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ABSTRACT 
The U.S. Department of Energy (DOE) has funded 

several research projects, including this study, to 
assess the effects of site design on building space-con
ditioning energy use. An Important strategy being inves
tigated is the use of vegetation for shading, wind control, 
and temperature modification. The study described in 
this report has been conducted concurrently with a 
closely related research project at the Northeastern 
Forest Experiment Station of the USDA Forest Service 
in Pennsylvania. The objective of that project is to 
measute wind-speed reductions and solar obstructions 
caused by trees around representative houses within 
typical neighborhoods and to develop an empirical 
model for estimating these effects based on the physical 
characteristics of different neighborhoods (Heisler 
1990). 

The objective of this work is to combine the results 
of the on-site microc/imatic measurements from the 
1990 Heisler study with work in building energy simula
tion to calculate the energy impacts of the observed 
microc/imatic changes due to trees. 

INTRODUCTION 
Many horticulturalists and landscape architects 

have noted that, in addition to their aesthetic value, trees, 
shrubs, and lawns also have an added value for saving 
energy, both in heating and cooling climates. Case stu
dies in recent years have documented dramatic differ -
ences in cooling energy use between houses on unland
scaped and landscaped sites (Laechelt 1976; Buffington 
1979; Parker 1983). A good discussion of the microcll
matic effects of urban vegetation is given in Hutchison et 
al. (1983). This report will for ego a general literature 
survey and describe only the microclimate model we 
have developed to simulate the effects of trees. The report 
then discusses the calculated energy savings when this 
model is combined with a whole-house building simula
tion for various tree conditions in different climates. 

The objectives of this study are (1) to simulate the 
impact ot trees on heating and cooling energy consump
tion and (2) to assess the conservation potential of trees 
in several representative climates in the U. S. Fourteen 
prototypical buildings in seven representative U. S. cli
mates were selected and their heating and cooling 
energy consumption simulated using a weather modifi-
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cation program in conjunction with the DOE-2.1 D building 
~oergy simulation program. DOE-2.1 Dis a documented 
public-domain building energy program that simulates 
the energy performance of a building hour by hour de
pending on its climate, building envelope, equipment 
use, and occupant schedules (U.S. Dept. of Commerce 
1980). . . 
. The base case annual energy consumption of the 

prototypical houses was first simulated with no tree cover 
and using existing weather tapes. The,energy savings or 
increases resulting from the shading and wind reduction 
dl:le to trees were then analyzed in incremental fashion. 

SIMULATING THE MICROCLIMATIC EFFECTS OF 
TREES 

Trees affect the heating and cooling loads of bullct
ings through several processes: (1) reducing solar gain 
on windows, walls, and roofs by shading, (2) changing 
the long-wave heat balance of a building by lowering the 
temperatures of the surrounding surfaces.through shad
ing and changing the building-sky radiation exchange, (3) 
reducing conductive and convective heat gain by lower
ing dry-bulb temperatures through evapotranspiration 
during the summer, (4) increasing latent cooling loads by 
adding moisture to the air through evapotranspiration, 
and (5) reducing the natural ventilation potential, chang
ing the convective heat balance of a house, and reducing 
the infiltration rate by lowering ambient wir.idspeeds. This 
study ·has concentrated only on the wind-shielding and 
shading effects of trees. 

Wind Shielding 

The wind-shielding effect of trees can be both 
beneficial and detrimental to a building's heating and 
cooling toad. Wind affects a building's energy balance in 
three ways. 

1. A lower windspeed on a building shell will result 
in lower convective heat transfer from the building sur
faces. This, in turn, produces higher surface tempera
tures and more conductive heat gain through the building 
shell. This phenomenon is beneficial in the heating sea
son but detrimental in the cooling season. 

2. A lower windspeed will result in a lower infiltra
tion. This phenomenon is beneficial in both heating and 
cooling seasons. The reduction in infiltration has a major 
impact on reducing heating energy requirements for old 
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and _leaky houses. During peak cooling hours, when 
ambient temperatures are very high, reduction in the 
amount of wind-driven infiltration may slightly reduce 
cooling loads. · · · 

3. Reductions in windspeed are detrimental during : 
those hours in the cooling season when natural ventilation 
can be used to extend the comfort zone. This will result 
in increased reliance on mechanical cooling. · , .. . 

All of the above-mentioned phenomena can be 
modeled using the OOE-2.1 O program. 

For houses in open terrain, reductions in windspeed 
du~ to shelterbelts can be estimated from the density and 
height of the trees, their orientation relative to the wind 
and their distance from the house (Nageli 1946; Heisle~ 
and OeWalle 1988). For houses in typical suburban areas•: 
however, windspeed reductions at the building height 
(0-15 feet above ground) depend on a large number of 
parameters, including the roughness, density, and height 
of the urban canopy, as well as the location of nearby 
buildings and trees. Therefore, data from shelterbelt stu
dies cannot be used to study windspeed effects in sub
urban conditions. . , . -.·. 

The 1990 Heisler study was a detailed effort to 
gather concurrent windspeed measurements in four sub
urban neighborhoods and to correlate the observed var
iations in windspeeds to differences in urban charac
teristics, such as the amount, location, and height of 
nearby trees and buildings, as well to ambient air condi
tions (Heisler~ 990). The tree canopies ot the four neigh
borhoods vaned from very dense in what had been a 
forest to very low_i~ a new development with practically 
no trees. In add1t1on to the four neighborhood sites 
simultaneous measurements were also made at a control 
site in an open field and at a nearby airport. Measure" 
ments were made in· both summer and winter to discern 
changes in wind-shielding effects due to the loss of tree 
foliage. . , · 

· : ·!he pr?ject report produced complex regression 
equations with up to 22 terms for various urban and 
~uilding parameters. _For this prototypical study, however, 
1t was most appropriate to use. a simplified formulation 
that related windspeed reductions to the total canopy 
density, defined as the percentage of surface . area 
c~vered by either buildings or tree crowns (Heisler 1989, 
private communication). The estimated average wirid
speed reduction during the summer is given in Equation 
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Figure 1 ":'ind speed reductions for different canopy densi
ties as compared to a control site with no trees or 
buildings 

Figure 1 is a plot of the windspeed reductions from 
these two equations as a function of the total canopy 
density. For comparison, the figure also shows the ob
serve~ windspeed reductions from a similar monitoring 
effor~ done in Davis, CA, in 1977 (McGinn 1982). The 
~cGrnn study was less comprehensive and included only 
summer days. Moreover, data from residential areas were 
mixed with _lh?se from an orchafd with a high tree density 
b1,1t no . bu1ld1ngs, an atypical condition for residential 
areas. · · 

Shading 

. The shading effects of trees can be simulated in 
D0~-2.1 D as exterior ·building shades, once the 
geometry and transmissivity ot the trees have been de
termined. Tre.e transmissivitles vary by species, ranging 
from 6% to 30% during summer months and 10% to 80% 
during winter months (Thayer 1983; McPherson 1984). 
For this study, trees were assumed to have transmissivl
'ties of 10% during the summer, 70% during the winter, 
and were placed .for shgding on the west or south side of 
the house. · 

,;;~~·~; · .. To explore \he.energy impacts of trees on heating 
• ·' j- .,, and cooling loads: we .modeled the effects of one tree 

1. " · : 

' · (1) planted on the west and one or two more on the south 
. "' ' : '": side of the house {Figure 2). For the three-tree ·case in 

.. . .:::; cooling-dominant climates, we assumed that two of the 
.. ,, . . ~, ~ · :·:> :; trees are on the west and one Is on the south side of the 

u= windspeed at site . .. . . ·. :·:n:• house. We assumed that.each mature treehad a top view 
uo = windspeed on open urban field ., -~ ~:: projection area of 600 ft2 and a suburban housing density 
C = total canopy density (trees plus ouildings( ' of one house per 6000 tt2 

of land. Therefore the equiv-
. . . . . . . . . "' . . . ,."'" alent increases In the urban tree canopy tor these thr~ 

_Theest1mated, averagew1ndspe~d re~uct1on~ur1rig configurations are 10%, 20%, and··.30%, which cpr~e-
t~e winter wh~n the.trees are bare _is given 1n Equatior.:

1
?,. sponds to one, two, or three trees per typical housing 1Q.t. 

.,,,. " Tree shading reduces not only the direct solar gafn 
_·.· u;;; ,uo (.356 +- :644e~.o397c) •-~ · · · -~-=--------·---: striking the building envelope but also the diffuse ligtil 

•• _ 
1 '/,'.~2):~~ · ' reflected from skY'and surrounding surfaces. This chan9! 

·-: ~ i ;· "- i'·1 ll:: .I , I , · • • ,,. • • • • •• • , 1•11> 

u = Uo (.292 + .728e-·0424C) 

where 

1404 



Figure 2 Tree canopy shade modeling used for DOE-2.1D 
simulations 

is approximated in DOE-2.1 D by modifying the inputs for 
sky- and ground-form-factors, which define the amount 
of each visible from a building surface. 

Tree shading also alters the exchange of long-wave 
radi.ation between the building and Its surrou,ndings. 
Dunng the day, tree shading reduces long-wave heat gain 
to the house by keeping the surface temperatures of the 
sidewalks and street lower. At night, trees reduce radia
tive cooling by blocking the amount of night sky visible 
from the walls and roof. The impact of these changes on 
building heating and cooling loads cannot be modeled 
by the DOE-2.10 program, but a simple calculation 
shows that the effects are small compared to those due 
to reductions in direct solar gain (Myrup and Morgan 
1972). 

Evapotranspiration 

A major microcllmatic impact of trees that is 
frequently overlooked is their capability to affect daily 
temperature swings through the evaporation and tran
spiration of moisture through leaves, a phenomenon 
agriculturalists call "evapotranspiration." 

From the point of view of energy conservation 
during the summer a tree can be regarded as a natural 
"evaporative cooler," using up to 100 gallons of water a 
day (Kramer 1960). This rate of evapotranspiration trans
lates into a cooling potential of 230,000 kcal/day. This 
cooling effect is the primary cause for the 9° F differences 
in peak noontime temperatures observed between for
ests and open terrain and the 6° F difference found in 
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noontime air temperatures over irrigated millet fields as 
compare~ to bare ground (Geiger 1957, p. 294). 
Temperature measurements in suburban areas recorded 
simllar but smaller variations in daytime peaks of 4° F to 
6° F between neighborhoods under mature tree canopies 
and newer areas with no trees (McGinn, 1982 p. 59). 
. Th~ effect of evapotranspiration is minimal during 
the heating season. This reduction can be attributed to 
the absence of leaves on deciduous trees, lower ambient 
temperatures, and lowe·r solar gain. 

· We have developed a quantitative model for micro
climate modifications due to evapotranspiration as a 
function of time, ambient conditions, and the amount of 
added moisture (Huang et al. 1987a). The model has 
been applied to several U.S. cities to estimate the cooling 
potentials of evapotranspiration. The study has con
cluded that the conservation potentials of evapotran
spiration during the summer are much larger than the 
effects of wind-shielding and shading. This study, how
ever, has focused on the wind-shielding and shading 
effects of trees and has not modeled the effects of 
evapotranspiration. 

BUILDING ENERGY SIMULATION 

To assess the impact of tree canopies on the energy 
use of typical residential buildings in different cities simu
latlo~s were done using the DOE-2.1 o program for seven 
locat1o~s. three heating-dominant (Chicago, Min
neapo!1s, and Pittsburgh) , two mixed heating-cooling 
(Washington and Sacramento), and two cooling-domi
nant (Miami and Phoenix) . 

Building Physical Characteristics 

.· · For each location, two building prototypes were 
de~elop~d based on available survey data and existing 
res1dent1al prototype description efforts. The assumed 
size and conservation level for the prototypes are listed 
in Table 1. 
· · The first set of prototypes, labeled ·in -Table 1 as 
"pre-1973 houses, '' represents houses built between 
1950 and the early 1970s with conservation levels that are 
at the mean of the current building stock. The physical 
characterlstics for these prototypes are based primarily 

TABLE 1 . 
Prototype Bullding Characteristics 

FIOoratU Found. WaJ R·YlklH No.of lnl'-ratlon• 
l.Gcltlon (ft') Typo Su~- Cell~ Wal Four•!. Panu ELF ad\ .,...,m_ 
Chk:lgo, 11. 1400 -I'll Siding 11 o· 0 1 ;001 .89 
..-_FL 1400 &lob Stucco 0 0 0 1 .007 .59 
M-ljlOll. MN 1400 a-mont Siding 11 II 0 1 .005 .e:i 

PN>erU.AZ 1400 6llb Stucco 0 0 0 I .007 .55 
Plhlxlr;h. PA 11100 

_ .. 
Siding 11 0 0 I .005 .se 

Sacramtrao, CA 1400 Slab SlUCCO 11 0 0 1 .001 .58 
Waalllngloft, DC 2000 Baernert SldirlO 11 0 0 1 .007 .79 

1110e-
~.l. 2000 - s~ 22 11 54ft 3 .005 .84 

Miami, FL 1800 Slab Stucco 18 7 0 1 .005 .u 
M-.polll, MN 2000 - SldlnQ 38 19 54ft 3 .003 .311 ,._,>Z. 1800 6lob swcoo 22 11 5211 z .005 .39 
Plllll>urllh.PA 1600 

_,,. 
Sldng 30 II 5411 2 .003 .3S 

I lloctamorlO, CA 1600 Slab Slucco 30 11 62ft 1 .005 .u 
WunlOIJon, DC 2200 lluamtf'll Slalng 30 11 50 z .005 .se 
•ZLP ~•f•r• to th• •eff•ctiv•-l•aka9e-fractlon• u••d in th• 
Shn•an-Oriurud aodel to describe the dghtneu o! • houH 
to 1nfiltr-ation (S.herw.a.n and c _riaa.rud 1 910) ; "ach• rete.r• eo 
th• avora9• wi nter infiltrat.lon in airchengoa par hour. 



on a study that analyzed residential energy consumption 
surveys (RECS) for 1980 and 1981 to define prototypical 
house descriptions for ten geographical regions 
(Bluestein 1987). For some regions, the average floor 
areas given in the study seemed too small (e.g., 750 ft2 

in Minnea~olis) and were revised upward to a minimum 
of 1400 ft . The "pre-1973 houses" all have single-pane 
windows, minimal ceiling insulation, no wall insulation 
except in Minneapolis, and are moderately leaky. Tighter 
constructions were assumed for the colder cities, so that 
the net infiltration rates were similar for the different cities, 
ranging from 0.89 ach (air changes per hour) in Chicago 
to 0.55 ach in Phoenix. 

The second set of prototypes, labeled in Table 1 as 
"1980s houses," represent typical current construction as 
reported in the 1981 National Association of Home 
Builders Annual Surveys of New Construction (NAHB 
1981) . The houses tend to be larger than the pre-1973 
houses and have significantly higher conservation levels. 
The ceilings are insulated up to R-38 in the colder loca
tions, the walls to R-19, and the windows are at least 
double-glazed except in Miami and Sacramento. Al
though average infiltration rates are not available in the 
survey data, studies have shown that new houses are 
significantly tighter, with air change rates averaging 0.4 
per hour (Sherman 1984). Consequently, the prototypes 
for the 1980s houses were modeled with lower infiltration 
rates than the pre-1973 houses. 

The prototypes represent statistical averages of the 
building stock in each city. Building geometries that could 
not be defined using statistical averages were estimated 
based on typical construction practices. For each build
ing size, wall areas and perimeter lengths were calculated 
assuming a standard truss width of 28 ft and a wall height 
of 8 ft. The total window area for each prototype was 
kept at 12% of the floor area, which is the average of 
current construction practices. The assumed building 
geometries for the four building sizes are given in Table 
2. 

TABLE 2 . 
Prototype Building Geometries 

Prototype Penmeter Hoose Walt areas• naow Door 
Floor area length volume Gross Nat araa area 

(II') (tt) (II') (It') (II') (II') (tt') 
1<400 156.0 11200 1248 1052 168 27.5 
1600 170.3 12800 1362 1143 192 27.S 
2000 198.9 16000 1591 1323 240 27.5 
2200 213.1 17600 1705 1413 264 27.5 

•The 9roaa wall area is that of the entire vertical surf ace 
includinq th• windows and doors. 11\e net vall area ia that 
of only the walls. 

Building Operating Conditions 

The assumed building operating conditions were 
based on earlier studies to define typical operating con
ditions in U.S. homes based on survey data and other 
studies (Huang 1987b). . 

The heating thermostat was set at 70° F, with a night 
"setback to 60° F between 11 p.m. and 7 a.m. The cooling 
thermostat was set at 78° F all day. During the heating 
season, window venting was assumed when ind9or 
temperatures rose above 78° F; while in the cooling sea-

•• . . . ! ... .... • 
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son, venting was assumed down to 72° F if the following 
criteria were met : (1) the outdoor temperature was lower 
than that indoors and not higher than 78° F, (2) the en
thalpy of the outdoor air was lower than that of the 
indoors, and (3) the cooling load that hour could be met 
totally through natural ventilation . However, window con
ditions were kept fixed between 11 p.m. and 7 a.m, unless 
indoor temperatures dropped below the heating setpoint 
on the assumption that occupants would not open 0 ; 
close windows after having gone to bed. 

To model heat gains from people, equipment, and 
lights, daily internal loads of 43, 100 Btu sensible and 
12, 150 Btu latent due to 3.2 persons and typical residen
tial appliance use and 8.4 Btu/ft2 due to lights were 
modeled for each house. This internal loads level is based 
on analysis of end-use survey data and is explained in 
Huang (1987b). The hour-by-hour internal loads profile 
was taken from a schedule developed by the California 
Energy Commission (CEC 1984). 

The building was simulated with a central space
conditioning system consisting of a gas furnace and an 
air conditioner. For prototypes smaller than 2000 ft2, the 
rated capacities modeled were 75,000 Btu/h for the gas 
furnace and 36,000 Btu/h for the air conditioner. For 
prototype houses of 2000 ft2 and above, the rated capaci
ties modeled were 100,000 Btu/h for the gas furnace and 
48,000 Btu/hr for the air conditioner. For the pre-1973 
houses, the furnace was assumed to have a system 
efficiency of 60% and the air conditioner a system COP 
of 2.17. For the 1980s houses, the furnace was assumed 
to have a system efficiency of 70% and the air conditioner 
a system COP of 2.41 . Default curves in DOE-2.1 D were 
used to simulate the hourly performance of the air condi
tioner as a function of temperature, humidity, and part
load ratios (Building Energy Simulation Group 1984). 

WEATHER DATA 

The DOE-2.1 D program uses as its weather input 
hourly weather tapes available from sources such as the 
U.S. National Oceanic and Atmospheric Administration 
(NOAA) or the American Society of Heating, Refrigerat
ing, and Air-Conditioning Engineers (ASHRAE). For the 
base case conditions, Weather Year for Energy Calcula
tjons (WYEC) tapes developed by ASH RAE were used f~ 
five of the seven cities (Crow 1981}. Typical Meteorologi
cal Year (rMY) weather tapes were used for Chicago and 
Sacramento. 

The seven cities chosen for the DOE-2.1 D simula· 
tions represent the range of climatic conditions found in 
the U.S., with heating degree-days ranging from 220 to 
8000 and cooling-degree days from 600 to nearly 4000 
(fable 3). · 

In addition to covering temperature variations. a 
distinction was also made between hot-arid and hOt· 
humid climates. A useful climatic variable for indicaringal 
latent cooling loads is latent enthalpy days (Huang et · 
1986) . This variable is similar in concept to degree-days. 
except that it tabulates the cumulative change in enthal~ 
over' the year to bring ambient conditions down to·• 
defined temperature and humidity ratio. This base concf
tion is generally set to the required indoor comfort ?oncf-



TABLE 3 
Climate Locations 

(e.g., 78° and 0,0116 humidity ratio) and serves the 
tone function as the base temperature used for degree- . 
:; calculations. The units for latent enthalpy days are 

u-days/pound of air). Table 3 gives latent ~nthalpy:ys for the seven cities and shows the great <;ilff~rence 
In latent cooling requirements between M1am1 and 
Phoenix. 

Of the seven cities, Minneapolis was chosen to 
represent cold locations with long seve'.e wint~rs; Chi
cago and Pittsburgh temperate locations wit~ cold 
winters and short but hot summ~rs; Wash1ngto~. 
temperate locations with ~odera_te winters ~~d hum~d 
summers; Miami, hot-humid locations; Phoenix, hot-and 
iocations; and Sacramento, temperate locations with hot 
arid summers. . 

Since the base-case weather data are taken from 
airport data, the modified weather produced by the wind- ' 
speed reduction model should be interpreted as d~e to 
relative differences in the amount of trees from airport 
conditions. 

FUEL PRICES 

Gas and electricity prices vary depending on the 
location and year. To analyze the net cost savings as
sociated with the changes in building energy use, we 
used 1986 local utility prices for each city as recorded by 
the Natlonal Association of Home Builders Research 
Foundation for the ASHRAE-90 residential energy stand
ards committee (Johnson 1986). These utility prices are 
averag.e rates computed for typical residential space
conditioning use, taking into account rate schedules and 
marginal costs charged by different utility districts. The 
1986 prices for natural gas and electricity for the seven 
cities are given in Table 4. 

TABLE 4 
Average Fuel Prices for Gas and Electricity 

Locadon 
Chlclgo, IL 
Mlamf,Fl 
MIMaapolls, MN 
Phoenix, AZ. 
Plttabulgh, PA 
Sactamento. CA 
Washlng1on, DC 

RESULTS 

au 
($1M91U) 
$5.10 
$5.74 
$5.36 
$4.78 
$4.93 
$4.44 
$7.20 

~i.cllldly 
($/kWh) 

s 0.1185 
so.oen 
$0.0583 
s 0.1015 
$0.0447 
s 0.1175 
$0.0697 

The DOE-2.1 D simulations cover two prototypical 
houses in each of the seven locations with the following 
tree conditions: (1) no trees (base case); (2) 10% in
creased tree canopy, assumed as one tree on the west 
of the house; (3) 20% increased canopy, assumed as one 
tree on the west and one on the south of the house; and 
(3) 30% increased canopy, assumed as one tree on the 

west and two on the south for heating climates (Chicago, 
Minneapolis, Pittsburgh, and Washington) and two trees 
on the west and one on the south for cooling climates 
(Miami, Phoenix, and Sacramento) . To distinguish .the 
effects of wind reduction from those due to shading, 
simulations were also done for wind reduction alone with 
no shading. 

Total energy consumption and costs for the pre-
1973 prototypes are given in Table 5 and those for the 
1980s houses in Table 6. The total energy costs are 
plotted in Figures 3 and 4. On both tables, the first column 
of numbers shows the heating, cooling, total energy uses, 
and total energy costs for the base case condition with 
no trees. The first two columns for each level of increased 

. canopy give the savings in these energy uses and costs 
due to wind alone and to wind plus tree shading. For 
cases where the energy use has increased, the numbers 
are given in parentheses to indicate energy penalties 
rather than savings. The third column for each level of 
increased canopy gives the energy savings for wind plus 
tree shading as a percentage of the base-case energy 
use. 
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The results show that during the heating season, 
the wind-shielding benefits of trees are always greater 
than the penalties of reduced solar gain from tree shad
ing. However, the heating energy savings are not partic
ularly large since windspeeds In residential neighbor
hoods are substantially reduced already by the buildings. 
For the less tightly built pre-1973 houses in the predom
inantly heating locations of Chicago, Minneapolis, Pitts
burgh, and Washington, the reductions in heating energy 
use from three trees per house are from 8 to 16 MBtu or 

TABLE 5 
Energy Savings for Pre-1973 House 

1°"' lrH canopy 20'M.trncanopy 30.0. lrH canopy 
(•netVY uvtngs, (energy savings, (onorgy savings, 

()·Iner••••) ()•lrveasa) ()•Increase) 
wind wtnd wind wind wind wind 

BaucaM only +shade only +ahada only +shad• 
~ (not uvlno•) (6) (6) (1'6) (4) (6) ("6) (6) (6) ("6) 

Clllcego, I~ (1'100 rouse) 
H .. llng (MBIU) 19:1.4 8.0 ,.2 15.7 115 B.O 15.8 B.I 
Coo*lg(kWh) 2447 14 194 7.9 29 373 15.2 492 20.I 
EnllOIH (MBIU) 20U 9.6 9.0 ,,5 15.7 125 8.2 17.8 8.8 
Ent10YCOlll($) 1275 so 64 5.0 113 103 8.1 138 10.8 

llloml. fl. (1'00 hoUNI) 
HolllnQ(MB1u) H.8 0.2 0.1 0.1 o.• 0.3 2.1 o.• (0.1) (0.5) 
COOlng (kWll) 110112 124 705 6.• 181 1172 10.6 219 1951 11.6 
Eno1111-I (Mlllu) 51.8 0.2 2.1 ,.I o.• •.3 B.3 O.• 5.9 11.5 
E111rgyC0011 ($) 1053 12 62 5.9 18 104 9.9 22 170 16.I 

Mln._.,rlo, MN (HOO hOUH) 
Holl!lng (MBtu) 1'6A 7.3 6.1 3.1 12.1 8.5 5. 1 15 .• 11.3 6.B 
Cooing (kWh) 0 123 6.7 (16) 273 15.0 (22) 359 19.7 
Enoogloo (MB1u) 7.3 7.1 ,_, 12.1 9.5 5.5 15.• 12.3 7.1 
Energy corh ($) 117 39 39 3.9 M 81 6. 1 81 81 B.I 

Pno.nllt,AZ 1"00 l'oOUH) 
Ho.Ung (MB1u) ea.o 0.8 0.9 I.• 1.4 2.0 2.9 1.7 15 2.1 
Coolng(kWh) 13058 (78) 618 •.7 (148) 1031 7.9 (240) 1682 12.9 
Enooglo1 (MBIU) 113.0 0.8 2.9 2.6 o.• s.o '·' 0.7 75 6.6 
e .. ogy ..,.,, lSJ 1854 (5) 67 ,.I (9) 11• 6.9 (18) 178 10.B 
PlnllbUrgh, PA (1600 _, 
Hollllng1MB1U) 11U 8.2 •.2 2.2 10.3 e.o_ 13.1 8.2 '.2 
Cooing (kWh) 1721 (•&) 182 10.5 (70) 318 (9') 417 24.I 
Ene111le1(MB111) 197.Z 5.2 4.2 Z.I 9.3 7.0 12.1 t.2 4.8 
Enoogy COl11 ($) 1024 29 29 2.8 "8 .. 61 59 5.B 

Sel:nlMnlo, CA ( 1'00 n hoUNI) 
Holling (MBtu) 103.t 2.8 1.8 1.1 5.0 3.8 3., 6.2 2.• 2.3 
Cooing (kWh) 3865 (79) 230 6.0 (151) 382 9.9 (206) 881 fU 
Enooglo1 (MBtu) 118.1 2.8 2.8 2.• 5.0 S.6 6.2 s.• ,.6 
EMrgy COiia !SJ 915 • 35 3.B s 61 • 91 u 
Waohlnglon, DC (2000 I hoUff) 
Hollllng(MBtu) 187.5 8.7 7.7 4.1 1U 10.3 18.3 13.I 7., 
Cooing (l<Wh) '°20 10 272 6.8 3 5"15 (1) 753 IB.7 
Enoogln (MBtu) 200.5 8.7 8 .7 ,,3 .... 12.3 18.3 15.9 7.9 
Etiergycoott (S) 1629 63 74 4.5 10. 112 131 152 P.3 
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4-8% of the total heating bill. This represents ,savings of 
around $40 to $1 oo a year. For the tighter 1980s houses, 
the savings are reduced by one-half to two-thirds, result
ing in percent savings from 33% to 11%.of the total. For 
the th~ee cooling-dominant locations (Miami, Phoenix, 
a11d Sacramento), the savings in heating energy use a·re 
negligible. · . " . " ;.,;· 
;·', During the cooling season, wind shielding.ls detri

mental; since it increases th~ resistance of the surface 
convective air film, causing higher temperatures 6n 
building surfaces exposed.to the sun (particularhi win
dows) and more conductive heat gain into the bl:iilding. 
This·· cooling energy in6ei:lse was .. aiso reported in 

~ . -· • • • ·. "• ~ I 

another computer study of the impact 0f vegetatiorron 
r~sidential building energy !JSe. (McPners<;>r:i 19S7) .'J.h~ 
increased ,heat gain due to higher surtace temp'i~ira·
tures i~ evid~nt in" the pre_-1973 house_$' in. ~ot sunny 
locations. At the reduced .. wind speeds of 30% tree 
canopy ·cover, wind-shielding increased . ·cooling 
energy use by 240 kWh in Phoenix an'C:J 206 kWh in 
Sacramento. · · :'- ·· ·.:.::.:. :::.:·· ~...: .' 
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·<·' In hot-humid 'clim.ates :such as Miami; however, 
.reduced windspe~ds. ·a(e .beneficial since they reduce 
latent gain through · uhwahted air infiltration. At the re
duced windspeeds of 30% tree canopy cover, wind· 
shielding decreased co9ling energy use in the pre-1973 
house in.MialT)i by 219 kWh·... . .. :: . .. 
. .. ....... The· wincfshielding effects ·of trees. on cooling 
eriefgy use are ·minor compared to the substantial energy 
savings due ta the reduced solar gain from tree shading. 
For both' the pre-1973 and ·1 ~80s houses, a 30% lncrecedase 
in the tree canopy (i.e .. thr~e trees per house) prod~ 
net cooling energy savings of 15-25 %. The corresfN'-~ 
ing cost savings are·as high as-$172 for the pre-1973 
house in Miami and Phoenix. :' :· . ~ <::3 

The last rows for each city in Tables 5 and 6 s~ 
the total energy savings, heating plus cooling, for va~ 
tree canopy conditions: For the pre-1973 houses. 
largest dollar savings is $178 for the 30% tree can<#!_ 
condition in Phoenix, repreisenting 11 % of the total~~ 
energy cost , followed closely by savings of $170 in ~1~"'!' 
For the 1980s houses, "the largest 'dollar savings is.$ 
tor the 30% tree· canopyd Sndition in'Miami, represen 
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Figure 4 Energy savings for 1980s house 

16% of the total annual energy cost, followed by $106 
savings in Chicago, representing 13% of the total annual 
energy cost. 

Trees substantially reduce peak heating and cool
ing power requirements. In heating seasons, the wind
shielding effect of trees results in a lower infiltration rate 
and, hence, a lower heating power requirement. During 
the cooling season, both the wind-shielding and shading 
effects of trees contribute to lower peak cooling power 
consumptions. Tables 7 and 8 give the savings in peak 
heating and cooling energy use due to effects of tree 
shading and wind reduction. For pre-1973 houses, the 
electric peak power savings is about 0.5to1.3 kW for 30% 
additional foliage. The savings are similar for the 1980s 
houses, ranging from 0.5 to 1.6 kW. Peak heating power 
reductions are of less interest to utility companies, since 
they occur mostly in early morning hours. 

DISCUSSION 

Both shading and wind-shielding effects of trees 
affect the heating and cooling energy requirements of 
buildings. Current understanding is sufficient to model 
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the shading effects. However, models to simulate the 
wind-shielding effect of trees are still very general. The 
model used in this study correlates the windspeed to the 
overall percentage cover of trees and buildings within 
a neighborhood. Although this model distinguishes 
between summer and winter conditions, it does not 
differentiate the wind-shielding effects of nearby trees 
from those due to the average neighborhood tree den
sity. 

This study indicates that planting trees around a 
house reduces both heating and cooling loads. During 
the winter, the wind-shielding effect of trees more than 
compensates for the decreased solar gain and makes a 
recognizable, albeit limited, contribution in reducing 
winter heating energy use. During the summer, the im
pact of tree shading in reducing summer cooling energy 
use is many times larger than the negative effects of 
reduced windspeed and can typically lower cooling costs 
by up to 20%. ·· 

Previous studies investigated the potential of trees 
to reduce cooling energy use by cooling entire neighbor
hoods through evapotranspiration and suggested that 



TABLES 
Energy Savings for 1980s House 

10.. tree canopy 
(..,.rgy savtnos. 

()-Increase) 

20% tree canopy 
(energy aavtngs, 

( )•lnctHSe) 

30.. ~ee canopy 
(energy 5'lvlflOS, 

()-Increase) 

wir>:I 
orq 
(6) 

wind wind wind wind wlr>:I 
+shade 

(61 l•6l 
-.... +shade only +shade only 

Loeadon (no1 savtnosl (6) ("6) (6) (6) (•6) (6) 

Chicago, IL (2000 houS<I) 
Heating (MBIU) 107.0 
Cooing (kWh) 212S 
Energies (MBtu) 114.8 
Energy COSIS ($) 799 

Miami, Fl (1600 riouu) 
Heating (MBtu) :J.7 
cooing (kWh) 8858 
Energies (MBtu) l2.7 
Energy COiis ($) 780 

Mlnnupou., MN (2000 llousl) 

7.8 6.3 
7 151 

7.6 7.3 
38 49 

0.2 0.2 
190 506 
1.2 2.2 
18 46 

Heating (MBlu) 97.1 4.6 3.6 
Cooing (kWh) 1S43 (7) 128 
Enert;jles (MBtu) 102.1 4.6 4.6 
Enerljy COSIS ($) 809 24 27 

Phoenix, AZ ( 1 GOO llCIJSO) 
Heatlng (MBlu) 117 0.5 0.5 
COoing (kWh) 7992 44 364 
Enert;jlH (MBtu) 40.7 0.5 1.5 

_ Ene'lly.CO<ts ($) 878 39 

Pi111l>U<Gh, PA (1600 ho\lra) 
Helllng (MBlu) 77.8 2.8 1.5 
Cooing (kWh) 1301 (22) 148 
Enert;jlos (MBtu) 81.8 2.8 2.5 
Ene'9YCOS11($) 440 13 14 

sacrmianto, CA (1600 n house) 
Heating (MBIU) 44.5 1.9 1.1 
cooing (kWh) 2758 (13) 180 
Energies (MBtu) 53.5 1.9 2.1 
Enert;jyC:CS\1($) 520 6 23 

W11nlng10n, DC (2200 llOUSO) 
Headng (MBlu) 81.6 5.4 4.5 
COoing (kWh) 3007 18 193 
Enert;jles (MBIU) 9U 5.4 5.5 
Enen;jy COSIS ($) 798 39 45 

5.8 12.2 8.9 
7.1 10 289 
6.4 12.2 9.9 
6. 1 6:J 79 

4.8 0.3 0.:J 
5.8 314 876 
6.6 1.3 3.3 
5.9 30 79 

3.8 7.5 4.4 
8.2 (12) 231 
H 7.5 5.4 
4.4 39' 37 

3.4 
4.6 
3.8 
4.5 

0.9 0.9 
62 641 
0.9 2.9 
11 69 

1.9 4.6 1.7 
11.2 (39) 235 
3. 1 4.6 2.7 
3.2 21 19 

2.B 3.2 2.3 
5.8 (40) 278 
4.0 3.2 3.3 
4.4 9 42 

5.8 8.7 5.7 
fl.4 12 361 
6.0 8.7 7.7 
5.7 64 67 

8.Z 15.8 11.7 10.9 
13.6 9 394 
8.6 15.6 13.7 
9.9 80 106 

18.5 
12.0 
13.3 

8.5 0.4 0.2 8.2 
10. f 390 1365 15.8 
10.f 1.4 5.2 16.0 
10.' 36 121 t5.5 

•.5 9.5 5.9 s.' 
15.0 (30) 286 18.5 · 
5.3 9.5 6.9 6.7 
8. f 49 46 7.9 

6.4 
8.0 
7.f 
7.9 

1.1 0.7 
46 900 
1.1 3.7 
10 95 

5.0 
11.3 
9.f 
f0.8 

2.2 5.8 2.4 3.' 
18.1 (54) 302 23.2 
3.3 5.8 3.4 4.2 
4.3 27 28 5.9 

5.1 4.1 1.5 3.3 
10.1 (68) 441 lfl.O 
8.1 4.1 3.5 11.5 
8. I 10 57 tl.O 

7.0 11.1 7.8 9.3 
12.7 8 519 11.3 
8.4 11.1 9.6 10.5 
8.4 80 90 11.3 

the evaporative effect of trees on building cooling toads 
may be substantially larger than other ettects, such as 
shading. For hot climates, the earller analyses showed 
that the evaporative cooling effect of trees could re
duce cooling energy and power .consumptions of 
houses by as much as 50%. The potential of the 
evapotransplration effect is so promising that it war
rants further study. 

TABLE 8 
Peak Energy Uses for 1980s House 

10.. 1Jff canopy 
(energy uvtng1, 

()olncrease) 

2°" lrat canopy 
(energy aavlngs, 

( )olncreue) 

30.. "'' canopy 
(energy savlnga, 

()-lncrHH) 

wind wind wind wind wind wind 

-- only 
+ lhado only +shade orq + llhade 

(6) (•61 (not savtn<p) (6) (Al (1'6) (6) (6) (!16) (Al 

MJam1. 1=i. (1600 r ....,,., 

7.83 7.116 10.B 12.22 12.30 17. f 14.21 14.48 20. I 
0.12 0.44 11-.3 0.14 0.5:1 13.6 0.20 0.72 18.4 

l'eakhe1t(k8tu) 1,19 1.30 4.8 1.51 1.72 8.4 2.22 2.50 9.3 
Peal<cooUng(kW) 3.48 0.12 0.32 9.2 0.22 050 14.4 0.27 0.62 17.8 

~ln'*POl19, MH (2000 h ho\111) 
PHkM•l(kBlu) 53.98 1.28 1.34 2.5 1.51 1.M 3.1 1~72 U9 :J.7 
Paakcooing(kW) 2.98 0.09 0.32 10.7 0.17 0.53 17.8 0.20 0.60 .20.f 

Phoanlir, AZ (1600 t>oust) 
P11kht1l(i.B1U) 27.01 0.87 0.78 2.8 1.29 1.52 5.8 1.40 1.68 :at · 
Peak-lng(kW) 5.49 0.51 0.85 15.5 0.88 1.49 27.1 1.06 1.59 29.0 

PntsbutQh, PA (1600 "°"'•) 
PeakhHl(kBtu) 43.18 0.34 0.45 1.0 1.13 1.36 3.2 1.29 1.67 • 3.9 
PHkcooltng(kW) 2.55 (0.01) 0.:12 12.5 0.00 0.:19 15.3 (0.01) 0.47 18.4 

s .. ramtnto, CA ( 1800 II house) 
Faak htat(k811J) !12.83 1.93 2.04 fl.2 3.61 3.82 11.S 3.89 4.06 tZ.4 
Peakcoollng{kW) 4.14 0.12 0.44 10.6 0.21 0.75 18.1 0.27 o.88 20.8 

WUhllljllOO, DC (2:200 house) 
Pukhtll(k8Ju) - 61.48 6.68 .&.74 11.0 9.18 9.36 15.3 11.51 11.88 19.3 
Poo<cooltngO<W) 4.43 o.u 0.49 II. I 0.27 o.se 14.9 0.45 0.92 20.8 
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TABLE7 
Peak Energy Uses for Pre-1973 House 

Chicago, IL {1400 
Peak heat(i<Btu) 
PtaJ< coollng(kW) 

Milml, Fl. (1ol001 
Peak heal(kBtu) 
Pelk coolinQ(kW) 

Plloonlr, AZ (1400 hou"') 

10.. traa anopy 
(energy savlnQS, 

(Jolncrease) 

~-ta"'l'I' 
(energy savings. 

()o111Cl1U8) 

30% "" canopy 
(energy sa>ings, 

()•increase) 

wind 
only 
(6) 

wind wind 
+shade only 

(6) ("6) (6) 

wind wind 
+shade only 

(6) (!16) (6) 

wir>:I 
+sha<a 

(6) , ... , 

7.40 7.49 8.2 11.92 12.14 13.2 14.01 14.48 tS.8 
0.13 0.47 11.3 0.18 0.60 14.4 0.22 0.80 19.2 

1.29 1.59 3.3 1.60 2.15 4.5 2.32 3.19 5.7 
0.17 0.22 4.3 0.20 0.32 6.3 0.21 0.50 9.9 

2.58 2.70 3.8 3.19 3.51 5.0 3.45 3.98 5.6 
0.10 0.3-!, f0.8 0.20 0.61 1P.3 0.27 0.70 22.Z 

Peakhaa~k8tu) 60.91 0.32 0.78 f.3 1.13 1.99 3.3 1.25 2.60 43 
PeakcooUng(kW) 7.81 0.13 0.24 3.f 0.17 0.50 B.4 0.17 0.50 6.< 

0.55 0.78 1.0 2.18 2.66 3.4 2.45 3.19 ' · ' 
(0.03) 0.42 , 12.8 0.00 0.54 16.4 (0.02) 0.65 19.B 

Soc""'111110, CA (1400 ft house) 
Peak htal(kB._,) 48.43 2.00 2.28 4.7 2. 11 2.59 5.3 2.20 2.94 6. t 
Peakeooling(l<.W) 5.34 0.07 0.45 8.4 0.12 0.82 15.4 0.13 1.03 19.3 

Waahlng1on, DC (2000 house) 
Pea1<hia111<Btu) - 94.52 8.73 . 8.88 7.3 9.18 9.60 10.2 12.17 12.90 13.6 
P•akcoolng(kWJ u1 0.22 0.59 to.a 0.31 0.87 14.7 o.54 1.21 21.s 

CONCLUSIONS 

The wind-shielding and shading effects of trees in 
urban climates were studied using information from ex
isting meteorological studies. A wind-shielding correla
tion was used in conjunction with the DOE-2.1 D building 
simulation program to calculate the net changes in heat
ing and cooling energy and power requirements due to 
wind-shielding and shading effects of trees for seven 
representative climates. 

rn pre-1973 houses, planting three trees around a 
house can reduce space-conditioning energy use in cold 
climates by 4-8%, corresponding to savings of $60 to 
$140 per year. In hot climates, the corresponding energy 
reductions are 13-20% and the annual savings, $90-170. 
Peak power savings are 4-15% for heating and 6-22% for 
cooling. 

For 1980 houses, the maximum reductions in 
space-conditioning energy use in cold climates are 4-
12%, corresponding to dollar savings of $30 and $110 
per year. In hot climates, the energy reductions are 10-
16% and 'the annual savings, $60 to $120. Peak power 
savings are 3-20% for heating and 17-29% for cooling. 
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