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Adaptive heating, ventilation and solar shading for dwellings

E. E. Alders

Faculty of Architecture, Delft University of Technology, Delft, Netherlands

ABSTRACT
Calculation of various strategies for the heating of, and the prevention of overheating in, a Dutch standard
dwelling that includes (automated) adaptive ventilation systems and solar shading tomaintain indoor tem-
peratures at acceptably comfortable temperatures informs this analysis of the costs, impacts and benefits
of the use of related control opportunities andmechanisms at play. The energy savingpotential of enabling
occupants to take advantage of the adaptive opportunities embedded into the dwelling, and discussion of
associated cost and benefits of a range of behaviours within the reference dwelling is very high. In the cal-
culations, the total energy saving potential for heating behaviours that take advantage of occupant-driven
adaptive behaviours is around 65% of the heating demand for the whole house compared to the saving
calculated for the same dwelling controlled by using a standard heating schedule and constant ventilation,
which is largely achieved by the use of adaptive controls and fast reaction heating and minimizing venti-
lation in the heating season. Applying a range of passive cooling strategies, the need for cooling can be
eliminated in most situations cancelling the need for the installation of active cooling. It is most effective
to use both adaptive ventilation and solar shading.

ARTICLE HISTORY
Received 18 February 2017
Accepted 23 February 2017

KEYWORDS
Adaptive heating; adaptive
ventilation; adaptive solar
shading; overheating; energy
efficiency; automation;
dwellings

Introduction

This article is an excerpt of Chapter 6of thedoctoral thesis ‘Adap-
tive Thermal Comfort Opportunities for Dwellings’, providing
thermal comfort only when and where needed in dwellings in
the Netherlands (Alders 2016). In this dissertation, an inventory
has been made of adaptive techniques for thermal comfort to
create an adaptive thermal comfort system for dwellings, which
is defined as follows:

the whole of passive and active comfort components of the
dwelling that dynamically adapts its settings to varying user com-
fort demands andweather conditions (seasonal, diurnal andhourly
depending on the aspects adapted), thus providing comfort only
where, when and at the level needed by the user, to improve pos-
sibilities of harvesting the environmental energy (e.g. solar gain
and outdoor air) when available and storing it when abundant.

Calculating the full potential of adaptive building
characteristics

The dissertation calculates the full energy saving potential for
heating and cooling for three different profiles of occupancy and
three levels of thermal mass (Table 1) of the following adaptive
building characteristics:

Fsol: solar factor of facade (qrad,gain/qrad,inc) – the por-
tion of radiation falling on the entire facade that
enters the room as heat

Htot (W/K): total heat transfer coefficient (Hve +Htr) – the
total heat loss from indoor air to outdoor air
per K temperature difference by ventilation and
transmission.

CONTACT E. E. Alders e.e.alders@tudelft.nl

Furthermore, the actual thermal comfort demand is deter-
mined in time and place to be able to provide heating and cool-
ing only when and where needed according to the definition
of the Adaptive Thermal Comfort System. The calculated vari-
ants of control are given in Table 2. The values mentioned
below are based on the proportions of the reference dwelling
of AgentschapNL and in the Dutch climate. These calculations
are based on generic physical properties that are regarded to be
disconnected (e.g. adapting the glass percentage for the solar
factor has no influence on the transmission properties of the
facade) to be able to isolate the individual parameters in order
to encourage development of new concepts for materials and
techniques.

Energy saving potential

Above the energy saving of adaptive heating and minimizing
the heat loss factor by high insulation values and ventilation
controlled by presence the adaptive approach offers the possi-
bility of increasing the solar gain without causing overheating.
This significant amount of energy saving can only be obtained
in the theoretical case if the solar factor can be disconnected
from the heat loss factor and a 100% of the solar radiation hit-
ting the facade can be used as heat gain (f sol = 1). It should be
noted that the ultimate energy saving potential for heating and
cooling can be higher if there is some form of prediction by an
Adaptive Model Predictive Control (Oldewurtel et al. 2012) with
anticipation of future comfort demand to prevent the indoor
temperature to drop below heating set point at absence due to
passive cooling.
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Table 1. Calculated cases.

Thermal mass level Capacitance (J/km2) (per m2 floor area)

Low 80.000
Middle 165.000
High 370.000
Year
2050 W+ Test reference year by TNO (NEN_5060 2008)
Room Volume (m3)
Living room 85
Bedroom 42

Occupancy profiles Code
People in
household

Occupancy
rate (%)

Average number of
people present

Average
activity level

One student 1st 1 10 1.26 2.5
Couple both with job 2w 2 18 1.32 2.1
Couple with 2 small children 4sm 4 46 1.70 2.4

Table 2. Calculated control variants.

Control�HC,nd Control Htot Control f sol

Variants Timing Set point Automation Frequency
Range Uopaque

(W/m2K)
Range Utr
(W/m2K) Range Qve (1/h) Automation Frequency Range f sol

Reference s hi/lo − – 0.2 1.6 1.25 − − 0.6*fglass
Adaptive heating p ACA − − 0.2 1.6 1.25 − − 0.6*fglass
Max heat loss p ACA − − 0.2 1.6 30 − − 0
Min heat loss p ACA − − 0.1 1.2 minpres − − 1
Adaptive Htot,hour p ACA + h 0.1−0.2 1.2–1.6 minpres-30 − − 0.6*fglass
Adaptive Htot,day P ACA + d 0.1–0.2 1.2–1.6 minpres-30 − − 0.6*fglass
Adaptive Htot,season P ACA + s 0.1–0.2 1.2–1.6 minpres-30 − − 0.6*fglass
Adaptive Htot,month P ACA + m 0.1–0.2 1.2–1.6 minpres-30 − − 0.6*fglass
Presence Htot,hour P ACA − h 0.1–0.2 1.2–1.6 minpres-30 − − 0.6*fglass
Adaptive f sol,hour P ACA − − 0.2 1.6 minpres + h 0–1
Adaptive f sol,day P ACA − − 0.2 1.6 minpres + d 0–1
Adaptive f sol,season P ACA − − 0.2 1.6 minpres + s 0–1
Adaptive f sol,month P ACA − − 0.2 1.6 minpres + m 0–1
Presence f sol,hour P ACA − − 0.2 1.6 minpres − h 0–1
ad Htot,hourf sol,hour P ACA + h 0.1–0.2 1.2–1.6 minpres-30 + h 0–1
ad Htot,dayf sol,day P ACA + d 0.1–0.2 1.2–1.6 minpres-30 + d 0–1
ad Htot,seasonf sol,season P ACA + s 0.1–0.2 1.2–1.6 minpres-30 + s 0–1
ad Htot,monthf sol,month P ACA + m 0.1–0.2 1.2–1.6 minpres-30 + m 0–1
pres Htot,hourf sol,hour P ACA − h 0.1–0.2 1.2–1.6 minpres-30 − h 0–1

s, Standard heating schedule; p, presence; hi/lo, set point (21°C) and setback (15°C); ACA, Adaptive Comfort Algorithm (Peeters et al. 2009); −, none; +, automation; H,
hourly switch; d, daily switch; s, seasonally switch; m, monthly switch; fglass, percentage of glass in facade.

Cooling
Applying the variable building characteristics as described in
the thesis, the cooling can be eliminated in most situations and
will be 10% of the initial value at most. The remaining cooling
demandwill be low enough to cancel the need for installation of
active cooling. It is most effective to use both an adaptive heat
loss factor and solar factor; however, of the two the solar factor
is most effective.

The energy saving potentials of the separate solutions are
given in Table 3. The total energy saving potential of the added
measures is therefore mentioned in the bottom of Table 3. To
increase the thermal storageaPCMoradynamic thermal storage
(HATS) (Hoes 2014) could be applied.

Required values for Htot and fsol

The energy saving potential calculated in the thesis is based on
theoretical values for the ranges of the Htot and f sol in a more
or less realistic but theoretical range; consequently, the actual
energy saving potential can vary according to the actual ranges
of the variable building characteristics. Varying the heat loss
factor is more feasible with increasing the ventilation because

this can more easily reach very high heat loss factors. Devel-
oping new techniques for increasing the heat loss factor by
transmission is only competitive to ventilation if high conductive
properties can be incorporated in newmaterials or techniques.

In this study, it is shown that the advantage of increasing the
solar gain in the heating season is significant. However, varying
the solar factor between the values assumed in the calculations
from 0 to 1 is not possible with current techniques. Blocking all
solar radiation is difficultwithoutblocking all visionout andglaz-
ing will always block a percentage of the heat, making it impos-
sible to reach the value of 1 by currently available materials.
New techniques could include newmaterials for advanced radi-
ation transfer or harvesting more solar radiation by increasing
the surface of incidence such as applying solar collectors.

Effect of the thermalmass

Themost important conclusion about thermalmass in these cal-
culations is that the control of the heat loss factor and the solar
factor is significantly more stable with the higher thermal mass.
Theapplicationofpassive coolingby increasing theheat loss fac-
tor and/or decreasing the solar gain in case of low thermal mass
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Table 3. Summary of energy saving potential of the Adaptive Thermal Comfort System based on the generic calculations.

4sm 2w 1st Average

Living room Bedroom Living room Bedroom Living room Bedroom Living room Bedroom

Adaptive heating Energy saving potentiala

Heating 12%–23% 17%–20% 37%–48% 16%–19% 41%–47% 13%–14% 34% 16%
Overheating – – – – – – – –

Minimized heat loss ACPH (1/h) = 0.5+ 0.2*p Rcop [km2/W] = 10 Uw [W/km2] = 1.2
Energy saving potentiala

Heating 67%–74% 87%–93% 64%–65% 88%–94% 63%–65% 86%–92% 66% 90%
Overheatingb – – – – – – – –

Adaptive heat loss ACPH (1/h) = 0.5+ 0.2*p Rcop [km2/W] = 2.5–10 Uw [W/km2] = 1.2–2.5
Energy saving potentiala,c (*)
Heatingd −5% to 0% −2% to 0% −1% to 0% −3% to 0%!! −1% 0%!! −2% to 0%!! −1% −1%
Automatede 3%–32% 1%–12% 1%–7% 0%–15% 1%–8% 0%–6% 9% 6%
Overheating 74%–95% 78%–98% 73%–95% 87%–98% 70%–94% 83%–98% 84% 92%
Automatede 5%–9% 1%–11% 22%–25% 0%–11% 35%–38% 1%–14% 22% 6%

Adaptive solar factor Fc 0–1
Energy saving potentiala,f (*)
Heatingd 33%–83% 69%–100% 53%–81% 72%–100% 48%–81% 66%–93% 63% 83%
Automatede 36%–52% 96%–100% 49%–68% 72%–99% 46%–74% 66%–90% 54% 83%
Overheating 97%–100% 92%–96% 99%–100% 91%–95% 99%–100% 96%–98% 99% 95%
Automatede 15%–21% 96%–92% 67%–74% 90%–94% 76%–82% 93%–95% 56% 93%

ACTS Energy saving potentiala,g

Heating 27%–82% 99%–100% 50%–80% 99%–100% 44%–81% 99%–100% 61% 99%
Automatede 36%–50% 101%–114% 50%–68% 100%–117% 49%–74% 97%–105% 55% 105%
Overheating 98%–100% 100% 99%–100% 100% 100% 100% 100% 100%
Automatede 2%–7% 3%–24% 20%–43% 2%–23% 33%–59% 2%–28%

aThese values are based on the generic calculations of the thesis (Alders 2016) and are based on the reference dwelling of AgentschapNL. The variation in energy saving
potential per situation depends on the thermal mass level.

bOverheating escalates without additional measures in summer.
cFor the energy saving potential on cooling by adaptive heat loss coefficient this amount depends on the thermal mass level and (less) on the level of maximum heat loss
coefficient.

dHeating can be increased by lack of prediction and thermal storage.
eAutomated control; shows the added energy saving of automated control above non-automated control.
fThe energy saving potential of the f sol for heating is due to the maximization of the solar gain in the heating season.
gThe total energy saving potential of all discussed measures compared to the reference situation with average insulation, average solar factor and constant ventilation
[1.25 1//h].

–, Not applicable.

leads to an increase in heating demand due to the temperature
drop during absence.

In the reference cases the cooling load is significantly lower
for higher thermal mass and the heating load does not signifi-
cantly vary with thermal mass due to the good basic insulation
of the dwelling and sufficient solar gain. The energy saving for
cooling by the adaptive strategies is higher with high thermal
mass more drastically reducing the already much lower cooling
demand for higher thermal mass. This can be explained by the
fact that the thermal mass causes the heat to be lost to spread
more evenly amongst the hours, whichmeans the peaks for heat
to be discarded will be much lower.

In case of the North orientation, it can be an option to build
with lower thermal mass especially if there is no increase of
solar gain available because the solar radiation has significantly
less effect on the heating demand, showing a slight increase in
heating demand for higher thermal mass.

Effect of occupancy

The control of the thermal comfort system according to the
occupancy and the resulting comfort demand is an essential part
of the Adaptive Thermal Comfort System as the definition sug-
gests. The difference between the energy saving is apparent in
the case of adaptive heating, where high occupancy means less

heating demand if a standard heating schedule is used because
of higher internal gain the heatingdemandwith control for pres-
ence shows less deviation between the occupancy profiles. This
means that the energy saving is larger with lower occupancy
level. Furthermore, the control algorithms are significantly less
accurate in case of the occupancy profile 4_sm with high occu-
pancy. This effect decreases with higher thermal mass because
of the slower temperature decrease.

Additionally, the occupancy has a great effect on the effec-
tiveness of non-automated systems in case of overheating pre-
vention. This emphasizes the need for automated overheating
protection by especially solar shading in case of larger periods
of absence during the day.

Heat up and cool-down speed

Heat up and cooling down speed are important characteristics
of heating systems. In these calculations, it is assumed that the
heating power is unlimited and there is no limit to the speed.
However, the calculated required heat up speed is largely in a
practical range especially if the temperature is stabilized around
the comfort temperature by thermal mass, insulation and the
adaptive heat loss factor and solar factor. Nevertheless, heat up
and cool-down speed are serious considerations for the concept
of adaptive heating.



ARCHITECTURAL SCIENCE REVIEW 153

Ta
bl
e
4.

Su
m
m
ar
y
of
oc
cu
pa
nc
y
ch
ar
ac
te
ris
tic
so

fo
cc
up

an
cy

pr
ofi
le
st
o
be

us
ed

in
th
e
ca
lc
ul
at
io
ns

LI
VI
N
G
RO

O
M

KI
TC
H
EN

M
AS

TE
R
BE
D
RO

O
M

BE
D
RO

O
M
2
/O
FF
IC
E

BE
D
RO

O
M
3

Ch
ar
ac
te
ris
tic

O
cc
up

an
cy

ra
te
[%

]
Av
er
ag
e

oc
cu
pa
nc
y

Av
er
ag
e

ac
tiv
ity

O
cc
up

an
cy

ra
te
[%

]
Av
er
ag
e

oc
cu
pa
nc
y

Av
er
ag
e

ac
tiv
ity

O
cc
up

an
cy

ra
te
[%

]
Av
er
ag
e

oc
cu
pa
nc
y

Av
er
ag
e

ac
tiv
ity

O
cc
up

an
cy

ra
te
[%

]
Av
er
ag
e

oc
cu
pa
nc
y

Av
er
ag
e

ac
tiv
ity

O
cc
up

an
cy

ra
te
[%

]
Av
er
ag
e

oc
cu
pa
nc
y

Av
er
ag
e

ac
tiv
ity

N
ot

at
ho

m
e
[%

]

pr
ofi
le

Co
m
po

si
tio

n
1_
st

1
pe
rs
on

ho
us
eh
ol
d,

st
ud

en
t

10
1.
26

2.
5

2
1

3.
25

33
1

1
8

1
2

–
–

–
53

1_
so
c

1
pe
rs
on

ho
us
eh
ol
d,

so
ci
al
w
ith

m
uc
h

vi
si
t

17
1.
19

2.
0

11
1

3.
30

34
1

1
17

1
2

–
–

–
6

2_
h

2
pe
rs
on

ho
us
eh
ol
d,
at

le
as
to

ne
w
ith

w
or
k

fr
om

ho
m
e
or
no

jo
b

54
1.
35

2.
0

14
1

3.
45

62
1.
39

1
54

1
2

–
–

–
0

2_
w

2
pe
rs
on

ho
us
eh
ol
d,

bo
th

w
ith

jo
b

18
1.
32

2.
1

8
1

3.
25

39
1.
73

1
1

1
2

–
–

–
41

4_
sc

4
pe
rs
on

ho
us
eh
ol
d,

sc
ho

ol
go

in
g

ch
ild
re
n

30
1.
69

2.
0

8
1.
55

3.
70

40
1.
81

1
30

1
1

46
1

1
28

4_
sm

4
pe
rs
on

ho
us
eh
ol
d,

tw
o
ch
ild
re
n
un

de
r

th
e
ag
e
of
5

46
1.
70

2.
4

15
1.
35

3.
20

37
1.
77

1
43

1
1

34
1

1
16

*h
ou

se
ho

ld
ty
pe
sb

as
ed

on
th
e
ho

us
eh
ol
d
ty
pe
sr
ep
or
te
d
in
th
e
Ti
m
e
U
se

Su
rv
ey

(N
IW

I2
00
2)

N
IW

I.
20
02
.“
Ti
jd
sb
es
te
di
ng

so
nd

er
zo
ek

20
00

TB
O
’2
00
0.
”I
n.
:N
et
he
rla
nd

sI
ns
tit
ut
e
fo
rS
ci
en
tifi

c
In
fo
rm

at
io
n
Se
rv
ic
es
.

Practical solutions for standard housing in the
Netherlands

In the previous section for both the solar factor (f sol) and the
specific heat loss coefficient (Htot) optimal ranges and switching
frequencies have been found and the full energy saving poten-
tial is very large. However, the approach was to disconnect their
characteristics from (existing) techniques not to be hindered by
technical limitations beforehand. In this paper, the techniques of
the inventory for adaptive techniques made in the dissertation
are linked to the conclusions of the generic physical calculations
to be translated to practical concepts and constraints for these
concepts. Some of the concepts are evaluated for applicability
and efficiency in a Reference Dwelling of AgentschapNL in vari-
ous occupancy scenarios and with high and low thermal mass.
It reconnects the previous conclusions to design practice and
gives guidelines how to design an Adaptive Thermal Comfort
System.

Researched concepts for a standard Dutch dwelling
(reference dwelling of AgentschapNL)

Context: the occupant
The dwelling of the example concepts will be a family home
which can be occupied by an undetermined family. The calcu-
lations to assess the energy saving potential of the Adaptive
Thermal Comfort System will be made with the same three
occupant profiles used in the generic calculationswith the occu-
pancy profiles and characteristics as shown in Table 4 derived
from a Time Use Survey conducted by CBS (NIWI 2002). In
this example concept, the spatial layout of the attached ref-
erence dwelling by AgentschapNL (DGMR 2006) is calculated,
which is regarded as a standard Dutch dwelling. Figure 1 shows
the floor plans of this dwelling. The living room is oriented
South and has large windows to be able to optimally allow in
or block solar radiation. The bedrooms are oriented South or
North and have smaller windows. Figure 2 shows the facades of
the dwelling.

Context: the weather
The dwelling for the example concepts will be situated in the
Netherlands, which has a dominant heating demand (in winter).
However, as concluded in the thesis the summers are hot and
sunny enough to cause overheating problems if the dwelling
is designed to predominantly save heating energy by insu-
lating the dwelling very well without extra measures in sum-
mer. Figure 3 shows a summary of the incoming solar radi-
ation per month for the reference dwelling of AgentschapNL
(DGMR 2006) oriented with the back facade to the South and
the maximum, average andminimum ambient temperature per
month for the test reference year of 2050 W+ (NEN_5060 2008;
KNMI 2014).

Adaptive solar shading
In the example, with a G-value of the glass of 0.6 (HR++), the
maximum range of solar factor for the South facade of the liv-
ing room is 45–0%. For the rest of the facades this is 25–0%. In
the TRNSYS simulation, the f sol of the North facade will be var-
ied; however, it is expected not to have much effect because
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Figure 1. Floor plans of dwelling used for case study.

Figure 2. Facades of dwelling used for case study.
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Figure 3. Incoming solar radiation through the windows for the whole house together with the average ambient temperature per month (2050 W+).

Figure 4. Concept for varying the f sol combined screens and awnings.

of the little solar radiation during the summer season. A com-
bination between screens and controllable awnings is chosen
in the form of awnings with a reflective surface on the out-
side that can also be placed parallel to the glass with a cav-
ity that can be vented to prevent overheating of the screen
(Figure 4).With this solution (otherwise itwill be completely dark
when people are home) it is possible to reach the maximum
range for solar shading; however, it should be noted that with
this setting, also the visual light and view out are blocked. In
practice this might not be desirable. However, the beam radi-
ation can be blocked and shading values of 0.15 can easily be
reachedwith the awning setting. Therefore, during presence the
maximum solar shading will be a G-value of 0.15. Furthermore,
when the screen is parallel to the glass, a cavity between the
glass and the screen should be created to ventilate the heat
from the surface of the screen that will be heated up by the
sun, to make sure no significant solar radiation will ‘leak’ into
the space.

Adaptive ventilation
For the ventilation for temperature control, considerable open-
ings should be present, as shown in the example in Figure 5,
which will be simulated in the TRNSYS variants for assessment.
The control strategies for natural ventilation assessed in the
example concepts are:

• Pressure controlled inlet (constant inlet flow, exhaust con-
trolled mechanically)

• CO2 controlled ventilation (minimal ventilation, exhaust con-
trolled mechanically)

• Temperature and CO2 controlled ventilation (minimal venti-
lation, exhaust controlled mechanically)

Thermalmass
In general, it is preferred to build in high thermal mass as also
becomes clear from the previous calculations. In the example,
two levels of thermal mass will be researched: low and high to
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Figure 5. Concept for varying the natural ventilation for passive cooling by purge ventilation in the TRNSYS simulations (combined with base minimized ventilation
natural supply, mechanical exhaust).

reassess the influence of the thermal mass on the performance
of the Adaptive Thermal Comfort System (Table 5).

Simulated variants
The design example is calculated in TRNSYS with the differ-
ent cases (Table 5) and the control variants shown in Table 6.
The overheating is measured in degree hours above cooling set
point. At presence, this is the upper limit of the comfort band-
width and at absence, this is 30°C. The design will be regarded
as a whole house and all the performances of the rooms will be
summed or averaged.

Energy use of the reference situations

First, the reference situations for all combinations of all cases are
calculated, with assumptions shown below in Table 7.

Figure 6 shows the annual heating demand for each combi-
nation of occupancy profile and thermal mass variant together
with the distribution of that energy demand over the months of
the year. Figure 7 shows the overheating in degree hours. The
overheating numbers in the graphs are the average of overheat-
ing degree hours of all used rooms in the occupancy profiles. In
the two-person household the second bedroom is used sparsely
and the third bedroom is unused. In the one-person household
both the second and third bedrooms are unused.
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Table 5. Calculated cases in TRNSYS.

CASES
Thermal mass Capacitance (kg/m2) (per floor area)
Low 80.000
High 370.000
Year
2050 W+ Test reference year, warm

Occupancy profiles Code
People in
household Occupancy rate

Average amount of
people present

Average activity
level

1 student 1st 1 10% 1.26 2.5
Couple both with job 2w 2 18% 1.32 2.1
Couple with 2 small children 4sm 4 46% 1.70 2.4

Table 6. Calculated control variants in TRNSYS.

Control variants
(all variants except for the presence controlled
variants (e&f) are calculated with natural
ventilation supply as well as with mechanical
ventilation supply with heat recovery) Heating and cooling Ventilation Shading

Variant Code s/p hi-lo/ACA +/− a/p
Base ventilation

rate (1/h) 0/1 a/p 0/1

Reference 1_ref s hi/lo + − 1.25 0 − 0
Adaptive heating 1a_ref p ACA + − 1.25 0 − 0
Minimized ventilation 1b_ref p ACA + − minpres 0 − 0
Minimized ventilation nc 1c_ref p ACA − − minpres 0 − 0
Adaptive ventilation 2b_ventdyn p ACA + a minpres 0–1 − 0
Adaptive ventilation nc 2c_ventdyn p ACA − a minpres 0–1 − 0
Presence ventilation 2e_ventdyn p ACA + p minpres 0–1 − 0
Presence ventilation nc 2f_ventdyn p ACA − p minpres 0–1 − 0
Adaptive ventilation 3b_soldyn p ACA + − minpres 0 a 0–1
Adaptive ventilation nc 3c_soldyn p ACA − − minpres 0 a 0–1
Presence ventilation 3e_soldyn p ACA + − minpres 0 p 0–1
Presence ventilation nc 3f_soldyn p ACA − − minpres 0 p 0–1
Adaptive ventilation 4b_dyn p ACA + a minpres 0–1 a 0–1
Adaptive ventilation nc 4c_dyn p ACA − a minpres 0–1 a 0–1
Presence ventilation 4e_dyn p ACA + p minpres 0–1 p 0–1
Presence ventilation nc 4f_dyn p ACA − p minpres 0–1 p 0–1

s/p, s = standard heating schedule/p = presence controlled (adaptive heating); hi-lo/ACA, hi-lo = set point and setback/ACA Adaptive Comfort Algorithm (Peeters
et al. 2009);+/−,+ = cooling/−- = no cooling, calculating overheating in degree hours; a/p, a = adaptive control (automated)/p = operated with presence (non-
automated); 0/1 (ventilation), 0 = no extra ventilation/0–1 = extra ventilation on or off; 0/1 (shading), 0 = no solar shading/0–1 = shading on or off.

Table 7. Initial values for the reference situations.

INITIAL VALUES
Operation
Ventilation (1/h) 1.25 (0.9 l/sm2)
Schedule living room Heating set point (°C) Cooling set point (°C)
0:00–6:00 15 30
6:00–23:00 20.5 25
13:00–0:00 15 30
Boundary Heating set point (°C) Cooling set point (°C)
0:00–6:00 18 25
6:00–23:00 15 30
13:00–0:00 18 25
Boundary Equipment (W/m2) People (W)
Absence (occupancy
schedule)

1 –

Presence (occupancy
schedule)

10 75 * (amount of people)

The heating demand does not varymuch between high ther-
mal mass and low thermal mass in Figure 6 and is slightly higher
for the low thermal. Furthermore, the heating is significantly
higher the lower the occupancy pattern, which is caused by the
equal heating hours for each profile but more internal gain for
the profiles with higher occupancy.

Theoverheating is significantly higher for lower thermalmass
and significantly higher for higher occupancy rates, as Figure 7

shows. The rooms that are not used in the profiles show no over-
heating degree hours because the hours are only measured at
presence.

Results and discussion

Adaptive heating

The next step is researching the energy saving potential for
adaptive heating; providing heating only when and where
needed at the level needed as opposed to fixed day and night
temperatures. The comfort temperaturewill be calculatedby the
adaptive comfort algorithm method and the heating will only
function at the presence of the occupants or if the temperature
falls below the setback temperature of 15°C. In practice, the tem-
perature will never fall below this 15°C because the insulation is
high enough to prevent this. Figure 8 shows the energy saving
potential for adaptive heating compared to the reference situ-
ation; absolute yearly energy consumption (kWh) for adaptive
heating and relative to the reference situation with scheduled
heating (%). Figure 9 shows the overheating in degree hours
absolute and relative to the reference situation (Figures 6 and
7). The overheating numbers in the table are the average of
overheating degree hours of all used rooms in the occupancy
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Figure 6. Energy use for heating in kWh in the whole house in the reference situations with fixed ventilation and day and night setting for heating.

Figure 7. Overheating in degree hours in the whole house in the reference situations with fixed ventilation and day and night setting for heating.

profiles. It should be noted that in the simulations it is assumed
that the heating and cooling power is unlimited and has a
response time equal to the calculated time step. Thismeans that
inertia of the heating delivery system by its thermal mass is not
regarded. Systems in practice could therefore be less effective
the slower they are.

As becomes clear by Figure 8, adaptive heating can achieve
a significantly better energy performance for the whole house.
The energy saving is very little (around 5%) for the family
with two children (4sm) because their occupancy profile mostly
resembles the standard heating times set by the thermostat and
the one-person household with the lowest occupancy rate and
the least people in the household can gain almost 40% energy
saving by the adaptive approach, which is a similar amount. The
overheating (Figure 9) is similar to the reference situation show-
ing a slight decrease in the light variant. This is because extra
heating can cause a slight cooling demand later on depending
on the occupancy of the rooms and incoming (extra) heat by
solar radiation. It is remarkable that the rooms that are not in
use still show a heating demand. This can be explained by the
fact that the heating set point at absence in every room is still
15°C as opposed to 16–180°C at presence in the bedrooms and
the ventilation is standardized at an ACPH of 1.25 1/h, which is
quite high.

Minimized ventilation

The energy saving for heating by minimizing the ventilation
is calculated taking into account the fact that this significantly
increases overheating. Figure 10 shows the absolute energy
consumption (kWh) for heating by minimized ventilation and
relative to the situation of adaptive heating (%) and Figure 11
shows the overheating in degree hours above cooling set point
in house reference situations with minimized ventilation. The
overheating numbers in the table are the average of over-
heating degree hours of all used rooms in the occupancy
profiles.

From Figure 10, it can be concluded that the energy saving of
minimizing the ventilation in the heating season is very effective
(almost 50%) and most effective with the most heating hours,
which is the case of the profile with the couplewith two children
(4sm) in addition to the energy saving by adaptive heating. It is
now noticeable that the unoccupied bedroom shows a higher
decrease in heating demand than the living room, kitchen and
the master bedroom because now the ventilation is always low
at an ACPH of 0.5 1/h.

However, Figure 11 shows that the overheating problems are
significant if no counteractions are taken. This problem aggra-
vates with rising occupancy because the overheating degree
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Figure 8. Energy use for heating in the whole house for adaptive heating absolute (kWh) and relative to reference situation (Figure 6) with fixed heating schedule (%).

Figure 9. Overheating in degree hours in the whole house for adaptive heating absolute and relative to reference situation (Figure 7) with fixed heating schedule (%).

hours are only calculated for the presence hours. Furthermore,
it shows that the overheating is significantly higher for lower
thermal mass. The energy saving potential for heating in case of
minimized ventilation is slightly lower for higher thermal mass;
however, the remaining heating demand is still lower for higher
thermal mass.

Adaptive ventilation by operable vents above thewindows

To benefit from the energy saving for heating with minimized
ventilation without the disadvantage of the overheating prob-
lems, the ventilation can be increased whenever there is a sur-
plus of heat in the dwelling. Figure 12 shows the remaining

Figure 10. Energy use for heating in the whole house for minimized ventilation absolute (kWh)] and relative to reference situation (Figure 8) with adaptive heating (%).
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Figure 11. Overheating in the whole house for minimized ventilation absolute (degree hours) and relative to reference situation (Figure 9) with adaptive heating (%).

Figure 12. Remaining overheating with adaptive ventilation absolute (degree hours) and relative to minimized ventilation (%) (Figure 11).

overheating in summerby adaptive ventilation absolute (degree
hours) and compared to the reference situation of Figure 11
(%). The overheating numbers in the table are the average of
overheating degree hours of all used rooms in the occupancy
profiles.

As can be seen from Figure 12 compared to Figure 11,
the overheating has diminished significantly but it can still be
desirable to have an additional cooling system especially for the
low thermalmass variant for the family with small children (4sm)
with around an average of 466 degree hours left in the living
room, kitchen and three bedrooms on the first floor but it will
have significantly less energy demand. In a terraced dwelling
usually the staircase will be able to provide some stack effect
to enhance the extraction of air placing a controllable opening
in the top of the staircase. Adding a Venturi-shaped chimney
exit will increase the ventilation more. To make it adaptable the
openings should be closable (Figure 13).

Adaptive solar gain

The overheating problem caused by the minimum ventila-
tion can be counteracted by blocking solar radiation as well.
Figure 14 shows the overheating left in case of adaptive solar
gain strategy absolute in degree hours and compared to the
reference situation of minimized ventilation (%).

From Figure 14, it can be concluded that the problems that
occur in summer due to the minimization of ventilation can
be significantly decreased by blocking unwanted solar radia-
tion, more so than with adaptive ventilation. In this situation,
not applying cooling will only lead to significant overheating
problems in case of a light construction with occupancy by the
4-person household (4sm) with an average of 277 degree hours
left in the living room, kitchen and three bedrooms on the first
floor. Countering overheatingwith solar shading is around twice
as effective as adaptive ventilation.

Adaptive heating, ventilation and solar gain combined

Applying both adaptive ventilation and solar gain is the most
effective way of energy saving for the dwelling because this can
result in almost eliminating of the cooling demandwith less ven-
tilation rates required so the openings for ventilation can be
smaller in theory because most excess heat is already blocked
by the shading. In the calculations of this paper, the same vent
openings are used but they will be equipped significantly less
because most of the excess heat is already blocked by the solar
shading. This will result in less frequently used vent openings
and lower average ventilation rates.

Figure 15 shows the overheating left in case of adap-
tive ventilation and solar gain strategy absolute in degree
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Figure 13. Using the staircase to enhance air flow by extra extraction by the stack
effect and the venture-shaped chimney exit.

hours and compared to the reference situation of minimized
ventilation (%).

From Figure 15, it can be concluded that as expected the
combination of the two measures will almost eliminate virtually
all demand for cooling. In case of the light dwelling occupied by
the four-person household, 2%of the original overheating is left.
With 58 degree hours left on average in the whole house, it is
unlikely that active cooling will be required.

Even though the separated measures of dynamic ventilation
control and solar shading can prevent most overheating of the
home and thus cooling demand, there are clearly benefits in
a combination. The vents above the windows could be signifi-
cantly smaller, which decreases the risk of draught and uses less
space in the facade. Furthermore, the smaller the openings the

easier it is to make them burglary proof. Additionally, less effec-
tive solar shading could be applied as well, which increases the
possibilities for materials and techniques and will allow for sav-
ing in the cost of the shading. In practice these measures can
be optimized together. Furthermore, the need for shading on
the North facade can be omitted totally, which can significantly
save costs.

Automation versusmanual operation

The energy saving potentials of the three strategies in the past
sections all assume there is automated control of the settings
that choose the right setting for every situation, even when
the occupants are not present. This requires advanced domotics
withmovingmechanical parts to change the position of thewin-
dow vents and solar shading which can be vulnerable to break
down and intentionally inflicted damage and they can be very
costly. To be able to make an informed decision about the level
of automation chosen in a design, the energy saving potential of
all themeasures is calculated if applied only during the presence
of the occupants as if they could adjust the ventilation and solar
shading by hand preferablywith an intelligent systemof sensors
that gives a warning when something should be adjusted.

Figure 16 shows the remaining overheating with adaptive
ventilation onlywhen present for all combinations of occupancy
profiles and thermal mass in degree hours and relative to the
reference situation of minimized ventilation (%).

Figure 17 shows the remaining overheating with adaptive
solar shading only when present for all combinations of occu-
pancy profiles and thermal mass in degree hours and relative to
the reference situation of minimized ventilation (%).

Figure 18 shows the remaining overheating with adaptive
ventilation and solar shading only when present for all com-
binations of occupancy profiles and thermal mass in degree
hours and relative to the reference situation of minimized
ventilation (%).

As evidently becomes clear from Figures 16 to 18, the energy
saving potential of automation is significant especially for solar
shading. In the bedrooms there is no decrease in overheating
with presence controlled solar shading because the sunwill only
shine significantly in the non-occupied hours when the solar

Figure 14. Remaining overheating with adaptive solar gain absolute (degree hours) and relative to minimized ventilation (%) (Figure 11).
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Figure 15. Remaining overheating with adaptive ventilation and solar gain absolute (degree hours) and relative to minimized ventilation (%) (Figure 11).

Figure 16. Remaining overheating with adaptive ventilation only when present for all combinations of occupancy profiles and thermal mass absolute (degree hours)
and relative to the minimized ventilation variant (%).

shading is not operated. For the adaptive ventilation, the dif-
ferences are significant but considerably less prominent espe-
cially in case of the profile with the highest occupancy rate. The
more the people are present, the less the difference between
automated and presence operated and the difference is higher
with high thermal mass than low thermal mass. Applying solar

shading only when the occupants are present will be signifi-
cantly less effective than automated solar shading, leaving over-
heating levels almost similar to no solar shading with a decrease
in effectiveness of up to 90%. If both measures can be applied
only during presence the overheating is still considerable; at
most for the family with young children (4sm) there will be an

Figure 17. Remaining overheating with adaptive solar shading only when present for all combinations of occupancy profiles and thermal mass absolute (degree hours)
and relative to the minimized ventilation variant (%).
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Figure 18. Remaining overheating with adaptive ventilation and solar shading only when present for all combinations of occupancy profiles and thermal mass absolute
(degree hours) and relative to the minimized ventilation variant (%).

average of 298 degree hours left in the low thermal mass variant
and 117 degree hours in the high thermal mass variant. Never-
theless, this is still a decrease of around 90% compared to the
reference situation with minimized ventilation, which is enough
to consider omitting the automation, which can be costly and
might not be preferred by the users.

Auxiliary energy

Regarding energy saving for (new) techniques, it is important
to also incorporate the energy for operation of fans and con-
trol systems, the so-called auxiliary energy. In case of the natural
ventilation, no extra energy for operation fans is needed, only
the fan energy for the mechanical extraction, which is less the
less ventilation is applied. Extra auxiliary energy is needed for the
operating system and communication as well as the automation
of the ventilation openings and solar shading. Communication
nowadays is present in most systems, wireless or wired. Most
homes will have a network present at which the system can
be connected to the Internet to communicate with the compo-
nents of the systems and also enable the occupant to control
the settings at a distance via Internet. It is not expected that the
extra electricity for this communication will be anywhere near
the energy saving it provides. To make sure no excess energy
is spent, the components on the facade can be provided with
photovolotaic cells that will provide the little energy needed
to operate and they can contribute to the electricity needed to
communicate with the system. In this design the solar cells can
be applied on the hatch of the window vent. Furthermore, solar
cells can be added to the solar screen; however, they would only
operatewhen solar shading is needed.With the further develop-
ment of the components and the system, these aspects should
be taken into account.

Conclusions

Requirements for the Adaptive Thermal Comfort System

This paper described a practical solution for the Adaptive Ther-
mal Comfort System for dwellings as researched in the doctoral
thesis Adaptive thermal comfort opportunities for dwellings; Pro-
viding thermal comfort only when and where needed in dwellings

in the Netherlands (Alders 2016). A comparison of these tech-
niques shows that there is not one perfect system or solution
and per project all considerations should be made to design
an optimal system. It should be noted that there are numerous
techniques to construct an Adaptive Thermal Comfort System
and the energy saving potential depends on various aspects
and the collaboration between the applied techniques in spe-
cific scenarios. some of these techniques are already available
and some are in various stages of development. In this paper
the possibilities of an Adaptive Thermal Comfort System for the
near future is researched. Furthermore, the important aspects to
consider about the comfort demand and natural thermal energy
supply by the weather and how they should be combined are
once more stressed to show the approach needed to design
the Adaptive Thermal Comfort System. The conditions for the
spatial layoutof thedwelling toenable effectivenessof theadap-
tive measures is described as well as the aspects needed to be
considered for control of the systems.

Preconditions for the effectiveness of an Adaptive
Thermal Comfort System

Orientation
To optimize effectiveness of the adaptive solar gain both for
saving energy for heating as well as cooling by allowing maxi-
mum solar radiation in and blocking maximum solar radiation,
the rooms with the highest heating demand and/or very vari-
able comfort demand should be oriented in the direction where
most solar radiation comes from, considering the time of day of
the highest heating demand.

Ventilation
Toensure the effectiveness of the adaptive ventilation the layout
should not hinder the air flow through the building. In case of a
heating demand this free air flow can be temporarily disabled by
(automatically) closing doors and vents. From the calculations
it becomes clear that the concept (Figure 5) with large opera-
ble vents above the windows of 30 cm together with operable
vents above the internal doors and an additional opening in
the roof in the stair case has significant reduction of overheat-
ing. To be able to reduce the overheating more by ventilation,
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this paper suggests a concept to enhance the ventilation more
by stack ventilation and a Venturi-shaped chimney (Figure 13).
These will have an additional advantage of lowering the need
for fan energy for the mechanical exhaust.

Automation
An optimal Adaptive Thermal Comfort System is automated and
therefore the systemshouldbeprovidedwith sufficient informa-
tion about the weather and occupant at the right time. For this a
design should be made for the sensors and information transfer
to the control unit.

This automation also implies communication between the
control unit and the end units, which should be able to oper-
ate automatically by a signal without interaction with the user.
In this design, it is crucial to consider the acceptance of the user
of this fully automated system.

Composition of the adaptive components of an Adaptive
Thermal Comfort System in a standard reference dwelling
in the near future

Adaptive heating: heating only where and when needed at the
level needed by the user.

Automated solar shading: solar shading controlled to block
solar radiation when needed to prevent overheating and allow-
ingmaximum amount of solar radiation in the heating season to
decrease the heating demand.

Automated adaptive ventilation: ventilation (preferably by
natural ventilation to save fan energy and space for ducts) con-
trolled to discard excessive heat when needed to prevent over-
heating and minimize ventilation for fresh air in the heating
season to decrease the heating demand.

Figure 19 shows a visualization of a full concept of applying
an Adaptive Thermal Comfort System into a standard reference
dwelling with techniques nowadays available.

Conclusions: energy saving potential of the Adaptive
Thermal Comfort System in a standard reference
dwelling

In this paper, the conclusions made by the preliminary calcula-
tions in the thesis are verifiedwith concepts developed as exam-
ples for an Adaptive Thermal Comfort System to be applicable
in a current design. It shows that minimizing the ventilation in
winter can save almost half of the energy used for heating and
that by adaptively blocking the solar radiation and raising the

Figure 19. Elements of an Adaptive Thermal Comfort System in a standard Dutch dwelling.
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Table 8. Summary of energy saving potential of the Adaptive Thermal Comfort System based on the generic calculations.

4sm 2w 1st

Light Heavy Light Heavy Light Heavy Average

Adaptive heating Energy saving potentiala

Heating 3% 7% 25% 31% 31% 37% 22%
Overheating – – – – – – –

Minimized ventilation ACPH (1/h) 0.5+ 0.2*p
Energy saving potentiala

Heating 44% 47% 41% 43% 43% 44% 44%
Overheatingb – – – – – – –

Adaptive heat loss coefficient ACPH (1/h) 0.5–10
Energy saving potentiala

Heating – – – – – – –
Overheating 88% 94% 84% 92% 87% 94% 90%
Automationc −2% −2% −6% −4% −14% −6% −6%

Adaptive solar factor Fc 0–Gw * fg
Energy saving potentiala

Heating – – – – – – –
Overheating 93% 98% 95% 100% 97% 100% 97%
Automationc −49% −49% −86% −89% −84% −85% −74%

ATCS Energy saving potentiala,d

Heating 59% 61% 66% 68% 68% 71% 65%
Overheating 98% 100% 99% 100% 99% 100% 99%
Automationc −6% −3% −18% −10% −16% −8% −10%

aThese values are based on the calculations with the assumptions in the thesis (Alders 2016) and are based on the reference dwelling of AgentschapNL. The variation in
energy saving potential per situation depends on the thermal mass level.

bOverheating escalates without additional measures in summer.
cIn this row, the negative percentage represents the decrease in effectiveness against overheating if the adaptive measure is not automated.
dThe total energy saving potential of all discussed measures compared to the reference situation with average insulation, average solar factor and constant ventilation
(1.25 1/h).

–, Not applicable.

ventilation can prevent overheating that can occur for an impor-
tant part as a result of thisminimized ventilation. This shows that
with techniques already available, a dwelling can be highly reac-
tive to the changes in the weather, optimizing the thermal heat
balance for the majority of occurring situations. It also shows
that themeasures to vary the ventilation and the solar factor are
well within the range of possibilities already available with com-
mon techniques. The ventilation openings above the window of
approximately 30 cm can create a high enough ventilation rate
together with openings above the internal doors of also 30 cm
to prevent the dwelling from overheating. The ACPH can rise up
to 12 1/h; however, this is a peak value that only occurs less than
5% during the summer months. The prevention of overheating
can be enhanced by additional measures to propagate natural
air flow for ventilation as well as minimizing the needed for fan
energy for mechanical extraction.

The need for cooling can be effectively diminished using the
proposed flexible measures. Practically, this means that there
should be no need for installing active cooling in the dwelling
and thus an energy saving potential of 100% can be reached.
For saving energy on heating the situation of minimized ven-
tilation with heat recovery is clearly the best option. The total
energy saving compared to fixed natural ventilation is dramatic
(almost 50% energy saving). However, as seen before apply-
ing all measures for energy conservation in the heating season
needs counteractions in the cooling season to prevent over-
heating. Table 8 shows a summary of the characteristics and
energy saving potential for all separate measures and in the
end of all measures together. In all cases the remaining heating
demand is less than half of the original demand ranging from
41% to 29%. The loss in effectiveness of the adaptive solar gain is

markedlydecreasedwithout automationwith anaverageof 75%
less energy saving, whose effect is most apparent with lower
occupancy rate. The energy saving potential for the combined
measures without automation dropswith 30%on average,mak-
ing the automation crucial for the Adaptive Thermal Comfort
System.

Smart application of operablewindows and solar shadingwill
eliminate the need active cooling in the Dutch residential sector
while applying high energy saving for heating demand as the
Adaptive Thermal Comfort System shows.
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