
Historical requirements

Traditionally, the design of HVAC systems and IEQ 
controls requires an optimization of user safety and 
comfort, together with resource efficiency among others. 
Both requirements are regulated by existing standards and 
technical guidelines, aiming at high user comfort and 
safety through low resource usage. First requirements were 
derived from occupational safety and health perspectives 
dating back to 1700 and before [1]. Since the two oil 
crises in the 1970’s, energy efficiency not only became 
a market advantage, but more and more turned into a 
requirement, and regulations constantly got stricter.

For a long period, both types of requirements were 
embedded in rather stable, steady state contexts. Recent 
developments with respect to the COVID-19 pandemic, 
climate change, and human comfort and health aspects, 
however, challenge these existing approaches and 
emphasize simultaneous considerations of the demands 
for robustness, dynamics, flexibility and individualiza-
tion. While these needs partly appear contradictory to 
each other, their consideration offers new trajectories 
and perspectives for technological advancements as 
outlined in the following.

Requirements for  
health-promoting and resilient  

HVAC and IEQ control

Concepts for HVAC and IEQ control are challenged by a multitude of traditional and new 

requirements. This article aligns these frontiers within the human-building resilience framework 

and discusses resulting performance needs and advancements for HVAC and IEQ control 

together with existing research gaps from the users’ comfort and health perspective.
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Contemporary and future challenges 
and opportunities

The last two decades can be characterized by an 
explosion of new requirements for and challenges to 
traditional views on HVAC and IEQ control (Figure 1), 
of which a few will be highlighted in the following.

Climate change and the COVID-19 pandemic have 
emphasized the importance of IEQ and flexibility. 
Climate change decreases predictability of future 
conditions under which HVAC and IEQ controls 
implemented today will have to operate. As far as 
predictions tell, heat waves and floods will be more 
frequent and severe, summer nights warmer and 
pollen periods longer than today, among others [2]. 
On the one hand, these extreme weather events pose 
new challenges to IEQ control concepts characterized 
by a lower predictability and slower adaptability. On 
the other hand, consequences of climate change are 
predicted to increase negative consequences for the 
populations’ mental (e.g., elevated risk for depression, 
anxiety and post-traumatic stress disorder, which will 
be maintained even years after exposure) and physical 
(e.g., increases in total, cardiovascular and respiratory 
mortality and morbidity) health [3]. The ongoing 
COVID-19 pandemic gave a glance at the importance 
of the indoor environment for the future – though 
such ‘discovery’ did not come as a surprise for those 
involved in this area for many years. In addition, the 
pandemic accelerated the move towards home office 
and mobile working. Especially the former raises ques-
tions on the provision of IEQ in residential places 
previously meant for relaxation, recharging, and social 
life, now becoming simultaneously work places and as 
such building the foundation for the height of ones’ 

earnings, and potentially affecting career opportunities. 
These challenges of climate change and COVID-19 
pandemic highlight the need for providing safe indoor 
conditions with robust, but flexible concepts.

Energy resource depletion and energy system transi-
tion require an intensified search for the most efficient 
solutions together with new, partly dynamic concepts 
to deal with a higher share of fluctuating renewable 
energies. In addition, increasing costs for energy 
usage and materials raise questions regarding equality 
of access and affordability (see also next point). Such 
effect is emphasized – unless countermeasures such as 
additional payments are implemented – in the context 
of the move towards increased home office hours, 
since some energy costs will shift from the employing 
organizations to the employed individuals.

Demographic factors, migration and equality will 
add additional variance to required conditions, ideas 
on comfort requirements, and cultural practices in the 
interaction between occupant and building – overall 
requiring a high degree of flexibility and robustness. 
HVAC and IEQ control concepts need to consider a 
partly more vulnerable society and increasing injustice 
in access to required resources to avoid long-standing 
challenges due to energy insecurity and inequality [4]. 
For example, local split-type air-to-air air-conditioning 
units permit those able to afford them cooling in 
summer, while increasing urban heat island and noise 
pollution effects for others in the immediate surround-
ings and thereby reducing their potential for natural 
ventilation concepts.

Technological advancements and digitalisation 
have led to numerous innovations, efficiency improve-
ments and will lead to further opportunities. At the 
same time, potential risks in relation to ecological, 
economic, and social dimensions need to be put into 
perspective [5]. One example is related to adaptive 
control opportunities, i.e. an individual occupants’ 
control over window state, set points, among others. 
Some of the first automation systems completely 
removed the control options for the occupants. Such 
misconception was reduced only after an increased 
understanding that actual adaptive control opportu-
nities are a pre-requisite for occupants’ satisfaction [6]. 
Therefore, especially more complex HVAC and IEQ 
controls (if they really need to be that complex) require 
understandable interfaces and need to provide adaptive 
control opportunities. At the same time, it is not clear 
to what extend control is required, because too much 
control and the need to constantly hassle with IEQ 

Figure 1. Traditional and new challenges for HVAC and 
IEQ control.
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settings has been reported as a source of stress and 
dissatisfaction itself [7].

At last, a changing approach towards the provi-
sion of comfort and health is one of the most, if 
not the most important aspect related to changed 
requirements. Through efficiency thinking and the 
neutrality paradigm, comfort has been for long, and 
largely still is, defined as a provision of conditions, 
which are leading to a maximum relief from potential 
thermal, visual, IAQ, and acoustic stressors. Recent 
discussions promote to change the view from relief 
(i.e. maintaining neutrality) at all times, towards relief 
where necessary, in combination with encouragement 
(i.e. increasing adaptive opportunities) and enjoy-
ment (i.e. potential for perception of alliesthesia) [8, 
9]. While, for example, the provision of thermally 
neutral conditions is still standard in practice, research 
highlights the benefits of IEQ control applying more 
varied conditions or naturally occurring dynamics for 
resource efficiency [10], satisfaction [11], and also 
health-related parameters [12, 13]. The provision of 
visual conditions changed from considerations of 
minimum illuminance levels alone to considerations 
of circadian effects and the quality of lighting [14]. 
Such approach is in line with the trend in medicine 
from a focus on risk assessment, which was dominant 
in the 1970’s, towards risk management including 
well-being and salutogenesis from 2000 onwards [1]. 
These upcoming paradigm shifts, towards a more 
holistic view on comfortable and health-promoting 
conditions, add further requirements to HVAC and 
IEQ control in terms of flexibility and opportunities 
for individualization. At the same time, basic require-
ments such as the avoidance of toxins in the air or 
other harmful conditions, should stay in place and 
be developed further according to the newest level of 
information and evidence. Furthermore, multi-sensory 
thoughts are required [15]: for example, having large 
windows for maximum daylight exposure is not helpful 
by itself in case the overall building design requires 
day-long shading (e.g. to avoid overheating), as this 
may lead to the reverse or rebound effect of reducing 
the potential for such daylight exposures.

Resilience thinking from human 
perspective and required approaches
Above described challenges lead to new requirements for 
future HVAC and IEQ control, including parameters 
such as flexibility, robustness, dynamics, individualized 
solutions, adaptive controls opportunities, encouraging, 
health-promoting, and equality. At first sight, those 

parameters could seem to contradict themselves, like 
robustness and dynamics (Figure 2). At the same time, 
these requirements can complement each together, 
when extending the definition of resilience beyond the 
robustness of buildings by two means: the first mean 
is to extend the definition of a resilient system from 
the human perspective, towards a combined human 
and building resilience (Figure 3). This approach does 
not start with the focus on certain room temperatures 
or energy efficiency levels as questioned earlier [14], 
but with requirements for relief, encouragement and 
enjoyment. Guiding questions will be, for example, 
when and how to keep warm or cool, when and how 
to offer physiological, behavioural, and psychological 
adaptive opportunities, and when and how to offer 
enjoyment as stress relief or motivational driver. The 
second mean is to consider a resilient system that is 
not only able to flexibly react to a potential shock or 
stressor, and restore itself afterwards, but that can also 

Figure 2. Three areas of tension of future HVAC and IEQ 
control.
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Figure 3. Simplified version of the human-building resilience framework (a-c) including hypothetical temporal 
evolution of human building resilience (d). Robustness and toughness describes the buildings’ and human ability 
to withstand a load or stressor. Elasticity and capacity to recover describe the ability to return to initial state after 

removal of load and stressor (adapted from [8,9]).
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evolve further in order to increase its capacity before 
the next shock or stressor occurs [8, 9].

Following the above, resilient and health-promoting 
built environments are envisioned to provide sufficient 
relief (prevention), the right dose of encouragement 
(salutogenesis), and potential for enjoyment for all. 
Hence, future HVAC and IEQ control trajectories 
need to provide energy efficient solutions for this 
balance, while considering the dynamics of multiple 
environmental stressors and their interactions, the 
psychological load and potential interactions with 
the built context, the physical load, and the indi-
viduals’ characteristics and needs. Such vision may 
appear utopic and unreachable and will definitely 
require further research, as several aspects are lacking 
full evidence. However, we argue that similar to the 
WHO definition of health from 1946, which defines 
health as “a state of complete physical, mental and 
social well-being and not merely the absence of disease 
or infirmity”, and has been denoted as utopic by some, 
it is crucial to make a first step by establishing such 
vision.

Accordingly, concrete steps can be:

(1)	 Considering resilience by emphasising the need to 
increase human resilience in the long term. This 
requires HVAC and IEQ control approaches to 
support opportunities for adaptation and allies-
thesia, and to not only strive for an elimination 
of even mild stressors. In contrast, evaluating 
solutions on existing (thermal) adaptation levels, 
but with future climatic conditions, may prescribe 
specific cooling solutions. This, however may 
ignore the adaptation potential when designing 
for encouragement and lead to rebound effects. 
Still, further advancements in the prediction of 
individual aspects of human adaptation are neces-
sary (Figure 4) [16].

(2)	 Approaching resilience of the human-building 
system including the human, by passive measures 
(e.g. within the building envelope), and active 
measures (e.g. through elements of the HVAC 
system), and not through individual components. 
This point emphasizes the need for multi-disci-
plinary, multi-dimensional, and multi-sensory 
approaches. From the human perspective, flex-
ibility in adaptive controls and measures to fulfil 
individual needs are relevant. In contrast, focusing 
on single aspects rather than a holistic approach 
may lead to unintended energetic and non-ener-
getic side-effects or rebound.

(3)	 Supporting capacity building of the human-
building system, including HVAC and IEQ 
control under normal operation modes, while 
being designed for certain robustness to extreme 
conditions. The robustness then allows occupants 
sufficient time and opportunity for behavioural 
and physiological adaptation – something achieved 
with a high thermal, visual, and ventilation 
autonomy. For example, rising temperatures in 
an acute heat wave need to be buffered first, and 
even with power shortages, the indoor environ-
ment needs to keep acceptable conditions.

(4)	 Considering resilience beyond the individual 
building towards the neighbourhood or urban 
scale. Take, for example, above example of decen-
tralized air-to-air air-conditioning units, which 
reduce (as long as power is available) the thermal 
strain for the occupants, while increasing the load 
for adjacent buildings [17].

(5)	 Creating easily understandable building, HVAC 
and IEQ concepts in normal and in crisis mode. 
Best solutions do not require special information 
such as guidebooks, which will likely be lost soon 
after operation starts, but are self-explanatory like 
a window handle or fan switch.

Overall, we are living in an exciting period with 
dynamic changes at several levels, asking for innova-
tive and creative solutions to improve life indoors. 

Figure 4. The adaptive heat balance framework 
enables the prediction of the effect of individual 
adaptive mechanisms on thermal perception in 

combination with the six classical influences on human 
heat balance (adapted from [16]).
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