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Abstract: The energy performance of buildings depends on how effectively the building
envelope responds to climate. Architects, therefore, need to design building envelopes with
the consideration of local climate characteristics in the early design stage. Simplified
formulas were used that evaluate the heating and cooling energy demand of building
envelopes, which were applied to a model building with envelope and climate properties
according to eight climate zones. Two climate indices, P and S, were developed. P enables
the comparison of the heating and cooling energy demand of building envelopes, and S is
for comparing the solar heat gain during heating and cooling seasons to review the
feasibility of installing shading devices. The physical properties of envelopes were set
differently according to the requirements in each climate zone proposed by American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 90.1. Using
local climate data, the P and S of 24 cities over eight climate zones in the United States
were derived, which can be used to evaluate the heating and cooling energy characteristics
of envelopes. The indices not only enable users to understand the characteristics of the
local climate conditions in a simple manner, but also to carry out quantitative assessments
on whether shading devices are feasible and, if so, what type is recommended.
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1. Introduction

Buildings consume energy in the process of responding to the outdoor weather conditions. The
impact of climate factors, such as solar radiation, ambient temperature and humidity, is transferred
through the building envelope and affects the internal conditions of the building. The indoor
environment and energy performance, therefore, depend hugely on how effectively the building envelope
copes with the surrounding climate. In order to maintain a comfortable indoor environment and to
improve the energy performance of a building, it is required that the building envelopes be properly
designed with the consideration of local weather conditions [1,2].

In general, the weakest parts of the building elements act as a bridge, allowing the outdoor
condition to be transferred into the indoor space and, in many cases, these are the windows. Glazing
lets solar radiation into the building, unlike walls, and it usually has a higher thermal transmittance
property. Even a double-glazed window has a thermal transmittance property of around 3 W/m’K,
which is higher than concrete walls, which generally have a value lower than 1 W/m?K. For this
reason, external shading devices, which compensate for the windows’ weaknesses by controlling solar
radiation, are considered to be one of the key elements constituting building envelopes [3].

The parameters governing building envelopes, such as solar absorbance, thermal transmittance and
the solar gain factor, can cause a significant impact on the heating and cooling energy demand [4].
Many studies have been carried out in order to understand how buildings can perform better depending
on the different types of glazing, window systems or shading devices used.

Evaluations of the performance of certain types of shading devices were carried out. Choi et al. [5]
proposed a methodology to evaluate the performance of external shading devices considering the
surrounding topography, and Kim et al. [6] compared the cooling demand of a building when different
types of external shading devices were installed. Freewan [7] conducted research on the temperature
and illuminance level of indoor spaces through a mock-up construction of three kinds of external
shadings. David et al. [8] compared the thermal and light environment performance of four different
types of overhangs. There was also a study in which an evaluation was carried out on the light and
thermal performance, such as the daylighting, shading and heat gain of exterior fixed shadings in local
climate conditions [9]. Tzempelikos et al. [10] analysed the energy demand of lighting and
heating/cooling from different directions with four design cases, where roll blinds were covering
different areas of the windows. Kim ef al. [11] conducted analyses on the energy performance in
various cases in which the glazing had different heat transfer coefficient values with different solar
heat gain coefficients and in which different types of shading devices and lighting systems were
installed. They then proposed an energy analysis indicator, which shows the energy consumption
according to the complex application of window elements. The thermal performance of shading
devices can vary depending on the orientations of buildings and the local climate conditions. In a
previous study, four types of shading systems fitted in buildings located in various climate conditions
showed different solar gain values [12].



Sustainability 2015, 7 1886

In the previous studies [3—12], the indoor environment and energy performance of buildings were
analysed using various computer simulation tools, which are based on numerical analysis. The results
from these researches can be used when the thermal and light environment performances are evaluated
with a building using different types of envelopes and shading devices.

Methodologies were also proposed in many studies that enable the evaluation of energy performance
in the early design stages. Picco et al. [13] proposed a methodology to simplify a detailed building
model in order to shorten the analysis procedures for building energy simulations. Baker et al. [14]
proposed an energy evaluation methodology that enables the evaluation of the annual primary energy
need for the thermal performance and the lighting, heating, cooling and ventilating. These
methodologies can provide simple and quick measures to estimate the building energy performance;
however, they require detailed building modelling or they can only be applied to limited regions with
certain climate conditions.

From the designer’s point of view, the evaluation of the energy performance of the building
envelope can potentially cause changes to the building design, which may require significant effort and
time. It is, therefore, essential to carry out the analysis on the local climate conditions with regards to
the building energy performance in the early design stage. Examples of local climate data include the
Climate Energy Index (CEI) and the Building Energy Index (BEI). CEI and BEI are derived based on
weather data around the globe and are able to describe the characteristics of the local climate in the
form of the quantitative amount of energy used in buildings. They are, however, calculated based on a
psychrometric chart, and they do not consider the elements governing the shapes and the properties of
building envelopes [15,16].

In addition, Cooling Degree-Day (CDD) and Heating Degree-Day (HDD) are well-known indices
derived from local climate data. These indices are derived based on the outdoor temperature, and they
do not consider the elements of building envelopes. Although the indices described above, i.e., CEI,
BEI, CDD and HDD, can be used to estimate the amount of energy needed in the local climate, the
design information they can deliver to architects in the early design stage is limited [17].

The purpose of this study is to develop climate indices that can be used in the early design stage,
assisting users with understanding the characteristics of local climates and with making judgment on
the feasibility of shading devices. Two indices were developed based on the equations that assess the
thermal environment in the aspects of climate factors, external shadings, windows and walls. The
heating and cooling energy index, P, was developed, which evaluates the amount of heating/cooling
energy demand generated by building envelopes in the form of the equivalent amount of primary
energy demand. The solar heat gain index, S, was developed, which represents the impact of solar
radiation by evaluating the solar heat gain (or loss) over both heating and cooling seasons. The indices
were then applied to 24 cities in the United States, representing different climate conditions, and
provided quantitative assessments on whether shading devices are necessary in those regions and, if so,
what type of shadings are recommended.

2. Scope of Research

The performance of building envelopes can be assessed from different aspects, such as thermal
performance, light, natural ventilation and acoustic environment. The climate factors that affect the



Sustainability 2015, 7 1887

indoor environment include the outdoor ambient temperature, solar radiation, luminance and wind. The
outdoor temperature and solar radiation influence the indoor thermal environment and luminance, i.e.,
daylight affects the indoor lighting environment. Wind has an impact on natural ventilation
and infiltration.

A comfortable indoor environment, therefore, is achieved by mitigating the impact of the climate
factors from these aspects. For example, the thermal environment can be improved by utilising or
blocking solar radiation and heat transfer through windows and walls by fitting well-insulated materials
and by properly designing shading devices. The light environment can be enhanced by controlling the
daylight, which is governed by the size and the shape of windows and shading devices. Natural
ventilation and air-tightness performance affect the indoor temperature and air quality, and the data are
generally obtained by measurements. The indoor environment can also be affected by other factors,
such as the urban heat island effect [2], and measures, e.g., cool roofs [18] and cool coatings [19], have
been suggested to mitigate this.

In this study, we focused on building envelopes (mainly shadings), which play a major role in
achieving a comfortable indoor environment, and only the thermal environment aspect was reviewed.
Figure 1 shows the climate factors and elements included in the development of the climate indices
described in this paper. The key factors include ambient temperature and solar radiation from the
climate perspective, as well as the shading factor, solar heat gain coefficient and the thermal
transmittance of windows and walls from the building envelope perspective.
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Figure 1. Elements affecting the heating and cooling energy of building envelopes.
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As mentioned in the Introduction, windows are one of the most vulnerable parts of buildings, which
let outdoor conditions affect the indoor environment, and shading devices are commonly used to
rectify the weaknesses of windows. Depending on where the shadings are fitted and whether they can
be adjusted, shading devices can be classified as “external” and “internal”, and external shadings can
be “fixed” or “movable”. External shadings are generally more effective than internal shadings,
because they can block the solar radiation outside of the building before it reaches the indoor space.
Fixed shading devices are basically horizontal overhangs, vertical fins or egg crates, depending on the
direction of the plane or slat. Movable shading devices, on the other hand, can have many types, such
as awnings, roll blinds, venetian blinds and aperture, depending on the nature of the movement.

The performance of shading devices can be reviewed not only from thermal environment prospective,
but also from other aspects, such as design, light environment or user conditions. It is, however, still
difficult to make a judgment on whether shading devices are necessary at the early design stage unless
the users spend much time and effort understanding the local climate conditions and the energy
demand generated due to these. In this study, the intention was to focus on the thermal environment by
controlling solar irradiation and enabling users to review the necessity of shading devices by carrying
out qualitative assessments using the indices. The indices developed in this paper, therefore, are to
provide simplified information to the users about the local climate conditions and solar radiation in
order to facilitate making a judgement on whether shading devices are feasible in a specific region.

3. Development of Indices

Development of the climate indices was carried out in four stages. First, the energy demand
generated by the building envelopes was identified and calculated. Because different systems can be
used for heating and cooling, respectively, the system efficiency coefficient was derived, so that the
amount of energy demand can be expressed in the form of the equivalent amount of primary energy. A
model building was defined, parameters related to building envelopes were applied to the equations
and, finally, the P and § indices were developed.

3.1. Heat Transfer through Building Envelopes

The daily average solar radiation received by building envelopes from different directions and the
ambient temperature are the two key elements required in the calculation of the heat and cooling
energy demand of building envelopes. Heat transfer through the building envelope, therefore, can be
described by three aspects, i.e., solar radiance through glazing and conductive heat transmission
through windows and walls. Each type of heat transfer can vary significantly depending on the local
climate conditions. For the estimation of these heat transfer types, the calculation methodology
described in ISO 18292 [20] was chosen. In order to consider the shape of the building envelopes and
to reflect the seasons, the glazing ratio (Fe), cooling day (CD) and heating day (HD) were additionally
applied. CD (or HD) is calculated by adding up the number of days when the daily average outdoor
temperature (7out) 1s higher (or lower) than the indoor set temperature (7in).

The amount of heat transfer through windows generated by solar radiance can be calculated
as follows:
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24CD

dc, sol = AF, Ewot SHGC Fgyy 1000 (1)
24HD

Gn,sol = AF, Erot SHGC Fgp 1000 )

The amount of conductive heat transfer through windows and walls due to the temperature
difference between the indoors and outdoors is calculated as below:

24CD
qdc,win = A F, Uyin (Tout - Tin) m (3)
24HD
dh,win = A F, Uyin (Tout - Tin) m 4)
24CD
qc,wall = A (1 - Fe) Uwall (Tout - Tin) m @)
24HD
qh,watt = A (1 = F) Uyan (Toue — Tin) 1000 (6)

The energy demand generated by building envelopes is expressed in kilowatt hours (kWh) and can
be estimated by calculating the heat gain (or loss) through building envelopes. During the “cooling
days”, the amount of radiant heat transfer generated by direct sunlight and the conductive heat transfer
through glazing and walls are calculated and are considered to be the “heat gain”. During the “heating
days”, the difference between the conductive heat transfer through envelopes and the radiant heat
transfer by daylight is calculated and is to be considered as the “heat gain” or “heat loss”, depending

on the value.
3.2. Applying System Efficiency

Although the energy demands generated by building envelopes over cooling days and heating days,
calculated above, have the same unit, i.e., kilowatt hours, the impact of them cannot be compared with
each other. This is because different systems are used in cooling days and heating days, respectively,
and each system has different efficiency, as they use various types of resources [21,22]. For example,
electricity is mostly used for cooling, while gas, coal and oil can be used for heating. Therefore, even
though the same amount of energy demand is generated by the building envelopes in each season, the
actual energy demand to compensate for them may be different between cooling days and heating days.

The energy demand generated by building envelopes, therefore, was converted to the equivalent
amount of primary energy to facilitate the comparison between energy demands in different seasons.
In order to do this, the energy demand was first converted to “energy consumption” using a typical
type of system. For cooling days, it was assumed that the building is cooled by an electric heat pump
(EHP) with a coefficient of performance (COP) value of three. As COP commonly has a value
between two and 4.5, the EHP chosen in this study represents a typical system. For heating days, it was
assumed that the building uses a gas boiler. Boiler efficiency can vary depending on the type of
system, such as condensing, high efficiency or conventional boilers. It was assumed that the building is
fitted with a high efficiency boiler, which has an efficiency of 80% when the boiler load reaches 50%.
Then, this was converted to “primary energy” using the conversion factors. The conversion factors for
primary energy can vary depending on the type of energy sources, such as nuclear, wind, hydro, and so
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on. In this study, the primary energy conversion factors were set as “fossil fuels”. For cooling days, the
conversion factor we used was 3.0 and 1.1 for heating days [23].

Therefore, the factors to convert the energy demand to primary energy were 1.0 (= 37! x 3.0) for
cooling energy demand and 1.375 (= 0.87! x 1.1) for heating energy demand. By applying these factors
to Equations (1)—(6) above, the primary energy can be calculated.

3.3. Setting Building Envelope Properties

The equations described in the previous sections contain parameters related to the building, i.e.,
wall area (4), glazing ratio (Fe), shading factor (Fsn), solar heat gain coefficient (SHGC), thermal
transmittance of windows and walls (Uwin and Uwan) and indoor temperature (7in), which can be
defined if a generic model building is established. An office building with 1 m? of envelope area at the
orientations of south, west, north and east was set as a model building, i.e., 4 = 1. Shading devices
were not installed, as the model building is for reviewing the shading requirement; therefore, Fsn = 1.
Indoor temperature was set as 24 °C for cooling and 18 °C for heating. The rest of the parameters, i.e.,
SHGC, Uwin and Uwan, were defined differently based on where the model building is located,
according to non-residential building data in eight climate categories defined in the International
Climate Zone described in American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) 90.1 [24], as shown in Table 1. The building envelope was set as punched
windows, and the glazing ratio was set as 40% (ASHRAE 90.1 limits the glazing ratio to a maximum
of 40% for punched windows) in order to maximize the effective solar energy, i.e., Fe = 0.4.

With the pre-defined parameters in place, only the parameters that are related to climate factors, i.e.,
Etwt, CD, HD and Tou, remain in the equations. Except the conversion factors, the rest of the constants
in the equations are governed by the properties of the building envelopes defined according to the
International Climate Zone, which are SHGC, Uwin and Uwai. By expressing these parameters with a
single variant, i.e., a,,, B, , Y, Equations (1), (3) and (5) can be expressed as below.

Pgcsot = 1.0 0y, Eqoe CD (7)
Pgcwin = 1.0 By (Tour — 24)CD (®)
Pgewan = 1.0vn (Tour — 24)CD 9)

Pgctot = Prcsol T Pecwin T Pecwal (10)

Pg ¢ sol> PEcwin» PE,cwan are the primary energy per unit area caused by solar heat gain and the heat
gain through windows and walls, respectively. Pg (o is the total of these three primary energy
demands over the cooling season. a,,, B, , Y, are constants that are calculated by applying the energy
performance properties of the envelopes, according to the International Climate Zone, to the envelope
propetrties, i.e., 4, Fe, Fsh, SHGC, Uwin and Uwal.

The primary energy per unit envelope area generated during the heating season can be expressed
as below:

PE,h,sol = 1.375a, E .« HD (11)
PE,h,win = 1.3758, (Tout — 18) HD (12)
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PE,h,wall = 1375y, (Toux — 18)HD (13)

PE,h,tot = PE,h,sol + PE,h,win + PE,h,wall
(fOI‘ PE,h,sol < |PE,h,win + PE,h,walll) (14)
Pentot = 0, (forPgnsol = |Penwin + Pehwan)

Pg hso1 indicates the amount of effective solar heat gain, and Pgp win and Pgp way are negative
values expressing the heat loss by heat transmission through windows and walls. As per above, Pg ot
is the sum of three primary energy demands. Note that it is assumed that there is no overheating when
the effective solar heat gain is bigger than the heat loss; therefore, Pg 1, ¢or cannot have a positive value.

The total annual primary energy through building envelopes is calculated by the sum of Pg ¢ o and
Pg 1 tot as follows:

P Etot = b Ectot T |P E,h,tot| (15)

where,

Pg tor: the total primary energy through building envelopes, kWh/m?year;

0y, B » Yn are governed by SHGC, Uwin and Uwan of each climate zone. They vary depending on the
properties of the governing parameters, which were derived from the International Climate Zones and
ASHRAE Standard 90.1. Table 1 shows the values of a,, 3, , Y5, in different zones.

Table 1. Calculated o, B,, , Y, values based on International Climate Zones and the
ASHRAE Standard. SHGC, solar heat gain coefficient.

Zone Number Climate Type SHGC Uyin Uswan o, Bn Yn
1 Very Hot 0.25 6.81 3.293  0.002400 0.065376  0.047419
2 Hot 0.25 426 0.857 0.002400 0.040896  0.012341
3 Warm 0.25 3.69 0.701  0.002400 0.035424  0.010094
4 Mixed 040  3.12  0.592 0.003840 0.029952  0.008525
5 Cool 0.40  3.12 0.513 0.003840 0.029952  0.007387
6 Cold 040  3.12 0453 0.003840 0.029952  0.006523
7 Very Cold 045 2.56 0.404 0.004320 0.024576  0.005818
8 Subarctic 045 256 0.404 0.004320 0.024576  0.005818

Fe:40%, F: 1 (no shading).
3.4. Development of P and S Indices

The annual primary energy of the building envelopes is the sum of the primary energy consumed on
cooling days and heating days. The ratio between these two can vary depending on the local climate
conditions. For example, in the region where the cooling season is long and extreme, the heat gain
through envelopes during this season becomes significantly bigger than the heat loss during the heating
season. In order to effectively indicate the seasonal characteristics of the primary energy of both
cooling and heating seasons, we defined the heating and cooling energy index “P”, which is calculated
by subtracting the primary heating energy from the primary cooling energy, then dividing it by the
total primary energy, as shown below. The value of P is between —1 and +1.
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PE,c,tot - |PE,h,tot|

P = (16)

PE,tOt

Figure 2 shows the relative amount of primary energy during heating and cooling seasons. The
closer P gets to +1, the bigger the primary energy demand of the building in the region will need to be
during cooling days. Equally, the closer P gets to —1, the bigger the primary energy demand of the
building will need to be during heating days. Where P is near to null, the amount of primary heating
energy is similar to the amount of primary cooling energy. In other words, the P value is governed by
the amount of heat gain and loss through the building envelope. For example, in the region where the
amount of heat gain through the building envelope is significant, i.e., longer cooling days, P will be
close to +1.

-1 +1

P

Heating Cooling

Figure 2. The range of the value of the heating and cooling energy index, P.

Solar radiation, which can potentially affect the heating and cooling energy demand, causes extra
energy demand during cooling days, while it acts as an energy source by reducing the heating energy
demand during heating days. The impact of solar radiation, however, can be minimised by improving
the performance of shading devices, i.e., the shading factor, Fsh. In particular, movable shading devices
are effective, as they can actively adjust the amount of solar radiation coming through the building
envelope. The impact of solar radiation through building envelopes can be assessed by carrying out a
relative comparison between the heat gain of the envelopes during cooling days and the effective heat
gain during heating days.

As the first step, the performance of the shading devices can be assessed by reviewing how much
the heat gain during each season makes up of the total energy needed in that season. In some regions,
however, the amounts of energy demand in each season can be significantly different from each other;
therefore, it is necessary to convert this into the ratio between the total primary energy and the primary
energy during heating and cooling days, which enables quantitative comparison of the effective heat
gain in each season.

This can be expressed in the equations below:

S = ( PE,c,sol ) % PE,c,tot 17)
¢ PE,c,sol + PE,c,win + PE,c,wall PE,tot

PE,h,sol PE,h,tot
Sh :< X , (for Pgnsol < |Penwin + Penwanl)
|Penwin| + |Penwanl E tot a18)

PEp,
Sp = =2 (for Pgnsol = |Penwin + Penwan|)

PE tot

where,
S.: the ratio of the solar heat gain on cooling days;
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Sp: the ratio of the solar heat gain on heating days.

The ratio of the heat gain over cooling days, Sc, gets a value between zero and one. Where there is
no heating season, i.e., the heat gain by solar radiation equals the total heat gain, Sc is one. Where there
is no heat gain by solar radiation at all, Sc is zero. The closer Sc gets to one, the more necessary it is to
control the solar radiation in that region.

The ratio of the effective heat gain over the heating season, Sh, also gets a value between zero and
one. Where there is no cooling season, i.e., the effective heat gain by solar radiation is equal to or
greater than the heat loss through walls and windows, Sh is one. In this region, there is no primary
energy during cooling days. The closer Sh gets to one, the bigger the effective heat gain of the building
will be. Both Sc and Sh express the ratio of the heat gain by solar radiation during cooling and heating
days. The ratio of Sc and Sh cannot be one, unless the heat transfer generated by the temperature
difference between the indoors and outdoors is zero.

The information about the characteristics of the heat gain described by Sc and Sh can also be
interpreted as the feasibility of implementing shading devices. It can be stated that the closer S. gets to
one and Sh to zero, the more beneficial it is to install shading devices on the building in that region.
Where Sc is near to zero and Sh to one, the heat gain by solar radiation during the cooling season is low
and the effective heat gain during the heating season is high; therefore, it may not be necessary to
install shading devices. Where Sc and Sh obtain similar values, the heat gains in each season are similar
to each other; therefore, movable shading devices may be recommended. In order to comparatively
evaluate the heat gains over cooling and heating seasons, we defined the solar heat gain index “S”,
which is calculated by subtracting Sh from Sc, as shown below. The value of S is between —1 and +1.

S =35 -5, (19)

If S is close to +1, this means that the solar heat gain on cooling days is much bigger than the
effective heat gain on heating days. Fixed shading devices, therefore, are recommended in this region.

Table 2 shows the recommendations on shading type depending on the value of S, which has a
value between —1 and +1. The closer S gets to +1, i.e., Fsh decreases, the better it is to improve the
shading performance. On the contrary, when S gets near to zero, it is necessary to adjust Fsh. Where S
is near to —1, shading devices are not feasible. The range of S for each shading type is not definitive
and can vary depending on the shading type.

Table 2. Solar heat gain index, S.

Index S Shading Requirement Recommended Shading Type
Close to 1 (suggested range, S > 0.5) Strong Fixed (or Movable)
Close to 0 (suggested range, —0.5 <5< 0.5) Medium Movable
Close to —1 (suggested range, S < —0.5) Weak None

4. Application of Climate Indices

In this section, the values of P and S were derived for 24 regions (see Table 3), which represent
various local climate conditions. The United States was selected as the model area, since it contains all
eight climate zones described in the International Climate Zone [24]. Three cities from each climate
zone were chosen such that the cities to assess are reasonably distant from each other, representing the
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climate of that region. The directional data (east, south, west and north) of each city were obtained
from the Meteonorm?7 [25] tool, which was used to derive the indices.

Table 3. P and S values of 24 target cities.

International Climate  Latitude P ot E S W N Average
Zone, n (Degree)  (kWh) P S P S P S P S P S
Honolulu Oahu, HI 21.3 127.2 1.0 0.6 1.0 0.5 1.0 0.6 1.0 0.4 1.0 0.5
1 Key West, FL 24.6 159.2 1.0 0.4 1.0 0.4 1.0 0.4 1.0 0.3 1.0 0.4
Miami, FL 25.8 134.6 1.0 0.5 1.0 0.4 1.0 0.4 0.9 0.3 1.0 0.4
Austin, TX 30.3 94.4 0.4 0.3 0.8 0.4 0.4 0.3 0.0 0.1 0.4 0.3
2 Jackson, MS 323 84.6 0.1 0.2 0.6 0.3 0.1 02 -03 0.0 0.1 0.2
Phoenix, AZ 33.4 140.7 1.0 0.5 1.0 0.4 1.0 0.5 0.7 0.2 0.9 0.4
Atlanta, GA 337 64.7 0.0 0.1 1.0 0.7 0.0 0.1 -05 -0.0 0.1 0.2
3 Oklahoma, OK 35.4 94.8 -0.1 0.0 0.4 02 -01 00 -05 -0.0 -0.1 0.1
San Francisco, CA 37.6 10.4 1.0 0.9 1.0 0.9 1.0 1.0 -10 -06 05 0.6
Columbia, MO 38.8 66.2 -0.0 0.0 1.0 08 —-00 00 -0.7 -02 0.1 0.2
4  New York City, NY 40.8 63.7 0.1 0.1 1.0 0.8 0.1 0.1 —-06 -02 0.1 0.2
Seattle, WA 47.5 20.4 0.3 0.2 1.0 09 —-04 -04 -10 -05 -00 0.1
Cleveland, OH 41.4 69.5 -05 -03 02 02 —-06 -03 -08 -03 -04 -02
5 Denver, CO 39.8 54.8 -0.0 -0.0 1.0 09 —-00 -00 -08 -03 00 0.1
Tonopah, NV 38.6 49.0 1.0 0.9 1.0 0.9 1.0 09 -07 -02 06 0.6
Bangor, ME 44.8 82.7 -09 -06 -08 -07 -09 -06 -10 -03 -09 -0.6
6 Green Bay, WI 44.5 76.3 -0.8 —-05 0.6 05 -08 -05 —-09 -03 -05 -02
Helena, MT 46.6 72.6 06 -04 1.0 09 —-06 -04 -09 -03 -03 -0.0
Anchorage, AK 61.2 70.3 -1.0 -0.7 0.0 00 -10 -07 -10 -03 -0.8 —04
7 Houghton, MI 444 36.7 -0.7 -06 1.0 09 -07 -06 -10 -04 -03 -—0.2
Roseau, MN 48.9 75.1 -07 -05 -08 -08 —-07 -06 -09 -03 -0.8 —0.6
Bethel, AK 60.8 93.8 -1.0 -0.7 0.0 00 -10 -07 -10 -03 -08 -04
8 Bettles, AK 66.9 1658 -10 -05 -10 -07 -10 -05 -1.0 -03 -1.0 —05
Nome, AK 64.5 130.3 -0 -06 -10 -08 -10 -06 -10 -03 -1.0 -0.6

Figure 3 indicates a map to show the pattern of the P index based on the International Climate Zone.
The average of P values for four directions was used as the representative value of each city. All
regions in the United States, including Hawaii and Alaska, were located between 20 and 70 degrees
latitude. In general, the P index gets closer to one as the city is located at lower degrees of latitude, and
to —1 at higher degrees. The cities located between 30 and 40 degrees latitude had P near zero.
Tonopah (Zone 5) and Columbia (Zone 4), however, had different P values, even though they were
located at the same degree latitude, and this could be seen from other cities, as well, which are located
at similar degrees of latitude.

It was also revealed that the cities in Zone 1 and Zone 8 had similar values of P; however, the
indices of the cities in Zones 2 to 7, except Zone 4, varied by 0.5 up to 1.0, even when the cities were
in the same zone. Additionally, Pg o (the average value of directional primary energy demand) also
varied between the cities in the same International Climate Zone and showed a wide range of values.
San Francisco (P = +0.5) had the smallest Pg 1o of 10.4 kWh/m?year, while Bettles (P = —1.0) had the
biggest value of 165.8 kWh/m?year.
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Figure 3. Map showing the values of P of 24 cities in different climate zone in the U.S.

Figure 4 presents the values of P and S in order to describe the characteristics of the regional

climate index. The horizontal axis of the graph represents the value of P, and the vertical axis
the value of index S. The average of the P and S values of each city, as well as the directional S

shows
values

were plotted on the graph. Three cities in Zone 1 and some other cities in Zones 2, 3 and 5 had a P

value near +1. These cities are located in the region where the amount of energy of the building

envelopes during cooling days is relatively bigger. The cities in Zones 6, 7 and 8 had a P value ¢

lose to

—1, which means that the amount of energy of the envelopes during heating days is relatively bigger in

these areas. The values of P for the rest of the twelve cities were close to zero, meaning that the

primary energy of the envelopes during heating and cooling days is similar.
The average of directional S values were similar to the P values, thus they seem to be propo

rtional

to each other. However, when the ranges of directional S values are compared, they varied by 0.1 up to

1.6, for which, in other words, the required shading performance varies depending on the direction.

When the values of S were reviewed against the values of P, S was relatively lower in most
cities where the P values were smaller than —0.5. In Bethel and Anchorage, on the contrary, S
were near zero. Directional S values did not vary much, and they were close to 0.5 in four

of the
values
cities,

including Key West, where P was above 0.5. In these cities, shading devices are recommended in all

directions. In San Francisco and Tonopah, the S values of east, west and south seem to be significantly

different from the value of north. For the east, west and south directions in these cities, solar radiation

should be controlled, as the heat gain during cooling days is much bigger than the effective heat gain

during heating days. The S values for north, however, seem to be low in both cities. In the rest of

twelve cities where the P values were between —0.5 and +0.5, S varied significantly. For eight

cities,
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including Green Bay, the S value for south was higher than 0.5, and therefore, fixed shading devices
are recommended in these cities. The S values of other directions, i.e., east, west and north, varied.

By analysing the indices, P and S, it was clearly shown that even if the cities were located in the
same International Climate Zone with a similar latitude, the required performance of the shading
devices can vary based on the directions. An example may describe the practical use of the indices, P
and S. An architect who designs buildings located in Green Bay, Helena and Houghton carries out a
brief study on the local climate conditions and gets values of P and S in those areas. The architect then
would know that fixed shading devices are recommended and would know that fixed shading devices
are recommended for the east, west and south side of the buildings located in San Francisco and
Tonopah and for the east and west side of the buildings located in Honolulu, Oahu.
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Figure 4. Graph showing the values of P and S for four directions in 24 cities of eight
Climate Zones in the U.S.
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5. Conclusions

The climate indices P and S were developed in order to carry out a relative evaluation of the cooling
and heating energy demands and solar gains considering the regional climate conditions. P enables the
relative evaluation of the amount of energy required over heating and cooling days in terms of primary
energy, and it indicates the characteristics of the local climate conditions. S, on the other hand, is used
for comparing the solar heat gain during cooling days with effective heat gain during heating days,
thus indicating the characteristics of the local climate from the solar radiation aspect. In order to
develop the climate indices, regional climate data were used, and the parameters related to building
envelopes were fixed. Daily average solar irradiance and ambient temperature were used as the key
climate elements, and building envelopes were defined according to the eight categories of the
International Climate Zone described in ASHRAE 90.1. The values of P and S for four directions, i.e.,
east, south, west and north, in 24 cities were derived, and the average of the P values of all directions
was considered as the representative value.

It was shown that the value of P can vary up to 0.5, even if the cities related to these values are in
the region with the same latitude, and up to 1.0, even when the region was part of the same
International Climate Zone. By plotting the values of P and S of 24 cities on a graph, it was shown that
P and § are fairly proportional to each other and that six regions had relatively small P and S, while six
other regions had big values; the rest of the 12 regions had values in the middle. By investigating the
values of P and S of 24 cities, it was possible to carry out qualitative assessments of the heating and
cooling energy demands in those regions, enabling a review of the performance of the shading devices.

The International Climate Zone provided details of the local climate conditions around the globe,
and ASHRAE 90.1 can help users to establish a model building in each climate zone. Although it was
not included in this paper, the methodology described in this paper can potentially be applied to other
regions around the world. The indices, P and S, therefore, can be useful tools for designers and engineers to
carry out quantitative assessment of the local climate conditions and the characteristics of solar radiation,
enabling them to make judgments on the installation of shading devices at the early design stage.
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Nomenclature

qc,so1: Heat transfer by solar radiance through windows on cooling days, kWh
(n, so1: Heat transfer by solar radiance through windows on heating days, kWh
qn, win: Conductive heat transfer through windows on heating days, kWh
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qc,win: Conductive heat transfer through windows on cooling days, kWh
qn, wau: Conductive heat transfer through walls on heating days, kWh
qc, wan: Conductive heat transfer through walls on cooling days, kWh
A: Wall area, m?

F.: Glazing ratio

U,yau: Thermal transmittance of walls, W/m*K

Uyyin: Thermal transmittance of windows, W/m?K

Eior: Average solar irradiance for an hour on the facade plane, W/m?
SHGC: Solar heat gain coefficient

Fp: Shading factor

CD, HD: Number of days for cooling and heating modes

T,,t: Outdoor temperature, °C

Ty Indoor temperature, °C
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