (Olgyay, Olgyay, and Lyndon, 2015). Once relative humidity
and dry bulb temperatures are plotted, sustainable design strategies are revealed that
provide human thermal comfort. Human thermal comfort is a qualitative measure as it is
subjective as everyone experiences a space differently. A few of the different strategies
include natural ventilation and passive thermal heat gain. The charts tell the designer
which month the different strategies are appropriate based on the climatic conditions.
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Other tools are used along with the psychometric chart including 3D
modeling of the building, designing shading structures through hand drawn
calculations, and computer simulation to analyze sun angles. Using different tools allow
a design to be created that is best suited to the surrounding environment year-round.

Once passive heating and cooling strategies are known design of the building
begins. Not only is the design based on passive strategies but also takes into
consideration the use of the building and the health and wellbeing of the occupants.
All of this is applied to an office building in a cold & humid climate to maximize comfort
and to save energy in a heating dominated climate. A cold & humid climate was
chosen to show that sustainable climate design is effect even in areas where the sun
doesn’t provide radiant heat throughout the year.

History of climate in the built environment:
Pre-historic man constructed shelter with materials found in nature including
wood, mud, hides, and stones. They built in a safe location where they were protected
from predators, the environment, and the climate. Shelters were built into caves, within
the trees, or made to be mobile so the community could migrate, following a food
supply (Ingersoll and Kostof, 2013).
As time went on and populations increased the built environment had to evolve
in its shape and form. Architects were around before they were given the title, making it
one of the oldest professions known to man (Ingersoll and Kostof, 2013). Early civilization
lived a hunter gatherer lifestyle which kept them from building permanent structures.
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Some of the first settlements that demonstrate permanent structures were found in cities
like Mesopotamia, Old Kingdom Egypt, and the Indus Valley between 3000 – 1500 BCE.
(Ingersoll and Kostof, 2013).
Vernacular architecture can be found in all of these areas where buildings were
designed in response to climate and built with materials found in the immediate
surroundings. According to the Britannica encyclopedia (britannica.com) vernacular
architecture is a regions common building practices that used functional design and
inexpensive materials that were usually more elementary than the era’s technology.
Mesopotamia was built at the junction of the Tigris and Euphrates river. It was
one of the first urban cities of that time. Residential housing consisted of attached
buildings with small windows and was accessed through a door on the roof (Ingersoll
and Kostof, 2013).
Walls were built out of mud and were thick to take advantage of mud’s thermal
mass capabilities of blocking the sun’s radiant heat. Small windows restricted the
amount of sun entering the buildings which heated up the interior. This is also why the
doors were on the roof. When buildings are cluster together, they reduce the number of
walls built and help to regulate the interior temperature. Mud used to build the walls
was collected from the surrounding environment (Ingersoll and Kostof, 2013).
Egypt and the Indus Valley were built using similar principles as they are all
located in a hot & arid climates (Ingersoll and Kostof, 2013). Early man understood that
shelter was necessary to protect against the sun’s rays, rainfall, and wind. Climates are
different around the world and so different vernacular strategies are used to provide
human thermal comfort and protection.
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Fast forward in time to the early 15th century A.D. and move to South America,
we can look to the Incan Empire to see how they constructed the built environment in
the highlands of what is now known as Ecuador, Peru, Bolivia, Chile, and Argentina.
These areas compose many different climatic conditions including tropical, desert, and
humidity (South America Climate).
What is most impressive about Incan architecture is that after 500 years and
several earthquakes buildings are still standing, and irrigation canals are still in use. In
the highlands, buildings used for housing and the community were built with masonry

Figure 1: http://earlyworldhistory.blogspot.com/2012/03/mari-mesopotamian-city.html

from rocks and earth found in the mountains. Engineers were master masons who were
able to fit stones together so closely that not even a knife blade could fit between
them (Malpass, 1996).
Most buildings were rectangular in shape with only one door and no windows.
Adobe was sometimes used for walls, but due to the large amount of rainfall in the area
these buildings did not last as long as ones built out of masonry. Roofs were given a
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sharp slope and were made out of thatch. This was to allow rain to run off away from
the buildings (Malpass, 1996).
Storehouses utilized the same masonry construction but were circular in shape
and had two doors and two windows (Brandlin and Schexnayder, YEAR).

Figure 2: https://sites.google.com/site/ms88aimo/inca/incas
One window and one door faced downhill and one door and one window faced
uphill. This allowed natural ventilation to run through the storehouse to maintain the
temperature and protect the food. Straw was used on the roof tied together by string.
The floors were made of stone to further regulate temperature and humidity within the
storehouse (Brandlin and Schexnayder, 2013).
Every climate around the globe has examples of architecture that provide
insight into the way architecture and climate work together to achieve human thermal
comfort as well as structures that last throughout time. Vernacular architecture guides
the future of a blend of sustainable material use with modern technology to provide
healthy comfortable buildings that have the least amount of environmental impact on
the Earth by utilizing the least amount of energy possible.
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Climate
To understand how architectural design and sustainability meet, we first must
understand how climate behaves and how it effects the built environment. Several
different climate classifications exist and can be found throughout the Earth in relation
to the equator. One tool to use to determine climate classifications around the globe is
the Köppen-Geiger world map of climate classifications found at http://koeppengeiger.vu-wien.ac.at/.
If you look from left to right starting in Alaska and move to the right across the map, we
see the same colors throughout that are not found near the equator or South of the
equator. This is due to the relationship of the sun to the Earth and the shape of the
Earth. According to the Köppen-Geiger map climate is separated into three categories
including main climates, precipitation, and temperature. Each has a more specific

Figure 3: http://koeppen-geiger.vu-wien.ac.at/.
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classification. Under main climates is A: equatorial, B: arid, C: warm temperate, D: snow,
E: polar. Under Precipitation is W: desert, S: steppe, f: fully humid, s: summer dry, w:
winter dry, m: monsoonal. Under Temperature is h: hot arid, k: cold arid, a: hot summer,
b: warm summer, c: cool summer, d: extremely continental, F: polar frost, and T: polar
tundra.
Climate around the globe is dependent on the sun. Solar radiation leaves the
sun and enters the atmosphere as it travels to the earth’s surface due to the
transparency of the atmosphere. When solar radiation from the sun hits the Earth’s
surface it heats up and radiates back into the atmosphere. The air heats up and raises
causing low- and high-pressure areas caused by the different elevations of landmasses
on the surface of the Earth. This directly causes wind to move about the planet
(Lechner, 2015).
Wind is also affected by bodies of water. Water heats up much slower than land
causing temperatures around bodies of water to be cooler than those inland. Pressure
differences occur where water meets land driving wind cycles and temperature
changes (Lechner, 2015).
Another major factor in climate is humidity. Humidity is given as a percentage
and is the amount of water in the air. Heat evaporates water which then raises into the
atmosphere. Humidity in the air affects the ambient temperature. According to the
dictionary ambient means, “relating to the immediate surroundings of something”.
When combine with temperature, it is referring to the current air temperature (Lechner,
2015).
Humidity and cloud coverage effects ambient temperatures. In hot & arid
climates, where there is little to no humidity in the air, allows solar radiation to penetrate
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the earth without any interference. The surface of the earth heats up during the day
and then cools during the night because there is nothing blocking or trapping the heat
(Lechner, 2015).
In humid climates moisture or cloud coverage blocks solar radiation from
reaching the ground reducing the temperature on the surface. At night when the sun
has gone to bed, the moisture or clouds hold the heat generated throughout the day.
This keeps temperatures changes from day to night minimal (Lechner, 2015). When
temperatures are high, humidity is low. This is due to evaporation that occurs as the
temperature rises. This is why humidity does not exist in deserts where temperatures
reach over 100° F. This does not mean you cannot have 90-degree weather with 100%
humidity, it happens all the time in areas like Florida, USA.

Solar Geometry
Solar radiation is sent to Earth from the Sun. The sun is mostly made up of ionized
hydrogen gas that radiates heat and light. All the planets in our solar system orbit
around the sun in a clockwise direction. The velocity at which planets orbit the sun
varies throughout the year slowing down the closer it moves toward the sun. As the
planet moves away from the sun it speeds up (Chalfoun, 2015). This determines solar
time which is different from clock time as it is based on the relationship of the Earth to
the sun.
Solar radiation and daylight reach the earth at angles unique to each point on
the globe. This is due to the shape of the Earth, the elliptical orbit the Earth follows, and
the tilt of the Earth’s axis. The Earth is not a circle but an ellipse. As the Earth rotates on
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its axis and orbits the sun, the angle the solar radiation reaches the Earth is constantly
changing (Lechner, 2015).
The Earth is tilted 23.5° and is fixed as it moves around the sun. This tilt is
responsible for the four different seasons that occur. There are two extreme conditions
that occur on June 21st and December 21st. On June 21st the North Pole is tilted towards
the sun and is known as the summer solstice. On December 21st the South Pole is tilted
towards the sun and is known as the winter solstice. This is the tipping point of the year
when the weather begins to warm up or cool down for those in the Northern
Hemisphere. For those in the Southern Hemisphere it is reversed. June 21st marks the
beginning of winter and December 21st marks the beginning of summer (Lechner, 2015).
The angles at which the sun hits the Earth are called the altitude angle and the
azimuth angle (Chalfoun, 2015). Both are dependent on time, location, and the date
and is equal to 90° minus the latitude of any given location (Lechner, 2015). Knowing
the suns angles in relation to a building site allows the designer to manipulate the sun to
heat the building or to block solar radiation to keep the building cool.
As the sun rises, the angle at which the sun hits the Earth is low. This results in less
solar radiation and less heat in both the morning and evenings. In the middle of the day

Figure 4: Vertical Sun Path Diagram
http://www.thesolarplanner.com/array_placement3.html
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when the sun is directly overhead, the angle is closer to 90° allowing solar radiation to
hit the Earth directly providing more heat (Lechner, 2015). Sun path diagrams can be
used to determine altitude and azimuth angles to aid in sustainable design.
The sun is a free source of energy and heat. Architectural design can use the sun
to heat and cool a building through the use of building materials, shading structures,
and orientation. Before design begins a solar study done in relation to the building site
will provide the necessary information to design passive heating and cooling strategies,
which will be discussed later in this paper.

Illumination & Daylighting
Sky conditions change all the time causing light and the brightness of the
atmosphere to change along with it. Three different sky conditions exist including
overcast, partly cloudy, and clear skies. An overcast sky is one where 90% of the sky is
visibly full of clouds, partly cloudy skies cover a range from very little cloud coverage to
very cloudy, and clear skies are those with no obstructions (Evans, 1981).
An overcast sky offers the most consistent condition. For daylight studies, the
overcast sky is the one used when performing simulations and conducting calculations.
Overcast skies has the most “general luminance distribution that is about three times
brighter at the zenith than at the horizon” (Evans, 1981). Depending on how dense the
clouds are, illumination will vary.
Partly cloudy are skies with the greatest variation sometimes happening multiple
times throughout the day. One part of the sky could seem clear of clouds while another
is heavy with clouds. Some of the light is diffused, some is blocked, and some remains
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direct. This causes intermittent sun exposure and must be considered when designing
building fenestrations (Evans, 1981).
Clear skies offer the harshest sky conditions. Nothing is blocking the direct solar
radiation or diffusing the light. Instead the light is shining directly into the eyes heating
up the body. Humidity (smoke, smog, etc.) is the only factor within the atmosphere that
will help to diffuse light (Evans, 1981).
Other factors that affect illumination levels and daylight are “external
obstructions” like trees or other buildings. These obstructions are a consistent blockage
of sunlight that will affect the amount of solar gain a building receives and how much
energy will be required to heat and cool the building (Ander, 2003).
All light that humans see is called visible light and is the act of light interacting
with objects. Light we see is in the visible light section of the electromagnetic spectrum.
Other light that affects humans and buildings is ultraviolet (UV) and Infrared (IR).
Ultraviolet is non-visible light that can be harmful to objects and human tissue. A light
fixture that emits high levels of ultraviolet radiation should be avoided. Infrared radiation
is also known as “thermal radiation” and is felt as heat. Objects such as walls absorb this
long-wave thermal radiation which can be used as a strategy to heat or cool a
building. Visible light is short-wave radiation which the wall would either reflect or
absorb, depending on the color (Ander, 2003).
Sunlight is a free source of light that should be designed to maximize human
thermal comfort and reduce overall energy consumption in the building. With an
understanding of how light acts, the designer or architect can utilize building strategies
to bring natural daylight into a desired space.
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Light is generated by three different sources; point, line, and area. A point is a
single source of light such as a single light bulb. This point generates the harshest light
with the sharpest shadows. The farther away a person or object is from the point source,
it becomes an area source due to the light spreading out over space. A line source is
when the light is spread out horizontally creating a longer source of light. Shadows are
weak and look distorted or wider than the source object. This is commonly seen in
fluorescent light boxes. An area source is when the light gets spread out across two
perpendicular axes causing a uniform illumination. This is caused by an overcast sky or
building panels made to diffuse the light (Egan and Olgyay, 2002).
Another factor that will manipulate the way light is perceived is the type of
surface the light comes in contact with. Surfaces that are rough will reflect light in
several different directions while a smooth surface will only reflect the light in one
direction. Building geometry will also interact with light in different ways. A curved wall
has the smallest surface area and so will reflect the most amount of light. When the
surface area is large the least amount of light will be reflected (Ander, 2003).
Use of natural daylight eliminates the need for electric lighting ultimately
reducing energy consumption. Light enters a building through windows and can be
manipulated through design strategies such as light shelves which bounce primary light
deeper into a space. The light shelf directs secondary light towards the ceiling which in
turn bounces tertiary light into the space (Chalfoun, 2015).
Light that enters a space initially is called primary light. Light that bounces off a
surface (light shelf) is called secondary light, and light that bounces off a second
surface (the ceiling) is called tertiary light. Primary light is the harshest, secondary light is
gentler, and tertiary light is the best. Color and texture of surfaces will determine how
Lenon, Traci
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the light will behave and be dispersed. Directing light allows light to penetrate deeper
into a space allowing interior rooms to borrow natural daylight from rooms on the
perimeter (Ander, 2003).
Natural daylight not only reduces energy consumption but improves human
psychology. Several studies have been conducted to determine that employees that
are exposed to natural daylight are more productive, have more energy, and
employee morale is improved. They also found that when a person has control over the
amount of daylight they receive in their work space, their performance was even better
(Ander, 2003).

Glazing
Light enters a space through windows made of glass called glazing. Glass allows
both visible light and infrared heat into a space depending on the glazing
characteristics. Light and heat are either reflected, transmitted, or absorbed by the
glass. Heat that is absorbed is later transferred into the space through convection.
Clear glass allows primary light to enter a space with no interference and is the
harshest. Glazing that is etched spreads the light throughout the space and glazing that
is frosted diffuses the light (Egan and Olgyay, 2002). The use of a space would
determine the type of glazing that is appropriate.
Important characteristics of glazing is the solar heat gain coefficient (SHGC),
visible transmittance (VT), resistance to heat flow (R-value), the luminous efficacy
constant (Ke), and the conductivity (U-value) (Egan and Olgyay, 2002).
Solar heat gain coefficient (SHGC) is the amount of “incident solar energy” that
is transmitted through the glass. The lower the number the less amount of solar radiation
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will be transmitted through the glass. In cold climates, a designer may choose windows
with a high SHGC to increase solar heat gain (Lechner, 2015).
Visible transmittance (VT) is the amount of visible light allowed to pass through
the glass given as a percentage. For example, double-pane insulated glass (standard
clear) has a VT of 79% or 0.79 (Egan and Olgyay, 2002).
Resistance to heat flow (R-value) is the ability the glazing has to resist heat
transfer due to the temperature difference from outside to the inside. Another way to
think of R-value is that it is a type of insulation. Not only does it keep heat out or in, but
also helps reduce condensation, improves acoustical pollution, and improves comfort
(Egan and Olgyay, 2002).
Conductivity (U-value) is “the rate of heat transfer each hour through 1 square
foot of material per degree of temperature difference between the two sides of that
material.” The lower the U-value the least amount of heat will pass through the glazing.
U-values and SHGC are labeled on all windows/glass and should be carefully chosen
based on location and use (Egan and Olgyay, 2002).
Coatings can be added to the glass to reflect both light and heat. They are
usually unseen by the human eye unless tinted. They can be installed on the outside of
the glass, placed within the glass, or applied on the surface. Low-e coatings are the
most common coating and provide reflectance of infrared radiation by 40% - 70%. They
offer a high visible transmittance (VT) while reducing ultraviolet radiation from 5% to
37%. This is especially effective in hot climates where solar heat gain is unwanted (Egan
and Olgyay, 2002).

Heat Transfer & Human Thermal Comfort
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Human thermal comfort is the comfort level a person experiences while in
different climates, locations, and buildings. Human thermal comfort is subjective and is
different for everyone. Two people in the same room could be feeling very differently
depending on the clothes they are wearing, where they are sitting, or what they are
doing.
Climate directly affects human thermal comfort. It determines if humans feel hot,
cold, wet, or dry. Not only do we feel the climate physically, but also psychologically.
Studies into the effect climate has on the human psyche determined, “that man’s
physical strength and mental activity are at their best within a given range of climatic
conditions, and that outside this range efficiency lessens, while stresses and the
possibility of disease increase.” (Olgyay, Olgyay, and Lyndon, 2015).
Solar radiation leaves the sun and interacts with the various surfaces it
encounters as direct radiation, diffused radiation, and reflected radiation. When solar

Evaporation:
Sweat
Exhalation
Perspiration

Convection
Radiation

Conduction
Figure 6: Heat Transfer Diagram. by: Traci Lenon
image of girl by: Brooklyn Lenon
Lenon, Traci

Sustainable Climate Design

20

radiation interacts with man, it transfers through convection, conduction, or radiation
(Lechner, 2015).
Human bodies are constantly heating up and cooling down. We eat food,
process it, and heat is released as a result. Our bodies must maintain a temperature of
98° F. To do this excess heat must be expelled from the body. Heat exits our bodies
through our breath, but most is through the skin. When our bodies are hot, we sweat
and when a breeze goes by it cools the skin. This process is called evapotranspiration
and is the basis for evaporative cooling (Lechner, 2015).
As air moves past the skin it creates a feeling of cooling because heat is being
lost through convection (Olgyay, Olgyay, and Lyndon, 2015). Convection occurs when
heat is transferred through the movement of two heated parts of a gas or liquid
(dictionary.com). This works with gravity and so heat never convects down. As
molecules in the air become hot, they rise. When molecules are cooled, they drop
towards the earth (Lechner, 2015). This process can be used to maintain temperatures
within a building by providing methods to dispel hot air or to provide cool air.
Conduction is when heat is transferred between two surfaces that are different
temperatures (dictionary.com). Heat transfers from hot to cold until a balanced
temperature is reached. Think about taking an egg out of the refrigerator. As you hold
the egg in your hand, it feels cold. If you were to hold the egg for five minutes, the egg
would begin to feel warmer. Soon the temperature of the egg would match the
temperature of your hand. When the egg is put in boiling water, it will cook until the
entire egg is the same temperature as the water. If you remove the egg and instantly
place it in ice cold water, it will stop cooking and become cold again. The same thing
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happens with every surface your body encounters as well as every surface a building
interacts with.
Radiation is heat found on every level of the electromagnetic spectrum. Energy
moved or is radiated from every item from humans to a chair. Humans radiate heat
because more heat is emitted by our bodies than we absorbed. Radiated heat is not a
controlled by gravity. Instead it can move in several different directions. There are four
different ways radiated heat interacts with a surface. This includes reflectance,
transmittance, absorptance, and emittance (Lechner, 2015).
The relationship between a building
and heat transfer through radiation can
be separated into five different categories
as explained by Victor Olgyay in his book
Design with Climate. The five categories
are:
1. Direct short-wave radiation
from the sun
2. Diffused short-wave radiation
from the sky vault
3. Short-wave radiation
reflected from the
surrounding terrain
4. Long-wave radiation from
the heated ground and
nearby objects
Lenon, Traci
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5. Outgoing long-wave radiation exchange from building to sky
These interactions happen not only with people and the ground but with every
surface of a building including the building envelope, windows, doors, and roof
structures. Designers that understand convection, conduction, and radiation heat
transfer will be able to provide a design that works with the surrounding environment
not against it.
One factor to consider when thinking about human thermal comfort is the
metabolic rate. This is the rate at which the body produces heat and is directly related
to the activity a person is engaged in. In design this will be used to determine the
amount of heating and cooling needed to maintain human thermal comfort within a
building. For example, when designing a school, the needs in the gym where students
will be exercising will require more cooling than in the library where they will be sitting
and studying.
Another factor is the cloth value. This is determined by the amount and type of
clothing a person is wearing. Someone who is wearing a long sleeve shirt and dress
pants will feel different standing in the sun than someone in a tank top and shorts. This
will be a subjective score and is different for everyone. The main conditions of the
environment that affect human thermal comfort is air temperature (° F) (° C), relative
humidity (%), air movement (m/s) (feet/minute) and mean radiant temperature (MRT).
Each are different and specific to every location and microclimate. Together they
make up the climatic data necessary to determine what sustainable building strategies
should be used to maximize human thermal comfort.
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Passive Heating & Cooling
Passive heating and cooling is the act of providing human thermal comfort
without using mechanical equipment to do so. This is achieved through design of
building orientation & shape, thermal mass, direct solar gain, use of proper shading
devices, minimizing infiltration, and maximizing insulation.
Building orientation is very important for passive heating & cooling as well as
reducing energy consumption. It is one of the most cost-effective ways to achieve
energy efficiency and sustainability. Orientation will be different depending on whether
or not you want to heat or cool the building.
The sun rises in the East and sets in the West. Direct sunlight never penetrates the
building from the North and a building receives the most direct sunlight from the South.
The best approach is to have the side of the building with the longest surface to run
North – South. In cold climates where the sun is used to provide heating, orienting the
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Figure 8: Human Thermal Comfort Diagram by: Traci Lenon Image of girl by: Brooklyn Lenon
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building this way will allow the largest surface area to gain the most heat from the sun.
In hot climates the building needs to be shaded in the summer and allowed to heat up
in the winter.
While a building will not always be able to sit perfectly North – South on a lot, the
orientation should be as close as possible. The East elevation will receive direct solar
gain in the mornings and the West elevation will receive direct solar gain in the
evenings. In hot climates solar gain at these times is unwanted while in cold climates
heat gain is welcome.
This is also why the shape of the building is important. Designing appropriate
surface area’s in the appropriate façades will determine the amount of solar heat gain
the building receives. This will directly affect the energy consumption of the building.
The hotter the building is the more energy is required to cool it and vice-a-versa.
Window design is also very important as heat transfers through glass faster and easier
than through a wall.
Wall design using thermal mass works for both passive heating and cooling. A
thermal mass wall is made out of materials including concrete, brick, block, adobe,
rammed earth, and straw bale (Koko, 2000). Thermal mass works like a battery
collecting heat during the day and releasing it at night. This follows the laws of thermal
dynamics where heat transfers from hot to cold. The thicker the wall is, the longer it
takes for heat to transfer through. This is known as time lag. It takes 8 – 10 hours for heat
to transfer through a wall that is 16” thick (Autodesk, 2017). Thermal mass only works if it
is exposed on the interior of the building and works best when exposed to both the
exterior and the interior.

Lenon, Traci

Sustainable Climate Design

25

The best part is that it works to keep a building cool and to heat it up. It also
works on the walls and the foundation. In a cold climate, a building can use a solar
heat gain combination that includes direct gain through a window that then hits an
exposed concrete floor heating it up. Providing heat at the floor allows heat to transfer
into the space and then rise. Humans occupy a building from the ground up to around
6’-0” on average. When heat becomes a gas, it rises heating as it goes. When heat is
supplied at the ceiling it has to work harder to reach the floor as heat rises not falls.
In cold climates a thermal mass wall should be designed thinner than in hot
climates. This will allow the heat to transfer to the inside quicker. Although it should not
be too thin, or all the heat will be lost at night. The idea is that the wall collects heat
during the day, and then slowly releases that heat into the building at night. In a hot
climate with large temperature swings from day to night, this works well at maintaining
indoor temperatures. In cold climate windows should be insulated at night to prevent
heat from escaping.

Convection Current loop open

Sunlight heats up trombe wall & air

S

Radiant Heat released into Living Space

Figure 9: Trombe Wall Diagram: Indirect-gain system: Day. by: Traci Lenon
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Direct gain does not only work on the floor. Solar gain that comes through the
windows could also heat up an interior thermal mass wall. One strategy that works in
cold climates is a Trombe wall. This is a combination thermal mass and solar gain
system. Glass is places as close at 2” and as fall as 3’-0”. The glazing amplifies the heat
transfer increasing the amount of heat the thermal mass wall can absorb. The surface
of the thermal mass wall could be painted black to collect even more heat.
Condensation can/will occur so there should be proper draining. Trombe walls should
also be insulated at night to prevent heat loss to the outside. Instead it will be forced
inside. Trombe walls work best on the South façade as direct solar gain is required
(Autodesk, 2017). Shade structures designed in conjunction with thermal mass walls will
provide the opportunity to provide both heating and cooling. Shade structures can be
roof overhangs, vertical fins, horizontal overhangs, projected walls, or vegetation
(Chalfoun, 2015). Deciduous trees are always a good choice. The grow leaves in the
summer blocking the sun and shed their leaves in the winter allowing solar gain. Using
findings from a solar study allow the designer to design shading structures to precisely
shade the building when desired. This may be from April through October in hot
climates and from June to September in cold climates. Each building façade should be
design separately and should not have the same shading design. The South façade
should use both horizontal brows and vertical fins. The East façade should use horizontal
brows. The West façade should use both horizontal brows and vertical fins. The North
façade should utilize only vertical fins to block the early morning and late evening sun
(Chalfoun, 2015).
Other strategies include recessing windows, directing windows to the North that
are on the East & West, and using exterior un-attached shading devices. Overhangs
Lenon, Traci

Sustainable Climate Design

27

and horizontal brows should be designed to prevent trapping heat. This is
accomplished using louvers or gaps. In a hot climate a building cannot be shaded too
much. Second skin façades are a strategy to shade both the building and the windows.
They can act as solar collectors, absorbing solar radiation and keeping it away from the
building.
Blocking solar gain will not do any good if the building envelope is not air tight
preventing heat to infiltrate the interior. Thermal bridges are areas where heat and air
enters a building (Lechner, 2015). This happens at window edges, the connection of the
wall & roof and the wall & foundation, the edges of doors, and anywhere hardware
(nails & screws) penetrates the façade. Proper sealing of thermal bridges prevents not
only heat from entering, but also prevents cool or warm air from exiting.
Roof, walls, and foundation should be properly insulated to further reduce heat
transfer (Chalfoun, 2015). Insulation can be made out of fiberglass, cellulose, or foam.
Each offers a specific R-value depending on the thickness. The roof should have the
most amount of insulation as it is the area that loses and gains the most heat. Buildings
also benefit from having the exterior wrapped in insulation, unless using thermal mass.
This strategy is especially beneficial on the roof.
Convection Current
l
l d
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Architectural Climate Design Tools
Tools can be used to analyze climatic conditions to determine which sustainable
building strategies are appropriate in different climates. These tools include a
psychometric chart, a bioclimatic chart, sun path diagrams both horizontal and
vertical, and building models to use equipment like a sun dial or heliodons.
A psychometric chart is used to plot climatic data. Climatic data is collected
from weather stations set up at airports or could be collected on-site with a weather
station. Climate data includes dew point temperature (°F), dry bulb temperature (°F),

Figure 11: Psychrometric Chart: House Energy Doctor: Dr. Chalfoun

wet bulb temperature (°F), precipitation (in.), snowfall (in.) and relative humidity (%).
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Once the data is plotted on the chart it will reveal which passive heating and cooling
strategies can be used.
The psychometric chart plots dry bulb temperature (°F), dew point temperature
(°F), and relative humidity (%). Only two of the three are needed to find each point on
the chart. On the x-axis is dry bulb temperature (°F). On the y-axis is dew point
temperature (°F). Humidity (%) acts as a curve starting on the left and sweeping
towards the upper right of the graph. Only two of the three are needed to determine
which passive strategies can be used. The graph has been separated into different
sustainable strategies and the temperatures where they are appropriate to provide
human thermal comfort (Chalfoun, 2015).
Passive heating and cooling strategies include; active solar & conventional
heating, passive solar heating, humidification, natural ventilation, high-mass cooling,
evaporative cooling, high-mass cooling w/ night ventilation, conventional air
conditioning, conventional dehumidification with a comfort zone highlighted in the
middle. A shading line is also added. To the left of the shading line shading is not
appropriate. Right of the line is when shading is required.
Climatic data collected from a weather station will provide over 10 years of data
given in averages and specific data. This allows the designer to see the variations in
climate to determine the best strategies to use.
Another tool designers use is a bioclimatic chart. Bioclimatic chart is also used to
determine when solar gain is needed, when natural ventilation is appropriate, and
what times of year falls into the comfort zone (Olgyay, Olgyay, and Lyndon, 2015). The
comfort zone is the time when climatic conditions are such that neither heating or
cooling is necessary to provide human thermal comfort.
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Bioclimatic charts plot relative humidity (%) and dry bulb temperature (° F) (° C).
Every day of a month is plotted and shows the fluctuation throughout each month.
Once the entire year has been plotted, the designer will know what time of year
heating, natural ventilation, or comfort is needed. For natural ventilation the chart gives
a speed in m/s that is needed to bring the space into the comfort zone. It also provides
a shading line where shading is appropriate and when it is unwanted.
Sun path diagrams work in conjunction with solar angles including azimuth,
altitude, and profile angles. Once the orientation has been decided and the building
designed, solar angles and sun path diagrams are used to design shading devices. The
azimuth and altitude angles are used to determine the profile angle. Profile angles will
be specific to the building design and orientation. Profile angles reveal where the sun
will be to let the designer know when to block solar gain and when to allow it.
This can also be achieved through hand drawing the building façade with the
angles. Design of the West façade would utilize the South profile angle and the South

Figure 12: Shading device design using hand calculations by Traci Lenon

façade would utilize the West and East profile angles to design shading devices for the
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South. Angles are determined using the sun path diagram or can be found using online
data bases.
When designing shading structures, the angles used are for a specific location,
date, and time. If shade is desired from April until October than calculations will need to
be done for a specific day in each month to be sure the building is shaded during this
time.
Shading devices can be tested using 3D modeling in a program like Sketchup or
Revit and by building models and using a device called a sun dial. Both will provide
sunlight specific to location, date, and time to determine the effectiveness of each
shading device on each façade. Another tool to determine the effectiveness of
shading is the heliodon. This is typically located indoors with several lights overhead in
the same position as the sun. This is a more controlled environment where as the sun
dial is used outdoors.

Envelope Design
Roof, walls, and foundation make up the building envelope. When not designed
appropriately heat, bugs, and pollutants have a much easier time making their way to
the interior. This also has a lot to do with the quality of construction. For example, by
code houses are not required to have plywood or OSB installed on the entire exterior
(IRC R602). Instead it is only required where shearwall is needed to resist wind loads. This
can be easily designed using the International Residential Code book. This may not
seem like a big deal and is one way to save money on construction costs. But this
creates walls that allow heat and cold air to easily transfer from the exterior to the
interior and makes it easier for critters to make their way inside.
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According to Joseph Lstiburek (2018) there is such a thing as the perfect wall. The
perfect wall includes a rain, air, vapor, and thermal control layers, in order of
importance. Lstiburek says “The perfect wall…must keep the outside out and the inside
in.” (Lstiburek).

Figure 13: The Perfect Wall. Joseph Lstiburek. www.buildingscience.com

Control layers continue over the roof and where the joints where the foundation
meets the wall. Drainage channels and weather resistant layers (vapor barriers) control
moisture. Vapor barriers must be taped and sealed to prevent infiltration. Drainage
channels allow moisture to drain.
If a climate is too cold to use thermal mass, a wall system like the perfect wall is a
great alternative. Providing insulation in the structure as well as on the exterior will
protect the building from heat loss during the winter and heat gain in the summer.
Energy analysis will help determine the best envelope design for a particular climate.
Each façade of a building should be designed separately. A building may use
thermal mass on the South façade and the perfect wall on the North, East, and West.
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Openings are a place of thermal bridges and need to be tapped and sealed to
reduce infiltration.
Foundations built with thermal mass such as concrete can be used for direct
solar gain. Slabs should be insulated in cold climates to prevent heat loss into the
ground. Built up foundations should be properly insulated tapped and sealed.
Roof design is especially important in all climates. The roof has the biggest
surface area facing the sun throughout the day. Openings such as skylights increase
solar gain while providing natural daylight. In hot climates solar chimneys are used to
release hot air to the outside. Clearstory windows placed at the ceiling provide natural
daylight, can be a source of solar heat gain, and can be used for natural ventilation. A
roof should be properly insulated to withstand temperature fluctuations throughout the
year. According to Sigi Koko from the Green Home Institute, a concrete slab in cold &
humid climates must have insulation of at least an R-10 underneath it. Walls should be
at least R-30 and the roof should be at least R-48 (Koko, 2000). When designing the
envelope R-values must be calculated to provide accurate insulation (Chalfoun, 2015).
Sigi Koko also suggests strategies to use to keep the building dry. These include
providing deep overhangs, avoiding condensation points in the walls (by providing
drainage channels on the exterior), eliminating plumbing lines in the exterior walls, and
using breathable finishes like paints, plasters, and sealers. Protecting the base of the
walls is another area that is very important to keep moisture out, especially in a climate
that receives a large amount of rain and snowfall (Koko, 2000).

Design in a Cold & Humid Climate
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To put sustainable design to the test an office building in a cold and humid
climate will be designed in Green Bay, Wisconsin. Wisconsin was chosen due to its
location in the Northern United States. Wisconsin boarders Northern Michigan to the
North, Illinois to the South, Minnesota to the West, with Lake Michigan to the East. Green
Bay sits on Lake Michigan north of Milwaukee, Wi.
The design challenge in a Green Bay is cold temperatures and moisture. People
need buildings that keep them warm in the cold winters and dry year round. On
average Green Bay receives about 187 days of sunshine, 29.52 inches of rain, 51.4
inches of snow, and experience temperatures on average of 53.5° F for the high and
34.9° F as the low. Wind speeds vary throughout the year from 7.9 to 11.3 mph and
prevailing winds come from the South West. Wind speeds are higher in the winter
months.
A psychrometric chart was filled out using climate data from Green Bay’s airport,
Austin Straubel International Airport. Data provided was collected between 1981-2010.
Monthly temperatures were given as an average. The chart utilized the averages over
12 months. The data covers a 29-year span. This is a good amount of data and should
give enough data to determine climate cycles and building needs.
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Figure 14: Psychrometric Chart filled out for Green Bay, Wi

After charting the climatic data on the psychometric chart, it revealed that in
the months of December, January, February, and March the building must be heated
using a conventional/mechanical heater. Average temperatures during these months
are in the 20’s during the winter months. Conventional heating includes electric or gas
units, wood/gas fireplaces, geothermal systems, radiant heaters, and central heat & air.
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A system should be chosen based of its ability, energy consumption, and cost. At least
four months out of the year the heater will be in use.
In the months of April, May, and October temperatures are still cool, but the
building can utilize passive heating strategies to reduce or eliminate the need for an
electric heating system to be used. Passive heating strategies include thermal mass
walls & floor, large windows, Trombe walls, and dark colored façades. Thermal mass
walls & floors need to receive direct sunlight exposure on both the interior and exterior
to work. Large windows allow direct sunlight to reach deep into a space heating up the
walls, floors, and people.
Green Bay, Wi

Figure 15: Location map of Green Bay, Wisconsin

Figure 16: Location map of Green Bay, Wisconsin

In the months of June, July, August, and September the temperatures fall in the
comfort zone on the chart meaning that mechanical cooling is not needed. A building
can be easily cooled by simply opening the window to allow natural ventilation while
shade structures/devices block solar gain. During the month of July and August
temperatures do reach outside the comfort zone, but just barely. During this time
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people may feel uncomfortable, but through the use of natural ventilation the building
will be comfortable.
A design that utilizes a bottom up approach will take the findings of the climate
study to determine what building materials and in what combination will provide the
most amount of comfort. Thermal walls in combination with shading strategies will
shade the thermal mass wall in the summer months blocking solar gain yet allow solar
gain it in the winter. Operable windows allow occupants to control the amount of
natural ventilation coming in and out of the building. This will ultimately reduce energy
usage and give the occupants fresh air to breath.

Office Design
To begin designing the office floor plan, a building program was provided by
local architect Joel Mesik RA, ICBO Principal architect at WSM Architects. The building
program includes required spaces and square footage of each space. While discussing
this project with him he told me about an issue he finds with buildings in Wisconsin. He
said that many of the buildings feel like being in a cave due to the small size or lack of
windows. He challenged me to find a way to provide ample windows while still
maintaining comfortable interior temperatures suitable to provide human thermal
comfort.
After collecting climate data and filling out the psychrometric chart it is clear
that this would be a problem as half the year conventional heating is required. Another
important factor is the use of the building. An office building is occupied during normal
business hours, typically 7:00 am to 6:00 pm. Temperatures need to be maintained at
night to reduce energy spent to heat the building each morning.
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The layout of the office is determined based on use. The office is for a
psychologist practice with eleven offices, a conference room, a copy room, two
storage rooms, two public restrooms, two unisex restrooms, a break room, billing &
records, and a main lobby with reception. Offices were placed on the south of the
building because they are the rooms that will be occupied the most. One office was
placed on the North to provide a space that can be kept dark for those patients that
require such space.
A hall spans from East to West where clearstory windows allow direct solar gain to
penetrate an interior thermal mass wall. This will provide heat to the interior spaces.
Direct solar gain also occurs in each office through windows as well as the use of
thermal mass exterior walls.

Figure 20: Floor plan design of office building.

No windows are placed on the East and West except at the lobby. This is to
prevent any additional heat loss. Heat loss through windows must be prevented in
order to maintain a consistent interior temperature. One way to achieve this is by
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insulating the windows at night or anytime the temperatures are extremely low. This can
be done on either the interior or exterior of the window.
Clearstory windows not only provide daylight but also provide an ability to
provide natural ventilation. Windows placed low on the North façade allow air to enter
the building. Interior windows with a sill plate of at least 6’-0” will allow the warm air at
the top of the space to move into the hallway. Open clearstory windows will further pull
the hot air out of the building. See figure 18 which is a diagram of this process.
All exterior windows have night insulation of some sort, especially if they open.
The edges of windows are a thermal bridge allowing heat to move in and out.
Insulating windows requires them to be blocked. This is okay at night but during the day
the windows need to be unblocked to provide daylight as well as views to the outside.

Figure 21: Section of window design for South facade of office building.

A system that provides insulation while still allowing daylight was designed for this office
to provide ample windows without jeopardizing indoor temperatures.
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The system consists of window covers that act as both light shelves and insulation
panels. Windows are designed one above another. The top window is fixed and is 5’-0”
wide by 2’-0” height. The bottom is operable and is 5’-0” wide by 3’-0” height. The lower
window has an exterior insulation panel that attaches at the bottom of the window and
swings open 90 degrees. When open the panel acts as a light shelf bouncing light into
the space. The top window has an interior insulation panel attached at the bottom of
the window and opens to the interior at 90 degrees. This also acts as a light self. Primary
light first hits the light shelve. Secondary light then reflects towards the ceiling turning
into tertiary light that bounces further into the space. The ceiling and tops of the panels
are painted a light color to reflect more light.
On extremely cold days one of the panels could be closed to reduce heat loss.
Each room has control over its window system allowing occupants to control when the
panels are open or closed. This will provide further energy savings by allowing some
rooms to remain closed while only those occupied are open.
The window panels also provide shade to the thermal mass walls preventing heat
gain in the summer. Figure 18 and 19 show diagrams from a summer month and a fall
month. June and October were chosen as June is the first month the building should be
shaded, and October is the first month solar gain is desired.
Roof overhangs are designed to block solar gain through the windows during the
summer and to allow solar gain in the winter. To design roof overhangs the altitude
angle was used for each specific date, time, and location. In June the altitude angle is
66.2°. In October the altitude angle is 34°. This angle only occurs on this specific day
and time. Performing a solar study in the summer and the fall is important to make sure
the design achieves the goal of providing or blocking solar heat gain.
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Thermal mass located on the walls both exterior and interior as well as the floor
provides the heat storage necessary to maintain interior temperatures. Rugs can be
used on the floor, but there must some must be exposed to absorb radiant heat.

Figure 22: Diagram of solar gain on June 21, 2017 at 12:00 pm. It also shows other sustainable strategies.

Thermal mass will absorb heat during the day and then release it back into the building
at night. The design calls for 10” thermal mass walls, but they could be as thick as 16”.
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The building envelope must be properly sealed and insulated. Connection points
where the roof meets the walls and where the foundation meets the walls must be air

Figure 23: Diagram of solar gain on October 21, 2017. It also points out other sustainable strategies.

tight. All openings for windows, vents, or pipes must also be sealed. The foundation
should be insulated under the slab. This not only prevents heat loss, but also prevents
water leakage and moisture problems (Koko, 2000).

Conclusion
In a cold & humid climate keeping the building warm and dry is the most
important design goal. Passive heating & cooling strategies that achieve this goal are
passive solar heating, natural ventilation, and high mass heating & cooling. There are
five months from November to March when radiant heat does not penetrate the
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building preventing the use of passive heating. Instead active or conventional heating
is required. The rest of the year climatic conditions allow passive heating & cooling
strategies to be used to provide human thermal comfort and reduce energy
consumption. Several tools exist to aid designers in the process of designing a building
based on climate including a psychometric chart, calculating shading devices, and
creating a 3d model.
When all of these tools along with knowledge of heat transfer, human thermal
comfort, and envelope design are utilized, a sustainable climate design is achieved.
Only one iteration of a design proposal was offered in this report. Further iterations
should be designed and tested to see what strategies work the best. Energy savings
can be calculated using energy simulation programs on the computer or systems can
be built and tested.
Design that first considers climate guides a designer in the choice of building
materials, window size and location, size and location of shading devices, and the
shape and orientation of the building. Once the initial design is complete mechanical &
electrical systems are added to ensure comfort year-round.
Innovative solutions such as the dual insulative panel & light shelf help designers
to begin to think about ways to protect buildings without the use of electricity. No one
knows what the future holds, but we can make choices in the built environment that will
make living easier and more comfortable for generations to come.
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Climate data charts for Green Bay, Wisconsin.
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