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 a b s t r a c t

In recent years, several studies have assessed the influence of automated façades on energy savings, IEQ, and 
occupant satisfaction. However, discrepancies exist between the expected advantages of automated façades pre-
dicted in research and the actual benefits observed in real-world tests. To assess how automated façade operation 
enhances building performance, in particular within office building contexts, this study reviews and analyzes 
current evidence on the influence of automated façades. In this review, 91 studies were identified presenting 
evidence of their performance. A total of 34 studies investigated performance in laboratory settings, 23 in real 
office buildings, and 34 in simulations. Only 13 laboratory studies and 17 real office building studies included 
human participants. Visual and thermal quality were the main indoor environmental domains investigated, with 
limited exploration of others. Existing studies show large variability in contextual factors (e.g., type of shading 
and control) or experimental designs (e.g., different benchmark scenarios), hindering the comparison of results. 
Consistent evidence shows the potential of automated façades for energy savings, particularly in lighting and 
cooling demands, which outperform manual control systems. Automated controls are more effective in reducing 
excessive daylight and glare, while evidence of the impact on thermal and air quality remains limited. Regarding 
occupant satisfaction, evidence is unclear since, in some cases, occupants prefer manually controlled façades 
and, in others, automated ones. Further research is suggested on human-centered studies in real office buildings 
to capture occupant behavior and preferences while exploring solutions that dynamically identify and integrate 
factors affecting occupant interaction with buildings.

1.  Introduction

The façade or envelope of a building is essential to achieve high per-
formance in buildings, as its design and operation directly affect energy 
demand and indoor environmental quality (IEQ) [1]. Previous studies 
have shown that dynamic facades can provide a means to adapt to tran-
sient requirements (for example, comfort of the occupant or changing 
weather) and improve the overall performance of the building [2] by 
regulating solar gains, natural ventilation, moisture, daylight, view and 
outside noise [3–5]. In particular, automated control of these dynamic 
and movable components (automated facades) has been associated with 
the reduction of energy demand [6,7] and the improvement of IEQ [8] 
compared to manually controlled dynamic facades [9] and static façade 
technologies [10].

Bilgen et al. [11] made one of the first attempts to investigate the 
effect of automated facades on building energy performance. Their 
study indicated that energy savings on automated façade operation 
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are greater when cooling or ventilation is necessary to maintain IEQ 
compared to a regular window solution (a glazed facade). These find-
ings were followed by other studies, such as those by Vine et al. [12] 
and Lee et al. [13], showing that an automated façade improves in-
door daylight levels while reducing indoor overheating risk by block-
ing incoming sun radiation when needed. More recently, research on 
automated facade performance has focused on comparing different 
dynamic façade technologies, control logic, and levels of occupant
interaction.

Current studies have increasingly focused on the multi-domain in-
fluence of automated facades. Simulation-based research has gener-
ated substantial evidence demonstrating the advantages of automated 
façades across multiple domains, including the optimization of daylight 
access [14,15], mitigation of discomfort glare [16], reduction of ther-
mal loads [17], and enhancement of indoor air quality [8]. Notably, 
the work of researchers such as Loonen et al. shows the critical role of 
building performance simulation (BPS) in the development and com-
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parative evaluation of innovative façade technologies [18]. Discrepan-
cies emerge in laboratory and real office building studies, presenting 
the challenges posed by the simultaneous impact of facades on various 
indoor comfort domains [19,20]. For instance, controlling solar gains 
can have a detrimental impact on access to outdoor views or daylight 
availability. Inconsistencies are also shown when energy savings on arti-
ficial lighting, cooling, and heating achieved by automated systems have 
been studied in real settings where occupants interact with the building 
systems [21]. There is still no clarity on the balance of occupant require-
ments in façade operation to achieve satisfactory control and efficient 
building performance, as occupant requirements differ among individ-
uals and depend on many contextual factors.

Three previous literature reviews have examined the performance 
of dynamic façades with a focus on occupant comfort and energy ef-
ficiency. Konstantoglou and Tsangrassoulis [22] analyzed automated 
controls for dynamic shading systems, finding that occupants are more 
likely to accept these systems when they have the ability to override 
controls, although this can reduce expected energy savings. The ease 
of system use also plays a crucial role in occupant acceptance. More-
over, strategies that optimize both visual and thermal performance tend 
to yield more balanced outcomes in terms of comfort and energy ef-
ficiency. Luna-Navarro et al. [23] explored interaction strategies and 
the requirements for effective occupant-façade interaction for dynamic 
façades, emphasizing the need for multidisciplinary approaches that 
foster communication between different fields of expertise. Shafaghat 
and Keyvanfar [24] investigated the state-of-the-art in dynamic façades, 
highlighting their physical performance in terms of thermal comfort, 
visual environment, ventilation, and electricity generation. This study 
demonstrated that dynamic façades can actively and selectively man-
age heat transfer and energy flow, thereby improving IEQ conditions 
and potentially reducing heating and cooling loads. However, none of 
these reviews has critically assessed the current evidence on the benefits 
of automated façades for improving energy savings in cooling, heating, 
and lighting, as well as overall environmental comfort and occupant 
satisfaction. While several studies suggest that automation could theo-
retically enhance these factors, the extent to which this is realized in 
practical applications remains unclear. This lack of clarity presents a 
barrier to the effective uptake of such façade technologies in the mar-
ket.

The lack of understanding of occupant requirements, the scattered 
evidence on the impact of automated façade on building performance, 
and the absence of prior reviews highlight the need for a thorough study. 
Therefore, this review aims to evaluate the current evidence on the in-
fluence of automated facades on energy savings, IEQ, and occupant sat-
isfaction to identify current opportunities and limitations of automated 
facades. This work reviews experimental, real office building, and simu-
lation studies focusing only on office building contexts to evaluate cur-
rent evidence on automated facades.

This literature review is relevant to inform and guide future research 
and industry efforts to improve office building energy and environmen-
tal performance. First, Section 2 explains the review methodology, in-
cluding databases, selection criteria, and keyword clustering. Section 3 
shows the general information on the current research landscape. Sec-
tion 4 presents the current reported evidence on the effect of automated 
façades on energy savings, IEQ, and occupant response to automated 
façade operation. These results are then discussed in Section 5. Finally, 
Section 6 draws this paper’s conclusion and highlights potential future 
challenges and investigations based on the conducted review.

2.  Methodology

A systematic review was conducted to examine previous work on 
the influence of automated facades regarding energy savings in cooling, 
heating and lighting, indoor environmental conditions and occupant re-
sponse in office building contexts. Advanced queries based on the key-
words in Table 1 were performed. We selected papers that provided 

Table 1 
Summary of keywords used for the systematic search of studies on auto-
mated façades (Search date: 15-12-2024). Keywords are categorized into three 
groups: (i) façade operation, (ii) façade technology, and (iii) study type. Sep-
arate queries were conducted for studies focusing on laboratory experiments, 
real-building assessments, and simulations.
 Keywords groups Inclusion searching criteria in title, abstract and keywords
 Façade operation (adaptive OR responsive OR dynamic OR kinetic OR 

intelligent OR advanced OR smart OR interactive OR 
active OR automated OR switchable)
AND

 Façade technology (façade OR envelope OR skin OR shading OR glazing OR 
glazed OR window OR Venetian OR roller OR blind)
AND

 Type of study Keywords for laboratory and real office building 
studies (laboratory OR on-site OR field OR experimental 
OR post-occupancy OR testbed OR test room OR campaign 
OR monitoring)
Keywords for simulation studies (simulation OR model 
OR calculation)

evidence from laboratory experiments, real office building assessments, 
and simulation studies on the impact of automated dynamic façade op-
erations on energy demand, IEQ, and occupant response. In this liter-
ature review, we excluded studies that (i) solely examined manually 
controlled systems without any automated features, (ii) focused exclu-
sively on façades that did not incorporate active and automated control 
strategies, and (iii) were conducted in building types other than office 
environments. The keywords were divided into three groups: (1) façade 
operation, (2) façade technology, and (3) type of study. The review was 
carried out by searching for laboratory and real office building studies 
separated from simulation studies in the following databases: Science 
Direct, Scopus, and Web of Science (WoS). A total of 6079 references 
were collected: (Science Direct (618), WoS (2481), and Scopus (2980)). 
The article selection process was performed in three steps: (1) screening 
titles and keywords, (2) screening abstracts, and (3) full-text assessment. 
After that process, only 91 studies met the selection criteria published 
between 1998 and 2025.

3.  Literature review results

3.1.  Distribution of studies per time, aim and methodology

Fig. 1 illustrates the distribution of studies (1994–2025) on the im-
pact of automated facades on energy savings, IEQ and occupant re-
sponse. This figure classifies studies into laboratories, real office build-
ings, and simulations (Fig. 1a), further distinguishing those with and 
without participants (Fig. 1b).

The number of studies across real office building, laboratory, and 
simulation environments increased from 1 in 1994 to 79 in 2024. Ini-
tially, research was entirely laboratory-based (100% in 1994). Real 
office building studies increased to 6̃0% in 2000 before stabilizing at 
25%-33%. Laboratory research remained dominant (50%-60%) until 
recently, declining to 41%-44%. Simulation studies emerged in 2007 
and grew steadily, reaching 32% in 2025. Over time, research shifted 
from a laboratory focus to a more balanced distribution across real of-
fice buildings and simulations. The increasing inclusion of human par-
ticipants reflects a growing emphasis on human-centered research.

Fig. 2 presents the distribution of studies on automated facade sys-
tems by location. Europe has the highest number of studies with 41 
studies, primarily in laboratories (n = 15) and simulations (n = 19). 
North America followed with 32 studies, mainly in real office buildings 
(n = 13). Asia has fewer studies, distributed across laboratories (n = 
8), simulations (n = 10), and real office buildings (n = 2). Oceania and 
South America have four and three studies respectively, while Africa has 
no studies.
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Fig. 1. Cumulative number of studies over time, presented in two stacked area charts: (a) Distribution of studies by laboratory, real office buildings, and simulation 
studies setting; (b) Distribution of studies according to the inclusion of human participants.

Fig. 2. Number of studies per world region divided by laboratory, real office building, and simulation setting. The plot shows that the majority of the studies have 
been carried out in Asia, Europe, and North America.

This distribution of studies shows the need for a broader geograph-
ical representation to ensure that automated façade research addresses 
diverse cultural contexts.

Most studies were conducted in laboratory settings (n = 34) and 
simulations (n = 34), while 23 were performed in real office build-
ings. As shown in Fig. 3, participant involvement is more frequent in 
real office buildings, likely due to the challenges of recruiting partici-
pants for laboratory environments. In fact, 74% of real office building 
studies included human participants, compared to 38% in laboratories. 
Real office building studies primarily monitor occupant behavior, com-
fort, satisfaction, acceptance, perception, and sensation, particularly in 
relation to façade operation and characteristics.

Among the laboratory studies, 21 did not involve human participants 
but assessed automated façade performance through physical measure-
ments. Twelve of these used standard comfort models, such as Daylight 
Glare Probability (DGP), Predicted Glare Sensation Vote (PGSV), and 
Predicted Mean Vote (PMV), or environmental quality thresholds like 
work plane illuminance and indoor air temperature. Thirteen studies 
included participants, employing objective IEQ measurements, comfort 
models and questionnaires to analyze occupant behavior and percep-
tion.

In real office buildings, six studies did not include human partici-
pants, focusing solely on energy efficiency assessments or standard com-
fort models to evaluate façade impact. The 17 studies involving par-
ticipants used questionnaires to examine occupant interaction with the 
façade, perceptions of automated systems, and their influence on indoor 
environmental satisfaction.

Fig. 3. The distribution of studies divided by laboratory, real office building, 
and simulation, indicating whether these studies involve human participants. 
Number of studies/percentage.

Fig. 4 illustrates the distribution of laboratory experiments, real of-
fice buildings, and simulations by research objective. Laboratory and 
real office building studies primarily addressed (i) control algorithm de-
velopment, (ii) occupant impact, (iii) energy savings, and (iv) combined 
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Fig. 4. Distribution of laboratory experiments, real office building assessment, and simulation according to their research aim, namely automated façade’s impact 
on energy savings, impact on occupants, and control algorithms development. Additionally, several articles focused on the effect of automated facades on energy 
savings and occupant response. Number of studies/percentage.

Fig. 5. Distribution of studies per orientation divided by laboratory, real office building, and simulation setting. The plot shows that most laboratory experiments 
have been conducted on south-oriented facades. Real office building orientations are distributed among west, south, and east orientations.

occupant and energy impact. In contrast, simulations focused on (i) en-
ergy savings and (ii) IEQ.

3.2.  Orientation and climatic context of previous studies

Studies on dynamic facades have mainly focused on southern orien-
tations, as shown in Fig. 5.

Real office building studies examined the orientations of the south 
(n = 9) and southeast (n = 4), with fewer studies in the east (n = 
3), west (n = 3), north (n = 1), and northwest (n = 1). In laboratory 
experiments, south (n = 22) was most studied, followed by east (n = 4) 
and southeast (n = 4). The simulations showed a similar trend, focusing 
on the south (n = 28), then the east (n = 6), and the north (n = 5). 
Some studies covered multiple orientations, and four did not specify 
orientation. However, the limited investigation of other orientations, 
such as north-facing façades with diffuse daylight or west-facing façades 
with afternoon overheating risks, may result in gaps in understanding 
façade performance under different environmental conditions.

The climate context for laboratory experiments, real office build-
ing studies, and simulations is shown in Fig. 6. Most studies were con-
ducted in Temperate Oceanic Climates (5 laboratories, 10 real office 
buildings, 14 simulations), Humid Subtropical Climates (8 laboratories, 
4 real office buildings, 10 simulations), and Warm-Summer Mediter-
ranean Climates (4 laboratories, 2 real office buildings, 1 simulation). 
Fewer studies were conducted in Hot Desert Climate (3 simulations) 
and Cold-Summer Mediterranean Climates (1 laboratory, 6 real office 

buildings). Other climate types, such as Tropical Monsoon (n = 2) 
and Warm Summer Humid Continental, were minimally represented
(n = 7).

This shows a focus on temperate and subtropical climates, with arid 
and tropical regions underexplored in dynamic facade research.

3.3.  The domain of investigation and type of façade technology investigated

Studies have examined IEQ across five domains: visual, thermal, 
acoustic, indoor air quality, and personal control (Fig. 7). Of these stud-
ies, 59 assessed the impact of dynamic façades using objective mea-
surements, while 25 combined sensor data with subjective participant 
feedback. In the visual domain, studies focused on indoor daylight con-
ditions (n = 64), view access (n = 15), discomfort glare (n = 30), and 
perceived privacy (n = 3). Thermal aspects investigated included indoor 
air temperature (n = 30) and solar gains (n = 12). Personal control and 
occupants’ interaction were analyzed in terms of perceived control (n = 
8), override options (n = 9), and control type (n = 4). Acoustic studies 
addressed noise levels and perception (n = 2). Indoor air quality was 
assessed through CO2, VOC measurements, and occupant surveys (n = 
5) [12,20,25–27].

The impact of automated façades on energy performance was an-
alyzed in terms of cooling, heating, and artificial lighting. Thirty-four 
studies focused on lighting energy savings, while thirty-three exam-
ined cooling and twenty-one heating demands. Fig. 8 illustrates the dis-
tribution of studies considering energy savings across these domains,
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Fig. 6. Description of the frequency of climates considered by reviewed studies (classification according to the Koppen Climate). The climates are Tropical Rainforest 
Climate (Af), Tropical Monsoon Climate (Am), Tropical Wet and Dry Climate (Aw), Hot desert climate (BWh), Humid Sub-Tropical Climate (Cfa), Temperate Oceanic 
Climate (Cfb), Hot-Summer Mediterranean Climate (Csa), Warm-Summer Mediterranean Climate (Csb), Cold-Summer Mediterranean Climate (Csc), Hot-Summer 
Humid Continental Climate (Dfa), Warm-Summer Humid Continental Climate (Dfb), Humid Continental Climate (Dwa).

Fig. 7. Number of studies investigating indoor environmental domains with and without participants.

Fig. 8. Distribution of savings in energy demands in cooling, heating and artificial lighting assessed by studies with and without participants.

distinguishing cases with and without participants. Only three studies 
assessed occupant overrides, and none examined the impact on ven-
tilation energy demand. Façade energy harvesting was investigated in 
one study featuring an automated system with integrated photovoltaics 
[28].

The reviewed studies on laboratory and real office buildings pri-
marily examined four dynamic façade types: switchable glazing, roller 
shades, venetian blinds, and window openings. Simulation studies in-

cluded additional variants such as switchable suspended particle de-
vices (SPD), modular façades, PCM Trombe walls, switchable ethylene-
tetrafluoroethylene (ETFE) foil cushions, and thermochromic glazing. 
These façades were tested using various control strategies categorized 
by (i) feedback ability, (ii) source of information, and (iii) data inter-
pretation. Feedback ability distinguishes between closed-loop systems, 
which adjust based on real-time feedback, and open-loop systems, which 
operate without it. The source of information refers to sensor-based in-
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Fig. 9. Dynamic facades and control strategies investigated by studies. There were identified six control strategies that are the result of three aspects: (i) feedback 
ability (closed-loop/open-loop), (ii) source of information (sensor or digital model), and (iii) data interpretation (rule-based/predictive algorithm).

puts (from direct measurements) or model-based inputs (from digital 
simulations). Data interpretation can follow rule-based or predictive ap-
proaches: rule-based algorithms apply predefined actions, while predic-
tive algorithms analyze data patterns to anticipate and optimize façade 
control.

Fig. 9 presents the distribution of studies on automated façades 
based on control strategies, categorized by feedback ability, informa-
tion source, and data interpretation. Studies were classified based on 
whether human participants were involved. Most studies investigated 
closed-loop, model-free, rule-based control, with 9 studies involving 
participants and 29 without participants. Closed-loop, model-based, 
rule-based control was examined in 2 studies with participants and 17 
without participants. Open-loop control was more common in studies 

without participants (n = 14), particularly model-free, rule-based ap-
proaches (12 with participants, 13 without). Predictive algorithms were 
used in 7 studies, mostly for venetian blinds and roller shades, including 
3 studies with participants and 2 without.

3.4.  Control objectives for automated facades tested

Fig. 10 summarizes automated façades control objectives, with most 
studies focusing on maximizing daylight (n = 28), of which 22 were 
conducted in laboratory or real office building settings and six through 
simulations. Glare prevention was examined in 15 studies (8 Labo-
ratory/real office building, 7 Simulation), while maintaining indoor 
air temperature was explored in 16 studies (4 Laboratory/real office 

Fig. 10. Distribution of automated façade control objectives among the papers analyzed. Each control objective is described regarding simulation study and laboratory 
and real office building assessment.
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building, 12 Simulation). Fewer studies investigated mimicking manual 
control (n = 3) or maximizing electricity harvesting (n = 1). Multi-
objective strategies, combining daylight with glare control (n = 8) or 
temperature regulation (n = 4), aimed to enhance energy performance. 
There is a lack of control strategies that address occupant needs for pri-
vacy, improved views, or other aspects of occupant experience that di-
rectly impact the operation of façades. This gap may be attributed to 
the complexity of understanding and dynamically integrating occupant 
preferences into control strategies, a challenge that, if overcome, could 
significantly improve the effectiveness of automated façade systems.

4.  Current evidence on the influence of automated façade on 
energy demand, IEQ and occupants

4.1.  Automated façade influence on building energy demand

As shown in Fig. 11, the energy savings of automated facades in of-
fice environments were analyzed in 68 articles, comparing automated 
windows with unshaded windows (n = 34), static shading (n = 15), 
and manually controlled windows (n = 13). Additionally, five studies 
evaluated model-based and adaptive algorithms based on occupant illu-
minance preferences against conventional automated systems that use 
desk-level indoor illuminance controls.

Fig. 12 shows the number of studies where occupant interaction was 
considered, dividing them into simulations, laboratory and real office 
building assessments. Among the simulation studies, 29 did not account 
for occupant interaction with the building, while one included glare 
probability as a proxy of occupant interaction to compare automation 
against manual control [29]. In the laboratory and real office build-
ing assessments, 26 studies did not incorporate occupant interaction, 
whereas two studies allowed occupants to interact with façade elements.

Energy consumption findings are summarized in Fig. 13, categoriz-
ing evidence into cooling (blue), heating (orange), lighting (yellow), and 
overall energy consumption (grey) while distinguishing between simu-
lation studies and laboratory or real office building assessments. Simu-
lations indicate that automated façades can reduce cooling energy con-
sumption by 0–40%, depending on location and orientation [30–36], 
with reductions of 85% in Riyadh [37] and 93% in Nottingham [38], 
both for south-facing façades. However, no laboratory or real office 
building studies implemented control strategies specifically for cooling 
energy savings. Despite this, automated venetian blinds achieved re-
ductions in cooling energy between 12 teKim2009AnSummer and 28% 
[39] compared to static shading. Conversely, one study reported a 10% 
increase in cooling energy consumption with automated roller shades 
[40]. While laboratory and real office building research on optimizing 
cooling energy use remains limited, existing evidence highlights the po-

Fig. 11. Distribution of studies comparing automated facade control systems 
with other operational modes. The plot shows the proportion of studies that 
compare automated systems to unshaded facades (A-U), static facades (A-S), 
manual control (A-M), and different types of automated logic (A-A).

tential of automated façades to enhance cooling efficiency, particularly 
in high solar-gain climates.
The impact of automated façades on heating energy consumption varies 
significantly across studies. Some simulations reported increases of up 
to 103% when using ethylene-tetrafluoroethylene (ETFE) foil cushions 
[38], while others found reductions ranging from 77% [41] and 42% 
[37] (switchable suspended particle device (SPD) and roller shades with 
occupant interaction) to 5% [31,42,43] (electrochromic windows, roller 
shades, and venetian blinds). Laboratory and real office building studies 
provide limited evidence on heating energy consumption. Two studies 
reported contrasting results: rule-based venetian blinds controlled by 
indoor illuminance increased heating energy consumption by 5% com-
pared to unshaded windows [11], while irradiance-controlled venetian 
blinds with photovoltaic cells achieved 6–14% energy savings compared 
to similar automated blinds with different control logic [44]. These dis-
crepancies may be due to insufficient solar gains with automated control 
compared to manual operation, while the second study compares differ-
ent control logics for automated venetian blinds. Only one simulation 
study examined the effect of manual control or occupant interaction on 
heating energy demand.

When programmed for lighting energy savings, automated façades 
consistently reduce lighting energy consumption. Simulation studies re-
port reductions from 31% with electrochromic windows compared to 
unshaded windows [30,45–49] to 81% with venetian blinds compared 
to static louvers [16,50]. In laboratory and real office building studies, 
electrochromic windows achieved up to 68% savings compared to static 
15% visual-transmittance glazing [41], while roller shades reduced up 
to 75% [51] and venetian blinds reached 86% [13,52–55]. However, 
the highest savings occurred in studies without occupant interaction. 
When occupoants could override automation, savings dropped to 10% 
for venetian blinds [21,56], and 25% for roller shades [57]. This raises 
uncertainty about whether similar savings would be achieved in real 
office buildings with occupant intervention.

Thirty-four of the 68 studies compared automated façades to static 
glazing without shading [34,58–64]. However, such comparisons are 
insufficient to demonstrate the benefits of automation, as unshaded 
windows are already known to increase energy demand and are rarely 
used in real office buildings. A more relevant comparison was made 
in 15 studies, which evaluated automated shading against manually 
controlled systems. However, these studies only considered automation 
without allowing occupants to override the system. Since previous re-
search suggests that occupant overrides can significantly reduce the ef-
ficiency of automation [65], the reported benefits may not fully reflect 
real-world performance. Only two studies [21,57] accounted for occu-
pant interaction in both manual and automated scenarios, providing a 
more robust comparison. Their findings suggest that automation, even 
with occupant interaction, can still lead to lower energy consumption.

Two laboratory studies and one simulation-based evaluation as-
sessed model-based and adaptive control algorithms, primarily for re-
ducing lighting energy consumption. A model-based system reduced 
lighting energy consumption by approximately 30% compared to a 
strategy using desk-level indoor illuminance [66]. In a real office build-
ing, a predictive control strategy with occupant overrides achieved a 
25% reduction compared to a control based on desk illuminance and 
automated lighting switch-off [57]. Simulations reported an 81% re-
duction when comparing predictive control to static shading. Although 
evidence is limited, these findings demonstrate the potential bene-
fits of advanced control strategies such as model-based and predictive
algorithms.

Fig. 14 illustrates the impact of automated façades on energy con-
sumption by comparing studies that evaluated automation against man-
ually controlled shading in laboratory, real office building, and simula-
tion settings. Five studies provided relevant data, all indicating energy 
savings with automated control. Among laboratory and real office build-
ing studies, the greatest reduction was observed in lighting consump-
tion for roller shades (39% [40]), followed by venetian blinds (11% 
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Fig. 12. Distribution of the studies considering occupant interaction when evaluating the energy performance of automated facades. The plot shows the number of 
papers in two categories: simulation, and laboratory and real office building experiments.

Fig. 13. Box plot illustrating the reported energy demand reduction (%) achieved by automated façades across different study types: Laboratory-Real office Building 
(Lab-RB) and Simulation (Sim). Each box represents the range of energy performance outcomes, with the horizontal line indicating the median and ’X’ marking the 
mean. The number of studies included in each category (n) is shown above the respective box plot for context.

[67]). However, automated roller shades controlled by an external il-
luminance sensor increased cooling energy consumption by 10% [40]. 
One simulation study [41] demonstrated that automated façades signif-
icantly improve energy efficiency, particularly when occupant behavior 
is suboptimal. Comparing three behavioral models (“careless user,” “in-
termediate user,” and “proactive user”) the study found that automation 
reduced cooling energy consumption by up to 95% in the "careless user" 
scenario. Even “proactive” users saw notable savings, highlighting the 
limitations of manual operation. Heating energy savings ranged from 
0% to 30%, while lighting reductions were between 20% and 48%.

The overall energy savings indicate that automation yields greater 
energy savings in the summer [27] compared to winter [27,68], pri-
marily due to the reduction in solar gains received by the façade dur-
ing winter. Additionally, some occupant profiles can reduce the energy 

consumption gap between automated and manual control, influenced 
by individual control objectives or personal preferences. These find-
ings underscore the significance of advanced control algorithms in opti-
mizing the energy efficiency of automated façades. Moreover, effective 
strategies-whether model-based or rule-based-can result in substantial 
energy savings and improved IEQ, while inadequate manual control can 
undermine these benefits and lead to excessive energy consumption.

4.2.  Automated façade influence on IEQ

The impact of automated façade operation on indoor environmen-
tal quality (IEQ) in office environments has been investigated through 
laboratory experiments (n = 15), real office building assessments (n = 
7), and simulations (n = 13). Most studies employed rule-based con-
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Fig. 14. Reported impact of automated façade operation on energy consumption, compared exclusively to manually controlled façades. Each point represents a study, 
with results shown as the percentage reduction in energy consumption for cooling, heating, lighting, and overall energy consumption. Circles indicate simulation 
studies, while squares represent laboratory or real office building (Lab/RB) studies. The figure highlights the general trend of automated façades reducing energy 
demand, though not all studies reported savings in every category.

trol strategies based on workplane illuminance, Daylight Glare Proba-
bility (DGP), indoor air temperature, solar irradiance, and air quality 
(Fig. 15). Automated façade control regulated the visual environment 
using workplane illuminance thresholds ranging from 510–700 𝑙𝑥 to 
500–3000 𝑙𝑥, ensuring glare probability remained below 0.35 (imper-
ceptible rating). Thermal control targeted indoor temperatures between 
21°𝐶 and 25°𝐶, with shading devices activated when solar irradiance ex-
ceeded 250 𝑊 ∕𝑚2. Air quality control was addressed in a single study, 
where window operation was triggered when 𝐶𝑂2 levels surpassed 1250 
𝑝𝑝𝑚. Only two studies evaluated the performance of predictive control 
systems [16,27].

Workplane illuminance thresholds, daylight glare probability, indoor 
air temperature, solar irradiance on the façade, and air quality are key 
environmental variables used to assess the performance of automated 
control strategies, as illustrated in Fig. 16. In some cases, operative tem-
perature was evaluated alongside control strategies primarily focused on 
indoor illuminance, while metrics such as view out and workplane illu-
minance were used to assess strategies based on solar irradiance. These 
variations highlight the interdependence of IEQ parameters, demon-
strating how control strategies targeting a single environmental variable 
can influence overall environmental comfort.

The interdependence of IEQ variables is supported by studies on 
multi-domain IEQ [44,69,70], which assessed automated façade per-
formance in relation to both visual and thermal effects. These studies 
indicate that controlling one environmental domain influences others, 
impacting overall occupant comfort. However, no studies have exam-
ined how to balance these effects or identify key competing factors. Ad-
ditionally, only two studies have investigated the impact of automated 
façades across all IEQ domains [20,71].

Regarding daylight access, a few studies have evaluated whether 
automated façade operation enhances visual conditions by comparing 
average workplane illuminance levels. These studies applied different 
target illuminance thresholds to assess visual performance, consider-
ing the duration within specific ranges: 510–700 𝑙𝑥 [12], 484–538 𝑙𝑥

[72] 484–538 𝑙𝑥 [67], 570–670 𝑙𝑥 [40], <2000 𝑙𝑥 [73], 500–3000 𝑙𝑥
[4,74–76], and 600-3000 𝑙𝑥 [69,70,77]. Findings indicate that manu-
ally controlled scenarios tend to exhibit higher daylight levels and an 
increased risk of glare (e.g., [4,10]) compared to automated systems, 
which are typically programmed to minimise cooling loads [20] or mit-
igate excessive brightness [40,78] and glare [4,40,76,79]. For instance, 
Clear et al. [10] demonstrated that an automated electrochromic win-
dow reduced illuminance from 2990±2165 𝑙𝑥 to 830±520 𝑙𝑥 compared 
to manually controlled blinds. Similar results were reported by Vine et 
al. [12], Kim et al. [9], and Lee et al. [40] in comparisons with manual 
controls. Thus, automated systems effectively prevent excessive bright-
ness by continuously adjusting the façade, which manual controls do 
not achieve with manual control. This trend was also present when a 
fully automated venetian blind was compared to a semi-automated con-
trol strategy with an override option, but with smaller differences, as 
described by Vine et al. [12], from 735±162 𝑙𝑥 (semi-automated) to 
598±60 𝑙𝑥 (fully-automated).

Glare in indoor spaces was assessed using either 𝐷𝐺𝑃  [4,74,76,79] 
or window luminance (𝑐𝑑∕𝑚2) [10,73,78,80]. Automated control effec-
tively reduced glare when operating venetian blinds and roller shades, 
outperforming manual systems [4,73]. However, electrochromic win-
dows showed no substantial improvement over semi-automated opera-
tion [10,73], as their darkest tint state does not provide adequate protec-
tion when the sun is within the field of view. These findings indicate that 
the effectiveness of automated control depends on the façade typology 
and its ability to regulate specific environmental variables. Additionally, 
automated façades were compared to a fully closed roller shade, how-
ever, using either a fully raised or fully closed blind does not constitute 
a suitable reference scenario.

Regarding thermal quality, two studies found automated controls to 
be more effective in preventing overheating [71,81], while others re-
ported no significant differences [20,69]. When compared to a static 
shade, an automated roller shade programmed to regulate indoor air 
temperature reduced overheating from 15% to 8% of the total time 
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Fig. 15. Distribution of control strategies and evaluated environmental domains in the studies reviewed. The bar chart distinguishes between two control strategies: 
rule-based and predictive control. For rule-based control, studies are further grouped by environmental domain (visual, thermal, and IAQ), with the specific variables 
assessed indicated within each domain. For predictive control, only the visual domain is represented. Bar segments are color-coded by study type (laboratory, real 
building, and simulation), and the numbers within the bars indicate the count of studies addressing each variable.

[81]. However, air temperature alone is insufficient; operative temper-
ature must also be considered [69,70], along with the impact of so-
lar radiation on occupants’ thermal comfort, as solar irradiance plays 
a key role in assessing façade influence on thermal comfort. Addition-
ally, one study found no substantial difference in thermal comfort be-
tween manually controlled and semi-automated scenarios. Automated 
controls that disrupt occupants are frequently overridden and often fail 
to effectively regulate solar gains [23]. The only study that compared 
automated strategies to window openings or vents versus manual con-
trols reported better air quality when the control was automatic [8]. 
The automated windows’ opening overpasses the concentration of car-
bon dioxide (𝐶𝑂2 > 1500ppm) for about 9% of the time, compared to a 

manual window opening that showed 31%. This means the automated 
control system better controlled the air quality inside the room tested.

There were no studies comparing different shading devices with 
the same control strategy, which is a valuable information for design-
ing effective automated façade strategies. Only three studies allowed 
occupants to override the automated system, which was programmed 
to maintain illuminance under certain thresholds. Therefore, the semi-
automated scenario measured higher indoor illuminance levels than ex-
pected [12]. Thus, there was a tendency in manually controlled strate-
gies to provide brighter [4,9,12] or more glary indoor conditions [4], 
while only one study showed lower light levels [40] and poorer indoor 
air quality [8]. Regarding orientation and climate, east and west ori-

Fig. 16. Distribution of studies based on the environmental variables used to evaluate the performance of automated façades, visualized as a bubble plot. The y-axis 
lists the evaluation variables, such as glare, outside view, ppm concentration, workplane illuminance, and operative temperature. The x-axis categorizes the studies 
by control strategy, distinguishing between predictive control and rule-based control. The size of each bubble indicates the number of studies considering a given 
variable within each control strategy. Numeric labels within bubbles denote the study count.
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Fig. 17. Comparison of the environmental performance of automated façades relative to other control strategies, visualized as a stacked bar chart. The x-axis groups 
studies by performance outcome: "No difference," "Automated Worse," and "Automated Better." Subcategories indicate the control strategy used for comparison with 
automated facades, such as unshaded windows (A-U), static facade (A-S), manual shading (A-M), semi-automated (A-SA), and other automated controls (A-A). Bars 
are stacked and color-coded to represent study types: laboratory (Lab), real office building (RB), and simulation (Simulation). The height and composition of each 
bar indicate the number and type of studies reporting each performance outcome.

entations showed that the automated system was inadequate to balance 
competing indoor comfort domains (glare/view access, overheating and 
daylight) [9].

Fig. 17 summarizes the performance of automated façade systems 
relative to other control strategies across three categories: "No Differ-
ence," "Automated Worse," and "Automated Better." The y-axis repre-
sents the number of studies, while the x-axis distinguishes the compar-
isons: automated versus another automated system (A-A), manual con-
trol (A-M), unshaded conditions (A-U), and static shading (A-S). Most 
studies (n = 22) indicate that automation enhances environmental con-
ditions compared to semi-automatic, manual, static, and unshaded win-
dows. Cases showing no difference include comparisons between differ-
ent automated control logics [15,27,73,82,83], studies where automa-
tion prioritized illuminance but was evaluated based on indoor tem-
perature [69,70], and those focusing on solar heat gain control while 
assessing daylight availability [43,84]. One study found unshaded win-
dows to outperform automated façades due to the evaluation criterion 
being the percentage of time with an unobstructed outdoor view [29].

4.3.  Occupant response to automated façade operation

The impact of automated façades on occupants in office environ-
ments has been investigated across multiple environmental domains, 
including visual, thermal, acoustic, and air quality. Research methods, 
such as questionnaires, surveys, and interviews, have been employed 
to assess occupant satisfaction (n = 26), perception (n = 15), discom-
fort (n = 2), and interaction frequency (n = 7) with control systems. 
Studies have been conducted in both laboratory settings and real office 
buildings, often integrating monitoring systems to track occupant inter-
actions and override actions.

The dynamic façade components analyzed were venetian blinds (n = 
9), electrochromic glazing (n = 4), roller shades (n = 4), and window 
openings (n = 1). Occupant responses were compared across different 
operation modes: unshaded windows (n = 2), manually operated shad-
ing (n = 8), semi-automated shading with override options (n = 3), and 
manual window opening (n = 1). Additionally, six studies examined 
advanced control strategies, including adaptive [27], predictive [85], 
learning-based [86], and multi-variable algorithms [87], compared to 
conventional controls based on temperature, irradiance, and indoor il-
luminance measurements.

Table 2 presents evidence on the impact of dynamic facades in the 
visual domain, focusing on occupant satisfaction (n = 11), perception 
(n = 4), discomfort (n = 2), and dissatisfaction (n = 1). The studies 
assess indoor lighting, glare, brightness, and access to outdoor views. 
Findings regarding automated versus manual control are mixed. Three 
out of six studies comparing automated to manual facades reported im-
proved satisfaction with automated daylight control [9,26,88]. In con-
trast, other studies found greater satisfaction with manually operated 
venetian blinds and roller shades [12,69,89]. While occupants appreci-
ated automated daylight control, they preferred manual operation for se-
lecting control modes and accessing outdoor views. However, one study 
[88] reported occupant satisfaction with automated control for view ac-
cess.

Three studies compared fully automated to semi-automated controls. 
Semi-automated systems demonstrated improved satisfaction with light-
ing conditions compared to fully automated scenarios [12] and were 
more effective in reducing glare perception [6,12]. One study [90], 
which did not compare automation with other control modes, reported 
low brightness and glare perception under automated control.

When comparing rule-based controls to advanced automated systems 
capable of predicting occupant behavior and adapting to their prefer-
ences, the latter showed slightly better results for glare perception and 
access to outdoor views [91]. However, two studies reported higher dis-
satisfaction with daylight under advanced control operation, potentially 
indicating the impact of the control objectives over occupant satisfac-
tion [66,91].

Thus, evidence on occupant response with the visual domain sug-
gests that while automated facade can enhance occupant satisfaction, 
occupants prefer manual operation for selecting control modes and ac-
cessing outdoor views. Semi-automated systems offer a middle ground, 
improving satisfaction and reducing glare perception compared to fully 
automated controls. However, advanced automation, despite slight ben-
efits in glare management and view access, can lead to increased dis-
satisfaction with daylight, indicating the need for carefully calibrated 
control objectives. The mixed results indicate the diversity of occupant 
preferences, underscoring the importance of adaptable control strategies 
that balance automation with personal control.

Occupant responses to the thermal environment were evaluated 
across four studies, focusing on thermal sensation (n = 1), satisfac-
tion (n = 3), dissatisfaction (n = 1), and discomfort levels (n = 1). 
As summarised in Table 3, findings on the impact of automated con-
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Table 3 
Evidence on the thermal domain. The table presents the type of occupant re-
sponse reported, the control logic tested, the metrics used in each study, and 
the corresponding results. ([LA]: Level of Automation; [Res]: Result); [A]: Au-
tomated; [M]: Manual; [SA]: Semi-automated; [AD]: Advanced).
 R. Occupant 

response
Control logic Metric [LA]=Res

 [8] Sensation of 
thermal env.

(1) Automated, (2) manual TSV neutral 
votes (%).

[A]=77% 
[M]=66%

 [20] Dissatisfaction 
with thermal 
env.

(1) Automated based on 
exterior irradiance, (2) 
manual.

Interactions 
(n)

[SA]=5 [M]=1

 [20] Satisfaction with 
thermal env.

(1) Automated based on 
exterior irradiance, (2) 
manual.

1=dissatis-
fied 
5=satisfied

[SA]=3 [M]=4

 [66] Satisfaction with 
thermal env.

(1) Automated based on DGP 
and work plane illuminance, 
(2) control based on desk 
illuminance.

1 = cold 
10=hot

[AD]=5.2 
[A]=5

 [71] Discomfort with 
thermal env.

(1) Automated based on the 
sun of the field of view, (2) 
manual.

Discomfort 
events (n)

[SA]=12 
[M]=7

 [71] Satisfaction with 
thermal env.

(1) Automated based on the 
sun of the field of view, (2) 
manual.

1=agree 
5=disagree

[SA]=3.2 
[M]=1

trol strategies on thermal responses are mixed. One study reported im-
proved thermal sensation with automation compared to manual con-
trol [8], while another found no significant differences between adap-
tive and rule-based controls [66]. Studies on semi-automated controls 
consistently indicated higher satisfaction and fewer discomfort events 
compared to manual controls [20,71]. While semi-automated controls 
reliably enhance satisfaction and reduce discomfort, the effects of fully 
automated systems remain inconclusive, with some studies reporting 
benefits and others showing no significant differences. These discrepan-
cies may be attributed to variations in façade types, control strategies 
(e.g., 𝐶𝑂2 concentration, solar irradiance, indoor illuminance), study 
settings (laboratory vs. real office buildings), and the limited number 
of studies examining occupant responses to automated façades in the 
thermal domain

Three studies have focused on acoustic satisfaction, perception and 
discomfort, as shown in Table 4. While Vine et al. [12] found no signifi-
cant differences, Luna-Navarro et al. [20,71] reported increased acoustic 
discomfort due to actuator noise and background sound levels. Higher 
perceived noise levels were associated with semi-automated modes, pos-
sibly due to frequent system actuation resulting from occupant overrides 
[12].

Two studies [20,71] found no significant differences in perceived in-
door air quality between semi-automated and manually controlled shad-

Table 4 
Evidence on the acoustic domain. The table presents the type of occupant 
response reported, the control logic tested, the metrics used in each study, 
and the corresponding results. ([LA]: Level of Automation; [Res]: Result); [A]: 
Automated; [M]: Manual; [SA]: Semi-automated).
 R. Occupant 

response
Control logic Metric [LA]=Res

 [12] Perception of 
noise.

(1) Automatic based 
on illuminance, (2) 
Semi-automated, (3) 
Manual mode.

Occupants 
perceiving noise 
(%)

[A]=14% 
[SA]=21% 
[M]=14%

 [20] Satisfaction with 
acoustic env.

(1) Automated based 
on exterior 
irradiance, (2) 
manual.

1=dissatisfied 
5=satisfied

[SA]=4.5 
[M]=2

 [71] Discomfort with 
acoustic env.

(1) Automated based 
on the sun of the 
field of view, (2) 
manual.

Discomfort 
events (n)

[SA]=3 [M]=1

Table 5 
Evidence on the indoor air quality domain. The table presents the type of occu-
pant response reported, the control logic tested, the metrics used in each study, 
and the corresponding results. ([LA]: Level of Automation; [Res]: Result); [M]: 
Manual; [SA]: Semi-automated).
 R. Occupant 

response
Control logic Metric [LA]=Res

 [20] Satisfaction with 
air quality.

(1) Automated based on 
exterior irradiance, (2) 
manual.

1=dissatisfied 
5=satisfied

[SA]=4 
[M]=4.5

 [71] Discomfort with 
air quality.

(1) Automated based on 
exterior irradiance, (2) 
manual.

Discomfort 
events (n)

[SA]=0 
[M]=1

ing (Table 5). The limited impact on air quality may be due to automated 
shading primarily regulating solar radiation, daylight, and glare, rather 
than air quality. The only study examining automated openable vents 
did not assess air quality perception [8].

Studies on occupant behavior, summarized in Table 6, examined in-
teractions with automated façades in relation to specific occupant re-
quirements, including increasing daylight availability (n = 1), reduc-
ing glare (n = 2), improving the view (n = 1), and regulating the 
thermal environment (n = 1). One study [92] did not provide a base-
line for comparing occupant responses to the automated façade. Overall, 
findings indicate that occupants interact more frequently under manual 
control than in semi-automated scenarios [27,70,71,93]. This increased 
interaction under manual control is attributed to occupants’ need to ad-
just their environment according to individual preferences. This aligns 
with the design of the automated systems studied, which were pro-
grammed to regulate daylight and minimize direct sunlight in the field 
of view, thereby reducing the need for occupant intervention. Addition-
ally, studies suggest that interactions in semi-automated scenarios may 

Table 6 
Evidence on occupant behavior to automated facade. The table presents the 
type of occupant response reported, the control logic tested, the metrics used 
in each study, and the corresponding results. ([LA]: Level of Automation; [Res]: 
Result); [M]: Manual; [SA]: Semi-automated; [AD]: Advanced).
 R. Occupant 

response
Control logic Metric [LA]=Res

 [27] Interaction with 
control system.

(1) Adaptive control 
based on interactions, 
(2) temperature-based 
automation.

The number of 
interactions on 
average per day.

[AD]=3.1 
[SA]=3.2

 [92] Interaction with 
control system.

(1) Automation based on 
exterior illuminance.

The number of 
interactions on 
average increasing 
daylight.

[SA]=11

 [92] Interaction with 
control system.

(1) Automation based on 
exterior illuminance.

The number of 
interactions to 
reduce glare on 
average.

[SA]=2

 [70] Interaction with 
control system.

(1) Automated based on 
indoor illuminance (2) 
manual.

Desired actions not 
executed (n)

[SA]=0.5 
[M]=0.6

 [70] Interaction with 
control system.

(1) Automated based on 
indoor illuminance (2) 
manual.

Interactions (n) 
average

[SA]=1.7 
[M]=2.8

 [71] Interaction with 
control system.

(1) Automated based on 
the sun of the field of 
view, (2) manual.

Interaction due to 
glare discomfort (n)

[SA]=7 
[M]=18

 [71] Interaction with 
control system.

(1) Automated based on 
the sun of the field of 
view, (2) manual.

Interactions due to 
lack of view or 
daylight (n)

[SA]=9 
[M]=11

 [71] Interaction with 
control system.

(1) Automated based on 
the sun of the field of 
view, (2) manual.

Interactions due to 
thermal discomfort 
(n)

[SA]=1 
[M]=0

 [93] Interaction with 
control system.

(1) automated based on 
indoor temperature, (2) 
manual.

Interactions over the 
year (n)

[SA]=9 
[M]=661
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Table 7 
Evidence on occupant perception of automated facade. The table presents 
the type of occupant response reported, the control logic tested, the metrics 
used in each study, and the corresponding results. ([LA]: Level of Automa-
tion; [Res]: Result); [M]: Manual; [SA]: Semi-automated; [AD]: Advanced).
 R. Occupant 

response
Control logic Metric [LA]=Res

 [71] Discomfort with 
control system.

(1) Automated based on 
the sun of the field of 
view, (2) manual.

Discomfort 
events (n)

[SA]=4 
[M]=0

 [71] Discomfort with 
control system.

(1) Automated based on 
the sun of the field of 
view, (2) manual.

1=agree 
5=disagree

[SA]=2.6 
[M]=1.3

 [12] Satisfaction with 
control system.

(1) Automatic based on 
illuminance, (2) 
Semi-automated, (3) 
Manual.

Occupants 
satisfied (%)

[A]=7% 
[SA]=29% 
[M]=57%

 [20] Satisfaction with 
control system.

(1) Automated based on 
exterior irradiance, (2) 
manual.

1=dissatisfied 
5=satisfied

[A]=3 
[M]=4

 [10] Satisfaction with 
control system.

(1) Automated based on 
indoor illuminance, (2) 
Semi-automatic (3) fixed 
60% glazing.

1=very 
dissatisfied 
5=very satisfied

[A]=4.1 
[SA]=3.8 
[S]=3.5

result from automated actions triggering occupant responses, potentially 
disrupting concentration and productivity [20,92]. Luna-Navarro et al. 
[20] noted that gradual, silent automated controls are less likely to be 
overridden.

Control strategies significantly influence occupant satisfaction, as 
shown in Table 7. Manual control is generally preferred over fully auto-
mated systems [12,20,71]. However, findings on automated control are 
inconsistent. While some studies report lower satisfaction with automa-
tion [12,20], others indicate higher satisfaction [10]. Clear et al. [10] 
investigated an indoor illuminance-based automated control system us-
ing electrochromic windows, which adjust opacity gradually. Because 
these changes occur slowly, occupants may not immediately perceive 
them, resulting in minimal disruption. This characteristic may account 
for the differing findings on occupant satisfaction with automation.

Finally, shown in Fig. 18, no strong consensus emerges in favor of 
either manual or automated operation regarding overall occupant satis-
faction. Instead, preferences vary across environmental domains, indi-
cating the need to balance automation with manual control. In the visual 
domain, automated shading effectively reduces glare and excessive day-
light, but manual control is preferred when maintaining an outdoor view 
is a priority. Semi-automated systems with override options provide a 
better balance, improving satisfaction. For thermal comfort, occupants 
favor manual or semi-automated control for temperature regulation via 

shading and ventilation, as predictive automation can optimize con-
ditions but may cause dissatisfaction when actions are unexpected. In 
terms of acoustic comfort, automated windows can help control noise in 
urban settings, though manual control remains preferred for greater dis-
cretion. For indoor air quality, no clear preference exists due to limited 
research, though air quality sensors can trigger ventilation adjustments.

Satisfaction with control depends on perceived control, predictabil-
ity, and alignment with occupant expectations. Systems that allow oc-
cupant overrides tend to be better received, whereas fully automated 
ones risk rejection due to loss of agency. Manual control results in 
higher interaction frequency, while automation reduces interaction, par-
ticularly when well aligned with expectations. However, unexpected 
system-driven changes, such as sudden shading adjustments, may lead 
to overrides, especially in work environments.

Thus, evidence indicates the importance of occupant-centered con-
trol to enhance the acceptance of automated facades. Although the role 
of automation in facade operation is not clearly defined yet, automated 
controls should support rather than replace occupant control, ensuring 
effectiveness when manually controlling the facade of the building.

5.  Discussion

5.1.  Energy performance of automated facades

Current evidence shows that automated controls can increase energy 
savings [13,27,37,41], in particular, in the lighting domain [4,21,57]. 
The highest energy savings were achieved when comparing fully au-
tomated shadings to unshaded windows [10,53,74,79,94,95] or static 
shading systems [13,78,79,81,96]. However, buildings rarely have un-
shaded windows, while the alternative to automated blinds or dynamic 
glazing is usually a manually controlled façade.
Nevertheless, in the few studies that compare fully automated facades 
to manually controlled ones, this trend is also confirmed in the lighting 
domain (from 10% to 75% [4,9,21,27,40,97]), and for both seasons 
(-18% in summer and -40% in winter [27]). Simulation-based studies 
tend to report higher energy savings than empirical studies, since dis-
crepancies between predicted and actual performance are common in 
real office buildings [58].
While early design assessment of dynamic and automated façades re-
quired a dynamic simulation workflow to guide their technological de-
velopments [98], the discrepancy between predicted and monitored 
performance is now the bottleneck for automated facades up-scaled 
[99–101]. This requires empirical studies to: (i) increase practitioners, 
contractors and building owners’ experience with automated facades, 
and (ii) provide confidence that these systems can provide a robust and 
reliable benefit in comparison with manually controlled facades for a 

Fig. 18. Distribution of evidence provided by studies showing the cases in which the automated façade has a “negative impact” (n=21), “no impact” (n=18), and 
“positive impact” (n=21). In each category, the evidence is divided by environmental domain. SA=Semi-automated control, M=Manual control, A=Automated, 
AD=Advance control, PR=Pre-programmed control.
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wide number of buildings and occupants, thereby enabling sufficient 
generalization of research results. In this sense, the limited number of 
studies involving human participants (only 25 out of 91) is a barrier 
to up-scaling of these facade technologies. Moving forward, future re-
search should focus on evaluating the performance of these technologies 
in real office building settings, particularly for façade technologies that 
are already well-developed and have a high level of technology readi-
ness.

5.2.  Balancing IEQ with automated façades

This review confirms that automated façades can effectively regu-
late indoor environmental quality (IEQ) parameters, particularly visual 
and thermal comfort. Automated shading systems have been shown to 
enhance daylight access [10,12,40] and mitigate glare [76,79] by con-
trolling indoor brightness levels [13,40,41]. They can also reduce solar 
heat gains, thereby supporting thermal comfort [71,81].

A key challenge for automated control systems lies in managing 
trade-offs between competing IEQ parameters. For example, glare re-
duction strategies may limit daylight access, while optimizing thermal 
comfort can obstruct views to the outside [4,9,69,70]. Some studies have 
demonstrated that algorithms preventing glare effectively protect the 
occupants from excessive brightness [4,73]; however, this often comes 
at the cost of reduced indoor illuminance, which can lead to occupant 
dissatisfaction [12,20,89]. Similarly, while automated shading can re-
duce solar heat gain and enhance thermal comfort, its effectiveness may 
be compromised by obstructed views [8,66,71]. This limitation is par-
ticularly evident in systems that rely on single-parameter control strate-
gies. In response, studies have proposed integrated control approaches 
that simultaneously account for glare, daylight, and temperature, in an 
effort to balance competing IEQ requirements [44,69,70]. Nonetheless, 
more research is needed to determine which IEQ parameters should be 
prioritized, particularly in dynamic and potentially personalized control 
scenarios.

5.3.  Comparability of studies on occupant response to automated façades

The evaluation of automated façades in studies often relies on a 
variety of metrics, each targeting different aspects of indoor environ-
mental performance. These include 𝐷𝐺𝑃  [4,10], used to assess visual 
discomfort from glare, horizontal illuminance [12], which relates to 
task lighting levels, and the percentage of hours within comfort thresh-
olds [71], which reflects overall performance over time. However, 
because these metrics are grounded in different physical principles 
and operational goals, direct comparisons between studies can be 
challenging unless the metrics address similar comfort dimensions.
In this context, the ISO 52016-3 [102] represents a step forward 
by offering standardized methods to assess the energy and indoor 
environmental performance of adaptive façades, covering heating, 
cooling, lighting demand, thermal comfort, visual comfort, and air 
quality. However, while this standard provides robust objective criteria, 
it does not fully capture the variability and subjectivity of occupant 
preferences, which may differ based on individual needs, cultural 
norms, or contextual factors. Several studies emphasize that acceptance 
of automation by occupants depends not only on environmental 
outcomes, but also on how the systems behave, how intuitive they are, 
and whether they respond appropriately to occupants’ expectations 
[25,103]. To integrate the impact of dynamic façade operation with 
occupant preferences, performance assessments should go beyond 
physical metrics to include subjective and behavioral dimensions, 
such as perceived control, satisfaction, or acceptance of automation. 
This can be achieved through methods, such as post-occupancy 
evaluations, stated preference surveys, and behavioral monitoring that 
track occupants’ interactions with the system. For example, adaptive 
algorithms could be designed to learn from occupants’ overrides or 
feedback to adjust control strategies. This challenge aligns with recent 

work from IEA EBC Annex 79 by O’Brien et al. [104], which stresses 
the importance of integrating subjective and behavioral data with 
traditional metrics.
Furthermore, research should investigate potential disruptions caused 
by automation, such as noise from actuation mechanisms, limited 
accessibility to personal control, and delayed system response times, 
to strengthen the still-developing body of evidence on these issues 
[26,71]. This is essential to ensure that energy savings are not achieved 
at the expense of occupant comfort. For example, in the study by 
Luna-Navarro et al. [71], the noise generated by automated systems 
was identified as a potential source of dissatisfaction, detracting from 
the overall experience of occupants and diminishing their acceptance 
of the technology. Similarly, Meerbeek et al. [26] examined how 
occupants interact with automated shading systems, revealing that 
many preferred disabling automatic modes in favor of manual control. 
This suggests that automated systems may not always align with 
occupant preferences and comfort needs. These findings highlight the 
need to develop evaluation methodologies that recognize occupant 
comfort preferences and responses to automation, as understanding 
these factors is crucial for enhancing both comfort and acceptance of 
automated systems.

5.4.  Occupant data collection to define personalization factors

Advanced control strategies, including adaptive approaches [27] and 
learning algorithms [57], have demonstrated the potential to improve 
occupant satisfaction and reduce override actions. By actively align-
ing automation with occupant preferences and control requirements, 
these systems enhance the occupant experience and address common 
concerns associated with automated controls. However, implementing 
these strategies presents barriers, particularly in defining and collect-
ing occupant data and translating them into effective automation ac-
tions, such as determining system operation times or identifying con-
ditions where manual control is more appropriate. For instance, five 
studies [10,27,70,92,93] suggest that frequent manual overrides may 
indicate dissatisfaction or the need for more refined automation strate-
gies. Although overrides may also indicate a desire for personal con-
trol, a response to disruptions caused by automated actions, or a lack 
of understanding of the building control systems. The factors explaining 
these occupants’ responses with automated systems [105–107], such as 
usability (e.g., ease of use, clarity of control interfaces), system respon-
siveness (e.g., speed of reaction, accuracy), personal control preferences 
(e.g., the need for manual overrides), trust in automation (e.g., reliabil-
ity, transparency), and comfort-related factors (e.g., noise or environ-
mental disruptions), are well-established in other fields. Nevertheless, 
the challenge remains in effectively transferring these data into control 
systems that can detect and respond to individual preferences in real-
time, ensuring that automation remains aligned with occupants’ needs 
and expectations.

6.  Conclusion

A systematic review was conducted to examine current evidence 
from previous work on automated facades’ influence on energy savings 
in cooling, heating and lighting, IEQ and occupant satisfaction. A total of 
91 studies were analyzed, with 30 involving human participants. These 
studies showed that automation systems outperformed manual controls 
in energy savings. Automated facades also contribute to mitigating in-
door environmental issues such as glare, controlling daylight, and pre-
venting overheating. Although automated façades can effectively en-
hance indoor environmental conditions, no strong consensus was found 
on their overall impact on occupant satisfaction.

Despite the potential of automated facades to increase energy savings 
and improve IEQ without affecting overall occupant satisfaction with 
the control system, the review identified limitations in existing research 
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that could hinder a broader adoption of such systems. The challenges 
include: First, methodological limitations, such as (i) the low number 
of empirical studies involving human participants, which are crucial for 
validating performance outcomes focused on occupant preferences and 
response, and (ii) the lack of standardization in metrics and experimen-
tal designs, including inconsistent illuminance and temperature thresh-
olds, different benchmark scenarios (e.g., unshaded, static, or manual 
façades), and various control approaches, which limit the comparability 
and generalization of results. Second, performance trade-offs, including 
(iii) challenges in balancing competing IEQ parameters, such as glare re-
duction versus daylight access or thermal comfort versus outside views, 
and (iv) the critical role of control objectives, where prioritizing en-
ergy or visual comfort alone may fail to meet occupant needs for au-
tonomy, view, or thermal conditions. Lastly, contextual constraints on 
performance outcomes, such as (v) the persistent discrepancy between 
simulation-based predictions and experimental results, where empirical 
outcomes are more variable, and (vi) the high contextual sensitivity of 
façade performance across different building orientations, climates, au-
tomated control strategies, and occupant profiles.

Future research should prioritize (a) empirical studies in real office 
buildings to capture occupant behavior, preferences, and override pat-
terns; (b) developing multi-domain evaluation to describe façade con-
trol strategies’ performance across the wide range of environmental do-
mains; (c) establishing consistent metrics and benchmarks for evaluating 
automated façade systems to improve comparability between studies; 
(d) refining adaptive and learning-based systems to detect and respond 
to individual preferences in real-time, accounting for usability, trust, 
contextual disruptions, and manual override behavior; and (e) applying 
multi-criteria analyzis to determine which environmental parameters 
(e.g., glare, thermal comfort, energy savings) should be prioritized for 
automation under different building contexts. By addressing these gaps, 
future research can contribute to the development of automated façade 
systems that not only optimize energy efficiency and IEQ, but also meet 
the diverse and evolving needs of building occupants. These develop-
ments might help bridge the current disconnect between energy perfor-
mance objectives and occupant satisfaction, ultimately improving the 
integration of automated façades into sustainable building operations.
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