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Abstract: This paper proposes an energy-saving strategy with assistance from solar thermal com-
pensation for building energy systems. The target of the control strategy was to minimize energy
consumption under thermal comfort constraints in buildings. First, the factors influential to indoor
temperature in building environments were analyzed. Secondly, the internal and external factors,
such as building materials; building orientation; window size; heating, ventilation, and air condi-
tioning (HVAC) facilities; blinding device; solar irradiation; wind speed; and outdoor temperature
were used to construct a building model on the platform ENERGYPLUS (E+). A controller aiming
to regulate the amount of solar irradiation was developed with the Building Controls Virtual Test
Bed (BCVTB) tool. Afterward, the building performance under different strategies was tested by co-
simulation using both the computational platforms, E+ and BCVTB. The optimum scheme achieved
30.6% energy savings while meeting the same comfort criterion of its competition strategy. The study
verified that the proposed strategy of combined heating, ventilation, and air conditioning and blind
control could realize the energy savings and comfort satisfaction at the same time. The proposed
method provides a reference to the development of low-/zero-energy building concepts in the field.

Keywords: Building Control Virtual Test Bed; ENERGYPLUS; energy saving in buildings; predicted
percentage of dissatisfied; predicted mean vote; solar energy

1. Introduction

Tremendous attention has been given to the issues of energy saving and energy
utilization in a clean way. On average, buildings have accounted for 40% of overall energy
consumption across the world [1], while buildings account for 27% of energy consumption
in China [2]. Moreover, there exists a 1% [2,3] increase in building energy consumption
along with the economic development each year in China. Public buildings contribute the
most, accounting for 34% [4] of energy consumption among all types of buildings. Therefore,
reducing energy consumption in public buildings is regarded as the most effective way
to reach the targets of energy savings and emission reduction. In buildings, the highest
amount of energy is used by heating, ventilation, and air condition (HVAC) systems. They
account for 60% of consumption in buildings [5], since most energy supplies rely heavily
on HVAC systems at present. Researchers, industrial partners, and stakeholders strive to
find alternatives to reduce building consumption while maintaining building performance
in a decent way. Among these attempts, using renewable energy as a supplement to or
as replacement of HVAC systems is becoming popular, since renewable resources are
abundant, clean, and sustainable. These applications commonly take renewable energy as
heating resources or convert renewable energy into electricity to facilitate energy supplies
in buildings. The concept of the low-/zero-consumption building [6-8] has emerged, and
has been adopted in newly constructed buildings. Moreover, optimal energy management
by integrating renewable resources and the associated facilities is a key [9,10]. For instance,
the researchers in [11] developed an energy-management system assisted by historical
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climate data, including the outdoor temperature, solar radiation, and the surrounding
conditions of the neighborhood, to forecast the heating energy while reducing the duty
time of the HVAC in the building. Korkas et al. [12] investigated the relationship between
occupant comfort and the thermal gain from solar. They pointed out thermal comfort and
energy consumption had a close relationship with solar radiation. Li [13] discussed the
various effects on indoor temperature caused by solar radiation using different types of
building architecture and materials. Abd-Ur-Rehman et al. [14] investigated variations in
building environments with a focus on lighting and heating energy control facilitated by
solar radiation. Ma and Maurer [15,16] set up mathematical models of different regions
under various climate environments. They investigated the comprehensive relationship
between solar irradiation and cooling and heating effects in diverse regions with dissimilar
climates. Researchers from Germany investigated the thermal gain from solar in a passive
building and discussed how to improve energy efficiency in buildings through numerical
simulation by monitoring indoor and outdoor environmental data around the targeted
buildings. The above investigations indicated that solar irradiation/energy has the potential
to change indoor climates. However, few discussions were found in the past investigations
with a specific focus on maximizing the use of solar energy while minimizing HVAC
supplies without compromising occupant comfort. The American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) proposed a series of standards
to measure building performance, especially the predicted percentage of dissatisfied (PPD)
and predicted mean vote (PMV), which are used as convincing indicators to evaluate
thermal comfort.

Unlike previous investigations, this study proposed an innovative strategy that was
subject to a joint target of reducing energy consumption, as well as maintaining occupant
comfort, by incorporating solar radiation with HVAC operation. For this purpose, a numer-
ical model built on a joint platform of ENERGYPLUS [17] and the Building Control Virtual
Test Bed (BCVTB) [18] was simulated and tested, in which the performance indicators of
both thermal comfort and energy savings were evaluated. This study also compared the
results of the proposed strategies with their counterparts of common HVAC operation
without consideration of solar gain. The results indicated that the proposed strategy could
realize a maximum value of 69.95% energy reduction while maintaining both PPD and PMV
within a permitted range. In the study, solar gain was controlled by a blind in cooperation
with HVAC operation.

2. Influential Factors on Building Energy Performance

There exist many influential factors in relation to energy consumption in building
environments; for instance, heating loss from the building envelope, air transmission, or
indoor heat disturbances. On the other hand, heat gains can be achieved by heat irradiation
from electrical devices such as personal computers, lighting systems, and heaters, as well as
solar radiation. These influential factors are generally divided into two groups, including
internal factors and external factors.

2.1. External FACTORS

The building envelope results in more energy loss than other factors. The overall loss
related to the building envelope is associated with walls, roofs, windows, and floors. In
general, heat transmission from walls affects the indoor temperature the most due to the
larger area occupied by walls compared to floors, windows, and roofs. Indoor temperature
is also affected by heat transmission in the form of convection or radiation.

2.2. Internal Factors

Occupants, lighting, and heating devices contribute a heat effect to spaces in buildings.
It is commonly recognized that the number of occupants, thickness of their clothes, and
indoor facilities bring about heat gains. Especially in indoor facilities, factors such as
computers, printers, and projectors contribute obvious heat to indoor spaces. In addition,
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HVAC and solar radiation are the main controllable resources for heating as well. They
will be discussed in detail in the later sections.

3. Methodologies

This study aimed to find a favorable operational strategy for energy management
in buildings with the objectives of minimizing energy consumption while maintaining
occupant comfort. A joint model was developed as shown in Figure 1. The architecture of a
building with the desired physical properties and facility parameters was established on
the ENERGYPLUS platform. A controller with an operational strategy was programmed
on the BCVTB platform. In the study, ENERGYPLUS could interact with BCVTB, in that
the exports of the BCVTB model were fed into the imports of the ENERGYPLUS model.
The strategy was tested via numerical simulation. The following sections will introduce the
modeling process.
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A controller developed in - T u O(t)r
BCVTB environment emperature
[ Solar Ti Outdoor Control
* | Irradiation e Temperature | | Strategy
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Figure 1. A controller in BCVTB interacts with ENERGYPLUS environment.

3.1. Joint Modeling by ENERGYPLUS and BCVTB

The targeted building model was primarily built on the ENERGYPLUS platform using
physical properties, including materials, size, orientation, number of rooms, location, and
types of HVAC devices. Moreover, the number of occupants and people activities were
also defined in the ENERGYPLUS model. Tables 1-4 give the details of the parameters for
the building model. The simulated building was supposed to represent an office building.
Therefore, it was supposed that the occupants worked from 9:00 to 17:00 on weekdays.
The lighting and other devices were scheduled accordingly. The HVAC operation was
implemented in the BCVTB platform, in which the developed controller interacted with
the ENERGYPLUS model [19,20]. In this case, the building model in ENERGYPLUS
was packed as a module and interacted with the BCVTB environment. In this study, an
increasing or decreasing heat gain from solar radiation was realized by blind control, which
was programmed as a controller on the BCVTB platform. The relationship and interaction
between BCVTB and ENERGYPLUS are demonstrated in Figures 1 and 2. As Figure 1
shows, a state controller developed by BCVTB and packed as a module interacted with a
building model in the ENERGYPLUS environment. Climate condition signals, including
solar irradiation and indoor temperature, were shared by both the BCVTB model and the
ENERGYPLUS model. The control signal produced by the BCVTB was fed into a building
model on the ENERGYPLUS platform in which the rest of physical parameters were used
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for calculation in the ENERGYPLUS environment. We could see the inside environment
of the BCVTB when a controller was developed and coped with a building model in
which the building model by ENERGYPLUS was packed as a simulator, and was linked
with the controller on the BCVTB platform. Tables 1-3 provide the physical properties
and environmental parameters of the modeling. Table 4 gives the lighting schedule for
the building.

Table 1. Key parameters of the targeted building model.

Lighting (watts) Equipment (watts) Occupants Proportion (m?)
West zone 0.00 2928.75 3 55.74
East zone 878.62 2928.75 4 55.74
North zone 1464.38 1464.38 3 55.74
In total 2343.00 7323.00 10 167.23

Table 2. Heat transfer coefficient of enclosure structures.

Enclosure Structure Heat Transfer Coefficient (w-m~2) Thickness (mm)
External wall 0.72 145.94
Partition 0.67 241.40
Floor slab 1.73 203.30
Roof 0.43 98.54
Win-con-single pane 0.90 3.00
Win-con-single pane with interior blind 0.50 21.75

Table 3. U-values for the objective buildings.

Envelope Element U-Value (W/m? K)
Walls 0.45
Roofs 0.25
Floors 0.45
Windows 3.3

Table 4. Lighting schedule.

Time Lighting Rate
Until 6:00 0.05
Until 7:00 0.2
Weekday Until 17:00 1
Until 18:00 0.5
Until 24:00 0.05
Weekend Until 24:00 0.05

A
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e

Temperature
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Figure 2. Model structure in BCVTB environment.
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3.2. Thermal Storage Effect

Buildings have properties resembling those of a thermal storage facility. They receive
and maintain thermal energy for a period of time before releasing thermal energy as
requested as the environment changes. As solar radiation is strong, for instance, heat
is transmitted into storage materials, such as walls, floors, and other equivalent storage
constituent in buildings, via windows. In this case, heat gain from solar energy is more
than the loss, leading to a rise in indoor temperature while excessive thermal energy is
stored. In contrast, weaker solar radiation occurs in some circumstances, such as on cloudy
or rainy days or nights. Heat loss is retarded by fully closing a curtain or a blind while
maintaining the indoor temperature by the thermal storage effect in buildings.

4. Case Studies

In order to evaluate the proposed method, case studies were executed. A cosimulation
based on both ENERGYPLUS and BCVTB was adopted. The tested was supposed to be
performed from 1-4 March in Chicago, IL, USA (41. 78° N, 87. 75° W). The plan of the
tested zones is demonstrated in Figure 3. Three zones were located at a level in an office
building. The tested zones were the three connected offices. In order to evaluate energy
savings and the performance of blinding, all performance indicators were referred to the
western zone, which had a window and blinding device.

6.06 m 6.06 m

Figure 3. A simple building plan.

4.1. External Environment

Three zones were included, which were the north, west, and east individually. It was
assumed that the windows were installed in the west zone facing south, as the diagram
shows. The study aimed to test the combination of heating, cooling, and blinding devices
in a single or a combined way. In the tests, there were four days with relatively different
scenarios that had a diverse variation in both ambient temperature and solar irradiation.
The four days were selected for no specific reasons, but they showed enough complicated
variation for testing the effectiveness of the methods to some extent. The testing period
was from 1-4 March during the transition period between winter and spring. Other
environmental parameters included: altitude of 190 m, wind speed of 4.9 m-s~ 1, wind
direction of 270°, and outdoor air pressure of 9.9 kPa. The wind speed varied over the
four days, as shown in Figure 4. The variations in outdoor temperature and solar radiation
are demonstrated in Figures 5 and 6. As Figure 5 shows, the outdoor temperature varied
during the entire four days, while daytime showed a higher outdoor temperature than
during the night. Moreover, Day 4 showed the highest temperature over the rest of the
three days on average. The highest and lowest temperatures were 6.6 °C and —3.1 °C,
respectively. In terms of solar radiation, the second and fourth days showed stronger
scenarios than their counterparts on Days 1 and 2, as shown in Figure 6.
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Figure 4. Wind speed variation over the four days.
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Figure 5. Outdoor temperature variation over the four days.
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Figure 6. Solar radiation over the four days.

4.2. HVAC Operation

During the work hours of 9:00 to 17:00, the comfort temperature was between 20 and
24 °C. The HVAV system’s operational schedule is shown in Table 5.
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Table 5. Heating and cooling operation schedule.

Time Heating Operation Cooling Operation
Target Temperature (°C) Target Temperature (°C)
Until 7:00 10 24
Until 9:00 21 24
Until 17:00 21 24
Until 24:00 0 24

4.3. Blind Operation

The key part of the study lay in blind control that was executed using a state-
transmission method. Figure 7 provides a state-transmitting chart for blind operation.
Three states were used in the operation: States 1, 2, 3, which refer to full blinding, no
blinding, and half blinding, respectively.

guard; SR < 5
st y=2

guard: SR <5 || T =24
set:y=2

guard: SR> 10&& T FINDEET =17
sat: y =0

guard: SR> 10&& T =22 && T < 23
set vy =1

guard: SR> 150 &8 T = 20
el y =1

Figure 7. State-transmitting chart for blinding operation.

Starting from State 1, the blind fully covered the window. As the radiation rose to
10 W-m? and the indoor temperature ranged from 10 to 17 °C, it moved to State 2, which
led to the temperature increasing by receiving as much radiation as possible. Afterward, the
system transmitted to State 3 if the radiation continuously rose until it reached 150 W-m?
with an indoor temperature higher than 20 °C.

In this case, the blind covered half of the window. Therefore, less heat was transferred
into the spaces, and the rate of temperature increase slowed. The system then proceeded
to State 2. When the radiation went down to 5 w-m™~2 or the indoor temperature rose to
24 °C, the blind returned to fully covering the window to maintain the indoor temperature
or reduce heat via radiation. In this case, the temperature rise or fall was slowed down. In
other cases; for instance, for radiation higher than 10 w-m~2 and an indoor temperature
from 21 to 23 °C, the blind covered half the window. Or, if the indoor temperature was
less than 18 °C, the blind fully opened to boost the heat gain into the space, leading to a
temperature increase. In the case of a temperature lower than 5 °C, the blind went into
State 1. The state-transmitting chart confirmed the blind operation within a closed loop
while keeping the indoor temperature as close to the comfort range as needed.
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By following the operation of the state chart in Figure 7, Figure 8 demonstrates the
waveform in line with the indoor temperature variation under the three types of operation.
The indoor temperature from 9:00 to 17:00 each day was always higher than 21 °C for
the HVAC system, as defined in Table 5. However, the temperature fell to lower than
15 °C in most of the overnight periods. Moreover, the indoor temperature rose to higher
than 23 °C at some time points since the fully covered window could not prevent the
temperature increase. Cases with a temperature over 23 °C or below 15 °C breached the
comfort standards defined by ASHRAE. In other words, the problems could not be fully

solved by solo blind operation. Therefore, heating or cooling by the HVAC facilities was
necessary for our purpose.

S2 Yes Yes No
S3 Yes Yes Yes
3G T T T T T T T T
I I I T I I I |
I I I = 3 I I I I
o L I I I s 1 I I I Ty
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Figure 8. The waveform of indoor temperature under different strategies.

4.4. Comparison with Different Operation

We tested the performance under different operational strategies. In Case S1, an
operation plan with heating only was used. Case S2 employed both heating and cooling
devices to regulate the indoor temperature without the blind. In Case S3, blind operation

was incorporated with both heating and cooling. These strategies are summarized in
Table 6.

Table 6. Different operational strategies.

Operational Strategy Heating Cooling Blind Operation
S1 Yes No No
S2 Yes Yes No
S3 Yes Yes Yes

As Figure 8 indicates, the indoor temperature in Case S1 operation was generally
higher than for other counterparts in the same period. In particular, the indoor tempera-
ture was far higher than for the others during the day with strong solar radiation, since
the temperature rose fast without the blind. After the radiation diminished, the indoor
temperature gradually fell. The indoor temperature in this case tended to vary in a similar
way to that of the radiation. The high temperature was maintained for a while, which
led to occupants being uncomfortable at the same time. With the heating and cooling
operation, high temperatures were obviously restrained due to the assistance from cooling.
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However, cooling consumed more energy, which was not a desirable solution for our
purposes. Moreover, it led to low temperatures for a while, as the blue line shows. In
the third operation, blind operation with both heating and cooling resulted in a decent
temperature range over the longest period, as the red dotted line shows. The temperature
rose by following the radiation growth during the daytime on Day 1, as the cycled part
shows in the cases of both the red and blue lines. The temperature fell thereafter. However,
the blue line shows the cooling effect from the HVAC device, while the red line shows the
results of the fully covered window to reduce energy loss when the radiation was weakened.
Obviously, the red line shows a lower consumption of energy than the counterpart of the
blue line, while similar indoor temperature variation was reached. Comparing the red
(with blind) to the blue line (without blind), the former shows a slower variation than the
latter. Similar scenarios can be seen in the cycled part shown in Figure 8. Moreover, the red
line shows less time in low temperatures than does the blue line, in general. When both the
radiation and outdoor temperature were low, the fully covered window enabled the indoor
temperature to vary more slowly, which was evidenced by the period of the nights. Overall,
blind operation was useful in saving energy while maintaining a temperature within a
decent range.

4.5. Comfort Indicators: PMV and PPD

Predicted mean vote (PMV) is a common indicator for comfort evaluation in building
environments [21,22]. This complicated indicator involves six parameters in the targeted
environment, including air temperature, humidity, solar irradiation, air flow, metabolism
rate, and thermal resistance of cloth. It represents occupant comfort on average, and
is divided into seven grades, including the feelings of cold, cool, minor cool, medium,
minor warm, warm, and hot. Their values are —3, —2, —1, 0, +1, +2, and +3, respectively.
Another indicator, predicted percentage of dissatisfied (PPD) [23], was also proposed to
assess occupant dissatisfaction with the thermal environment around them. The following
equation represents the relationship between PMV and PPD:

PPD = 100 — 95 x e—(0.003353><PMV4+PMV2) (1)

PMV performance under the various operational strategies is illustrated in Figure 9.
Since it was an office building, work hours between 9.00 to 17:00 were considered to be
when the room was occupied each workday. Thus, both PMV and PPD were calculated, and
are shown in Figures 9 and 10 for the time range of 9:00 to 17:00. PMV was calculated based
on parameters including air temperature, humidity, solar irradiation, air flow, metabolism
rate, and thermal resistance of cloth. Air velocity was equal to 0.137 m/s; relative humidity
ranged from 55% to 100%; metabolic activity was equal to 1.2 met; clothing insulation was
equal to 1 clo; solar irradiation ranged from 0 to 712 W/m?, and the indoor temperature
varied from 0 to 24 °C. Table Al in the Appendix A gives the details.

The black, blue, and red lines in Figure 9 refer to the performances of the Case 1,
Case 2, and Case 3 strategies, respectively. As the waveform shows, only the red line
was within the range of —0.5 to 0.5, which meant only comfort satisfaction was met by
the Case 3 operation. The operation of heating only brought about the most discomfort
during the second day due to solar radiation being high during the day. Without blind or
cooling assistance, the indoor temperature kept climbing, which led to the increase in the
PPD. Until the radiation receded, the PMV remained at the top for a while before falling.
Afterward, the PMV shown by the black dotted line returned to the comfort range. The red
and blue lines display similar changes in operation, except the blue line went lower than
—0.5 occasionally due to the cooling operation causing the temperature to be low for a few
moments. Figure 10 shows the PPD variation. As in Figure 9, PPD reached a high value
during the second day, which presented discomfort during the daytime of this day due to
no blind being used to prevent strong radiation. Without blinding, the indoor temperature
during the nighttime fell and the PPD rose, as the blue line indicates. In contrast, the red
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line varied smoothly, since the blind regulated the variation in thermal energy loss or heat
gain, while the fully covered window strengthened the storage capability of the room. As
Figures 9 and 10 indicate, only in the combined blinding and HVAC system could the
indicators of PMV and PPD reach the comfort requirement. The operation with heating
only breached the comfort limits of both the PMV and PPD, as Figures 9 and 10 show, while
the operation with heating and cooling breached the PMV limit, as Figure 9 shows.

*
*

==xxux Heating

=== Heating+Cooling

== == Curtain Control+Heating+Cooling
= == PMV=0.5

== ==PMV=-0.5

1 ] |
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Figure 9. PMV variation under different operations.
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Figure 10. PPD variation under different operations.

4.6. Test Results under the Optimal Operation Conditions

The performance of indoor temperature vs. blind operation are shown in Figure 11.
PMV, PPD, and energy consumption for heating and for cooling are shown in Figures 12-15,
respectively. Figure 16 shows the accumulative energy consumption for the four days.
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Figure 11 gives two waveforms for the indoor temperature (red) and the blind-shading
schemes (blue). The operational signals were multiplied by 5 to accommodate the plot
area, as the blue line shows. Thus, the values of 0, 5, 10 in the blue line represent the
operation of the blind with the window uncovered, half-covered, and fully covered. During
the nighttime, the window was fully covered to keep the room warm, as Case 1 shows.
The blind also fully covered the window when the indoor temperature rose and the solar
radiation was strong, as Case 2 shows. In this case, most sun glazing was blocked to prevent
the room from overheating. When the temperature reached a certain level, the blind kept
the window half-covered to slow the indoor temperature variation, as Case 3 shows. To
boost the indoor temperature, the window was generally uncovered while receiving the
highest amount of solar irradiation, as Case 4 shows.

30 T T T
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Case two pe
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25 [ Case one B Case three
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\
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(=]
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L5,
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Figure 11. Indoor temperature variation vs. blind-shading scheme.
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Figure 12. PMV variation during optimal operation.
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Figure 15. Energy consumption during cooling by HVAC.



Electronics 2022, 11, 491

13 of 17

4th March
1.8X 108, 3rd March
] 2nd March
1.6X 108 1st March
1.4%X 1084
1.2X 108
X 4
=
— 1.0X10%
= 7]
&0 8.0X107
()
2 ]
= 6.0x10"
4.0x107
2.0X10"4
0.0 ; . ; . . X
Heating Energy Cooling Energy

Figure 16. Accumulative energy consumption.

As shown in Figure 11, the temperature remained within the range of 12 °C to 25 °C,
which allowed the PMYV to vary within the comfort range between —0.5 to 0.5, as Figure 12
indicates. The PPD given in Figure 13 showed a small dissatisfaction under the optimal
operation, in which the blind control incorporated with heating and cooling was used. It
realized a dissatisfaction lower than 15% during the test. Figure 14 demonstrates energy
consumption for heating the room. Each single day showed similarities. Heating was
turned on during a low outdoor temperature or weak solar irradiation. On each single
day, the first half of the day required more energy than the other half, since the room was
required to be warmed up during the first half of the day when the room was occupied.
After the temperature rose, both solar irradiation and strengthened thermal storage due to
the covered window maintained the temperature. Therefore, less energy was requested.
Cooling was occasionally needed as both the solar irradiation and outdoor temperature
rose, which led to the indoor temperature rising quickly or overheating.

Table 7 summarizes the values of the key indicators of the performance. S1, S2, and
53 represent the operational strategies with heating, heating and cooling, and heating and
cooling and blind shading, respectively. In operation S3, the comfort requirement was
satisfied, with energy consumption of 31.70 kWh of electricity for heating and cooling.
53 saved 30.6% of energy overall, while 59.2% of cooling was saved compared to S2.
52 consumed more energy, 45.71 kWh of electricity, compared to the other counterpart
strategies. However, operation S2 occasionally breached the limit of the PMV line shown
in Figure 9, which meant S2 could not satisfy the comfort requirements during the entire
process. The least energy was consumed by S1. However, the comfort satisfaction with the
PMYV index was broken under S1, as the black dotted line in Figure 9 shows. The maximum
value of the black dotted line was close to 1.5, which meant extreme discomfort in this
situation. This was due to both the high outdoor temperature and the strong glazing over
Day 2, as shown in Figures 4 and 5. The PPD index shown in Figure 10 worsened during
Day 2 if S1 was used. Therefore, only S3 could meet the demand of both energy saving and
comfort satisfaction. S3 was the optimum scheme for operation.
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Table 7. Energy consumption under the three strategies.

. . Comfort
Strategy Number Facilities Heatufg Coollr!g Electricity (Kw) Requirement

Consumption (J) Consumption (J) .

Satisfied
S1 Heating 1.25 x 108 0 14.70 No
S2 Heating + Cooling 1.31 x 108 3.33 x 107 45.71 No
s3 Blind + Heating + 1.73 x 108 1.36 x 107 31.70 Yes

Cooling

Figure 13 illustrates the variation in the PPD index under S3 operation. As can been
seen, the PPD index varied within the limit, which meant comfort requirements were
satisfied. Figures 14 and 15 demonstrate the heating and cooling consumption, respectively,
under operation S3. Heating displayed similarity over the four days. The first half of the
day showed the highest consumption of heating energy during Day 1 operation due to a
low ambient temperature and weak irradiation. Heating was also requested during the
second half of the day on Day 3 when both temperature and solar irradiation were weak,
as Figures 5 and 6 show. Cooling was occasionally needed, as shown in Figure 15, when
the ambient temperature was high with strong irradiation during some periods on Days 2
and 4, as Figures 5 and 6 show. Figure 16 gives the accumulative energy consumption for
these four days. Day 1 required the least amount of energy for heating, while no cooling
was needed during the day. In contrast, Day 2 showed the highest consumption, since both
heating and cooling were needed.

5. Conclusions

This paper proposed an innovative strategy for energy management in buildings while
simultaneously realizing both energy savings and occupant comfort. The study began by
analyzing the influential factors on the indoor temperature, including building materials,
structure, outdoor temperature, wind speed, building orientation, solar irradiation, etc.
A mathematical model of a building was constructed on the ENERGYPLUS platform. A
controller for blind shading was defined using the BCVTB. The purpose of the study was to
use solar energy in a flexible way when indoor and outdoor conditions changed. For testing
the effectiveness of the optimal scheme proposed, the study compared three strategies:
heating-only operation; heating and cooling operation; and heating, cooling, and blinding
operation. The optimal method was to the combination of heating, cooling, and blind
shading to keep the zone temperature within the comfort range. The test results showed
that the optimal strategy saved more than half of the cooling energy and 30.6% of the overall
energy compared to the counterpart strategy without blinding. Heating-only operation
consumed the least energy, but it could not meet the occupant comfort requirements, as it
breached the PPD limit three times. Therefore, the results verified the effectiveness of the
proposed strategy to reach the joint target of both energy savings and occupant comfort.
This will encourage the acceptance of the concept of low-/zero-energy buildings in which
energy conservation is realized without compromising occupant comfort.
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Appendix A
Table A1l. Parameters for PMV calculation.

.S(?lar . Zone Air
. Radiation Rate Zone Air Relative . Metabolism Clothing
Date/Time per Area Temperature e 70 Air Flow (m/s) .
2 o Humidity (%) Rate Insulation
(W/m”®) (°C) (Hourly) (Hourly)
(Hourly) y
03/01 01:00:00 0 12.92 100 0.137 1.2 1
03/01 02:00:00 0 12.37 100 0.137 1.2 1
03/01 03:00:00 0 12.05 100 0.137 1.2 1
03/01 04:00:00 0 11.80 100 0.137 1.2 1
03/01 05:00:00 0 11.52 100 0.137 12 1
03/01 06:00:00 0 11.26 100 0.137 1.2 1
03/01 07:00:00 4.79 11.11 99.99 0.137 1.2 1
03/01 08:00:00 22.58 21.10 81.36 0.137 12 1
03/01 09:00:00 54.62 21.00 96.17 0.137 1.2 1
03/01 10:00:00 131.17 21.00 99.95 0.137 1.2 1
03/01 11:00:00 146.65 21.00 100 0.137 12 1
03/01 12:00:00 97.01 21.00 100 0.137 1.2 1
03/01 13:00:00 100.88 21 100 0.137 1.2 1
03/01 14:00:00 98.19 21.42 99.99 0.137 12 1
03/01 15:00:00 137.33 22.04 100 0.137 1.2 1
03/01 16:00:00 128.93 22.46 100 0.137 1.2 1
03/01 17:00:00 171.06 22.93 100 0.137 12 1
03/01 18:00:00 29.53 22.56 99.96 0.137 1.2 1
03/01 19:00:00 0 16.48 100 0.137 1.2 1
03/01 20:00:00 0 14.83 100 0.137 12 1
03/01 21:00:00 0 14.34 100 0.137 1.2 1
03/01 22:00:00 0 13.86 100 0.137 1.2 1
03/01 23:00:00 0 13.33 100 0.137 12 1
03/01 24:00:00 0 12.93 100 0.137 1.2 1
03/02 01:00:00 0 16.09 94.58 0.137 1.2 1
03/02 02:00:00 0 16 100 0.137 12 1
03/02 03:00:00 0 16 100 0.137 1.2 1
03/02 04:00:00 0 16 100 0.137 1.2 1
03/02 05:00:00 0 16 100 0.137 12 1
03/02 06:00:00 0 16 100 0.137 1.2 1
03/02 07:00:00 32.57 16 100 0.137 1.2 1
03/02 08:00:00 207.41 21.03 89.53 0.137 1.2 1
03/02 09:00:00 401.77 21.09 98.58 0.137 1.2 1
03/02 10:00:00 543.27 21.82 99.42 0.137 1.2 1
03/02 11:00:00 634.18 23.28 98.83 0.137 12 1
03/02 12:00:00 712.26 24.00 9090 0.137 1.2 1
03/02 13:00:00 699.28 24 63.66 0.137 1.2 1
03/02 14:00:00 492.56 24 55.76 0.137 12 1
03/02 15:00:00 293.71 24 55.94 0.137 1.2 1
03/02 16:00:00 177.29 24 56.80 0.137 1.2 1
03/02 17:00:00 72.02 24 57.13 0.137 12 1
03/02 18:00:00 11.41 24 56.49 0.137 1.2 1
03/02 19:00:00 0 17.99 81.84 0.137 1.2 1
03/02 20:00:00 0 16.15 91.56 0.137 12 1
03/02 21:00:00 0 15.49 95.47 0.137 1.2 1
03/02 22:00:00 0 14.94 98.79 0.137 1.2 1
03/02 23:00:00 0 14.49 100 0.137 12 1
03/02 24:00:00 0 14.03 100 0.137 1.2 1
03/03 01:00:00 0 17.59 92.64 0.137 1.2 1
03/03 02:00:00 0 17.5 100 0.137 1.2 1
03/03 03:00:00 0 17.5 100 0.137 1.2 1
03/03 04:00:00 0 17.5 100 0.137 1.2 1
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Table Al. Cont.
Solar
. .. . Zone Air
. Radiation Rate Zone Air Relative . Metabolism Clothing
Date/Time per Area Temperature Humiditv (© Air Flow (m/s) .
Py o umidity (%) Rate Insulation
(W/m*) (°C) (Hourly) (Hourly)
(Hourly) y

03/03 05:00:00 0 17.5 100 0.137 1.2 1
03/03 06:00:00 0 17.5 100 0.137 1.2 1
03/03 07:00:00 6.91 175 100 0.137 1.2 1
03/03 08:00:00 46.72 21.02 91.45 0.137 1.2 1
03/03 09:00:00 163.86 21 98.82 0.137 1.2 1
03/03 10:00:00 159.44 21 100 0.137 1.2 1
03/03 11:00:00 206.61 21.13 100 0.137 1.2 1
03/03 12:00:00 164.50 21.33 100 0.137 1.2 1
03/03 13:00:00 132.89 21.24 100 0.137 1.2 1
03/03 14:00:00 138.91 21.65 99.99 0.137 1.2 1
03/03 15:00:00 108.39 21.70 100 0.137 1.2 1
03/03 16:00:00 75.86 21.67 100 0.137 1.2 1
03/03 17:00:00 36.15 21.37 100 0.137 1.2 1
03/03 18:00:00 7.36 21.02 100 0.137 1.2 1
03/03 19:00:00 0 15.02 100 0.137 1.2 1
03/03 20:00:00 0 13.46 100 0.137 1.2 1
03/03 21:00:00 0 12.88 100 0.137 1.2 1
03/03 22:00:00 0 12.44 100 0.137 1.2 1
03/03 23:00:00 0 12.12 100 0.137 1.2 1
03/03 24:00:00 0 11.76 100 0.137 1.2 1
03/04 01:00:00 0 16.10 93.90 0.137 1.2 1
03/04 02:00:00 0 16 100 0.137 1.2 1
03/04 03:00:00 0 16 100 0.137 1.2 1
03/04 04:00:00 0 16 100 0.137 1.2 1
03/04 05:00:00 0 16 100 0.137 1.2 1
03/04 06:00:00 0 16 100 0.137 1.2 1
03/04 07:00:00 5.93 16 100 0.137 1.2 1
03/04 08:00:00 25.38 18.53 91.98 0.137 1.2 1
03/04 09:00:00 55.59 21 94.22 0.137 1.2 1
03/04 10:00:00 78.63 21 99.45 0.137 1.2 1
03/04 11:00:00 102.17 21 100 0.137 1.2 1
03/04 12:00:00 202.10 21.40 99.98 0.137 1.2 1
03/04 13:00:00 568.37 23.31 93.83 0.137 1.2 1
03/04 14:00:00 601.28 24.00 83.43 0.137 1.2 1
03/04 15:00:00 194.53 23.87 80.99 0.137 1.2 1
03/04 16:00:00 84.07 23.75 91.86 0.137 1.2 1
03/04 17:00:00 29.64 23.17 99.84 0.137 1.2 1
03/04 18:00:00 5.13 22.67 100 0.137 1.2 1
03/04 19:00:00 0 16.27 100 0.137 1.2 1
03/04 20:00:00 0 14.30 100 0.137 1.2 1
03/04 21:00:00 0 13.68 99.99 0.137 1.2 1
03/04 22:00:00 0 13.06 100 0.137 1.2 1
03/04 23:00:00 0 12.37 100 0.137 1.2 1
03/04 24:00:00 0 11.80 100 0.137 1.2 1
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