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Abstract

High albedo (“cool”) walls are exterior building walls with surface (usually paint)
properties that increase reflection of solar radiation. Consider a central building with
neighbors. Raising the albedo of neighboring walls can increase reflection of
downwelling sunlight from neighboring walls to the walls and windows of the central
building. The indoor and outdoor building thermal environments in a three-dimensional
urban area with a 5 x 5 array of identical buildings about 23 m apart are simulated.
Building energy use effects of cool walls are quantified for a pre-1978 apartment
building in Fullerton, CA (Orange County; California climate zone 8).

Daytime heating loads are near zero and changing wall albedo therefore does not
modify the daytime heating load. Nighttime cooling loads are small and changing wall
albedo therefore mostly influences the daytime cooling load. Raising the neighboring
wall albedo increases annual cooling load of the central building by 1.2 MWh (1.2
percent) due to increased solar radiation reflected from the neighboring buildings
towards the central building. The cooling load increase for the central building upon
raising the albedo of all neighboring walls (1.2 MWh or 1.2 percent) is smaller than the
cooling load decrease for the central building upon raising the albedo of its own walls
(5.0 MWh, or 5.0 percent). The combined cool wall effect on all buildings is net positive.

Using retroreflective cool walls (albedo 0.60) on all neighboring buildings lowers the
annual cooling load of the central building by 3.3 MWh (4.0 percent) with respect to
using Lambertian cool walls (also albedo 0.60) on all neighboring buildings. However,
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the cooling benefit comes at the expense of a 0.9 MWh (2.6 percent) increase in annual
heating load. The net effect of changing to a retroreflective wall from a Lambertian wall
on the central building is a reduction in average solar radiation incident on walls, which
decreases cooling loads and increases heating loads.

1 Introduction

Global energy consumption increased considerably in the last 20 years and the U.S
Energy Information Administration’s projections show a continuing upward trend into
the future (EIA, 2017). For residential buildings in California and the U.S., 30 percent and
47 percent, respectively, of the total energy consumed is related to heating, ventilation,
and air conditioning, or HVAC (EIA, 2009). HVAC is on average the largest energy
expense (EIA, 2009).

Increasing the albedo (solar reflectance) of roof or wall surfaces can cool the building
envelope by reducing its solar heat gain. This decreases conduction of heat from the
envelope to the building’s conditioned space on a warm, sunny day, reducing the need
for air conditioning. It also lessens convection of heat from the envelope to city air,
mitigating the urban heat island effect (UHIE), or elevation of urban air temperature
above that in surrounding rural areas. Cooling the outside air furthers decreases the air
conditioning demand.

Reflective (cool) roofs are a common example of cool urban surfaces and are already
prescribed by building energy standards in California and other U.S. states (Akbari and
Levinson, 2010; CRRC, 2017). Little of the sunlight reflected by a roof will strike
neighboring buildings unless the surrounding buildings are substantially taller. This
allows cool roof effects to be evaluated by considering a single building in isolation.
Cool urban surfaces other than roofs, such as high-albedo walls and pavements, will
reflect sunlight to other elements of the city, including neighboring walls, neighboring
windows, and pedestrians.

Yaghoobian et al. (2012) examined such effects on building energy use of cool
pavements in an urban canyon using the Temperature of Urban Facets - Indoor Outdoor
Building Energy Simulator (TUF-IOBES). Annual heating and cooling loads (quantities of
heat added to or removed from the conditioned space to regulate indoor temperature)
were simulated for pre-1980 and 1990s office buildings with window-to-wall ratio (net
glazed area / gross wall area) 0.47, canyon aspect ratio (building height divided by inter-
building separation) 0.37 - 1.5, and pavement albedo 0.10 - 0.50. As expected, they
found reduced pavement temperature that led to a lower canopy air temperature. On
the other hand, reflecting more sunlight from the pavement heated the walls of adjacent
buildings, and increased solar radiation incident on and through windows. This raised
summer cooling loads and lowered winter heating loads. Depending on building type
and canyon aspect ratio, annual cooling loads increased by 2.2 - 8.3 kWh per square
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meter of building floor area for every 0.10 increase in pavement albedo. The overall
effect for Phoenix, Arizona was an increase in annual building energy use. However, in
Yaghoobian et al. (2012) the effects of cool pavements on daylighting and lighting
energy use were neglected.

Cool walls also increase heat transfer between urban surfaces. Consider a central
building with neighbors. Raising the albedo of neighboring walls can increase reflection
of downwelling sunlight from neighboring walls to the walls and windows of the central
building. Raising the albedo of walls on the central building, on neighboring buildings,
or on both can increase reflection of sunlight from the central building to neighboring
buildings back to the central building. Either mechanism can increase cooling load,
decrease heating load, and reduce need for artificial lighting in the central building.
Raising central or neighboring building wall albedo also lowers the solar absorptance of
the urban canyon, cooling the air within.

The Center for Energy Research at the University of California, San Diego (UCSD)
partnered with Lawrence Berkeley National Laboratory (LBNL) to quantify the effect of
cool walls on building energy use. The current report extends the analysis in the Task
2.1 report: Simulated HVAC energy savings in an isolated building to account for
building-to-building interactions on building heating and cooling loads. It considers both
diffusely reflecting walls and retroreflective walls. Building-to-building interaction on
lighting loads will be analyzed in future work.

The report is structured as follows. Section 2 (Theory) contains a theoretical analysis of
radiative interaction within an array of buildings. Section 3 (Methodology) starts with a
description of the computer model in Section 3.1. Section 3.2 describes how we calculate
the effect on the thermal load of a central building of changing the albedo of
neighboring walls, in the common case where all walls reflect diffusely. Section 3.3
presents a variation in which the walls are retroreflective. Section 3.4 details the
simulation setup, including weather, building thermal properties, and building
equipment. Section 4 (Results and Discussion) contains the outcomes, and the take-away
is provided in Section 5 (Conclusions).

2 Theory

Here we assess how reflection from the walls of neighboring buildings contributes to the
wall solar heat gain of a central building. We also consider how that solar heat gain is
affected by changes in the albedos of walls on the central building and on the
neighboring buildings.

The buildings are assumed to be rectangular, cardinally oriented, and regularly spaced.
In the first scenario, the buildings are square, with equal north-south and east-west
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separations. The second scenario relaxes the requirements of the first scenario, but
orients half the buildings with long axis north-south, and half with long axis east-west.

2.1 Central-building wall solar heat gain in regularly
spaced array of rectangular buildings

Consider a regularly spaced array of cardinally oriented rectangular buildings—that is,
buildings with outer walls facing due north (N), east (E), south (S), and west (W)—with
separation &yg between the N and S walls of adjacent buildings, and separation &gy
between the E and W walls of adjacent buildings. If each wall of the central building
(subscript c) sees parallel, but not perpendicular, walls of neighboring buildings
(subscript n), the total wall solar heat gain (power) of the central building will be

K = (1= p) [(Ane N+ Agc I + Asc Is + Aw y)
+ pn(AN,n IN FN,n—»S,c + AE,n IE FE,n—>W,c + AS,n IS FS,n—>N,c (1)
+ AW,n IW FW,n—»E,c)] .

where p is wall albedo; A4 is wall area; I is wall irradiance (power/area), assumed spatially
uniform; and Fy_,, is the view factor from surface X to surface Y. Here subscript “D,c”
denotes the central building wall facing direction D, while the subscript “Dn” refers to
the multi-element surface comprising all neighboring walls that face direction D and see
the central building. The first term in the bracket sums downwelling incident solar
radiation, while the second term sums diffuse reflection to the central walls of
downwelling sunlight incident on the neighboring walls.” Applying the view factor
reciprocity relationship

Ax Fxy = Ay Fy_x )

and rearranging,

K= (1 - pc) [AN IN(l + Pn FN,C—>S,n) + AE IE(]- + Pn FE,C—»W,n) + AS IS(]- +

3
Pn FS,C—»N,n) + AW IW(]- + pn FW,C—>E,D)]' ( )

" Light reflected from central building to neighboring walls and back to the central
building is neglected; the ratio of this flux to that in the second term of Eq. (1) would be
equal to p. Fj.p, , which tends to be small (typically < 20 percent). If, say, Fp.p, = 0.13
as for the multifamily building array in this report, the ratio will be 3.3 percent for a
conventional central wall (p, = 0.25) or 7.8 percent for a cool central wall (p. = 0.60).
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2.2 Scenario 1: Evenly spaced array of square buildings

If the buildings are square and have equal N-S and E-W spacings, the total wall solar heat
gain can be expressed as

Ko=0=p) Uy+Ig+Is+ Ly) Ay (1 + Fypy), 4)

where 4, is the area of each wall and F, is the view factor from each central wall to the
extended surface comprised of all parallel neighboring walls. F, is most sensitive to the
distance 8ys = dgw between the central wall and the neighboring wall. Since the adjacent
wall dominates the view factor towards all walls, the view factor to all walls decreases
approximately as 63 following the Nusselt analog for view factors?.

Raising the albedo of neighboring walls by 4p, will increase the central building’s total
wall solar heat gain by

AKO = (1 - pC) (IN + IE + IS + Iw) AO FO Apn . (5)

Using view factor reciprocity [Eq. (2)], we can also express this increase in terms of the
area A, of the extended surface comprised of all parallel neighboring walls, and the view
factor E, from this surface to the central wall:

AKO = (1 _pC) (IN +IE+IS +Iw) An Fn Apn. (6)

This alternative formulation shows that the increase in the central building’s total wall
solar heat gain is proportional to the area 4, of the modified neighboring wall.

Returning to the original formulation, the fractional increase in K will be

_ AKy _ Fodpy

fro = Ky = Teropr (7)

Ko  1+Fopn

where p, is the initial (pre-raise) albedo of the neighboring wall. We can compare the
absolute increase in K, on raising the albedo of neighboring walls to the absolute
decrease in K, upon raising the albedo of the central building walls. The ratio of the
former to the latter will be

2 Nusselt (1928) proposed to calculate view factors as the conical projection of the
receiving surface on a unit sphere around the emitting surface. The view factor from the
emitting surface to the receiving surface is then the fraction of the circle occupied by
the conical projection.
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g=(1_pc) (IN+IE+IS+IW)A0F0Apn=FO (1_pc)Apn (8)
_(IN+IE+IS+IW)A0(1+F0pn)Apc (1+F0pn)Apc'

where p, is the initial (pre-raise) albedo of the central wall. If 4p, = 4p.,

_FO(l_pc)

g—m- 9)

2.3 Scenario 2: Half the buildings oriented N-S, half
oriented E-W

We relax the requirements of the first scenario, but divide the buildings into two side-
by-side sets of equal population, each set contiguous. In set A, where streets run N-S, the
long axis of each building extends N-S, making the E and W walls longer than the N and
S walls. The buildings in set B, where streets run E-W, are rotated 90° from those in set
A, with the long axis extending E-W, and the N and S walls longer than the E and W walls.
Differences in building-to-building shading may cause wall irradiances to vary by set.

Let A; and A, represent the area of each long wall and each short wall, respectively, and
F, and F, represent the view factors from each central long wall to its parallel
neighboring walls and from each central short wall to its parallel neighboring walls,
respectively. In set A, Ag = Ay = Ay, Ay = As = Az, Fyeown = Fweopn = Fi, and Fyeosy =
Fseonn = F,.Inset B, Ay = A = Ay, Ap = Aw = Ay, Fyeosn = Fseonn = Fi, and Fgowp =
Fw-gn = F,. Hence for a central building in set A,

Kn=1—-p) [A1 (1 +py F1) (Isp + Twa) + A2 (1 + pu F2) (Ina +Isa)] s (10)

and for a central building in set B,

Kg=(1—-p) [A (1 +py F1) (Ing + Isp) + Az (1 + pu Fy) (Igs + Tws)] - (11)

Averaging over the two sets yields the population average total wall solar heat gain

Ka+Kp _ (1-pc)

K=" = [A1 U+ po Fy) (I + Iga + Isp + Twa) + A2 (1 +
(12)
pnF2) (Ina + Igp + Isp + Iwp)] -
Raising the albedo of neighboring walls by 4p, will increase K by
72 (1-p¢)
AK = T [A1 F1 Apn (IN,B + IE,A + IS,B + IW,A) + Az FZ Apn (IN,A + IE,B + IS,A + (13)

Iwg)] -

The fractional increase in K will be
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f_ — AK — __A1F14py (Inp+Iga+IsB+iwa)+Az F2 Apy (Ina+ g+ sA+IWE)
K K A1 (1+py F1) (Ing+HEA+Isp+Iw,a)+A2 (1+py F2) (INa+EB+Isa+Iwg)

(14)
where p, is the initial (pre-raise) albedo of the neighboring wall. As before, we can
compare the absolute increase in K on raising the albedo of neighboring walls to the
decrease in K upon raising the albedo of the central building walls. The ratio of the
former to the latter will be

1-—
(2—pC) [A1 F1 4py (INp+IEA+ISB+IWA)+A2 F2 Apy (INa+IEB+IsA+IWE)]

I .
5141 W+pn F1) (Inp+Ea+IsBHWA)+A2 (140 F2) (INa+TEB+HsA+IWB)] 4P

(15)

where p, is the initial (pre-raise) albedo of the central wall. In the special case in which
neighboring walls on the same side of the street are close enough to keep each other in
shadow and to have small view factors to the sky, Iyy = Igg = Is4 = Iyp = 0. Then

fe = g __AiFidpy (Ing + Iga +Isp + hya) __Fap, (16)
T K A4y F) (Inp lpa+Isp Fhen) L+ Fipn)
and
_ (l_z—pC)[Al F14py (INp+EA+sB+WA)] _ Fy 4p,(1 = p.) (17)
%[Al (+pn F1) (InpHpatiss+iwa)] 2o (1 + Fy pn) Ape
If Apy = Ap,
Fy (1—pc)
1+ Fypn

Note how fz and g take the same form as in Scenario 1, changing only the view factor to
F, from F,.

3 Simulation methodology

3.1 Temperature of Urban Facets Indoor - Outdoor
Building Energy Simulator

The simulations in this chapter employ the TUF-IOBES model that simulates indoor and
outdoor building surface and air temperatures and heat fluxes in a three-dimensional
urban area with a 5 x 5 array of identical buildings. The indoor and outdoor energy
balances are dynamically coupled and forced by outdoor weather conditions, building
envelope properties, urban material properties, indoor heat sources, and HVAC systems
(Figure 1).
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Any (indoor or outdoor) surface energy balance can include shortwave (SW) and
longwave (LW) radiation, conduction, convection of sensible and latent heat, and phase
change. Beam (a.k.a. direct) and diffuse solar radiation and downwelling longwave
radiation from the sky, as well as sunlight reflected by and LW radiation emitted by the
ground and neighboring buildings, are partly absorbed by exterior wall and roof
surfaces. This heat is then transferred through the wall or roof via conduction, to the
outside air via convection, or to the surroundings via longwave radiation. Windows also
admit sunlight.

Conduction Conduction

Convection &tinn Convection
Radiation (LW) Radiation (LW) Conduction Radiation (LW)

Internal loads

Figure 1. lllustration of the heat transfer process in the TUF-IOBES building-to-canopy
model during the cooling season. Q is heat exhaust from the HVAC. TUF-IOBES simulates
a 3D domain with an array of 5 x 5 buildings, but here only a cross section through two
buildings is shown.

Internal loads

The interior wall or ceiling surface energy balance includes conduction through the
building envelope, convection to the room air, absorption of shortwave radiation, and
longwave radiation exchange between indoor surfaces. Shortwave (solar spectrum)
radiation comes from windows and lamps, while longwave (thermal infrared) radiation
emits from interior envelope surfaces, equipment, and occupants.

The outdoor energy balance yields the canopy air and urban surface temperatures and is
forced by weather data. In turn, outdoor conditions affect the indoor environment. The
internal surface temperatures, indoor air temperature, and building thermal loads are
obtained from the indoor energy balance model. If the indoor air temperature is outside
the setpoint range, thermal energy (heat) is added or removed to bring the temperature
within the setpoint range; this thermal energy constitutes the heating or cooling load.
The air-conditioning (AC) system transfers the cooling load waste heat from the indoor
to the outdoor environment, increasing the canopy air temperature. Heating equipment
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is assumed to be electric resistance and all heat produced by the heating equipment
increases interior air temperature; i.e. the heating equipment does not exhaust waste
heat to the outside air. The TUF-IOBES model has been described and validated in detail
by Yaghoobian and Kleissl (2012).

3.2 Effects of raising neighboring building wall albedo
on the heat balance of the central building

Raising the albedo of walls on neighboring buildings affects the heat balance of the
central building. A cool (high albedo) wall of a neighboring building increases shortwave
irradiance and decreases longwave irradiance on the opposing wall of the central
building compared to the case with conventional (lower albedo) walls on the neighboring
building. The widespread use of cool walls may also reduce canyon air temperature.
However, this effect is expected to be minor if only a few buildings are assigned cool
walls, and is neglected here.3

The TUF-3D radiation model in TUF-IOBES uses periodic boundary conditions on a single
building (the central building unit, or CBU) to simulate a 5 x 5 array of buildings.* This
setup does not allow wall albedo to vary building to building. Therefore, a workaround
was devised to examine the effect of neighboring buildings with cool walls on a CBU
with conventional walls, or that of neighboring buildings with conventional walls on a
CBU with cool walls. The following cases are simulated for the 5 x 5 array of buildings:

e (C25N25: All central (“C”) and neighboring (“N”) building walls are conventional
(albedo 0.25). Note the use of “N” to mean “neighboring”, rather than “north”, in
the case labels.

e CO60NG60: All central and neighboring building walls are cool (albedo 0.60).

e (C25N60: All central and neighboring building walls are conventional (albedo
0.25), but shortwave and longwave irradiances on every wall of the CBU are
assigned values consistent with facing a cool neighboring wall of albedo 0.60.
That is, irradiances on CBU walls are taken from the C60N60 simulation.

3 The Task 3.2 report: Urban climate impacts of cool walls assesses canyon air
temperature reduction upon raising wall albedo.

4 The TUF-3D solver imitates periodic boundary conditions by solving for reflected
radiances only for patches in the central urban unit, and setting radiative and energy
balance exchanges of all other patches equal to those of the corresponding patch within
the central urban unit (Krayenhoff and Voogt, 2007).
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C60N25: All central and neighboring building walls are cool (albedo 0.60), but
shortwave and longwave irradiances on every wall of the CBU are assigned values
consistent with facing a conventional neighboring wall of albedo 0.25. That is,
irradiances on CBU walls are taken from the C25N25 simulation.

We can use these load profiles to evaluate four albedo-change scenarios:

a)

b)

0)

d)

raising the albedo of all central walls, leaving all neighboring walls conventional
(C60N25 - C25N25);

raising the albedo of all neighboring walls when all central walls remain
conventional (C25N60 - C25N25);

raising the albedo of all neighboring walls when all central walls are cool
(C60N60 - C60N25); and

raising the albedo of all central walls and all neighboring walls (C60N60 -
C25N25).

The workaround incorporates the following assumptions:

i. The component of central wall irradiance due to reflection from central wall to

opposing neighboring wall back to central wall is small. This is reasonable if the
wall-to-wall view factor F, (the view factor from each central wall to the extended
surface comprised of all parallel neighboring walls) is modest, because the wall-
to-walls-to-wall reflection would be proportional to the square of this view
factor. For example, if F, = 0.13, then F? is 0.017. This wall-to-walls-to-wall
radiation is further diminished by absorption at the neighboring walls.

ii. Spatial variations in wall irradiance (that is, variations across the face of a given

wall) induced by partial shading are neglected. The average shortwave and
longwave irradiances across each wall are input to the heterogeneous
simulations. Intra-wall differences are expected to be small except when parts of
the wall are shaded by surrounding buildings shortly after sunrise or shortly
before sunset.

3.3 Retroreflector analysis

In this section, the methodology for studying the effect of retroreflective (RR) walls on
building energy use is presented. Retroreflective cool walls improve upon diffusely
reflecting cool walls by reflecting incoming beam radiation toward the solar disc (if a
retroreflection is three dimensional) or at least upwards (if the retroreflection is two
dimensional). This can increase the fraction of sunlight reflected out of the urban
canyon.
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Depending on the canyon aspect ratio, a large fraction of the sunlight reflected by
diffusely reflecting cool walls could remain trapped between buildings due to reflection
towards ground or neighboring wall surfaces with low albedo. For example, consider an
isolated building with 0.60 wall albedo and 0.10 ground albedo, each surface a perfectly
diffuse reflector. About 33 percent of the sunlight incident on the wall would return to
the sky [0.60 wall albedo x (0.5 sky view factor + 0.5 ground view factor x 0.10 ground
albedo)]. If the wall were instead covered with a 2D retroreflector (pairs of orthogonal
surfaces, each of albedo 0.775, with a two-bounce albedo of 0.7752 = 0.60), it would
reflect upward 60 percent of incident beam sunlight, and about 30 percent of the
incident diffuse sunlight (of the 60 percent of diffuse light that is reflected, half will go
up, and half will go down). If 20 percent of the incident sunlight is diffuse, the final
fraction returned to the sky would be 80 percent x 0.60 wall solar retroreflectance + 20
percent x [0.60 wall solar diffuse reflectance x (0.5 sky view factor + 0.5 ground view
factor x 0.10 ground albedo)] = 55 percent. Retroreflection can thereby reduce the solar
heat gain of other urban surfaces, including ground, opposing walls, and pedestrians.
However, retroreflective cool walls would provide less daylighting to neighboring
buildings than would diffusely reflecting cool walls.

The retroreflector simulation setup is based on C60N60, but all walls of the neighboring
and central buildings become retroreflective (C60rrN60rr). The effect of retroreflection
on building energy use is also estimated using TUF-IOBES by comparing C60rrN60rr to
C60N60 and the same building layout described in Section 3.2. TUF-IOBES uses a view-
factor based radiation model which assumes all surfaces to be Lambertian (perfectly
diffuse) reflectors. While this assumption is diametrically opposed to the working
principle of a retroreflector, the effects of retroreflective materials can be approximated
as shown in Figure 2. The wall is assumed to be a retroreflector for the beam solar
radiation, but it is assumed to be a Lambertian reflector for the diffuse sky and ground
reflected radiation. Retroreflectance of beam radiation is achieved by zeroing out wall
beam reflection in the radiation model as the reflected radiative energy exits the
simulation domain.
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Figure 2. Sketch of TUF-IOBES radiation model for retroreflective wall simulations.

3.4 Simulation setup
3.4.1 Climate zones

Building energy use effects of cool walls are quantified in the coastal building climate
zone 8 in California (California Energy Commission, 2017) represented by Fullerton in
Orange County. Environmental conditions, including dry-bulb and wet-bulb air
temperatures; global, beam, and diffuse solar irradiances; and wind speed are input
from Typical Meteorological Year 3 (TMY3), weather data (NREL 2017). The ground
albedo is set to 0.10 (asphalt concrete).

3.4.2 Other meteorological boundary conditions

In TUF-IOBES, the deep-ground temperature is set as the mean dry-bulb air temperature
of the whole year from TMY3. The TMY3 air temperature and wind speed are applied at
twice the building height. For wind speed, a logarithmic profile is assumed down to the
building height. The wind speed at canyon half height is then estimated as U, =
Urop €xp(—N/2), where Uy, is the wind speed at the building height and N is half the
canyon aspect ratio (defined as building height divided by inter-building spacing). For
details see section 2.9.5 in Masson (2000). The canyon air temperature is computed from
an energy balance in the urban canyon.

B-12



On outdoor surfaces, available energy (net radiation minus conduction) is converted to
sensible and latent heat fluxes. Since most of the areas in California are semi-arid, a
Bowen ratio of 5 is used (Taha, 1997). The Bowen ratio is the ratio of the sensible heat
flux to the latent heat flux.

3.4.3 Building prototypes

Building categories. Offices are the most common type of commercial building in
California comprising 1.7 percent to 21.9 percent of total building floor area depending
on climate zone (Rosado, 2016). For the DOE prototype office building model (DOE,
2017), the deadband of HVAC temperature setpoints is wider at night and on weekends
than during business hours (Table 1). Therefore, nighttime heating and cooling energy
use is small as the building interior temperature first adjusts from the narrow deadband
to the wide deadband before the HVAC systems incurs heating or cooling energy use. A
large fraction of the energy use then occurs in the early morning when the building
needs to be brought from the wider night-time deadband to the tighter temperature
deadband for business hours. This period of morning heating and cooling is therefore
coincident with cool wall effects. However, in TUF-IOBES temperature setpoints for
heating and cooling cannot be varied by time of day or day of the week. Therefore TUF-
IOBES is expected to overestimate nighttime HVAC energy consumption and
underestimate daytime HVAC energy use. Since cool wall effects predominantly occur
during the day, simulating the timing of HVAC energy accurately is critical to
understanding the real impacts of cool walls on building energy use. Therefore the
project team decided against simulating office buildings.

Residential buildings constitute 78 percent of the building stock in California (Rosado,
2016). In large metropolitan areas residential buildings are about evenly split between
single and multi-family residences (e.g., 62 percent single-family homes versus 36
percent apartment buildings in San Diego in Table 6.7 of Rosado, 2016), while single-
family residences dominate in rural areas (e.g., 94 percent single-family homes versus 4
percent apartment buildings in Lancaster in Table 6.8 of Rosado, 2016). Since the solar
heat gain on neighboring walls is a function of wall-to-wall view factors (Section 2) and
the wall area of the prototype multi-family residence is 4 times the wall area of the
prototype single-family residence (Table A-1 of Task Report Appendix A), the multi-
family residence was chosen for further study. Cool wall effects between neighboring
single-family residences are expected to be smaller than the multi-family residence
results in this report. Building geometrical specifications are provided in Table A-1.
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Table 1. Variation with hour of week of the HVAC setpoint deadband in a DOE-supplied
prototype office building model (DOE, 2017). In TUF-IOBES deadbands are constant across
time of day and day of the week.

Weekday .
Weekday . Weekend (business
business hours) (outside of closed)
( business hours)

Day Mon - Fri Mon - Fri Sat, Sun
Time (local) 07:00 — 22:00 22:00 - 07:00 00:00 — 24:00
HVAC setpoint | 54 1°C t0 24.0 °C | 15.6 “C t0 26.7 °C | 15.6 °C t0 26.7 °C

deadband

Adaptation of DOE residential prototype building model for use in TUF-IOBES. The
multi-family residence prototype was based on a template from the U.S. Department of
Energy (DOE, 2017) that was modified to follow California’s Title 24 building energy
efficiency standards as described in the Task 2.1 report: Simulated HVAC energy savings
in an isolated building. Since TUF-IOBES can only simulate simple building geometries,
the original U.S. DOE building prototype as simulated in EnergyPlus in the Task 2.1
report were modified as follows.

1.

In TUF-IOBES, buildings must have square footprints. Therefore, the footprint is
simplified as a square that is dimensioned to match the total footprint area in
EnergyPlus. The footprint area in TUF-IOBES and EnergyPlus differs by 2 percent
because the TUF-IOBES wall and ground surfaces are discretized into square,
equal-sized sub-areas (patches). Computational costs dictate a small number of
patches; typically width and height of each building face is subdivided into two
to five patches.

In EnergyPlus, the multi-family residence roof is pitched and the pitched roof
rise (roof peak height - roof base height) is 4.1 m. TUF-IOBES can only simulate
flat roofs. The height of the flat roof in TUF-IOBES was set equal to the roof base
height in EnergyPlus.

Any facade patch has to be either a wall or a window. Therefore only discrete
values of window-to-wall ratio (WWR; ratio of window area to gross wall area) can
be chosen in TUF-IOBES. The WWR is 29 percent in TUF-IOBES and 28 percent in
EnergyPlus.

In TUF-IOBES all building facades must be of identical geometry. Therefore the
window size, number, and location cannot be varied by aspect. A single window
near the center of each facade is assumed.

Exterior sunshades and interior blinds are not modeled in TUF-IOBES. All
window-transmitted solar irradiance is absorbed inside the building.
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6. Intermediate floors and internal mass are not considered in TUF-IOBES. That is,
the buildings are empty and do not store heat in the interior space. For
comparison to EnergyPlus some of the thermal loads are still reported by floor
area, where floor area is the product of TUF-IOBES building footprint and
EnergyPlus number of floors.

EnergyPlus and TUF-IOBES building prototype geometry, including footprint, height,
length, width, window area, gross wall area, and canyon width, are compared in Table A-
2.

Building vintages. The Task 2.1 report: Simulated HVAC energy savings in an isolated
building simulates three building vintages—pre-1978, 1988, and 2016. In this report
only pre-1978 buildings are simulated. As stricter building energy efficiency standards
were first introduced around 1980, pre-1978 buildings have little insulation, while 1988
and 2016 buildings follow progressively stricter building energy efficiency standards
with more insulation. Effects of cool walls on thermal loads of neighboring buildings are
expected to be largest for the pre-1978 buildings.

Construction. Floor construction is a layer of plywood over a concrete slab over a layer
of crushed rock (Yaghoobian and Kleissl, 2012). Roof, wall, building floor, and street
construction are detailed in Table A-3; material properties are summarized in Table A-4
and Table A-5. Double-pane windows are chosen from the International Glazing
Database (IGDB) in the Berkeley Lab WINDOW (2017) software to match EnergyPlus
prototypes of overall solar heat gain coefficient (SHGC) and thermal transmittance.
Angular and diffuse SHGC, absorptance, and transmittance of window glasses also
derived from Berkeley Lab WINDOW are shown in Table A-6.

Equipment and people settings. Internal loads including lighting, equipment, and
occupants play an important role in building energy use. The technical parameters are
based on the simulations of the DOE prototype building using the DOE EnergyPlus
building energy simulation model detailed in Rosado et al. (2017). Specifically, the
lighting, equipment, and infiltration schedules are based on the EnergyPlus output files
and the occupancy schedule is based on the EnergyPlus input files. Figure A-1 shows the
TUF-IOBES inputs for lighting, equipment, occupancy, and infiltration schedules per
footprint area of the multi-family residence, respectively. The conversion of lighting,
equipment, and occupancy loads to conduction, convection, and radiation heat flows is
shown in Table A-7. Specifications for people, equipment, and lighting follow the same
scheme. First the total emitted power is split into latent and sensible fractions. Then the
sensible fraction is further split into longwave, convective, and shortwave (only for
lighting) fractions. People power is computed from the occupancy in Figure A-1
multiplied by the activity level in Table A-7.
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HVAC is simulated simplistically in TUF-IOBES assuming (i) continuous HVAC operation
with fixed temperature setpoints of 22.2 “C and 23.9 °C; (ii) constant coefficient of
performance (COP = 2.64); and (iii) unlimited HVAC capacity. Therefore the heat transfer
to/from the HVAC system always satisfies the air heat balance to keep the room
temperature between the minimum and maximum setpoints. The constant TUF-IOBES
setpoints are obtained by averaging the hourly EnergyPlus HVAC schedules over the
year (Table A-7). Dividing TUF-IOBES cooling load by COP yields the cooling site energy
use.

3.5 Limitations

The magnitude of cool wall effects on neighboring buildings was only analyzed for one
particular building configuration. Cool wall effects are expected to be a function of the
window solar heat gain coefficient, wall insulation, inter-building spacing, and window-
to-wall ratio. Pre-1978 buildings with a window-to-wall ratio of 29 percent were
simulated. For newer buildings with reduced window solar heat gain coefficient and
improved wall insulation the cool wall effects on thermal loads of the central buildings
would be smaller.

Inter-building spacing modifies the view factor from the neighboring cool wall to the
central building wall. The view factor effect is difficult to test in simulations since
changes to the inter-building spacing also change the view factor from ground to wall.
Theory (Section 2) suggests that the increase in wall solar heat gain of the central
building is proportional to the modified wall area of the neighboring buildings (4,), the
view factor to the central building wall from the extended surface comprised of all
parallel neighboring walls (F,), the increase in the albedo of the neighboring wall, and
one minus the albedo of the central wall. Since view factors between two surfaces are
proportional to the square of their distance, the cool wall effects reported here can be
scaled to estimate gains for different inter-building spacings. However, note that E, does
not decrease with inter-building distance squared as it describes the joint view factor to
the central wall from an extended surface comprised of several surfaces.

Window-to-wall ratios have different effects depending on the building where they are
applied. On the neighboring building, larger window-to-wall ratios reduce the cool wall
area and linearly decrease the sunlight reflected onto the central building wall. On the
central building, larger window-to-wall ratios increase the solar heat gain through
windows and increase cool wall effects. The window solar heat gain coefficient for
diffuse sunlight is 0.52 (Table A-6), indicating that 52 percent of the solar radiation
reflected from neighboring cool walls towards a window on the central building reaches
the conditioned space. While conventional walls absorb 75 percent of the solar radiation
reflected from neighboring cool walls, the majority of the absorbed heat is removed to
the canopy air as sensible heat flux. Only a small fraction is conducted through the wall

B-16



and reaches the conditioned spaces. Therefore central-building windows increase the
effects of neighboring cool walls.

A caveat to this analysis is that the daylighting effects of cool walls were ignored.
However, most likely this will not impact the conclusions since residential lighting loads
during daytime are small (see Figure A-1). The effect of daylighting energy savings may
be significant for office buildings with large window-to-wall ratios, but office buildings
are not studied in this report.

4 Results and discussion

4.1 Comparison between TUF-IOBES and EnergyPlus
results

While this report focuses on changes in thermal loads with changing wall albedo, a brief
comparison of absolute thermal loads in this report to the Task 2.1 report: Simulated
HVAC energy savings in an isolated building is presented in this section. As described in
Section 3 perfect agreement is not expected, because (i) the simulated multi-family
building is different (see also Table A-2); and (ii) simplifying assumptions had to be
made to run the TUF-IOBES building energy simulator compared to the more realistic
building operation in EnergyPlus.

The C25N25 and C60N25 cases in TUF-IOBES are similar to the cases in EnergyPlus
where a single building with all conventional and all cool walls is simulated,
respectively. While neighboring buildings are not represented in EnergyPlus, a fixed
reflectance of the surrounding pavements and buildings is assumed to obtain ground-
reflected diffuse solar irradiance onto walls.

Table 2 shows agreement within 38 percent for cooling loads, but heating loads differ by
a factor of about 5. The reasons for the differences are not well understood at present.

Relative changes in the magnitude of cooling loads are larger in EnergyPlus (-14.1
percent) than TUF-IOBES (-5.0 percent). Relative changes in heating loads are similar in
EnergyPlus (10.0 percent) and TUF-IOBES (13.6 percent). The consistency in the direction
and order of magnitude of the trends is encouraging, but the underestimation of cooling
load savings in Table 2 suggests that TUF-IOBES cooling load savings reported for
different scenarios in the following sections may be biased low.
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Table 2. Annual thermal loads for the pre-1978 multi-family residence in CZ8 (Fullerton)
from TUF-IOBES (this report) and EnergyPlus (Task 2.1 report: Simulated HVAC energy

savings in an isolated building).

Annual heating load Annual cooling load
[MWh] [MWh]
EnergyPlus EnergyPlus
TUF-IOBES TUF-IOBES
C25N25 28.7 4.6 101.3 81.2
C60N25 32.6 5.1 96.2 69.8
(a) C60N25 — +3.9 MWh +0.5 MWh -5.0 MWh -11.4 MWh
C25N25 (+13.6 %) (+10.0%) (-5.0 %) -14.1 %

4.2 Building-to-building interaction effect

Figure 3 (left column, i) shows that daytime heating loads are near zero for all scenarios
and changing wall albedo therefore does not modify the daytime heating load. Heating
load at night increases, however, when the central wall albedo is raised (C60N25 -
C25N25 and C60N60 - C25N25). During the day conventional walls store more heat than
cool walls. The stored heat provides a heat flux into the conditioned space and reduces
heating load by up to 1 kW.

Figure 3 (right column, ii) shows that nighttime cooling loads are small and changing
wall albedo therefore mostly influences the daytime cooling load. Raising the
neighboring wall albedo increases cooling load of the central building due to increased
solar radiation reflected from the neighboring buildings towards the central building
(C25N60 - C25N25). Raising the central wall albedo reduces cooling loads due to a
decrease in absorbed solar radiation (C60N25 - C25N25 and C60N60 - C25N25); the
decrease in cooling loads also persists into the night due to reduced wall heat storage.

Examining the scenarios (a - d) described in Section 3.2 one by one reveals the following
changes in annual thermal loads (Figure 3; Table 3):

a) Raising the albedo of all central walls while leaving all neighboring walls
conventional (C60N25 - C25N25) decreases annual cooling load by 5.0 MWh (5.0
percent), while annual heating load increases by 3.6 MWh (13.9 percent). Raising
wall albedo of a building reduces its absorption of sunlight which reduces
cooling loads and increases heating loads.

b) Raising the albedo of all neighboring walls when all central walls remain
conventional (C25N60 - C25N25) increases annual cooling load by 1.5 MWh (1.5
percent). The annual heating load reductions (0.1 MWh, or 0.3 percent) are
negligible. These changes are small (less than 1.5 percent) compared with the
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total annual heating and cooling loads of 28.7 MWh and 101.3 MWh, respectively.
The negligible effect of cool walls on heating loads is likely an artifact of the way
that TUF-IOBES predicts essentially zero daytime heating load. In scenario (a) the
central wall heat gain is reduced by (0.75 — 0.40)/0.75 = 47 percent. The reduced
heat storage in the walls of the central building then increases nighttime cooling
loads. In scenario (b) the fractional increase in solar heat gain on the central
building is only 4.3 percent (see below), which is too small to significantly
influence heat storage and nighttime heating loads.

The annual cooling load increases can be compared to the fractional increase in
solar heat gain predicted by Eq. (7). With F, = 0.127, 4p, = 0.35, and p, = 0.25, fi,
is 4.3 percent. The fractional cooling load increase is less than the fractional
solar heat gain increase, because (i) not all increase in solar heat gain incurs a
cooling load, as for example on cold winter days; and (ii) cooling load depends
on multiple heat transfer processes, including wall conduction (dependent on
wall solar heat gain), window transmission (dependent on wall irradiance, but
not on wall solar absorption), infiltration (independent of wall solar heat gain),
and occupant and equipment loads (also independent of wall solar heat gain).

We can also compare the absolute increase in central building total wall solar
heat gain K, on raising the albedo of neighboring walls to the absolute decrease
in K, upon raising the albedo of the central building walls. This ratio is defined
as g in Eq. (9). For the parameters in the simulations, g = 0.09, while the cooling
load change ratio —(C25N60 — C25N25)/(C60N25 — C25N25) = 0.30. The cooling
load change ratio is not expected to match the solar heat gain change ratio, but
may allow scaling the simulation results obtained here to other building
geometries and/or cool wall albedos.

Raising the albedo of all neighboring walls when all central walls are cool
(C60N60 - C60N25) increases annual cooling load by 1.2 MWh (1.2 percent).
Scenario (c) is similar to scenario (b), but the effect of neighboring cool walls on
annual cooling load is diminished by the high albedo of the central building
walls. That is, 60 percent, rather than 25 percent, of the additional sunlight that
is reflected towards the central building is reflected away from the central
building, reducing the increase in annual cooling load to 1.2 MWh (1.2 percent)
from 1.5 MWh (1.5 percent).

Raising the albedo of all central walls and all neighboring walls (C60N60 -
C25N25) is similar to scenario (a). But since the neighboring walls’ albedos are
also increased, cool walls on the central building are less effective than in case
(a). The neighboring walls reflect more sunlight towards the central building. The
cool walls on the central building reflect 60 percent of that sunlight, but 40
percent is absorbed. Annual cooling load in scenario (d) decreases only by 3.8
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MWh (3.8 percent) versus 5.0 MWh (5.0 percent) for scenario (a). Annual heating
load in scenario (d) increases by 3.9 MWh (13.7 percent), which is almost
identical to scenario (a). The lack of heating load differences between scenarios
(@) and (d) is consistent with scenario (b)—that is, raising the albedo of
neighboring walls does not influence heating loads.

When thermal loads are only averaged over winter and summer (Figure 4), the effects of
wall modifications on thermal loads are enhanced, because these limited datasets
contain more days when heating and cooling are required, respectively. The wall
modifications then influence the thermal loads on a larger fraction of days compared to
when the entire year is considered (Figure 3).
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Figure 3. Average diurnal cycles of heating load (column i, left) and cooling load (column
ii, right) for the central building—a pre-1978 multi-family residence in CZ8 (Fullerton)—

surrounded by buildings with the same or different wall albedo. Shown are results for (a)
raising the albedo of all central walls, leaving all neighboring walls conventional (C60N25 —

C25N25); (b) raising the albedo of all neighboring walls when all central walls remain

conventional (C25N60 — C25N25); (c) raising the albedo of the neighboring walls when all
central walls are cool (C60N60 — C60N25); and (d) raising the albedo of all central walls
and all neighboring walls (C60N60 — C25N25).

Table 3. Annual thermal loads for the pre-1978 multi-family residence in CZ8. The top
group of four rows shows the annual results for homogeneous simulations with all-cool

(C60N60) or all-conventional (C25N25) walls and combinations of cool and conventional

walls. The second group of four rows shows differences in thermal loads in MWh and

percent in the same order as in Figure 3.

Annual heating Annual cooling
load load
[MWh] [MWh]
C25N25 28.7 101.3
C60N60 32.7 97.5
C25N60 28.7 102.7
C60N25 32.6 96.2
(a) C60N25 — +3.9 MWh -5.0 MWh
C25N25 (+13.6 %) (+5.0 %)
(b) C25N60 — -0.1 MWh +1.5 MWh
C25N25 (-0.3 %) (+1.5 %)
(c) C60N60 — -0.0 MWh +1.2 MWh
C60N25 (-0.0 %) (+1.3 %)
(d) C60N60 — +3.9 MWh -3.8 MWh
C25N25 (+13.7 %) (+3.8 %)
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Figure 4. Seasonal analogs of Figure 3 for summer (June to August) and winter (December
to February).

4.3 Retroreflective versus Lambertian Walls

For the pre-1978 multi-family residence in Fullerton retroreflective walls on all
(neighboring and central) building walls (C60rrN60rr) increase heating load and decrease
cooling load with respect to the C60N60 case of Lambertian cool walls on all building
walls (Figure 5). Retroreflective walls completely remove the reflected beam component
while Lambertian cool walls partially reflect it towards other urban surfaces. The net
effect of changing to a retroreflective wall from a Lambertian wall is a reduction in
average solar radiation incident on walls, which decreases cooling loads and increases
heating loads.

The effect on cooling loads is largest during the day, while the effect on heating loads is
largest shortly after sunrise. Shortly after sunrise, Lambertian cool walls reflect more
solar radiation to surroundings walls and windows; this passive heating reduces the
need for electric heating to maintain temperature setpoints. These effects are more
expressed when only heating loads in winter and cooling loads in summer are
considered (Figure 6).
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Figure 5. Comparison of the average diurnal cycle of heating (left, a) and cooling (right, b)
loads for buildings with Lambertian reflector walls with wall albedo of 0.60 (C60N60) and
walls with retroreflectors with wall albedo of 0.60 (C60rrN60rr). Results are averaged over

the year for the pre-1978 multi-family residence in CZ8 (Fullerton).
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Figure 6. Seasonal analogs of Figure 5 for winter (December to February, a) and summer
(June to August, b).
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Table 4 shows the thermal loads for buildings with retroreflective walls and the change
with respect to a multi-family residence with Lambertian cool walls. Retroreflective walls
(C60rrN601T) decrease annual cooling energy use by 3.3 MWh (4.0 percent) with respect
to buildings with Lambertian cool walls (C60N60). The cooling benefit comes at the

expense of a 0.9 MWh (2.6 percent) increase in annual heating load.

Table 4. Seasonal and annual heating and cooling loads for pre-1978 multi-family
residence in CZ8 with Lambertian cool walls (C60N60) and retroreflective walls

(C60rrN60rr). The retroreflective wall results are reported as load with retroreflective walls

of albedo 0.60 minus the load with Lambertian walls of albedo 0.60.

Heating load Cooling load
. Change due to Lambertia | Change due to
Lambertian
retroreflective walls n cool retroreflective walls
cool walls
(C60rrN60rr — walls (C60rrN60rT —
(C60N60)
C60N60) (C60N60) | CB0N60)
[MWh] | [MWh] | [%] | [MWh] | [MWh] | [%]
Winter (DJF) 19.1 +0.5 +2.6 6.2 -0.7 -11.3
Summer (JJA) | 0.1 +0.0 +9.4 37.9 -1.0 -2.6
Year 34.3 +0.9 +2.6 81.6 -3.3 -4.0

5 Conclusions

This report investigates the effects of reflective (cool) walls on building thermal loads
for multi-family residences in California. The annual cooling load decreases but the
annual heating load increases with increasing wall albedo. More detailed results on cool
wall effects on the building where the cool wall is applied can be found in the Task 2.1
report: Simulated HVAC energy savings in an isolated building.

The unique analysis in this report is the interaction effect between buildings with and
without cool walls. For this discussion the neighboring building is the building where
the cool wall is applied, while the central building receives the sunlight reflected by the
neighboring cool wall. Raising the albedo of neighboring walls reflects more sunlight
onto the central building, which can increase its cooling load and reduce its heating
load. Central building thermal loads and the outdoor thermal environment were
simulated for a 5 x 5 array of multi-family residences separated by 23.3 m in California
climate zone 8 (Fullerton).

In the first analysis set, all walls were assumed to be perfectly diffuse (Lambertian)
reflectors. When the central building has conventional walls (albedo 0.25), raising the
albedo of all neighboring walls to 0.60 (cool) from 0.25 (conventional) increases the
central building’s cooling load by 1.5 MWh (1.5 percent); the central building’s heating
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load is unaffected. If the central building also has cool walls (albedo 0.60), the central
building's cooling load only increased by 1.2 MWh (1.3 percent). The negligible effect of
cool walls on heating loads is likely an artifact of the way that TUF-IOBES predicts
essentially zero daytime heating load. The cooling load increase for the central building
upon raising the albedo of all neighboring walls are smaller than the cooling load
decreases for the central building upon raising the albedo of its own walls (5.0 MWh, or
5.0 percent). Considering interactions between buildings therefore does not change the
direction of the cool wall effects on all buildings combined. The equations derived in the
theory section may allow scaling the simulation results obtained here to other building
geometries and/or cool wall albedos.

In the second analysis set, all walls are assumed to retroreflected beam (direct) sunlight.
Retroreflectors further enhance the cool wall effects, because retroreflective walls
completely remove the reflected beam component while Lambertian cool walls partially
reflect it towards other urban surfaces. Retroreflector effects were simulated in
homogeneous arrays of buildings where all wall albedos are 0.60, but all walls are either
retroreflective or Lambertian reflectors. Retroreflective walls decrease annual cooling
loads by 3.3 MWh (4.0 percent) with respect to buildings with Lambertian cool walls.
However, the cooling benefit comes at the expense of a 0.9 MWh (2.6 percent) increase in
annual heating load.
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Task Report Appendix A: Building Specifications

The appendix contains details of the building specifications discussed in Section 3.4.

Table A-1. Geometric parameters for each U.S. DOE building prototype as simulated in EnergyPlus in the Task 2.1 report: Simulated HVAC energy
savings in an isolated building. TUF-IOBES parameters are shown in Table A-2.

Building Prototype | Footprint Roof Building | Building length | Floors | Whole-building window to | Whole-building gross Whole-building
type sketches | area [m?]2| area [m?] | height [m] x width [m] b wall ratio [%] ¢ wall area [m?] window area [m?]
Single-
family = 112 |18 |52 122x92 |2 |14 235 33
residence
Multi-
family "& 725 |785 |7.8 36.5%x19.8 |3 |26 958 246
residence

a Since in TUF-IOBES only buildings with square footprints can be simulated, footprint area is taken as the similarity parameter and building length is taken as the square root

of the footprint area.

b The number of floors refers to the EnergyPlus setup, while in TUF-IOBES the building is simulated as an empty shell.

¢ Window-to-wall ratio is defined as the ratio of window area to gross wall area.
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Table A-2. Comparison of the building geometrical properties between the EnergyPlus (E+) simulations in the Task 2.1 report: Simulated HVAC

energy savings in an isolated building and TUF-IOBES. Only single-family and multi-family residences are considered in this chapter.

. . . Whole-building | Whole-building Window-to- Canyon Canyon
Footprint Height H Length x width . - . b .
Building area [m?] [m] [m x m] gross wall area window area wall ratio width W, aspect ratio
[m?] [m?] [%] [m] HIW:"[1]
type
TUF- TUF- TUF- TUF- TUF- TUF-
E+ E+ E+ E+ E+ E+ TUF-IOBES TUF-IOBES
IOBES IOBES IOBES IOBES IOBES IOBES
Multi- 27.2
. 72 36.5 %
family 740 78|78 X 878 | 849 246 | 242 28 |29 23.3 0.33
. 3 19.8
residence 27.2

a Window-to-wall ratio is defined as the ratio of window area to gross wall area.

b Canyon width and canyon aspect ratio are not shown for EnergyPlus since EnergyPlus simulates an isolated building.
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Table A-3.

Roof, walls, building floor, and street construction. @

Surface Layer Multi-family residence
Top Asphalt shingle
2 OSB_1/2in
Roof
3 Roof insulation P
4 Y2 in drywall
Outside | 25 mm stucco
2 200 mm normal weight concrete wall
Walls
3 Wall insulation °
4 13 mm gypsum board
Top Plywood
Floor |2 Concrete
3 Crushed rock
Top Asphalt concrete
Street
2 Crushed rock

2 The thermal and roughness material properties are defined in Table A-4 and Table A-5.

b The thickness of walls and roof insulation varies by building vintage and climate zone.
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Table A-4. Material properties.

. .. . Specific Thermal | Thermal Solar
Materials Thlfll:]less C()[I‘}\fl/lll;t_ll‘sty 1[)kegn/sri1t?]l heat resistance | emittance | absorptance Texture
[kJ/kg-K] | [m*-K/W] [-] [1°
Metal surface 0.001 45.28 7,824 0.50 0.000018 0.90 0.70 Smooth
25 mm stucco 0.025 0.72 1,856 0.84 0.035 0.90 0.75 Smooth
200 mm normal weight concrete ;
& 0.203 2.31 2,322 0.83 0.088 0.90 0.70 Medium
wall rough
13mm gypsum board 0.013 0.16 800 1.09 0.079 0.90 0.70 Smooth
Wall insulation * Table A-5 0.06 43 121 | Table A5 |  0.90 0.70 Mot
Asphalt shingle 0.006 0.08 1,121 1.26 0.077 0.90 0.80 1‘1‘;‘&‘;}?
OSB_1/2 in 0.013 0.12 545 1.21 0.109 0.90 0.70 Medium
smooth
Roof insulation * Table A-5 0.06 42 0.78 Table A-5 0.90 0.70 Rough
Drywall_1/2 in 0.013 0.16 801 1.09 0.079 0.90 0.70 Medium
smooth
Asphalt 0.070 0.75 2,110 0.92 0.093 0.95 0.82 Very rough
Concrete 0.070 1.51 2,400 0.88 0.046 0.95 0.82 Very rough
Plywood 0.019 0.12 545 1.22 0.158 0.90 0.80 Medium
smooth
Crushed rock 0.200 0.95 1,200 1.05 0.211 0.90 0.65 Medium
smooth

@ Wall and roof insulation properties depend on the climate zone and are provided in Table A-5.

b If the material is opaque to sunlight, solar absorptance = 1 — solar reflectance.
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Table A-5. Wall and roof insulation thickness and thermal resistance for the pre-1978 multi-family
residences in CZ8. @

Vintage Pre-1978
Walll insulation thickness [m] 0.05
Wall insulation thermal resistance 0.82
[m?-K/W] '
Roof insulation thickness [m] 0.15
Roof insulation thermal resistance 2 51
[m2-K/W] '

2 For insulation materials, L = R X k, where L = thickness [m], R = thermal resistance [m>K/W], and k = thermal
conductivity [W/m-K].

Table A-6. Angular solar heat gain coefficient (SHGC), visible transmittance, and visible
absorptance of window glass for pre-1978 buildings 2".

Incident angle (°) | SHGC | Transmittance Ab-sorptance Absorptance
(first pane) | (second pane)

0 0.611 | 0.346 0.053 0.513

10 0.609 | 0.348 0.053 0.511

20 0.605 | 0.353 0.053 0.506

30 0.597 | 0.362 0.054 0.496

40 0.583 | 0.373 0.055 0.478

50 0.555 | 0.388 0.055 0.477

60 0.500 | 0.403 0.053 0.390

70 0.393 | 0.411 0.046 0.386

80 0.123 ] 0.370 0.031 0.123

90 0.611 | 0.346 0.053 0.513

Diffuse 0.522 1 0.420 0.375 0.051

@ Window properties are simulated by the Berkeley Lab WINDOW v.7.4.8.0 (2017) software.

b Window is opaque to thermal infrared radiation. Thermal transmittance U = 1/(Rin + Rwindow + Rout) = 3.65
W/(m2-K) for the pre-1978 building, where R;,, Rwindow, and Roy: are the thermal resistances of the inside air film,

window, and outside air film, respectively.
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Table A-7. Lighting splits, equipment splits, and occupancy splits from the U.S. DOE building
prototypes as simulated in this report and the Task 2.1 report: Simulated HVAC energy savings in
an isolated building.

Splits Multi-family residence
Activity Level [W / person] 134
Latent fraction 0.38
People splits Sensible fraction 0.62
split LW radiant fraction | 0.00
into: Convective fraction | 1.00
Latent fraction 0.12
Equi t split Sensible fraction 0.88
quiprent Spiits split LW radiant fraction | 0.48
into: Convective fraction | 0.52
Sensible fraction 1.00
split SW radiant fraction | 0.20
Lighting splits into: LW radiant fraction | 0.60
Convective fraction | 0.20
Fraction of heat return air duct | 0.00
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(a) Lighting schedule (b) Equipment schedule
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Figure A-1. Lighting load density, equipment load density, occupancy, and infiltration schedules
for the multi-family residence in EnergyPlus and TUF-IOBES. Lighting and equipment load
densities shown here were calculated by normalizing whole-building loads to TUF-IOBES building
footprint area.
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