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Abstract This article optimizes building design parameters to balance the building
energy-saving and visual comfort objectives when utilizing the vacuum photovoltaic
insulated glass unit (VPV IGU) as the building envelope. VPV IGU can reduce the
air conditioning load as demonstrated in a previous study, where the window-to-
wall ratio should be decreased to approximately 10% for energy saving. However,
under such circumstance, the indoor visual comfort for the occupants cannot be
guaranteed.With a simultaneous consideration of both the visual comfort and energy
efficiency, this work explores the optimal passive building design through a multi-
criterion approach based on the non-dominated sorting genetic algorithm II (NSGA-
II). The annual energy and indoor environmental conditions of the selected prototype
office building are predicted with EnergyPlus. Obtained results are then subject to a
decision-making process to determine the final optimum solution which can provide
guidance in green building design within different urban contexts.

Keywords Passive building design · Photovoltaic glazing · Vacuum glazing ·
Visual comfort · Building energy conservation

1 Introduction

Building integrated photovoltaics (BIPVs) has attracted tremendous interests from
researchers worldwide given its advantage of clean energy sources and multiple
functions [1]. BIPV can not only serve as the component of building envelopes (e.g.
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Fig. 1 Structure of vacuum photovoltaic insulated glass unit [3]

curtain walls), but also generate considerable amount of electricity for the on-site
utilization or grid supply. In the context of aggravating global warming and energy
crisis, renewable technologies like BIPV should be further developed and promoted.
Despite the promising potential of power generation, BIPV also brings about the
problem of heat loss as the envelope because of its relatively high U value [2].

To enhance its thermal performances, the vacuum glazing technology is pro-
posed to be combined with the photovoltaic technology as the vacuum photovoltaic
insulated glass unit (VPV IGU) [3]. Previous research conducted by the authors has
proved that this novel structure (shown in Fig. 1) can help achieve nearly 62% energy
conservation when integrated with traditional passive design strategies [4]. However,
the window-to-wall ratio should be decrease to 0.107 for such high energy savings,
so that visual comfort is sacrificed.

Thework presented byOchoa et al. has suggested that lager window-to-wall ratios
can improve visual comfort [5]. Although visual comfort often receives less research
attention [6], it has high impact on the well-being of occupants regarding their mental
status and productivity. Carlos et al. investigated many energy and visual criteria to
fulfil the both visual comfort and building energy-saving requirements. Their work
indicated that shades and improved glazing should be taken into the consideration
[5].

According to the above review, there is a lack of research on balancing the conflict
of visual comfort and building energy conservation when novel windows like VPV
IGUare adopted in high-rise buildings. To fill such research gaps, sensitivity analyses
(SA) are conducted to decide the influence of all related envelope design parameters
on overall building performance within urban contests defined by different building
height-to-street ratios. A multi-objective optimization approach based on the non-
dominated sorting genetic algorithm (NSGA-II) [7] is adopted for determining the
optimum building design.
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2 Methods

EnergyPlus is coupled with jEPlus to conduct modelling experiments on a prototype
office building adapted fromANSI/ASHRAE/IES standard 90.1 prototype buildings.
Four design objectives are investigated through the simulation, including the lighting
energy demand, heating, ventilation and air conditioning (HVAC) energy demand,
photovoltaic (PV) power supply and visual discomfort time, to evaluate the overall
building performance and balance building energy conservation and visual comfort
requirements. The visual discomfort time is calculated with EnergyPlus by summing
up the time when the indoor environment exceeds acceptable glare index (i.e. higher
than 22) [8]. As for the building energy performance, the purchased electricity (EP)
is used to calculate the net energy demand using the equation below.

EP = Elight + EHVAC − EPV (1)

where Elight represents the lighting energy demand, EHVAC means the total electricity
used for heating and cooling and EPV is the amount of produced electricity by VPV
IGU.

For quantifying the impact of different building design parameters on four objec-
tives, the Fourier amplitude sensitivity test (FAST) method [9] is adopted. As shown
in Table 1, the involved independent input parameters of the integrated envelope
design are specified with baseline values and distribution ranges.

Apart from above input parameters, the building height-to-street width ratio
(H/W) is also taken into consideration to address different urban planning densities
in Hong Kong. H/W is set to be 120/10 = 12 in Case 1, 75/20 = 3.75 in Case 2 and
30/30 = 1.0 in Case 3, respectively. To compare the overall building performance
before and after the optimization, each urban context scenario has a corresponding
baseline case. After screening out insignificant design inputs with sensitivity analy-
ses, multi-objective optimizations are carried out to obtain optimal passive designs.
In summary, Fig. 2 shows the main framework of the research methodology.

Table 1 Input parameters

Input parameters Range Baseline value Unit

Building orientation (BO) 0–360 0 °

Infiltration air change per hour (IACH) 0.05–1.5 0.5 h−1

Light-to-solar gain ratio (LSG) 1.0–2.4 1.118 –

Overhang projection fraction (OPF) 0.0–0.6 0 –

Window visible transmittance (VT) 0.24–0.9 0.786 –

Wall conductivity (WCD) 0.02–1.39 0.919 W/m K

Wall specific heat (WSH) 800–2000 840 J/kg K

Window U value (WU) 0.2–6 2.63 W/m2 K

Window-to-wall ratio (WWR) 0.1–0.8 0.8 –
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Fig. 2 Main software and flow chart of the methodology

3 Results and Discussion

Sensitivity analyses (SA) conducted by the method of FAST show that BO and
WSH have little effect on lighting energy demand, HVAC demand, PV power pro-
duction and visual discomfort times among the involved input parameters under
three urban scenarios with different H/W. Under this circumstance, these two non-
significant variables are fixed to 0° and 840 J/kg K, respectively, to simplify the
optimization and save the computation time. Take Case 2 (H/W equals to 3.75)
as an example; Fig. 3 shows the contribution of input parameters to the lighting
energy demand. The pie chart clearly tells that OPF, WWR and VT are the main
factors contributing 37%, 29% and 12%, respectively. Besides BO and WSH, other
parameters like IACH, LSG and WCD either also have neglectable influence on the

Fig. 3 Contribution of input parameters to the lighting energy demand (kWh/m2)
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Fig. 4 Contribution of input parameters to the visual discomfort time

lighting energy demand. It is remarkable that the interactions between these param-
eters account for 20% variation in the lighting demand.

Compared to the results mentioned above, the impact of input parameters on
the visual discomfort time shows dramatic disparity as per Fig. 4. The impact from
the interactive effect of design parameters is tremendous, up to 84% of the total
variation in the lighting demand. However, the most influencing input parameter, i.e.
VT, contributes only 6%, followed by WWR (3%). In addition, WSH, WCD and
IACH have no impact on the visual discomfort in this case.

Multi-objective optimization is conducted after reducing thedesign space to obtain
the optimum solutions in each urban context as shown in Table 2. The recommended
value for each input parameter can provide design guidance for green buildings.

Table 3 reveals the overall building performance under optimum solutions for
three scenarios. When H/W is equal to 1.0, the lighting energy demand can achieve
the lowest value, indicating that less energy will be consumed for illumination. In
addition, PV supplies much more energy in this case than the other two. However,
occupants suffer from visual discomfort around 172 h under this circumstance, indi-
cating the necessity of internal shading devices in a detailed building design. In the

Table 2 Optimized parameters under different H/W

Case H/W WU VT OPF IACH WCD WWR LSG

1 12 5.028 0.709 0.001 1.427 0.678 0.296 2.281

2 3.75 4.770 0.879 0.002 0.946 0.435 0.448 2.207

3 1.0 5.807 0.456 0.128 1.400 0.987 0.165 1.690

Note BO is fixed to 0° and WSH is fixed to 840 as they are non-significant inputs



862 J. Huang et al.

Table 3 Overall building performance under optimum solutions

Case Lighting
energy
demand
(kWh/m2)

HVAC energy
demand
(kWh/m2)

PV power
supply
(kWh/m2)

Purchased
electricity
(kWh/m2)

Visual
discomfort
time (h)

1 34.937 151.613 4.898 181.652 0.000

2 31.220 154.889 6.800 179.309 0.000

3 23.546 152.079 18.970 156.655 171.813

Table 4 Overall building performance in corresponding baseline cases

Baseline case Lighting
energy
demand
(kWh/m2)

HVAC
energy
demand
(kWh/m2)

PV power
supply
(kWh/m2)

Purchased
electricity
(kWh/m2)

Visual
discomfort
time (h)

1 35.270 165.407 0 200.677 0.000

2 35.270 177.976 0 213.246 0.750

3 35.270 208.356 0 243.627 735

other two cases, visual discomfort time can both be minimized to zero. Synthetically
comparing the three cases, the optimum solution for the second case achieved less
building energy demand and zero discomfort time, indicating that the integrated pas-
sive design approach has the greatest energy and indoor environmental improving
potential in a medium urban density.

By comparing the overall building performance of optimum solutions with corre-
sponding baseline cases (Table 4), 9.48, 15.91 and 35.70% of purchased electricity
can be saved in Case 1, Case 2 and Case 3, respectively. As for the visual discomfort,
Case 1 shows no change, while Case 2 decreases a little bit and Case 3 decreases
563 h. The main reason for such difference also lies in the variation of urban den-
sities. The time when glare exceeds 22 is shortened by the peripheral shading in
denser urban contexts. When the building is less shaded, there is greater potential in
reducing visual discomfort by design optimization.

4 Conclusions

This paper conducts sensitivity analyses and optimizations on major building design
parameters to realize both energy savings and visual comfort when using VPV IGU
as the alternative windows. Among the included parameters, BO and WSH are less
important for building energy and indoor environmental indicators. Suggested spe-
cific values of different envelope design parameters are obtainedwithmulti-objective
optimizations based on NSGA-II. Three building height-to-street width ratios are
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investigated, and the results show that building within a medium urban density has
greater optimization potential in both visual comfort and energy conservation.
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