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URBAN FOREST IMPACTS ON REGIONAL COOLING
AND HEATING ENERGY USE: SACRAMENTO
COUNTY CASE STUDY
by James R. Simpson

Abstract. Urban forests impact energy use for cooling and
heating as a result of their moderating influence on climate.
To evaluate the regional magnitude of these impacts, a
large-scale analysis framework was developed and applied
to Sacramento County, California, as a case study. Heating,
cooling, and peak electrical energy use changes resulting
from modification of solar radiation, air temperature, and
wind speed by the existing urban forest were estimated for
representative residential and commercial buildings. This is
combined with building age and size, canopy and tree cover,
and tree density (trees/ha) for 71 county subdivisions.
Annual cooling savings are approximately 157 GWh
(US$18.5 million) per year—12% of total air conditioning in
the county. Net effects on heating are small, with 145 TJ
(US$1.3 million) saved annually. Peak energy-use
reductions result in avoided costs of US$6 million. The
resulting large-scale analysis incorporates a manageable
level of detail not previously available. Sensitivity of results to
selected input data is demonstrated.

The moderating influence of climate on energy used
for cooling and heating buildings (referred to subse-
quently as space-conditioning energy use) has been
demonstrated primarily at the scale of individual build-
ings (Heisler 1990; Huang et al. 1990; Meier 1990/91 ;
McPherson 1994; Simpson and McPherson 1996).
Substantial energy savings on the scale a city can re-
sult (Akbari et al. 1990; Rosenfeld et al. 1996). For
example, Akbari et al. (1990) made national estimates
based on increases of 1.5 trees per unit, 15% canopy
cover, and 19% urban albedo. Savings from trees were
approximately 11%, based on their observation that
trees and reduced urban albedo produced similar sav-
ings. Regional-scale air temperature and wind-speed
reductions were responsible for 7% savings; the re-
maining 4% was due primarily to tree shade, and to a
lesser degree wind-speed reduction. Energy savings,
together with the other benefits of urban green space,
have generally been shown to outweigh the associ-
ated costs, such as those for irrigation, disposition of
green waste, and tree removal (McPherson 1995;
Hildebrandt et al. 1996).

The objective of this paper is to extend results from
studies of tree impacts on space conditioning of single
buildings (Simpson and McPherson 1995,1996,1998)
to a regional scale. Sacramento County, California,

was used as a case study. The resulting estimates
incorporate a level of detail in model elements previ-
ously unavailable, without being unmanageably com-
plex. Multidimensional "what-if" sensitivity analysis of
the model to uncertainties in selected input values is
demonstrated. This methodology, applied to existing
trees, is suitable for assessment of energy benefits of
current or planned urban tree planting programs. It is
one part of the Sacramento Urban Forest Ecosystem
Study (SUFES), whose goal is to determine relation-
ships between urban forest structure and function and
the associated benefits and costs (McPherson 1998).
Together with ongoing research on urban tree growth
and health, and impacts on climate, hydrology, and
air quality, SUFES findings will aid in development of
management strategies for sustainable urban forest
ecosystems and in making these concepts of greater
use to arborists, managers, policy makers, and local
governments.

Methods
For a description of the study area and sampling units,
see McPherson 1998 (pp. 175-177 of this issue).

Tree impacts were estimated by summing energy
use calculated for representative residential and com-
mercial buildings of different types over the total num-
ber of units of each type in the county. First, heating
and cooling energy use per unit of conditioned floor area
(CFA), referred to subsequently as unit energy density
(UED), were determined for single-family, 2- to 4-unit,
and 5+ -unit residential structures (referred to as low,
medium, and high density) as a function of age of con-
struction (vintage), or as a function of size for commer-
cial structures. Residential density and size of
commercial structures are referred to collectively as
"building type." Second, UED changes due to modifi-
cation of solar radiation, air temperature, and wind
speed by trees were estimated and adjusted based on
equipment and diversity factors. Third, energy-use data
are combined with numbers of buildings and their vin-
tage/size distribution, tree cover, and tree density (trees/
ha) for each SubRAD (Sub-Regional Assessment Dis-
trict) (McPherson and Simpson 1995) to estimate space-
conditioning impacts. Benefits were assessed based
on retail costs of energy to residential and commercial
customers. Unless otherwise stated, all future reference
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to UEDs are to adjusted values. Details are given in the
appendix to this article.

Tree and building data. Data from the Sacramento
Area Council of Governments' 1994 Housing Module
(SACOG 1995) were used to define the population of
residential units and obtain a current inventory of units
by SubRAD and density. Their inventory, which was
divided into pre-1980,1980-1984, and post-1984 vin-
tages for each SubRAD, is based on 1990 census data
updated with building permit completion data. As of
January 1994, the population of residential units in
Sacramento County was 441,071. Sixty-five percent
(287,551) were single-family detached, 3% (15,027)
mobile homes, 10% (43,608) structures with 2 to 4
units, and 22% (95,757) structures with 5 or more units.
Building energy-use data based on pre-1978, 1978-
1983, and post-1983 vintage definitions were applied
to pre-1980,1980-1984, and post-1984 building num-
bers, respectively.

Tree density (trees/ha) for each SubRAD, numbers
of existing trees per unit (trees on the property within
20 m [66 ft] of the structure), and land cover are based
on McPherson and Simpson (1995) and McPherson
(1998). Tree canopy and building cover, defined as
percentage of surface area covered by buildings or
vertical projection of tree crowns, were determined for
each SubRAD by dividing cover area found for each
land use (low and high density, residential and com-
mercial/industrial) by the total area for that land use.

Energy costs. Residential electric and gas rates
have a 2-tiered structure; higher (peak) rates are
charged for usage over a fixed threshold in a billing
period (approximately 1 month duration). Based on
analyses of typical buildings, changes in residential
energy use were found to occur primarily at peak rates
for cooling (electricity; $0.12695/kWh) and average
rates for natural gas (mean of peak, $0.711/therm and
off-peak, $0.527/therm, or $0.62/therm). Average rates
were used for calculation of total energy use ($0,104/
kWh and $0.62/therm). Commercial electric rates of
$0,068 and $0,081 were used for large and small/
medium commercial and industrial buildings, respec-
tively (Hildebrandt, personal communication 4/24/96).
Residential heating costs are based on equipment
saturation data for natural gas, heat pump, and elec-
tric resistance heat (Sarkovich, personal communica-
tion 9/5/96). Annual space-heating energy use for
commercial buildings was estimated from UEDs taken
from EIA (1994) for climate zone 4 and conditioned
floor areas supplied by the Sacramento Municipal Util-
ity District (SMUD) (Hildebrandt, personal communi-
cation 4/24/96). Commercial gas rates were $0,991
and $0,442 per therm for small/medium and large us-
ers, respectively. Based on total consumption by fuel
source for EIA climate zone 4, it is estimated that 8%

of commercial space heating is electric. Other small
or indeterminate heating sources (e.g., fuel oil and dis-
trict heat) are treated as if gas heat is being used.

After a brief summary of tree and building cover
for the county, energy use and changes due to cli-
mate modifications are presented in both energy and
dollar units. Effects of solar radiation, air temperature,
and wind-speed reductions on cooling and heating are
treated. Results are presented for the entire county,
as well as by sector, vintage, and building type; im-
pacts on high- versus low-density residential building
types, residential versus commercial buildings, and old
versus new vintages are presented as well.

Results
Approximately 3.5 million (Table 1) of Sacramento
County's estimated 6 million trees (McPherson 1998),
or 59%, are located in residential and commercial land
areas. Of these, 32% (1.1 million, 2.4 trees/unit) have
shading potential (i.e., are located within 20 m [66 ft] of
residential and commercial structures). Most trees (2.97
million, 84%) are located in low- and medium-density
residential land areas, where they have the greatest
potential to influence space-conditioning energy use.
Existing tree cover averaged by land use ranged from
17% for low- and medium-density residential to 4% for
large commercial land uses. Average building cover was
greatest in high-density residential (37%), 26% in me-
dium- to low-density residential, and lowest in commer-
cial/industrial land areas (22%).

Total space-conditioning energy use estimated for
the county without trees is 1,439 GWh, 2,037 MW, and
20,277 TJ (terajoules) for annual cooling, peak cool-
ing, and annual heating, respectively (Table 2). Trees
reduce these by 157 GWh (10.9%), 124 MW (6.1%),
and 145 TJ (0.7%) for annual cooling, peak cooling,
and annual heating, respectively. Annual energy use
for the county agreed closely with utility data because
diversity factors (see appendix) were based on utility
estimates of county average energy use per unit. For
example, residential cooling load of 526 GWh compares
with SMUD estimates of 479 GWh used for residential
cooling in 1995 (Hildebrandt, personal communication
4/24/96). Some of the difference is due to the addition
here of approximately 15,000 mobile homes found in
the county and not included in SMUD data (approxi-
mately 14 GWh annually). Residential peak capacity
was 605 MW, which agrees closely with the SMUD-
estimated total for 1994 of 600 MW (SMUD 1994).

Residential structures account for 41%, 60%, and
62% of total (residential plus commercial/industrial)
annual cooling, peak cooling, and annual heating, re-
spectively, but 88%, 87%, and 59% of the respective
savings (Table 2). Approximately 79% of total annual
savings are due to low-density residential structures
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Table 1. Tree, building, land cover, and climate effects data by building type and vintage/size. Average
trees per unit are weighted by number of units, and mean climate effects are weighted by area covered
by trees, for all SubRADs. Land use, land cover totals, and tree number data are from McPherson and
Simpson (1995).

Building Type:

Vintage

Number of units

Units by building type

% units by type

CFA adjustment

Average CFA (m2)

Tree
density
(trees/ha)

Adjustment
factor for
trees/unit

City

Suburb

Rural

City

Suburb

Rural

Trees/Unit

Land Area (ha)

Tree cover (ha)

(%)

Building cover (ha)

(%)

Climate AT(°C)
Effects ( A U / U )

Number of trees

Trees within 20 m

Low density:
SF detached/attached,

mobile homes

pre-80 180-84

197,503 32,705

0.94

130 156

138

83

33

1.00 1.00
1.00 1.00
1.00 1.00

2.9 2.3

post-84

72,370

302,578

68%

157

1.00

1.00

1.00

1.7

Residential

Medium density:
two to four

units/structure

pre-80

33633

87

1.00

1.00

1.00

3.0

35,775

5,948

17%

9,286

26%

2.3

15%

2,967,134

575,337 75,114120,001 99,958

80-84 I post-84

3,771 6,204

• • I 43,608~
HMIIIIHIIHll 10%

0.62

104 105

138

83

33

1.00 1.00

1.00 1.00

1.00 1.00

2.3 1.8

8,798 11,255

High density:
Five or more

units/structure

pre-80

69058

60

0.85
0.53
0.00

2.0

1

139,016

I 80-84

10.068

0.43

72

117

44

0

0.85
0.53
0.00

1.7

2,680

350

13%

995

37%

1.9

9%

84,098

16,857

post-84

16,631

! 95,757

22%

72

0.85

0.53

0.00

1.2

20,001

Commercial/Industrial

Small

48,818

86%

Medium

92

0.30

0.33

0.88

1.3

8.850

467

5%

1,944

22%

1.5

21%

6,463

11%

1.00

1,138

42

27

29

0.30

0.33

0.88

1.1

279,283

63,243 7,394

Large

1,325

2%

13,808

0.30
0.33
0.88

0.8

3,465

134

4%

768

22%

0.4

3%

120,062

1,013

alone. The large proportion of energy savings found
for residential structures largely results from the fact
that about 90% of the trees are found in residential
land uses (Table 1). Also, lower-density housing has
greater potential to be shaded (see appendix), and
input data for commercial buildings were conserva-
tively assigned.

Tree shade is estimated to reduce residential and
commercial cooling load by 12% (78 GWh) and 1.3%
(10 GWh) and to increase heating load by 3.9% (477
TJ) and 0.4% (33 TJ), respectively. Total reduction in
cooling is 6.0% (88 GWh), and net increase in heating
of 2.5% (510 TJ) is due to reduced solar radiation (Table
2). Shade by itself results in air-conditioning savings of
$10.7 million and heating losses of $5.6 million.

Average maximum air-temperature reductions from
existing trees, weighted by area covered by tree
canopy in each SubRAD and land use, were 2.3°C

[36.1°F] for low-density residential areas, 1.9°C
[35.4°F] for high-density residential and small com-
mercial, and 0.4°C [32.7CF] for large commercial land
uses (Table 1). Resulting cooling energy-use reduc-
tions were similar to those for direct shade (Table 2).
For high-density residential, reductions were more than
twice those due to shade, primarily because of more
limited shading opportunities found for multi-unit struc-
tures (see appendix).

Wind-speed reductions act to increase overall cool-
ing load 3.1% and 0.7% for residential and commercial
properties, respectively, for a combined increase of 1.8%
(Table 2). Respective heating loads are reduced 4.4%
and 1.5%, for a combined reduction of 3.2%. Heating
penalty due to shade (-510 TJ) is approximately offset
by heating savings from wind-speed reduction (655 TJ),
for a net savings of 145 TJ ($1.3 million). Increased
cooling load of 1.8% (26 GWh) due to reduced wind
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speed is less than 30% of the air-conditioning savings
from either shade or air-temperature reductions, and
less than 15% of total savings. An alternative view is
that, for wind speed, negative effects on cooling (-$3.0
million) are more than offset by savings for heating ($7.2
million).

Sacramento County's existing urban forest saves
a total of approximately $20 million through combined
shade, air-temperature, and wind-speed effects on an-
nual heating and cooling (Table 2). Most of these sav-
ings ($18.5 million, 93%) are for air conditioning; the
remainder are for heating. Total annual residential and
commercial space-conditioning costs are approxi-
mately $100 million for cooling and $180 million for
heating. Total peak savings from reduced solar radia-
tion, air temperature, and wind speed were 6% (124
MW), or $6.2 million, based on an avoided cost from
deferred investment in new generation capacity of $50
per kW. Peak savings may be somewhat less if based

on avoided incremental costs of new electric supply;
they accrue to individual consumers through deferment
of future power plant construction and accompanying
rate increases.

Annual residential savings are $17 million (86% of
total annual savings) for the county, $39 per residence
and $8 to $16 per tree (Table 3). Savings per tree for
shade are referenced to the approximately 1.1 million
trees estimated to be within shading range (i.e., < 20 m
[66 ft] distant and not on north side) of residential struc-
tures. The effect of tree-to-structure distance on the rela-
tive contribution of individual trees to air-temperature
and wind-speed reduction is not well understood. Con-
sequently, savings per tree from air-temperature and
wind-speed reduction are referenced both to total num-
ber of trees within shading range and to the total num-
ber of trees found in residential land uses (-3.2 million,
Table 1); hence, the range of net annual savings per
tree (Table 3).

Table 2. Annual energy use and energy-use changes due to existing trees from reduced insolation, air
temperature, and wind speed by land use for Sacramento County.

Annual air conditioning

Buildinq Type
1 -4 Family Res
5+ Family Res
Small-Med C/l
Large C/l

Electricity cost

$/kWh
Average

0.104
0.104
0.081
0.068

TOTALS, air conditioning

$/kWh
Peak
0.127
0.127
0.081
0.068

Total cooling energy use

Existing
Trees

(GWh)
438

88
297
459

1,283

No Trees

(GWh)
556

99
314
470

1,439

(M$)
58
10
25
32

$125

% Change, existing trees

Direct
Shade
13.3%
3.9%
3.1%
0.0%
6.1%

Air
Temp
11.3%
8.8%
3.0%
3.1%
6.6%

Wind
Speed
-3.3%
-2.0%
-0.8%
-0.7%
-1.8%

Net
change
21.3%
10.7%
5.4%
2.4%

10.9%

Change in energy use

Shade
(GWh)

74
4

10
0

88

Temp/
Wind

(GWh)
44
7
7

11
69

Total
(GWh)

118
11
17
11

157

Total
savings
(M$'s)

15.0
1.3
1.4
0.8

$18.5

Annual heating

Building Type
1 -4 Family Res
5+ Family Res
Small C/l [4]
Large C/l [41
TOTALS, heating

Heating equipment
saturation

Heat Electric
Pump Resist.
23% 14%
34% 26%
0% 8%
0% 8%

Natural
Gas

63%
40%
92%
92%

Total heating energy use
Existing
trees
(TJ)

11,367
1,059
3,032
4,675

20,132

No Trees

(TJ)
11,416

1,074
3,048
4,739

20,277

(M$)
116

14
20
30

$180

% Change, existing trees

Direct
Shade
-4.1%
-1.2%
-1.1%
0.0%

-2.5%

Wind
Speed

4.5%
2.7%
1.6%
1.3%
3.2%

Net
change

0.4%
1.5%
0.5%
1.3%
0.7%

Change in enerav use

Shade
(TJ)
-464

-13
-33

0
-510

Wind
Speed

(TJ)
513

29
49
64

655

Total
(TJ)

49
16
16
64

145

Total
savings

(M$'s)

0.53
0.21
0.18
0.35
$1.3

Peak air conditioning

Building Type
1-4 Family Res
5+ Family Res
Small-Med C/l
Large C/l

$/kW Avoided
50.00
50.00
50.00
50.00

TOTALS, peak cooling

Total energy demand
Existing
trees
(MW)

510
95

491
817

1,914

No Trees

(MW)
585
102
511
839

2,037

% Change, existing trees

Direct
Shade

5.3%
1.6%
1.0%
0.0%
1.9%

Air
Temp

5.1%
3.9%
1.9%
1.8%
2.9%

Wind
Speed

2.4%
1.4%
0.9%
0.8%
1.3%

Net
change
12.9%
6.9%
3.8%
2.6%
6.1%

Change in demand

Shade
(MW)

31
2
5
0

38

Temp/
Wind
(MW)

44
5

14
22
86

Total
(MW)

75
7

19
22

124

Total
avoided
costs
(M$'s)

3.8
0.4
1.0
1.1

$6.2
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Table 3. Total, per unit and per tree, residential energy-use savings for Sacramento County. There are a
total of 441,943 residential living units.

Total Energy use
Change for county
Percent change
Change for county (M$)

Change/unit

Change/unit ($)

Change/tree §

Chanqe/tree ($)

Change/tree H

Change/tree ($)

Existina Tree Shade
Cooling

78 GWh

11.9%

10

176kWh

22

73kWh

9.3

73kWh

9.3

Heating

-477 TJ

-3.8%

-5

-1,079 MJ

-12

-447 MJ

-4.9

-447 MJ

-4.9

Air Temperature
Cooling

72 GWh
10.9%

9

162 kWh

21

67kWh

8.5

23kWh

2.9

Heating

OTJ
0.0%

0

0MJ
0

0MJ

0

0MJ

0

Wind Soeed
Cooling

-21 GWh

-3.1%

-3

-47kWh

-6

-19.3 kWh

-2.4

-6.5 kWh

-0.8

Heating

542 TJ

4.3%

6

1,226 MJ

13

508 MJ

5.6

172MJ

1.9

Total
Cooling

655 GWh

129 GWh

19.7%

16

292 kWh

37

121 kWh

15.3

89kWh

11.3

Heating

12,490 TJ
65 TJ
0.52%

1

147MJ
2

61 MJ

0.7

-275 MJ

-3.

Heating +
Cooling

17

39

16

8

§ Trees found < 20 m from residences (1,066,338) used to compute air temperature and wind speed values

H All 3,152,232 residential trees used to compute air temperature and wind speed values

Table 4. Annual cooling savings by sector and building type from existing trees for Sacramento County.

Building Type

Residential Low

Residential High

Small/Medium C/l

Large C/l

TOTALS

Energy Use by Sector

Citv

34%

40%

30%

55%

40%

(percent)

Suburb

54%

55%

32%

36%

44%

Rural

12%

5%

39%

8%

16%

GWh

47

5

6

10

68

City
$(millions)

6.0

0.7

0.5

0.7

$7.8

(%)

40%

52%

35%

85%

43%

Savings by Secto

GWh

61

5

5

2

72

Suburb

$(millions)

7.8

0.6

0.4

0.1

$8.9

r

(%)

52%

46%

28%

15%

46%

GWh

10

0

6

0

16

Rural

$(millions)

1.3

0.0

0.5

0.0

$1.8

(%)

8%

3%

37%

0%

10%

City and suburban sectors account for 40% and
44% of total energy use, respectively, compared to
16% for the rural sector (Table 4). Savings were a
slightly greater percentage in city and suburban sec-
tors (44% and 46%), with rural savings being some-
what smaller (10%). These overall energy-use and
savings distributions were found for all building types
except small- to medium-sized commercial/industrial,
where distributions were approximately uniform across
building type, reflective of the somewhat more even
distribution of commercial/industrial land uses across
sectors (McPherson 1998).

Annual space-conditioning savings due to existing
trees are greatest for residential areas surrounding the
urban core and within the U.S. 50 and Interstate 80
corridor, as illustrated for residential air conditioning
(Figure 1). Geographic distribution of savings gener-
ally correspond to tree density distributions
(McPherson 1998). Because net annual heating im-
pacts are small compared to annual cooling (Table 2),

distribution of cooling savings in the figure can be in-
terpreted as total savings with little error.

Discussion
In this section, sensitivity analyses are used to dem-
onstrate the model's "what-if" capability and to make
preliminary estimates of effects of selected uncertain-
ties in key model inputs on resulting energy use. This
is followed by discussion of other model components
which can impact savings estimates.

The range of annual cooling savings (Figure 2) de-
pends on canopy air temperature (0.5 < ATCC < 2.5CC/
10%AC) and UED temperature (5 < AUEDT < 12%/
°C) coefficients (see appendix; AC = change in canopy
cover). Maximum temperature reduction computed for
each SubRAD (AT = ATCC x AC) is limited to 3.5°C,
the largest value found by Huang et al. (1987) for Sac-
ramento (25%AC). This limits computed savings for
larger values of ATCC in Figure 1 but has no impact at
the lower value used here of ATCC = 1.0°C/10%AC.
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GWh

SubRADs
Roads
City
Suburb
Rural

•

10 15Miles

0.00

0.50

1.00

2.00

3.00

4.00

6.50

0.49

0.99

1.99

2.99

3.99

6.49

8.20

Figure 1. Annual air-conditioning energy savings from existing trees in Sacra-
mento County by SubRAD.

sis, percentage changes
were applied to these vari-
ables as a function of vin-
tage, size, or SubRAD, as
appropriate.

Complete analysis of
upper and lower bounds
for energy savings is be-
yond the scope of the
present paper due to the
many variables and rela-
tionships involved, and
lack of definitive informa-
tion concerning key
processes. Methods pre-
sented provide a basis for
evaluating sensitivity of
energy savings to tree,
building, and climate char-
acteristics, and identifying
areas for improvement.
For example, Sacramento
results (Table 2) suggest
that: 1) shade and wind
effects on heating approxi-
mately balance each
other, so need not be
considered; 2) air-
conditioning savings from
direct shade (88 GWh,
$10.7 million) may be
as little as 68 GWh ($8.3
million, Figure 3), which
suggest a range of ap-
proximately $ 1 0 + 2 mil-

Air-temperature-related savings found in the detailed
analysis (6.6%, or 95 GWh) are indicated in the fig-
ure, as well as savings from shade (88 GWh). Sav-
ings of 95 GWh are nearer the low end of the possible
range (low of 40 GWh; high of 350 GWh).

Annual cooling savings from shade are related to
uncertainty in the number of trees per property (~ + 5%,
McPherson and Simpson 1995) and savings per tree
(AUEDtree, range based on Huang et al. 1987; Huang
et al. 1990; McPherson 1994; Simpson and
McPherson 1998) (Figure 3). Savings found in the de-
tailed analysis are indicated in the figure, as well as
savings from reduced air temperature (95 GWh), which
are represented as constant with changing number of
trees per property because it is assumed that refer-
ence is to an individual building—not to large-scale
changes in tree numbers for many properties. The
number of trees per property and AUEDlree in the fig-
ure are averages for the county; in the actual analy-

lion; and 3) heat gain due to reduced wind speed Is
probably overestimated because shade is not ac-
counted for in estimates of wind-speed effects em-
ployed here. Any refinement would likely increase
benefits, so the loss due to wind-speed reduction is
fixed at -$3 million (Table 2). 4) Minimum expected
savings from air-temperature reduction (Figure 2) are
42 kWh (~$5 million).

Combining results suggests approximate bounds
on savings of $17 + 7 million. This is considered a
worst-case scenario for the processes considered,
given the disparate data sources used to determine
the range of input parameters. More precise informa-
tion, especially related to air temperature, is needed
to refine these estimates. In addition, a number of other
areas related to climate and energy use, building char-
acteristics, and urban forest structure should be con-
sidered in a comprehensive sensitivity analysis. In
many cases, limited data are available. It should be
noted that greater overall savings could be expected


