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a b s t r a c t

This paper presents an evaluation of the building integrated solar thermal shading (BISTS) system on
solar energy usage. A medium office building in Los Angeles defined by the U.S. Department of Energy
(DOE) was used in the case study. The BISTS louvers mounted on the south, east, and west façades of the
building were used to harvest solar energy to supply domestic hot water (DHW), space heating and/or
cooling. The solar thermal system was modeled and simulated in TRNSYS. Solar fraction and solar useful
efficiency were calculated, and a recommended operation strategy was proposed. The results indicated
that: 1) potentially, the annual domestic hot water load can be fully supplied by the BISTS system. To
achieve a recommended solar fraction 75%, either 10 m2 collector on the south façade or 33 m2 collector
on the east and west façades are required; 2) 20.2% of cooling load or 64.6% of heating load can be met by
the remaining collectors. The BISTS on the south façade is primarily recommended to provide space
heating and/or cooling; 3) combined heating and cooling enables the system to take more advantage of
solar energy for energy savings from auxiliary heating.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, solar technology has been used in a variety of appli-
cations, such as solar water heating, solar space heating and cool-
ing, solar refrigeration, solar desalination, solar thermal power, and
solar furnaces [1]. The integration of solar systems to the building
envelope has attracted increasing attentions as it provides a new
solution to reduce fossil fuel consumption and greenhouse gas
emissions by taking advantage of renewable energy [2]. There are
several ways to implement a solar system to a building. Some solar
systems are separated elements that are added to the building after
construction, some solar systems replace the building elements
thereby serving multiple functions. The integrated solar thermal
collectors are commonly located on roofs [3,4], façades [5,6], gut-
ters [7e9], and shadings [10]. Building integrated solar thermal
shading (BISTS) system is a new type of solar thermal application
that potentially replaces traditional building exterior shading de-
vices with small-sized solar thermal collectors for thermal heat
generation, solar heat gain reduction, and glare control.
Buildings are responsible for 41% of the country’s primary en-
ergy use in the United States. Of all the energy consumed by
buildings, space heating, space cooling, water heating, and lighting
account for over 60% [11]. The BISTS system can not only absorb
solar energy for space heating, space cooling, and water heating,
but also influence the interior daylight condition and visual com-
fort. However, the studies about the BISTS systems have not been
widely reported [12]. Palmero-Marrero et al. [10] evaluated the
potential of an integrated solar louver collector system for water
heating in EES, which is a general equation-solving program that
can numerically solve thousands of coupled non-linear algebraic
and differential equations [13]. Different collector configurations
were analyzed. Up to 83% of annual solar fraction was obtained for
Lisbon and 95% for Tenerife. The building energy requirements and
temperature behaviors were also calculated [14]. However, this
analysis considered only the south-oriented horizontal louvers and
it was based on a single-zone building.

Although the study about the BISTS system is limited, many
other building solar systems have been evaluated. Some research
focused on the life cycle analysis [7,8], and some other investigated
the thermal and/or energetic behavior of the solar systems. Both
experimental and modeling methods have been used in previous
studies. For a yearly performance prediction, practical test is time
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consuming, expensive and difficult to be adopted because it may
take long periods of time to obtain test results [15]. Many modeling
programs, such as TRNSYS, WATSUN, Polysun, and F-Chart are used
for the performance prediction of solar energy systems with their
acceptable accuracy [16]. Oishi et al. [15] used TRNSYS tomodel and
evaluate the performance of three types of representative solar
DHW systems in Japan. Simulation results of water temperature
behavior were compared with the practical indoor/outdoor testing
data and revealed that the errors were less than 6%. Matuska et al.
[6] compared the thermal behavior of façade-integrated collectors
with standard roof-located collectors for water heating in a block of
flats with TRNSYS simulation. The study reported that façade solar
collectors should have an area increased by approximately 30% to
achieve the usual 60% solar fraction, which is defined as the per-
centage of heat load that is met by solar energy [10], comparedwith
conventional roof solar collectors with a 45� slope. This is because
façade-integrated solar system has limitation to adjust the slope
angle, resulting in reduction in irradiation reception.

Most building solar systems were employed for domestic hot
water usage. Compared to space heating and cooling, DHW load is
small and constant all year round and the system is not very
complex to integrate. Kalogirou [17] conducted a feasibility study
for the use of solar parabolic trough collectors for hot water pro-
duction in Cyprus for both domestic and hotel applications. The
systems were optimized using the F-Chart program and compared
to similar systems using flat plate collectors. Monthly and annual
solar fractions were computed and the results showed that for large
scale water production, the parabolic trough collectors were more
efficient than the flat plate ones. Some solar systems supply both
DHW and space heating. Hassan et al. [4] studied a roof-integrated
solar collector on a typical two or three story building in Blacks-
burg. 3D finite element models were developed in ABAQUS soft-
ware to evaluate the thermal performance. The results concluded
that the energy collected is sufficient to satisfy about 85% of the
building space heating and hot water requirements. Recently, the
application of solar absorption chiller or solar adsorption chiller
makes it possible to use solar energy to provide space cooling. And
the solar cooling systems have been applied to different building
types, including offices, schools, hospitals, and hotels [18]. Florides
et al. [19] modeled a lithium bromide e water absorption solar
cooling system in TRNSYS for a typical house in Cyprus. A system
optimization in terms of energy gain and life cycle savings was
carried out to select the optimum tank size, collector type, collector
slope and area, thermostat setting of the auxiliary boiler. Hang et al.
[20] presented an optimization of solar cooling system considering
the solar fraction and budgets limits. The central composite design
approach was used to reduce the number of experimental trials and
the simulations were carried out in TRNSYS. A case study based on a
small-sized office building in West Lafayette was conducted to
verify the simulation results.

Although solar thermal systems have potential to provide free
energy for DHW, space heating, and space cooling, few research
combined these three applications in one study to evaluate. In
addition, since it is not easy to integrate solar collectors as shading
devices in terms of esthetic and structural consideration, limited
scientific results are available for helping decision making of BISTS
design and operation. Motivated by the above reasons, this paper
presents a case study to predict the performance of the BISTS sys-
tem on solar energy usage, as the second paper of BISTS system
evaluation.

2. Research approach and evaluation indicators

A case study was carried out to evaluate the solar energy usage
of the BISTS system based on an application to a medium office
reference building from the U.S. Department of Energy (DOE)
located in Los Angeles, CA [27]. The BISTS were placed on the south,
east, and west windows to provide DHW, space heating and/or
cooling of the building in the study. As the DHW load is relatively
constant, the BISTS system is primarily employed to provide do-
mestic hot water. The rest BISTS collectors are either used for space
heating, cooling, or both. Various system configurations and
different operation strategies were investigated and analyzed by
using building and energy system simulation in TRNSYS, which is a
transient systems simulation program with a modular structure
developed at the University of Wisconsin by the solar energy lab-
oratory [34]. TRNSYS platform has been validated by many studies
to provide accurate results with less than 10% error between the
simulation results and the measured data [21].

The east BISTS are considered to work in the morning before 12
p.m. of solar time and the west BISTS are considered to work from
12 p.m. of solar time to the end of the afternoon since the west-
facing collectors are blocked by the building itself from receiving
solar radiation in the morning and likewise for the east-facing
collectors in the afternoon. The BISTS were installed symmetri-
cally on the east and west façades, therefore this study assumes
that either the eastern or western BISTS operates during a day. In
this way, we do not need to consider the variation of solar heat flux
from the morning to the afternoon. For the south collectors, they
have solar accessibility during daytime.

Solar Fraction and Solar Useful Efficiency were used as the in-
dicators of system performance. Solar Fraction (Fsolar) is the ratio of
the energy contributed by solar source to the total load require-
ment. It can be calculated as equation (1).

Fsolar ¼
Quseful

Qload
¼ 1� Qaux

Qload
(1)

where,

Qload: total thermal load [kJ];
Quseful: thermal energy from the solar source [kJ];
Qaux: thermal energy from the auxiliary heater [kJ].

Solar energy gained from the collectors sometimes cannot be
fully used due to heat loss and mismatch with load demands. Solar
Useful Efficiency (hsolar) is hence employed to determine the per-
centage of the collected solar energy that has been effectively used.
It is calculated as the ratio of the useful solar energy and the total
solar energy gain from the collectors, as shown in equation (2).

hsolar ¼
Quseful

Qgain
(2)

where,

Quseful: thermal energy from the solar source [kJ];
Qgain: total solar energy gain from solar panels [kJ].
3. Collector information

The prototype panel of the studied BISTS collector is 210 mm
wide and 51.5 mm thick, and the length can be customized. The
main housing is made of 2 mm polycarbonate. And the top and
bottom surfaces are oval curved. The panel core is 10 mm thick for
fluid flow through. The lower portion has 25 mm polyurethane
foam insulation, with heat conductivity of 0.03 W/(m � K). The
upper portion has 10 mm air layer. The cross section of a BISTS
prototype and the installation layouts are schematically shown in



(a) Cross section

(b) Vertical installation

(c) Horizontal installation

Fig. 1. BISTS cross section and installation layouts.
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Fig. 1.
According to the manufacturer, the thermal performance of the

studied BISTS prototype is similar with a certified flat plate solar
collector model EC-40-1.5 [22]. This model has been tested ac-
cording to the Solar Rating & Certification Corporation (SRCC)
Standard 100-2005-09. SRCC is an independent third-party certi-
fication organization that administers national certification and
rating programs for solar energy equipment. It provides rating in-
formation to help compare the efficiency of various solar collectors
on the market [23]. Therefore, the SRCC test data for the model EC-
40-1.5 has been adopted in this study for BISTS evaluation. The
collector efficiency depends on the solar intensity and the fluid
temperature. A general way to calculate the collector efficiency is to
use the Hottel-Whillier equation (3) [24]. The efficiency vs. DTcurve
(Fig. 2) can be modeled as a quadratic correlation, where DT is the
difference between the collector inlet fluid temperature and the
ambient air temperature; Ig is the global solar incidence (Fig. 3). The
maximum optical efficiency of the studied collector is 75%, which is
reasonable for a typical glazed flat-plate collector [25].
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h ¼ Qu

AcIg
¼ FRðtaÞn � FRUL

ðTi � TaÞ
Ig

� FRUL=T
ðTi � TaÞ2

Ig
(3)

where,

Qu: solar energy gain [kJ];
Ac: total collector array aperture or gross area [m2];
Ig: global solar radiation incident on the solar collector [kJ/
h � m2];
Ti: inlet fluid temperature [�C];
Ta: ambient temperature [�C];
FR: overall collector heat removal factor. FR is the ratio of the
actual useful energy gain to the energy gain calculated assuming
that the collector plate temperature is always equal to Ti;
UL: overall thermal loss coefficient of the collector per unit area
[kJ/h � m2 � K];
UL/T: thermal loss coefficient dependency on T [kJ/h �m2 � K2];
t: short-wave transmittance of the collector covers;
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Fig. 3. Global horizontal irradiance (total amount of direct and diffuse solar radiation received on a horizontal surface) in Los Angeles.
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a: short-wave absorptance of the absorber plate;
(ta)n: product of the cover transmittance and the absorber
absorptance at normal incidence;

The performance of a collector was tested on clear days at
normal incidence. In reality, solar radiations do not always incident
at a normal direction, but at an incident angle. Therefore, the col-
lector efficiency has to be corrected for non-normal solar incidence
by the incident angle modifier (IAM) Kq (Fig. 4) [22]. The IAM is
defined as the efficiency at a given incident angle divided by the
efficiency at normal incidence [26].

The collector performance may also vary with the changes in
flow rate. Many recommendations exist with respect to the flow
rate through solar collectors. For glazed flat-plate liquid-type solar
collectors, the flow rate per unit area recommended by ASHRAE
standard is 0.02 kg/(s � m2) [23], and is at a range of 0.025 gpm/sf
to 0.075 gpm/sf [27], which is 0.017 kg/(s � m2) to 0.051 kg/
(s � m2), recommended by collector manufacturers. In this study,
the test mass flow rate is 0.0201 kg/(s � m2) according to the SRCC
test report [22].

4. Building model and BISTS configuration

A medium office reference building from the DOE [28] was used
0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30

K
θ

Incident 

Fig. 4. Incident an
as our study case. DOE has developed and maintained a suite of 16
prototype building models that represent approximately 70% of the
commercial buildings across 16 locations, which represent all U.S.
climate zones. The studied building is a three-story office located in
Los Angeles with a total floor area of 4983 m2 and a window frac-
tion of 0.33. The dimension of the building is 49.91 m
(length) � 33.27 m (width) � 11.89 m (height). The reference
building complies with the minimum requirements of ANSI/ASH-
RAE/IES Standard 90.1e2010, including the envelope, lighting,
heating, ventilation and air conditioning systems [29], which pro-
vides a consistent baseline for BISTS application and comparison.

The BISTS systemwas implemented on the south, east, and west
façades of the building, as shown in Fig. 5a. Considering the shading
effects, horizontal layout was determined to be installed to the
south façade, and vertical louvers were integrated to the east and
west façades [14,30]. For simplification, the panel surfaces were
considered as flat and the length of panel was equal to the width of
window during the modeling process.

The space between two adjacent panels was designed to be
0.21 m so that the louvers can be completely closed at certain slat
angles, as shown in Fig. 5 (b) and (c). Parametric study has been
conducted in previous research to determine a final BISTS design
[30], inwhich the total depth d, the height above the window h, the
shading-to-window ratio r, and the slat angle qwere discussed and
40 50 60 70 80

angle [°]

gle modifier.



(a) Overview

(b) Configuration detail: horizontal (south façade) (c) Configuration detail: vertical (east and west facades)

Fig. 5. BISTS configuration.

Table 1
BISTS configuration.

Orientation Configuration # of panel Slat angle Collector area [m2]

South d0.84_h0.66_30� 12 30� 125
East r1.28_0� 24 0� 167.5
West r1.28_0� 24 0� 167.5

Total 60 460

Note: In the names of configuration, d is the horizontal depth of the overhang; h
represents the vertical height of the overhang above the window; r is the shading-
to-window ratio. For the surface slope of the solar panel, 0� is horizontal and 90� is
vertical.
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determined by considering the building energy consumption and
daylight provision. Various d-h-q and r-q combinations were
simulated. Accordingly [30], for the horizontal BISTS, case
“d0.84_h0.66_30�” was selected because it shows outstanding
performance on primary energy saving and daylight condition
improvement. Therefore, 4 panels were placed on each strip win-
dow horizontally with 30� surface slope on the south façade and
the total collector area on the south façade was about 125 m2. The
depth of the BISTS was 0.84 m and it was located 0.66 m above the
window. For the vertical BISTS, it was recommended to fully cover
the window, and 0� slat angle helps to redirect the sunlight into the
deeper space of the room [30]. Thus, case “r1.28_0�” was used on
both east andwest façades. 48 panels were symmetrically mounted
vertically with 0� slat angle (8 panels on each strip window) and
the shading-to-window ratio was 1.28. The collector areawas about
167.5 m2 on each side. In summary, the total collector area installed
on the building was 460 m2, as detailed in Table 1.
5. Energy supply systems

5.1. DHW heating system

The hot water system employs the BISTS system to absorb solar
energy and to convert it to thermal energy in water. The DHW
system for the case study consists of a tank, solar collectors, and an
auxiliary heater, as shown in Fig. 6. The circulating water from the
bottom of the storage tank is pumped to the solar collectors. The
pump sets the flow rate for the rest of the components in the flow
loop. An on/off controller turns the pump on when the collector
outlet temperature is higher than the inlet temperature, and turns
the pump off once the collector outlet temperature drops below the
inlet temperature. The solar energy collected by the collectors is
then carried by the circulating water and stored in the storage tank.
The stratified tank with various inlets has five fully-mixed layers
with initial temperature of 60 �C, 50 �C, 40 �C, 30 �C, and 20 �C, from
top to bottom. The city water at temperature around 20 �C, as
make-up water, enters the tank from the bottom. Two auxiliary
heaters are located at the topmost layer in the tank, which will be
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Fig. 6. Schematic diagram of the solar DHW system.
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energized when the node temperature falls below the set-point. If
the tank temperature reaches the boiling temperature at 100 �C,
steam is assumed to be vented to keep the fluid at the boiling
temperature. A tempering valve controls the flow rate of the main
stream and the bypass stream so that the mixed fluid temperature
will not exceed the set-point of the supply temperature 45 �C.
Table 2 lists the parameter settings for the simulation of the solar
DHW system.

Fig. 7 is the weekly DHW profile of the medium office reference
building, predicted by the DOE through the system simulations
conducted in EnergyPlus [27]. The maximum flow rate is 128 kg/hr
and the minimum load is 9 kg/hr.
Fig. 8. Schematic diagram of the solar absorption cooling and heating system.
5.2. Solar cooling and heating system

A solar absorption cooling and heating (SACH) system was
implemented by using the BISTS system to supply space heating
and/or cooling. The SACH system, as shown in Fig. 8, is composed of
solar collectors, a storage tank, an auxiliary heater and an absorp-
tion chiller. The solar field collects solar energy, which is then
converted into thermal energy and stored in the main tank. The
controller turns the pump on or off according to the temperature
difference between collector inlet and outlet. A storage tank is
equipped to stabilize the operation of the system since the solar
energy is not always available or in phase with the heating or
cooling load [31]. The tank size is 17.5 m3 and the initial tempera-
tures of water at different heights of the stratified tank are assumed
to be 90 �C, 85 �C, 80 �C, 75 �C, and 70 �C, from top to bottom. The
supply temperature set point is 90 �C. An auxiliary heater is
installed to maintain the set point temperature and provide the
compensation if the solar energy is not adequate, thus the ab-
sorption chiller can always cover the required heating or cooling
Table 2
Parameter settings for solar DHW system.

Component Parameter Value

Fluid properties Fluid specific heat [kJ/kg � K] 4.19
Tested flow rate [kg/hr � m2] 72.36

Flat-plate collector Intercept efficiency 0.75
Efficiency slope [kJ/hr � m2 � K] 10.955
Efficiency curvature [kJ/hr � m2 � K2] 0.07176
1st order IAM 0.28
2nd order IAM 0

Stratified storage tank Tank loss coefficient [kJ/hr � m2 � K] 2.5
Set point temperature [�C] 60
Dead band for set point [D�C] 10
Maximum heating rate [kJ/hr] 9000
Boiling point [�C] 100

Pump and controller Maximum power [kJ/hr] 60
Conversion coefficient 0.05
Power coefficient 0.5
Upper dead band DTH 5
Lower dead band DTL 2
load without equipping an additional electricity-driven chiller. The
dead band is 5 �C to initiate the auxiliary heater.

The heating and cooling loads of the medium office building
with the BISTS application were predicted by EnergyPlus simula-
tion from previous study [30]. Accordingly, the total heating energy
is 3.94 � 107 kJ with a peak load of 368,361 kJ/h and the total
cooling energy is 9.40� 108 kJ with a peak load of 933,283 kJ/h. The
building in Los Angeles, as noticed, is cooling dominated and has
cooling loads all year around (Fig. 9).

According to the building load demands, the collected solar
energy can be directly used for space heating, or used by a single-
effect H2O/LiBr absorption chiller for space cooling. The heating
and cooling modes are controlled by a diverter, which splits one
fluid stream from tank outlet into two possible streams according
to the control signal. For heating mode, the fluid runs only in the
heating loop. And for cooling mode, the fluid all goes to the cooling
loop. When it has both heating and cooling loads, the mass flow
rate of each fluid stream is determined depending on dynamic
heating and cooling demand ratios. Parameter settings for the SACH
system simulation are listed in Table 3.
6. Results and discussion

6.1. DHW heating

The BISTS system is primarily employed for the DHW heating
because the load is small and constant. The results of solar fraction
and solar useful efficiency are plotted as a function of collector area
as displayed in Fig. 10. The solar fraction increases along with the
collector area while the solar useful efficiency decreases. For the
BISTS on the south façade, 40 m2 area is enough to satisfy over 99%
of domestic hot water demand. Continuing to increase the collector
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Table 3
Parameter settings for solar heating and cooling system.

Component Parameter Value

Absorption chiller Chilled water set point [�C] 6.7
Chilled water flow rate [kg/hr] 40,000
Cooling water inlet temperature [�C] 22
Cooling water flow rate [kg/hr] 30,000
Hot water inlet temperature [�C] 90
Hot water flow rate [kg/hr] 8000
Rated COP 0.53

Stratified storage tank Set point temperature [�C] 90
Dead band for set point [D�C] 5
Maximum heating rate [kJ/hr] 2,000,000
Boiling point [�C] 100
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area on top of that does not significantly help to improve the solar
fraction but would keep reducing the solar useful efficiency.
Although 100 m2 of BISTS collectors on the south façade can
potentially provide 100% of solar energy for domestic hot water
heating, the solar useful efficiency is only 45% under this circum-
stance, in which more than half of collected solar energy has not
been used. For the BISTS on the east and west façades, 100 m2

collectors on the east and west façades in total can provide 99% of
free solar heating energy but only 60% available solar energy is
(a) South façade BISTS only

Fig. 10. Annual solar fraction and solar useful efficiency as a fun
used.
According to the U.S. DOE, typical solar fractions for domestic

hot water heating are 0.5e0.75 [32]. Walker [33] reported that the
economic optimum is approximately 0.75. To achieve the optimal
solar fraction, it is concluded that either 10m2 of south collectors or
33m2 of east and west collectors will be the economic optimal size.
Thus, the available area of BISTS will be more than the needs from
DHW. In order to avoid wasting the available BISTS, it is necessary
to explore more usages for the remaining collectors. Space heating
and cooling would be two potential possibilities.
6.2. Space heating and/or cooling

As concluded aforementioned, either 10 m2 of south collectors
or 33 m2 of east and west collectors as one of two scenarios can be
used to satisfy the desired DHW demands in the study of space
heating and/or cooling as shown in Table 4. In the first scenario,
10 m2 of south collectors is able to provide 74.4% of DHW by using
solar energy and the remaining collectors of 115 m2 on the south
plus 335 m2 on the east and west are used for space heating and/or
cooling. On the other hand, for the second scenario, 33 m2 of east
and west collectors (16.5 m2 on each side) provides 75.5% of DHW
load, and 125m2 of south collectors plus 302m2 of collectors on the
(b) East and west façades BISTS only

ction of BISTS collector area for domestic hot water heating.



Table 4
Two study scenarios.

Scenario Usage Collector area [m2]

South East West Total

Scenario 1 Domestic hot water 10 0 0 10
Space heating/cooling 115 167.5 167.5 450

Scenario 2 Domestic hot water 0 16.5 16.5 33
Space heating/cooling 125 151 151 427
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east and west supply space heating and/or cooling. Both scenarios
have over 87% of solar useful efficiency for domestic hot water
heating (Fig. 10).

The annual performance of the SACH system predicted by
simulation model is shown in Table 5. Two scenarios are compared
under three different modes: heating only, cooling only, and com-
bined heating and cooling. For each mode, Scenario 1 achieves
higher solar energy gain than Scenario 2 because it employs more
collector area, especially on the east and west façades, for space
heating and/or cooling. The energy gain is also influenced by the
load demand, as noticed in the table. The higher the load demand
is, the more solar energy is harvested from the collectors. This is
because solar gain is proportional to the flowrate of the fluid in the
solar collection loop. High load demand increases the flow rate of
the fluid through the collector, resulting in more solar energy gain.

The solar energy collected from different oriented collectors has
different effects on the load provision. East and west collectors
harvest more energy in summer but less in winter, as shown in
Fig. 11b. It is not helpful to improve the solar fraction for space
heating because it is off phase with the heating load. On the other
hand, solar energy collected by the south-facing collectors is rela-
tively constant throughout a year (Fig. 11a), so that it is easier to
supply both heating and cooling loads. Therefore, south-facing
collectors are more favorable theoretically. This conclusion makes
a good agreement with the data in Table 5. As shown, Scenario 2 is
better than Scenario 1, considering both solar fraction and solar
useful efficiency since Scenario 1 equipped more collector areas on
the east and west façades and Scenario 2 has more collectors facing
Table 5
Performance comparison of two scenarios under different modes.

Mode Scenario Qgain [kJ]

Heating only 1 1.619Eþ08
2 1.612Eþ08

Cooling only 1 4.091Eþ08
2 4.086Eþ08

Combined heating and cooling 1 4.103Eþ08
2 4.102Eþ08

The signification of bold indicates that Scenario 2 has better performance than Scenario

(a) South collectors

Fig. 11. Energy gain profile from
south. Therefore, Scenario 2 would be recommended as the final
operation strategy.

For heating only mode, solar availability and heating load are
not in phase. In summer, solar resource is abundant but there is no
heating requirement, so that solar fraction can reach 100% from
June to October but solar useful efficiency is almost zero (Fig. 12a).
On the other hand, in winter, collected solar energy is not enough
for heating, resulting only 40% of solar fraction in December and
January.

In cooling only mode, solar energy is not enough to satisfy the
large amount of cooling demand. The highest solar fraction is only
around 35% in April and the lowest one is near 10% in December
(Fig. 12b). The difference between two scenarios is not significant,
and both scenarios have very high solar useful efficiency thanks to
the accordance between solar gain and cooling profile. In August,
the solar useful efficiency is about 94%, and over 50% in January.

Generally, systemperformance in combined heating and cooling
mode is better than in either heating only mode or cooling only
mode. First, the higher the load demand is, the more solar energy is
harvested from the collectors. Combined heating and cooling mode
obtained 2.5 � 108 kJ more solar energy than heating only mode,
and 1.7 � 106 kJ more than cooling only mode. Second, more solar
energy can be useful in combined mode since the SACH system can
be runmore constantly all year round for heating load inwinter and
cooling load in summer without wasting solar energy obtained,
which leads to a higher solar useful efficiency (Table 5). However,
the solar fraction is still low because the cooling load is dominant in
Los Angeles. The annual load coverage is about 20% and the highest
month is 35% in April (Fig. 12c).
7. Conclusion

This study evaluated the solar fraction and the solar useful ef-
ficiency of the BISTS system applied to a medium office building in
Los Angeles. The BISTS collectors on the south, east, and west fa-
çades of the building were used to collect solar energy to supply
domestic hot water, space heating and/or cooling for the building.
The building and energy supply systems were modeled in TRNSYS.
Qload [kJ] Quseful [kJ] Fsolar [%] hsolar [%]

3.94Eþ07 2.49Eþ07 63.1 15.4
3.94Eþ07 2.55Eþ07 64.6 15.8
1.74Eþ09 3.52Eþ08 20.2 85.9
1.74Eþ09 3.52Eþ08 20.2 86.0
1.78Eþ09 3.55Eþ08 20.0 86.5
1.78Eþ09 3.56Eþ08 20.1 86.8

1.

(b) East and west collectors

different oriented collectors.



(a) Heating mode

(b) Cooling mode

(c) Combined heating and cooling mode

Fig. 12. Monthly and annual solar fraction and solar useful efficiency of Scenario 2.
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Either 10 m2 BISTS on the south façade or 33 m2 BISTS on the
east and west façades are identified to achieve the economic op-
timum 75% of solar fraction for domestic hot water heating. Even
though the DHW load can be fully supplied, the solar efficiencies
are low under these circumstances and excessive collector area
does not significantly help to increase the solar fraction.

The BISTS on the south façade is primarily recommended for
space heating and/or cooling. South-facing collectors provide
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comparably constant solar gains all year round, resulting in higher
load coverage and solar useful efficiency. 64.6% of the heating de-
mand and 20.2% of the cooling requirement can be potentially met
by using solar energy. During June and October, the heating de-
mand can be fully covered. But for cooling load, the highest solar
fraction is about 35% in April. Since solar availability is in phasewith
cooling load, the annual solar useful efficiency can be as high as 86%
for space cooling but less than 16% for space heating.

Combined heating and cooling enables the system to collect
more solar energy andmake most use of it. Therefore, it saves more
energy from auxiliary heating. Without considering economic
factor, Scenario 2, which employs 33 m2 of east and west collectors
(16.5 m2 on each side) for domestic hot water heating and the
remaining BISTS collectors for serving both space heating and
cooling, is recommended for the application.
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