Cooler Than Cool Roofs:

How Heat Doesn't Move Through a Green Roof

A 7-part series on the fundamentals of energy and green roofs

by
Christopher Wark
Energy Editor , greenroofs.com

(This series wasoriginally published at greenroofs.comApril 2010 - April 2011)

Copyright 201 Christopher Wark


http://www.greenroofs.com/aboutus.htm#chris
http://www.greenroofs.com/

Introduction

8 years ago, my wife, Wendy, and 1l 6 SY RS R (1 KS /SripOsdium as(part oDohidexdigratighdnto

the world of roof gardening. At the time, | was researching fuel cell systems for Caterpillar and
thermodynamics was fresh on my mind. So during the Q & A of a green roofing presentation at the
Symposium, | had task what the energy benefits are of vegetating a roof. The answer was quick and almost
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Thus began a yedongendeavor to applyny mechanicbengineering education and experience to unravel the
mysteries of how heat moves thugh a vegetated roofing system.

The result was thereation ofa computer program thatlesgibes, in detailthe heat transfetthrough any type
of roof system energy seings(or costs)associated withit, and the subsequent financial impacit the time,
validation was a challenge due te dearth ofinstrumentedgreen roof demonstration projectdn fact, the
only one published by 2002 was tlseudy done by theNational Research Council Cana#artunately, this
computer program, eventually dubbed-Qalc, relied entirely on wedistablished engineering calculations and
data, and as it turned out, was esvalidated by some key plant biology research.
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(later renamed Green Roof Innovations$jor the next 3 years we would providevariety ofgreen roof
consulting services and devel8aifferent modular green roof concepts, one of which has been picked up by a
company in ChinaWith SHADEERI | had the opportunity to provide energy consulting for some prominent

green roofing projects, including pilot ggrams for the City of Chicago, the City of Portland (DR, City of

New Yorkand projects for Earth Pledge, including the Silvercup Studios green roof.

In 2005, Imoved on to do morevhole-building and other specialty energy analysis, but green roofs still hold a
special place in my heart. So | decided to spread the love and put together a primer following my discoveries of
how heat moves through a green roof.
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benefits. The topics that will be covered are:

The Essentials: Heatansfer by Layer

Keeping DroughResistant Plants Cool
Evapotranspiration

When Weight is Good

Assuming Insulation

Green Roofs vs. Cool Roofs

The Green Roof Energy Secret and How To Use It

No gk wbdhpE

Some of this discussion applies to more than just vegetatioresystIn fact, you may find it useful for any

roofing system or exterior wallAll of the discussion is based on leegtablished textbook physics, very
conventionabuilding engineeringand a little bit ofrecent plant research.

| hope you enjoy thigs SNASa +FyR FINB Fo6fS G2 3Sd + FSo a! K KIFKF
appreciation for the complex nature of something as simple as a green roof.
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1 - The Essentiald4eat Transfer by Layer

A few bad jokes come to mind that follow abtpthe line of: insulation keeps hot stuff hot and cold stuff cold
how does it know? Well, how does it? You might be surprised at how few engineers can answer that question.
You might also be surprised at how easily the answer can get a bit complicated.

But what is truly amazing is that plants, the active ingredient in a green roof, actually do know the difference
between hot and cold and can do something about it in a lot of different ways. On the other hand, the layers
below the foliage in a green rooystem are not so smart, yet as we try to describe how heat moves through
wet soil and heavy roof decks, we can quickly find ourselves in a quagmire of engineering math.

Instead of immediately fretting over math and engineering, let's first take a moreopatdook at energy and

heat transfer. When we talk about energy in the context of temperature, we are talking about the movement
of heat, or "heat transfel, from something warmer to something cooler (so says the 2nd Law of
Thermodynamics), except in theases of air conditioning (beyond the scope of this article) and sweating
(otherwise known as evapotranspiration). When | get too hot, it is because heat from something hotter than
my skin, like say, the sun, is threatening to cook me, so | take actioootadown. Plants do exactly the same
thing. However, when an inanimate object such as my car gets too hot from sitting in the sun, it just keeps
sitting there getting hotter because it is stupid, like dirt or asphalt or roofing shingles.

Shin

To understandome key thermal characteristics of a green roof, it may also help to contemplate a few other
heatrelated experiences such as why the potatoes and carrots in my beef stew are still too hot even after the
rest has cooled down. Or why frost is on the pump&iren when the temperature at night stays above 32
degrees. The most important thing to remember is that whether through food, a building, or across the Earth,
heat always moves in the same ways.

In this series, a few technical terms that may or may netffdmiliar or well understood will be used, so we
should start with a very brief glossary of the different types of heat transfer:

conduction- The simplest way of moving heat from a hot molecule to a cold one. This is the kind of heat
transfer you get though a solid material.

convection- Moving heat to or from a surface by way of a flowing gas or liquid. Cool wind blowing across hot
food carries heat from the food out to the air faster than if you block it from the wind. Warm water flowing
over cold hand transfers that warmth to your skin faster than dipping your hands into still water. The rate of
heat transfer increases with flow rate, but in a way that can be tricky to analyze.
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radiation - Electromagnetic heat transfer from all warmer surfaces to edloler surfaces. It is always
happening throughout the universe, but the example we notice the most is solar radiation since the sun is
always warmer than anything on the earth's surface (except when physicists go smashing atomic particles).
Just as lights radiation, heat radiation can be reflected, absorbed, or transmitted through a surface as light
through a window.

evaporation- A form of "mass heat transfer" because heat is removed by literally taking away hot material. In
the case of a green roathat material is water. A special characteristic of this type of heat transfer is that the
material can be cooler than the surrounding air, making the wet surface a little cooler than the ambient air
temperature.

thermal mass The ability to store heaih something heavy, like a big rock or a chunk of steel or a potato. It is
a simple concept, but describing mathematically how the heat comes and goes can be very difficult.

Armed with this rudimentary knowledge of heat transfer, we can begin to examasrttart and noso-smart
elements of a green rooflhe following figureshows typical layers of a vegetated roofing system and all the
ways heat moves through each layer.
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Starting from the top,

1.

o

Foliageg This is the mdscomplex because it uses all methods of heat control provided by n&ture
convection, evaporation, conduction, solar reflectivity, radiative heat emissiad,thermal mass.
Plants can also utilize extra heat conserving strategies such as defoliation duriag w

Stem gapg The air trapped between the foliage and the top of the planting medium provides limited
conduction and the stem itself conducts a small amount of heat between the foliage and the roots.
Media ¢ Planting media conducts heat and often hawegh thermal mass that it needs to be taken
seriously. It can also cool through evaporation when adequately moist.

Drain layerg The amount of heat conduction through the drain layer depends on how wet it is. A more
significant role of the drain layer cdre through mass transferthe removal of heat from saturated
media by providing a drain path for water heated within the media. As an aside, this can also have the
opposite effect in the winter by accelerating snow melt and preventing ice damming.

Watermroofing¢ The membrane provides simple conduction and some thermal mass.

Insulation (if necessary)Insulation slows heat conduction and has negligible thermal mass.

Roof declg Again, the roof deck provides simple conduction but can have significarhal mass.

Figuring out how to optimize each layer is simply a matter of being smarter than the roof.

| Ll

A green roof with good energy saving potential and a lot of style.

Through the next 6 sectiongach of these areas will be explored in greater detail along with discussions of
their applications and misapplicationfReferences providing the background and expanded analysis of each
topic are found at the end of the series. In the next sectiwa look at the thermal half of evapotranspiration,
otherwise known as "green roof sweat".



2 - Evapotranspiration

Anyone delving into the world of green roofs will hear the word "evapotranspiration” sooner orfagagNS = A { Q
fun to say, what with all those syllables (as many as 7), but what does this word mean? Evapotranspiration can
be thoughtof as vegetation's version of sweating. In short, it is the transport of water to the stomata, or
"pores", of a leaf where it evaporates, plus the evaporation of moisture sitting elsewhere on the foliage and
soil, all of which help cool the plarih Secibn 1,1 referred to evaporation as one way in which heat eyesy

removed from a green roand evapotranspiration is the more specific term for the way evaporation removes

that heat. For those who want to spend a little more time diving into the detdilhis topic, some websites

with excellent primers on evapotranspiration gmind in References 6 through 10 at the end of this series
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Another important question: wham | dedicating an entire monthworth of thoughtand typing to a single,
specialized form of heat transfer? The answer is purely anecdotal. When the subject of energy and green roofs
comes up, nearly everyone familiar with the topic will tell me that green roofs stay cool because of
evapotranspiration. Wy, even when discussing it with professional engineers doing building energy modeling,
they assume that most of the cooling ability of a green roof is through evapotranspiration. Some of them
completely ignore the 4 other ways in which the vegetatana green roofdeals with excess heat energy,
which results in big analysis errors. We need to put the importance of evapotranspiration in perspective and
start by trying to understand what it is and where the idea of its significance comes from.
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transpiration first. It is the process by which water is pumped from the soil (or planting medium) through the
roots, up through the stems and out through the leau®s means of the force of evaporation at the tiny
stomatal openings. The physics of how the force of evaporation at a stoma is strong enough to suck water up
through the roots is pretty impressive and not easy to understand. As for evaporation, it isyewaet it

sounds like; the actual evaporation of water from the surfaces of the leaves, stems, and soil.
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In figuringout how much evaporation contributes to the cooling of a roof, we need to know the amount of
heat carried away from the stoma and all of those other surfaces. Calculating evaporation rates in such a
complex environment is, well, complex; however, we cat g pretty reasonable number based on a
fundamental physical law: Conservation of Mass. Conservation of Mass simply states that the amount of water
evaporating from a roof must equal the amount of water put on the roof by rain, irrigation, dew, etat|n fa
many farmers in dry regions rely on established evapotranspiration calculations and data to determine how
much irrigation is required to keep their crops alive. For instance, an alfalfa farmer in Kansas can expect to
dump about 0.2 inches, or about fial pound per square foot, of water per day on his crop during July to make
up for water evaporating away through transpiratisee Ref. 1)1 Half a pound of liquid water goes in through

the roots, half a pound of water vapor comes out through the stoma&drry away the heat (thus the term
mass heat transfg@r The heat needed to evaporate that half pound of water is the amount of heat removal we
are calculating.

Ah, but a seduntovered extensive green roof in Boston is not the same thing as an alfédfinfi€éansas, now,

is it? Although several blatant differences come to mind, our focus on evaporation energy ultimately directs us
to the effects of planting media depth. For one thing, alfalfa roots want to travel down through several feet of
topsoil whie many sedums are quite content in just a few inches of a planting medium, which is one reason
why alfalfa is a poor candidate for green roofs (for those not hip to the details of green roof construction,
planting mediashould never be confused wioiland should never, never, ever, ever be referred todig").

For another hing, the Kansas field can hditen transpirate a whole lot more storm water than a shallow
green roof.
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Four Seasons Hl, Boston(greenroofs.com

Alfalfa field in Kans
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Before we abandon our alfalfa crop, let's take a quick look at how much heat is transferred away from that
field on a hot summer afternoon through evapotranspiration. Using the Pervhamteith equations to
determine evapotransipation rates(see Ref. 12and then energy content equations or tables from one's
thermodynamics textbook¢see Refs. 1 through &y relevant Wikipedia pagésee Ref. 13jo calculate the
evaporative heat loss, one should come to the conclusion that @vapspiration only removes about 1/3 of

the excess heat coming in from the noontime sun. So evapotranspiration is clearly not alfalfa's primary method
of staying cool even though it has deep roots and plenty of water. To keep the crop from cooking before
sunset, the other 2/3 of the solar heat must be dealt with by other means such as convection to the air,
radiation emission to the skynda little bit of conduction back into the grountote that we are only talking
about excess heat, not the 5% to 10% wohlgyht that is used for photosynthesis by fast growing plants like
alfalfa or garden crops like lettuce and tomatoes.

How does this compare with our sedum covered green roof in Boston? Assuming that the established sedum's
water needs are satisfied by tigal rainfall amounts, we can crank through the same equations used for the
alfalfa crop to conclude that our neirrigated green roof uses evapotranspiration to rid the roof of only 10% of

the solar heat. Considering that the sun can account for about @bftte excess heat coming in through a

roof, evapotranspiration alone would lower the temperature of a typical extensive green roof by only a few
degrees and leave us with a bunch of fried sedum. In reality, all of that solar heat elvagyet dissipagd

through the 4 other ways describeal the last sectionalong with evapotranspiration.

But if you are a huge fan of evapotranspiration and insist on utilizing it as your primary source of roof cooling,
you can always install the equivalent of a hydrojgogarden and essentially turn the roof into one gwamp
cooler. Good luck with the water bills.

The moral of this story is that we need to pay more attention to all those other ways of moving heat away
from a green roof if we want an accurate picture of how a green roof stays cool, particularly for low
maintenance extensive systems. Do you think e earn something from desert plants? | think we dan.

the next sectionthe spotlight is on survival techniques of droughsistant plants.
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3 - Keeping DroughResistant Plants Cool

When 1 first started to research the thermal properties of plantsvas immediately drawn to the ones that
thrive on extremely limited wateavailability¢ desert plantsg particularly those in the southwestern states
where daytime outdoor temperatures can be dangerously hot in the shade and stupid hot out in thgisun.

in the lower deserts of this region that we find plants that have been photosynthesizing quite happily in the
driest, sunniest, 120 degree heat since before the advent of sprinkler systems. In the desert, nature simply
doesn't provide enough wateraarround for plants to rely omvapotranspiratiorfor cooling. So what kind of
plants can thrive under these conditions and how do they cope with too much heat and not enough water?

The first plant most people would think of is a cactus with its pulpyst tough skin, and lots of big, sharp
needles. But cacti, aloes, and other succulents fall into just one category of the following four different
strategies used by desert plants:

1. Droughtescaping plantg, Annual plants, such as wildflowers, that escdpeught conditions altogether by
going through their entire life cycle during a single rainy season (however short that may be). The rest of
the time, when no water is available, only the seeds exist while waiting for the next rain.

N

monkéy flowenCWNPorg)

2. Droughtevading plantsg non-succulent plants that ride out periods of drought. They simply stop growing,
go dormant, or possibly die back when water is no longer avail@dene species, like the desert lily,
maintain a large pulpy root while the resf the plant may go dormant

desert lily with roots(CWP.or);
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3. Droughtenduring plants ¢ shrubs that keep growing even in times of extreme drought. They have
extensive root systems that are usually shallow to capture occasional surface condensatiprolifit
other plants from growing within several feet and competing for water. They stay cool by having small,
pointy leaves. More on that later. The best, and possibly most widely studied example is the creosote bush.

e

el i

S

Young cre

4. Droughtresisting plantsc succulent perennials that store water in their stems, as in the case of cacti, or in
their leaves, as in the case of aloe or (Tada!) sedums.

Succulents on the HSBC green roof, Mexico(gi#gnroofs.com
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The first twogroups are not great candidates for lemaintenance green roof designs since thiiermal
protection for the building is greatly diminished during the hottest months. Even worse, they may not
adequately stabilize the planting media, keeping it from blagvim sliding away. Green roofs designed with
these plants pretty much just look like a vacant lot for most of the summer until local weeds takenover (
necessarily a bad thing), so let's take a closer look at groups 4 and 5.

Even though droughénduring plants tend not to work so well for green roofs since they typically inhibit the
establishment and growth of other plants near them, their means of managing extreme heat is of great
interest. Yes, they are able to collect anseuwater more efficiently than any other desert plants, but not
enough to cool the plant, only enough to sustain photosynthesis. And yet, even with the sun beating down on
them all day, the surface temperature of their leaves rarely rises more than adgvees above the ambient

air temperature.

This is where the small, pointy leaves come in. In some cases they are small compound leaves. The size and
shape of these leaves are optimized for maximum convection between the leaves and surroundiagyair

excess heat from the sun is quickly transferred to the air by even the slightest air movement across each leaf.
They are also good at minimizing the overall intensity of the sun by partially shading each other during
different parts of the day or by angliray curling away from the sun. On a roof, this means planting medium
surface temperatures beneath these plants will not be higher than the ambient air temperature. Sure, it helps
that these plants have adapted leaves that can live with 120 degree tempertbut if they were large and
horizontal, without access to copious amounts of water, their-oag leaf temperatures would climb until the

leaves were no longer large or horizontal.

Droughtresisting plants (succulents) use a completely different $éactics. They are best known for swelling

with water when it is available and saving it for a few hundred sunny days. Again, this water is usually not
transpired during the day for cooling. In fact, transpiration typically only occurs at night whesafeisfor the

plant to open its stoma and breathe. It is the stored water that provides thermal mass which helps control the
plantstemperature- the water is able to absorb an impressive amount of heat during the day and release that
heat at night. A lage saguaro cactus may hold so much water that the temperature of its core can stay about
half way between the average day and night temperatures through most of the dry season. The high water
content also provides good heat conduction down to the ground.

Bdzi &4 GSNJ aG2N)F3S AayQil GKS 2yfteée ¢gl& Ay 6KAOK adz00
succulents also have a glossy or waxy leaf or stem surface that reflects sunlight. In many cases, the surface can
get more reflective as the droughtears on.

And how about those needles? They do more than keep a cactus from being eaten. The needles can act as
cooling fins, conducting heat out away from theter body of a cactus to where the wind can remove the heat
more efficiently through convection. Sonmnaller cacti, which do not have as much thermal mass, have
adapted small, densely packed needles that help hold an insulating air layer at night and into the morning
while partly shading the body during the day. The insulating needles also allow thesgo@ndure freezing
conditions much more effectively than cacti with sparse needles. The "fuzz" seen on the surface of many other
succulents is simply an even smaller version of the compact needles.
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Again, when these plants are used on a green rody tuarantee that the planting medium beneath them
will remain at or below the ambient air temperature since they are able to stay near the air temperature
throughout the day.
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| have only pointed out a few of the wide \&l§i and combinations of survival tools used by desert plants. The
heat management examples used here included tactics for using convection (creosote bush leaves),
conduction (cactus core), reflection (succulent skins), and thermal mass (water storeccitests), all of

which wereintroduced at the beginning of this seriebhe upshot is that evapotranspiration is not necessary

for a green roof to thrive or provide energy benefits for the building it covers. Even though nature provides 5
different ways tomove heat, it turns out that 4 out of 5 ain't bad

Next up: the discussion gets "heavy".
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4 - When Weight is Good

The weight of a green roof can sometimes present a structural challenge, but for controlling the flow of heat
energy, that weight is aity benefit. If it is heavy enough, a roof system can take advantage of a material
property called"thermal capacitanceto absorb heat during the day and then release it at night. For some
applicationslike building design, this property is also knoasi'thermal mass because it is related to weight

and specifically refers to the amount of heat per pound that can be absorbed or released. Classic examples of
where thermal mass is an advantage in buildings include adobe houses in the Southwest U.S., masonry
buildings in the Middle East, and heavy stone structures in northern latitudes, all of which temporarily store
the day's heat in their heavy walls.

Taos adobe village North African villa Welsh stone church

But thermal mass is not jugor buildings. It is universal, which means every object in the universe absorbs
heat when its surroundings are hotter and releases that heat when the same surroundings cool down. A brick
oven also takes advantage of thermal mass by collecting the fldmalsinto its dense brick and transferring

that heat back out to food placed in the oven. Speaking of food, remember that mention of hot potatbes in
Introduction? Potatoes can take hger to cook and then hold their heat longer than many other foods because
the fiber in potatoes has high thermal capacitance and they hold a lot of water, and also because patatoe

sort of round (shape is very important in holding heat bayond thescope of this articiehowever, it isnot

beyond the scope oRefs. 1 and 2)The "hold a lot of water" part is no coincidenceater has the highest
thermal capacitance of any common substance on earth.

Chef Barry Horton foodists.ca (Hungry y#?)

Water also provides an excellent analogy for thinking about how thermal mass works since mathematically,
water and heat flow in much the same way. Think of a green roof as a heat spjusjeas a green roof can

soak up rain water and then drain oraporate that water slowly, it does pretty much the same thing with
heat.
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