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ARTICLE INFO ABSTRACT

Keywords: With the aim to increase today’s low retrofitting rate and thus decrease the currently rising en-
Double skin facade ergy consumption of the building sector, this work proposes a novel renovation concept for
Diffuse ceiling ventilation schools. Therefore, two components, double skin facade (DSF) and diffuse ceiling ventilation
Building performance simulation (DCV), are combined with an exhaust ventilation system, providing an alternative to a traditional

Energy saving potential

renovation where windows are replaced, the external wall is insulated and a balanced ventilation
School refurbishment

system is installed. Further, based on a Danish case study classroom, different configurations of
the novel system, with varying glazing properties and DSF cavity thicknesses are compared
against a range of traditional renovations through building performance simulation using IDA-
ICE. The results indicate that the new system can achieve up to 11% lower total primary en-
ergy consumption as the best traditional renovation while achieving an equal indoor environ-
mental quality and therefore offering designers and engineers a competitive alternative for school
renovation projects. Additionally, employing a sensitivity analysis, it could be demonstrated for
the primary energy consumption and the global thermal comfort that the glazing (number of
panes and physical properties) has a superior influence on the novel system compared to the
cavity thickness.

1. Introduction

Well known is the “20-20-20" aim of the European Union (EU) (reduction of greenhouse gas by 20%, 20% energy from renewable
sources, and 20% improvement in energy efficiency) and yet in 2020, with the most recent data from 2019 [2] (before the Covid-19
pandemic), it is not clear if all those targets will be met, while the prognosis for the next big goal, the 2030 targets, is even grimmer.
One aspect that contributes to this is that the final energy consumption did not decrease in the five years before 2019 [2].

Two sectors mainly cause this lack of decrease in energy consumption; the transport sector with an increase of the energy

Abbreviations: ACH, air change rate per hour (h™Y); BPS, building performance simulation; Cq, discharge coefficient; DCV, diffuse ceiling ventilation; DSF, double
skin facade; E,ef, energy balance for windows (kW/m?); g, solar heat gain coefficient; HY, hysteresis; IAQ, indoor air quality; IEQ, indoor environmental quality; n,
number of simulations; ORM,, outdoor running mean temperature over 4 days including the current day; ORM30, outdoor running mean temperature over the last 30
days excluding the current day; PE, primary energy; PMV, predicted mean vote; PPD, predicted precentage of dissatisfied; SFP, specific fan power (kW/ (m>s)); Tair, air
temperature (°C); T, thermal neutral temperature (°C); Tey, external air temperature (°C); Top, operative temperature (°C); Isn, solar irradiation on facade (W/m?); Ug,
U-value window frame (W//mZK)); Uy, U-value window glazing(W//mzK)); VAV, variable air volume.
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consumption by 5.8% between 2014 and 2017 and even more strongly, the building sector where the consumption rose by 8.3% in the
same period [3].

Thus, it seems only logical to increase the building sector’s effort to decrease its energy consumption. As new buildings should be
nearly zero-energy buildings from 2021 onwards [4], the renovation of the building stock, where yet about 75% are energy inefficient
buildings, becomes an essential tool, as about 80% of today’s buildings will still be used in 2050 [5]. Despite this importance, the
retrofitting rate in the EU remains at a low 1% [5].

One past project which aimed to increase this low retrofitting rate, was “School of the Future” [6]. Schools should thereby function
as renovation demonstration projects, where pupils would consequently initiate a knowledge and experience transfer to their families
and thus the retrofitting rate would increase. Next to this role as lighthouse projects, schools are also of particular importance as their
indoor environmental quality (IEQ) directly influences the pupil’s performance [7-9]. At the same time, recent studies in Denmark
[10,11] showed that about 60% of the surveyed classrooms exceed the threshold of 1000 ppm COs-concentration set by the Danish
building standard BR18 [1] and that 15% of the classrooms exceeded 25 °C [11]. A fact also reflected by a survey among pupils in
Denmark [11] where students rated their satisfaction with the air quality between 35 and 55 out of 100, and 35 to 48 out of 100 for the
classroom temperature. This negative influence on the performance also leads to considerable socioeconomic consequences, as shown
by Wargocki et al. [12], who calculated for Denmark that an improvement of the indoor air quality (IAQ) could, on average, increase
the public finances by €37 million per year and the gross domestic product by €173 million per year.

Given these points, the need for school renovations is undeniable. Common renovations often include the ventilation system,
external walls, roof and windows [13]. However, the replacement of windows and insulation of the external envelope, particularly the
wall, is often accompanied by a disturbance in school life due to noise and debris.

The ventilation system, crucial for a sufficient IAQ, imposes particular difficulties for school building renovation in Denmark. The
reason for this is that most of the ventilation systems currently implemented in school buildings fail to provide a sufficient airflow [14],
also shown indirectly by the high CO»-concentrations in classrooms [10,11]. Consequently, a major renovation or a replacement of the
existing ventilation system is often required. However, the current Danish building regulation BR18 [1] demands that if the existing
ventilation system is entirely replaced or major alterations are conducted, it must fulfil the requirements for a new building. Thus, for
schools, either a balanced ventilation system with a heat recovery efficiency of at least 73% must be used or a system that fulfils the
requirements on an equal level without increasing the primary energy (PE) demand.

For school buildings with already existing balanced ventilation, this does not impose particular difficulties, nonetheless, for school
buildings with exhaust ventilation which is currently used by every fifth building [11], a lack of space for ducts can be a crucial factor
and an obstacle [15,16]. Current options to overcome this problem are decentral ventilation concepts that require a sufficient ceiling
height, take up floor space, and need high maintenance [14].

Inspired by the above-outlined importance of school renovations and the challenges to be overcome, a novel renovation concept for
schools is presented in this work which uses an exhaust ventilation system combined with a double skin facade (DSF) and diffuse
ceiling ventilation (DCV) (Integrated Solution - Double Skin Facade and Diffuse Ceiling Ventilation for School Renovation (I-DIFFER)).
Furthermore, based on a case study classroom, different configurations of I-DIFFER with varying glazing properties (number of panes,
and physical properties) and DSF cavity thicknesses are compared against a range of traditional renovations by means of building
performance simulation (BPS) using IDA-ICE 4.8 [17,18]. Thereby, it is evaluated if I-DIFFER can achieve a similar IEQ compared to a
traditional renovation with an equal or lower total PE consumption. Additionally, the behaviour of I-DIFFER is analysed in detail for
the summer and winter period. Finally, a sensitivity analysis is conducted for I-DIFFER, where the influence of the cavity thickness and
glazing is investigated.

2. New system conceptualisation

Aiming to be a serious alternative to today’s traditional renovation concepts, the fundamental design idea for I-DIFFER is to provide
a less intrusive and more easily implementable solution. Thereby, two individual components, DSF and DCV play an essential role to
facilitate this.

DSF, even though not universally defined, can be simplified seen as an external (outer) facade, an intermediate air space (cavity)
and an inner facade. For I-DIFFER, the idea is to add a transparent outer layer to the existing facade of the building, which reduces the
heating demand in the winter period [19] either in the occupied period, by preheating the supply air by utilising solar gains and partly
recovering transmission losses [20] or in the non-occupied period, by creating a closed cavity which reduces transmission losses and
increases the radiative temperature in the adjacent room. In contrast, a DSF can reduce the need for cooling during the summer [19].
For I-DIFFER, the cavity is ventilated with outside air, increasing transmission losses through the inner, unrenovated facade.
Furthermore, as schools generally have high requirements for both fire and sound protection, the DSF is executed as one compartment
per classroom, which prevents the spreading of fire, smoke and sound to adjacent rooms [21-23] and allows the use of a room wise
control.

DCV, is an air distribution system where the whole or a large part of the ceiling is the supply opening. It consists of three central
components: the room, the suspended ceiling panels and the plenum (a small room above the suspended ceiling). The air distribution
pattern is controlled by buoyancy flows from heat sources [24] (up to 10 h™! ACH [25]). In the recent past, the DCV driven by
buoyancy gained more and more popularity in the non-industrial application as it can handle high loads and air flows without affecting
the thermal comfort in terms of draught as the velocity is low [26-31]. Furthermore, several investigations already showed that cold
air supply temperatures do not impose any draught issues [26,28,32,33]. Considering this, researchers found DCV a suitable system to
be used in the context of classrooms as they concluded that it could not only improve the IAQ but also provides the necessary and
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sufficient thermal comfort [26,34-37] with the possibility to be implemented in already existing buildings without high investment
cost [26,34,35].

Next to the DCV and the DSF, the mechanical exhaust ventilation ensures the necessary airflow in the classroom to maintain a
good IAQ. In addition to these three components, a small bypass exists above the DSF, as shown in Fig. 1, to allow the intake of outside
air without passing it through the DSF cavity avoiding preheating. To make use of these advantages, the new system can adapt to
varying conditions where four airflow modes are known (Fig. 1):

transparent insulation: all openings in cavity and bypass are closed - the ventilation is off.

preheating mode: the ventilation is on - the air enters the DSF cavity at the bottom, leaves it at the top entering thereby the plenum
and afterwards entering the room through the permeable ceiling.

cooling mode: the ventilation is on - both external openings of the DSF cavity are open - air driven by wind and buoyancy ventilates
the cavity. External and internal openings in the bypass are open - the air is driven by the ventilation enters the bypass, afterwards
the plenum and through the permeable ceiling the room.

cooling no ventilation mode: all external openings in the DSF cavity and the bypass are open - air driven by wind and buoyancy
ventilates the large cavity and the bypass.

2.1. Sun shading

Additionally, I-DIFFER uses shading to reduce the risk of overheating, which is positioned on the inner side of the glazing of the
DSF. This placement puts it as far outside as possible as this increases its efficiency [38,39] while still using the weather protection of
the DSF. As a sun shading type, venetian blinds were deemed most suitable as their relatively large surface area allows for efficient
extraction of heat if the cavity is ventilated [40]. For the radiative properties of the shading, the literature [22,39] is contradicting as to
whether reflective or absorptive shading is more effective in reducing solar gains. However, a reflective shading independent of the
effectiveness, was deemed more suitable as absorptive (dark) shading significantly reduced the illuminance in the adjacent room
compared to a reflective (bright) one [39].

2.2. Openings

I-DIFFER has a total of five openings (Fig. 6 (a)) whereby only opening (2) and (3) are of importance for natural driven flow for DSF
cavity. Thus these two openings are of particular importance as the opening area is correlated to the airflow rate for natural driven flow
[41,42]. Additionally, it was decided to make the opening size of these openings in a ratio of 0.5:1, as the literature [39] indicated that
this leads to lower cavity temperatures independent of the ratio direction, which is favourable for I-DIFFER as the cavity is only
naturally ventilated for mode cooling (no vent.) (Fig. 3). The flow through the other opening (1), (4), and (5) is always mechanical
driven and thus the size of these openings is not as critical as long as it is sufficient to not introduce a significant pressure drop.

T T

bypass

f 1 exhaust

exhaust

DSF cavity
classroom facade

? — exhaust ? ~ exhaust
ol j

A

© (d)

Fig. 1. Concept drawing of I-DIFFER showing its different operation modes: (a) transparent insulation, (b) preheating (c) cooling (d) cooling no ventilation. Arrows
indicate the airflow paths.
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2.3. Control

With the overall concept and its components defined, the next step was to define a control concept for the airflow modes (Fig. 2). In
addition to the occupancy and the operative temperature of the classroom, the thermal neutral temperature of the occupants based on
EN 16 798-1:2019-05 [43] were used. Furthermore, controllers with hysteresis were used to prevent cycling around the set point. The
range of acceptable interior temperature varies between summer (ORMgzp > 10 °C (ORMg3y is the outdoor running mean temperature
over the last 30 days excluding the current day)) and winter (ORM3zg < 10 °C). As for winter, the PPD/PMV (cat. II) based approach is
used, while for summer, the adaptive comfort model (cat. II) is applicable. The hysteresis was also adapted. For winter, the hysteresis
was chosen as 2.5 °C, which leads to upper and lower limits of +1.25 °C around the thermal neutral temperature. For summer, the
hysteresis was set to 4 °C (+2 °C) and as the comfort boundaries are not symmetrical [43], the thermal neutral temperature was
lowered by 0.5 °C to create symmetric limits. For both seasons, the offset from the hysteresis margins to the upper and lower limit of
cat. Il according to EN 16 798-1:2019-05 [43] were chosen to allow for expected under- and oversteering. An overview of all possible
modes is given in Fig. 3.

The shading control is based on the one established by Karlsen et al. [44]. The IDA-ICE version used in this work does not allow the
calculation of vertical eye illuminance. Therefore, the glare control is not implemented in the models. The cut-off angle was calculated
as stated in Karlsen et al. [44], and the maximum of the cut-off angle and 15° was used. Furthermore, the control was adjusted based on
the airflow pattern control (Fig. 2). Accordingly, the sun shading is never activated in the preheating mode but only during the cooling
mode and during cooling no ventilation mode for solar gain control. Finally, the shading is activated in the transparent insulation mode
if there is only little solar radiation to decrease heat losses. An overview of the resulting control is given in Fig. 3.

3. Case study

3.1. Typical classroom

To demonstrate the potential to achieve a good I[EQ and to reduce the energy consumption of [-DIFFER, a representative case study
for the Danish school building stock was defined and is consequently used for the BPS. Based on initial research [11,13,45] the case
study object was defined as a south-facing classroom with an attached hallway in the north (Fig. 4). The room is located in Aalborg and
in semi-exposed one-storey school building from the 1960s. The building is equipped with an exhaust ventilation system. Further
characteristics, including occupancy and equipment, are shown in Table 1.

3.2. Assessment criteria

BR18 [1] requires that if school buildings do not use a balanced ventilation system with a heat recovery efficiency of 73%, it must
be proven that the other system does not use more PE while providing the same conditions. However, as I-DIFFER affects more than
just the ventilation system, this idea of a reference-based validation is extended to the whole classroom. Therefore, by comparing the
PE consumption of the whole classroom for heating, ventilation, and lighting for I-DIFFER against one that was traditionally renovated,
the overall performance of I-DIFFER can be assessed. The primary-energy factors used for electricity and for district heating were 1.9
and 0.85 [1].

Thermal comfort and IAQ are evaluated according to ‘method A’ as stated in CEN/TR 16 798-2:2019-05 [53]. For this method, the
working hours within and outside the set limits are counted and the aim was set to be at least 94% of all working hours (2088 h) within
the set limits. The limits of the cooling season follow the adaptive comfort model, whereas EN ISO 7730:2006-11 is used for the heating
season. It is to be noted that as clothing is variable (Table 1) the limits for the winter period are not constant. A summary of the used
criteria and their thresholds are given in Table 2.

3.3. Renovation

In the following, the two renovations scenarios are outlined. One scenario represents the traditional renovation, whereas the
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Fig. 2. Outline of airflow-pattern control for I-DIFFER. Cooling, preheating, transparent insulation and cooling no vent. refers to the operation modes of I-DIFFER
(Fig. 1). HY = hysteresis (summer: 4 °C; winter: 2.5 °C); Texs = external air temperature; T, = thermal neutral temperature dependent on season (summer: T T,-
0.5 °G; winter: T._T.), Top, = classroom operative temperature.
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Fig. 4. Case study building: floor plan, section and window detail.

Table 1
Building and room characteristics for unrenovated school building; dimensions loosely based on [11,13,45]; properties without reference were defined by the authors.

characteristic property source

windows for classroom and hall

parapet height 0.80 m

glazing (two panes) Ug =27 W/(m?K); g = 0.74; 7 = 0.80 [46]
frame Ur = 1.9 W/(m’K) [46]
construction

facade infill 62% aerated concrete/insulation/brick - U = 0.50 W/(m?K) [47]
facade column 38% aerated concrete/brick - U = 0.92 W/(m?K) [47]
floor screed/concrete/expanded clay - U = 0.43 W/(m?K) [47]
roof concrete/insulation - U = 0.45 W/(m?K) [47]
internal partition gypsum/insulation

internal ceiling gypsum

occupants

nr. 20 students +1 teacher [48]
activity level 1.2 met

resting met. rate/srf. area 58.15 W/m? & 1.73 m? [49]
clothing correlation on ORM," [50]
schedule constant between 8:00-16:00

equipment

type PC, projector, whiteboard, tablet [51]
power total 757 W (15.14 W/m?) [52]

@ 4-day outdoor running mean including the current day.

Table 2

Requirements and assessment criteria for traditional renovation and renovation with I-DIFFER.
criteria threshold/unit evaluation criterion source

I-DIFFER Traditional

requirements
U-value wall 0.18 W/m" - v [1]
U-value roof 0.12 W/m" v v [11
Eref 0.0 kWh - v [1]
artificial light 300 Ix v v [54]
assessment criteria
PE cons. kWh < PEgraq” -
thermal comfort in Cat. Il or I 94% of occ. time [431°
CO,-conc. <1000 ppm 94% of occ. time [1]

# The traditional renovation sets the threshold.
 Humidity: 50%, velocity: 0.15 m/s.

second scenario describes an integration of the I-DIFFER system. The performance of the I-DIFFER solution in this work is evaluated in
relation to the traditional renovation. Therefore, both scenarios are represented as design ranges and not as fixed design solutions. By
identifying ranges, the performance of I-DIFFER can be better classified, but most importantly, it becomes independent of one specific
traditional renovation. Looking upon I-DIFFER, the design ranges are established to gather knowledge about different configurations’
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performance and facilitate a sensitivity analysis.

3.3.1. Traditional renovation

Construction: The exterior wall of the classroom is insulated to achieve the area-averaged U-values shown in Table 3. The roof and
exterior wall of the hallway, which only functions as a boundary, are renovated to the minimum BR18 requirements of 0.12 W/ (m?K)
and 0.18 W/(m?K) respectively. Infiltration is assumed to be 3.6 m3/(hm?) ata pressure difference of 50 Pa. Internal constructions and
floor remain unchanged.

The window appearance remains unchanged (Fig. 4). The properties of the classroom window were changed according to Table 4.
For double-glazing, the existing wooden frame remains (U= 1.9 W/ (mzK)), whereas for triple glazing a new frame (U= 1.0 W/ (mzK))
is chosen. The classroom window appearance and function remains unchanged (Fig. 4). The hallway windows’ glazing was fixed to
Double Al (D-A1) (Table 4), with a respective U of 1.9 W/(m?K).

Shading: As a shading system for the classroom, an external venetian blind is used. The control logic used is the same as for I-
DIFFER and is based on Karlsen et al. [44], without glare control.

Technical system: A demand-controlled balanced ventilation based on CO,-concentration and temperature is used. The system
has a heat recovery efficiency of 73%, and the SFP is set to 1.8 kW/(m?s). A heating coil supplied by district heating is installed in the
ventilation unit, but no mechanical cooling exists. The desired supply temperature is set to 16 °C throughout the year during occu-
pancy. Only the classroom is ventilated. The maximum airflow during operation was set to 18 rn3/(h mz) (ACH = 6.67), while the
minimum was set to 1.26 m3/(h mz), according to EN 16 798-1:2019 [43]. In winter, the system is turned off when occupancy ends and
turned on 2 h before occupancy to provide the EN 16 798-1:2019 [43] demanded one ACH. In summer, the system can also run during
unoccupied hours from Monday to Friday to provide night ventilation.

As heating, hydronic radiators were assumed with district heating as a carrier. The heating system is turned off when the ORM3y is
above 10 °C the first time and turned on again when the ORMj3 falls below 10 °C the first time.

The heating and cooling set-point of the classroom were set to the respective upper and lower comfort limits according to Sub-
section 3.2 with an offset of 0.25 °C. For the hallway, a constant heating set-point of 20 °C was used.

Lighting: Lighting is assumed to be replaced with efficient LED (max power: 3.4 W/m?) controlled by presence and daylight. The
daylight control is set according to the requirements. As efficiency 120 Im/W was set based on the average for developed countries
[59].

3.3.2. Renovation with I-DIFFER

For I-DIFFER, the control as shown in Fig. 3 was used.

Construction: The exterior wall of the classroom is not altered. Only one additional facade layer is added to create the DSF (see
Transparent construction). The roof and hallway wall are renovated as for the traditional renovation (Subsection 3.3.1). The current
suspended ceiling is replaced with air-permeable wood-wool cement panels (thickness = 0.035 m), which provide a large opening area
that is favourable if radiators are used for heating [26].

DSF - Transparent construction, cavity depth and openings: The glazing of the inner skin, i.e. the classroom windows, remains
as defined in Table 1, assuming the windows are not replaced, the glazing and frame of the DSF are varied according to Table 5. The
windows in the classroom can not be opened for the renovation with I-DIFFER.

As there is not one ideal cavity depth for the DSF, as this is a case-specific parameter which represents a trade-off between heating
and cooling as they favour opposite trends [41,42] and is further influenced by the presence and properties of shading in the cavity
[39] which is dynamic in the case of I-DIFFER, a range of depths (0.32 m, 0.43 m, 0.65 m, 0.81 m and 1.08 m) is analysed in this work.

Opening (2) and (3) (Fig. 6) were assumed to be multi-leaf dampers and set to be 0.15 m and 0.3 m high, respectively. They were
assumed to be insulated in the case where double-glazing is used in the DSF with a U-value of 1.1 W/(m?K) and to be not insulated if
single-glazing is used. Opening (4) and (5) (Fig. 6 (a)) were assumed to be dampers each 0.1 m high.

Technical system: For I-DIFFER, the existing ventilation system is upgraded to be controlled by temperature and CO» controlled
and to be sufficiently sized for today’s demands (Section 1). The SFP, minimum and maximum ventilation flow is set as for the
traditional renovation. If the ventilation system is activated outside the occupancy (I-DIFFER in cooling mode), it always runs at full
capacity. The heating and cooling set-points are the same as for the traditional renovation.

Lighting: The lighting was set equal to the traditional renovation.

3.4. BPS model

Based on the renovation specifications (Section 3.3) the IDA-ICE model for the traditional renovation and I-DIFFER are outlined.
First, the common characteristics are presented before the individual approaches for each case are discussed. Additional supple-
mentary information regarding the model used can be found in Appendix A.

For both renovations, the Danish design reference year (2010) version 3 [60] was used. The outside air CO,-concentration was set
to 400 ppm. The suspended ceiling in the hallway and classroom were modelled as separate thermal zones, so was the DSF for I-DIFFER

Table 3
Area averaged U-value for the classroom exterior wall, assuming a 4 = 0.035 W/(m K) for the new and 2 = 0.050 W/(m K) for the old insulation.
variations
U-value wall [W/(m?K)] 0.18 0.14 0.10
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Table 4
Traditional renovation glazing, E.. calculated according to BR18 [1]. All glazing properties but for Tripe Al taken from Ref. [55]; Triple Al properties taken from
Ref. [56]. Ug based on EN 673:2011-02 [57]; g and 7 based on EN 410:2011-02 [58].

name Ug [W/(m?K)] g T Eref [kWh/(mZa)]
double-glazing - Us = 1.9 W/(m?K)

Double Al (D-A1) 0.9 0.52 0.71 1.83

Double Bl (D-B1) 1.0 0.62 0.82 14.33

Double B2 (D-B2) 1.2 0.62 0.82 0.05

Double C1 (D-C1) 1.1 0.71 0.83 24.87

Double C2 (D-C2) 1.4 0.71 0.83 3.45

triple glazing - Us = 1.0 W/(m?K)

Triple Al (T-A1) 0.5 0.33 0.61 10.14
Triple B1 (T-B1) 0.5 0.47 0.70 37.64
Triple B2 (T-B2) 0.7 0.47 0.70 23.36
Triple C1 (T-C1) 0.5 0.60 0.77 63.17
Triple C2 (T-C2) 0.7 0.60 0.77 48.90

Table 5

I-DIFFER DSF glazing. Glazing properties taken from Ref. [55]. Ug based on EN 673:2011-02 [57]; g and 7 based on EN 410:2011-02 [58].

Uy [W/(m’K)] g v

single-glazing - Uy = 5.0 W/(m?K)
Single Al (S-Al) 5.8 0.88 0.91
Single B1 (S-B1) 5.7 0.70 0.67
Single C1 (S-C1) 5.8 0.57 0.51
Single D1 (S-D1) 5.8 0.44 0.37
double-glazing - Uy = 1.5 W/(m?K)
Double Bl (D-B1) 1.0 0.62 0.82
Double B2 (D-B2) 1.2 0.62 0.82
Double C1 (D-C1) 1.1 0.71 0.83
Double C2 (D-C2) 1.4 0.71 0.83
Double D1 (D-D1) 2.7 0.80 0.83
Double E1 (D-E1) 1.0 0.33 0.70

(Fig. 5). Internal loads were defined according to Table 1. The infiltration was distributed to the thermal zone according to their
external surface area.

Windows were modelled using the pane-by-pane model (DetWind). The radiators were simplified to generic room units without a
given physical location, whose share of longwave radiation was set to 0.4, which is area-proportional distributed to all room surfaces.
An illustration of the simulation model is shown in Fig. 5.

3.4.1. Traditional renovation model

For the classroom, the opening of the openable part was set to 90% of its width and 36% of its height. The ventilation system was
modelled using the “Standard air handling unit” with the supply and exhaust in the classroom zone. The power of the heating coil in the
ventilation unit was set to infinite large and its efficiency to 1.0.

i,

Fig. 5. Illustration of the simulation model as a 3D section; (a) I-DIFFER (b) traditional renovation.
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Fig. 6. Simplification of openings (current mode: transparent insulation) from (a) actual situation to (b) simplified simulation model. Numbers are used to indicate
different openings. Illustration only.

3.4.2. I-DIFFER renovation model

Opening (2) and (3) were modelled as windows with a frame ratio of just below one (one is not possible) to represent opaque
openings. The construction was defined as two aluminium sheets with insulation with a U-value of 1.1 W/(m2K) for the double-glazing
and only 3 mm aluminium without insulation for single-glazing. The openable area was set to 97% and 81% of their width and height.
The Cq value was set to 0.65. To avoid bidirectional flow in preheating mode (Fig. 3), opening (3) is opened only at 10% while it is
opened at 100% in cooling mode to generate the highest flow possible.

Opening (5) (Fig. 6) was represented using a leak (given flow) component. This was done as a leak component reduces the model
complexity compared to a large vertical opening component and as the volume flow through opening (5) is determined by the
ventilation system and is therefore known. The leak was controlled accordingly.

Another simplification was necessary due to the geometry of the case study. Due to the low suspended ceiling height of only 0.32 m,
the separation between upper and lower DSF cavity could not be straight (Fig. 6) (a) as otherwise, the case of the shading would be in
front of the classroom’s window. However, only rectangular zones can be modelled with the detailed zone model in IDA-ICE, the
approach used is shown in Fig. 6 (b). The upper zone (bypass) was not modelled and opening (1) and (4) was replaced by a leak (given
flow) component in the roof. This approach seems at first sight as an extreme alteration from the original design, but one needs to keep
in mind that each zone in IDA-ICE assumes perfect mixing and thus the location of the leak is not essential for the zone. Furthermore,
the airflow through opening (4) is only controlled by mechanical ventilation and is therefore also known. Moreover, the expected
temperature increases from the supply via opening (1) and (4) through the bypass is slight, so that a direct supply of outdoor air seems
reasonable.
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Fig. 7. Detailed analysis of hours below the comfort limit of I-DIFFER on the 20™ of December. Model with highest (glazing S-D1 (Table 5) cavity thickness = 1.08 m)
and lowest (glazing D-B1 (Table 5) cavity thickness = 0.32 m) numbers of occupied hours below the comfort limit.
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The diffuse ceiling panels were also modelled as a leak (pressure-dependent flow) with an equivalent leakage area of 1.07 m?at4Pa
calculated based on the flow rate obtained from Ref. [25] for wood-wool cement panel assuming an air density of 1.21 kg/m>. The
exhaust ventilation system was modelled as a “VAV-exhaust ventilation system” with the exhaust located in the classroom.

4. Results

4.1. Thermal comfort and IAQ

All variations of the traditional renovation and the renovation with the novel system were within the desired range for the CO»-
concentration (<1000 ppm, Table 2) for at least 99% of the occupied time. This confirms that the ventilation airflow rate is sufficient
and the control works as intended.

For the global thermal comfort of the traditional renovation, 8 out of 30 simulations were invalid as they were inside the thermal
comfort limits (Table 2) less than 94% of the occupied time, whereby all simulation almost exclusively showed the trend to be above
the comfort limits but not to be below. The invalid simulations are thereby exclusively combinations with double-glazing D-B1, D-B2,
D-C1 and D-C2, thus glazing with high g-values, whereby the trend was seen that a low U-value of the exterior wall was beneficial to
stay within the thermal comfort limits.

For the renovation with I-DIFFER, 40 of the conducted 50 simulations were within the comfort limits at exactly or above 94% of the
occupied time. The hours outside this range were mainly too warm, but hours below the comfort range also existed. Further analyses
were conducted to identify when underheating occurs and the reason such a large share of underheating (up to 1.3% of occupied time)
exists, despite a sufficient sized heating system. This revealed that underheating occurs in winter when single-glazing in the external
layer of DSF is used. Fig. 7, where I-DIFFER is in preheating mode, compares the best (D-B1, Table 5 and cavity thickness = 1.08 m) and
the worst model (S-D1, Table 5 and cavity thickness = 0.32 m) in terms of underheating. The interaction of increasing ventilation flow,
cold supply temperature (cavity temperature), and sudden increase of internal heat gains, due to the start of occupancy and the delay
of the PI controller used for the heating control, results in underheating of the occupied space, which is characteristic for the morning
hours when the occupancy begins. The ventilation rate thereby increases after the start of the occupancy as the ventilation flow is
controlled by the COy-concentration in the classroom.

4.2. Primary energy

In the next step, the PE consumption for indoor comfort valid simulations of the traditional renovation (number of simulations: n =
22 out of 30) and renovation with I-DIFFER (n = 40/50) were compared against each other. First the individual shares, heating,

heating ventilation
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Fig. 8. PE for heating, ventilation and lighting, and total PE. Heating of the traditional renovation contains both the space heating of the classroom as well as the
heating coil of the ventilation. Circles belong to sample data points. Traditional n = 22/30; I-DIFFER n = 40/50.
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ventilation, and lighting were analysed before the total PE consumption were compared.

For the PE for heating (Fig. 8), the consumption of I-DIFFER can be more than three times higher compared to the lowest result of
the traditional renovation. However, a clear separation in two groups is visible for I-DIFFER, whereby the upper group consists solely
of single-glazing and the lower group of double-glazing. An overall opposite trend to heating is visible for the PE for ventilation (Fig. 8),
where I-DIFFER consumes less than half compared to the traditional renovation. A reduction of about half can be explained by the
difference in the ventilation systems of the traditional renovation and I-DIFFER. While the greater reduction is caused by the fact that
the average ventilation volume flow in summer is for [-DIFFER about 19% lower than for the traditional renovation, the winter dif-
ference is negligible. The reason for this reduction in summer could be that shading is more effective for I-DIFFER, that the
unrenovated classroom facade of I-DIFFER allows for higher heat losses if desired or the different control strategy of the two systems.
Focusing now on PE of lighting (Fig. 8), I-DIFFER shows overall a higher consumption, which can relate to the total lower visible
transmittance of I-DIFFER (outer and inner glazing combined). Moving on to the total PE consumption (Fig. 8), which is the sum of the
PE for heating, ventilation and lighting, I-DIFFER shows overall a larger variation than the traditional renovation. Therefore, two
distinct groups are visible, whereby the lower consists only of configurations with double-glazing while the upper one only includes
configurations with single-glazing. The upper group leads exclusively to a PE consumption higher than the worst traditional renovation
while all configurations of the lower group outperform the best traditional renovation. As result from the 40 I-DIFFER configurations
that had a valid user comfort, 28 have a total PE consumption equal or smaller to the total PE of the worst traditional renovation and
are thus valid for energy. From this analysis, it can be concluded that the PE for heating is the main determining factor for the PE
consumption of I-DIFFER while the PE for ventilation is more important for the traditional renovation. Additionally it can already be
said that the difference between single and double-glazing in the outer layer of the DSF is significant and that single-glazing leads to a
worse performance than the worst traditional renovation.

4.3. Detailed system analysis

To obtain more insight into how I-DIFFER behaves in detail, two three-day periods in summer and winter were analysed for I-
DIFFER. To avoid distortion of the result, only simulations valid for both energy and indoor comfort are considered (n = 28/50). It
should be noted that shading and mode in Figs. 9 and 10 represent all shown solutions above each other, i.e. in this case, where n = 28,
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there are 28 lines above each other. All box plots represent hourly mean values of the respective quantity. The wind velocity and
direction are not shown as no influence could be seen. This indicates that the airflow in situations where the DSF cavity is naturally
ventilated is mainly buoyancy driven.

4.3.1. Winter period

The results for winter (Fig. 9) show the expected strong influence of the solar irradiation on the facade for the transparent insulation
mode, while the outdoor temperature is determining for the preheating mode. The strong influence of solar irradiation on the heating
also leads to fast-changing loads, where within 3 h, the load can vary by about 3.5 kW as seen on the 21° December (Fig. 9). From this,
it can also be concluded that high peak loads can occur on each occupied day if the outdoor temperature and solar irradiation are low.
Furthermore, in occupied periods with solar irradiation, the negative influence of glazing with a low g-value, indicated by the upper
outlier of the heating power, can be seen. In addition, it can be noted that no heating is required on days with no occupancy if the solar
irradiation is high. In this situation, the cavity temperature also rises to 36 °C above the outdoor temperature. At the conditions of low
ambient temperature and high solar irradiation, rapid cycling between transparent insulation mode and cooling mode occur as the
high volume flow and the activated shading in cooling mode leads to a rapid decrease of the operative classroom temperature. At the
same time, it consequently rises fast in transparent insulation mode.

4.3.2. Summer period

The summer period (Fig. 10) again shows a strong influence of both solar irradiation as well as ambient temperature. Furthermore,
it can be seen that preheating is frequently used in summer at the beginning of a day but also till around midday if solar irradiation is
low. The effectiveness of the cooling mode to reduce the cavity temperature to be close to the outdoor temperature is shown for both
Sunday and Monday (1% and ond August), where, despite high solar irradiation on the facade, the cavity temperature does not rise more
than 7 °C above the outdoor temperature. Additionally, it can be seen that on Sunday, one model (cavity thickness of 1.08 m and
glazing D-E1) does not switch into cooling mode and has a significant higher cavity and classroom temperature (upper outlier) than the
others. Consequently, this model also switches into cooling mode first on the following Monday due to its higher temperatures.

12
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4.4. Sensitivity analysis

From the above-shown results, it is shown that I-DIFFER has the potential to perform significantly better for the PE consumption
compared to the traditional renovation but can also perform worse. So far it is only known that single- and double-glazing leads to a
clear difference in the PE consumption (Subsection 4.2), but apart from that, the influence of glazing properties and cavity thickness is
unknown. Following a visual sensitivity analysis, employing scatter plots, is conducted to obtain knowledge about how the three
altered parameters influence the PE consumption and the user comfort of the new system.

Beginning with the total PE consumption (Fig. 11), it can be seen that the different glazing causes the most substantial variation
with a clear difference between single and double-glazing. For the double-glazing, a positive trend towards glazing D-B1, D-B2, D-C1
and D-C2 is visible, thus favouring low U-values with high g-values. This is confirmed by glazing D-E1 (g = 0.33), which, even though it
has the same U-value as D-B1, performs worse. It is to be noted that D-D1 and D-E1 lead to total PE consumption in the same range even
though they have contrary properties (high U-value and g-value and low U-value and g-value). This shows the direct interaction
between U-value and g-value. For the thickness of the DSF cavity, the differences between variations are barely noticeable. For the
numerical values, it can be seen that the total PE decreases with increasing cavity thickness.

The same pattern as described for the total PE consumption can also be seen for the PE for heating (Fig. 11). The similarity between
total PE and PE for heating highlights again that heating is due to its high magnitude and significant variation, the determining factor
for the total PE consumption of I-DIFFER.

A contrary trend to the above shows the PE for ventilation (Fig. 11). While the glazing still has the greatest influence overall, the
opposite trend as before can be seen. All double-glazing apart from D-E1 show worse results compared to the single-glazing S-B1 to S-
D1, whereby the single-glazing shows a trend favouring low g-values. This trend also explains why glazing S-Al is the worst single-
glazing as it has the highest g-value compared to all other glazing. The similar result of D-E1 and S-D1 show that the U-value is of
minor importance compared to the g-value. This is also conclusive given that the ventilation varies in a minor way in winter between
the simulations but more significantly in summer. Additionally, a minor influence of the DSF cavity thickness is visible, showing a
decreasing PE consumption for increasing thickness.
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The same pattern as the PE of ventilation shows the hours above the comfort limit (not shown), indicating the close relation of
ventilation and overheating.

The PE for lighting (Fig. 11) follows, as expected, the trend of the visible transmittance for the glazing. For the cavity thickness, the
PE increases with increasing thickness.

Focusing on the valid simulations (Fig. 11), it can be seen that all double-glazing (apart from D-D1) in combination with the two
narrowest cavities are valid for both energy and user comfort. However, the user comfort causes the invalidity of the D-D1 configu-
rations. As mentioned before, all single-glazing is invalid, whereby S-C1, S-D1 (low g-values) and S-B1 for large cavity thicknesses are
valid for user comfort but have a higher PE consumption than the traditional renovation. In contrast, glazing S-A1 for all but the
narrowest cavity is valid for energy but not user comfort.

The overall best result in terms of total PE consumption and valid user comfort is the combination of the deepest cavity (1.08 m),
together with double-glazing D-C1 (U = 1.1 W/(m?K) g = 0.71).

5. Discussion and conclusion

With the aim to offer a serious alternative to traditional renovations, this work proposed a new, less intrusive renovation concept
for schools - I-DIFFER - combining DCV with DSF and exhaust ventilation. First, a concept showing the operation modes, the system’s
components and the control strategy was presented. In addition, this concept was applied to a representative case study classroom.
Furthermore, the potential I-DIFFER was illustrated through BPS where 50 I-DIFFER configurations with varying DSF cavity thickness
and glazing were compared against 30 traditional renovation configurations with varying glazing and external wall insulation.

Compared to a traditional renovation where windows are replaced and the exterior wall is insulated, I-DIFFER could, for a south-
facing classroom, achieve up to 11% lower PE consumption comparing the lowest PE of the traditional renovation to the lowest PE of I-
DIFFER. Consequently, it can be said that I-DIFFER is a competitive approach to traditional renovation, which offers a new possibility
to engineers and architects. Overall, 28 out of 50 I-DIFFER configurations satisfied the IEQ requirements used and consumed less PE
than the worst traditional renovation that satisfied the IEQ. Thereby all of these configurations used double-glazing for the DSF.
Furthermore, the results showed that the PE for heating has a superior influence compared to the PE for ventilation on the total PE for I-
DIFFER, while the opposite was shown for the traditional renovation. Further studies revealed that for single-glazing (and to a lesser
extent for double-glazing), underheating can occur at the beginning of occupancy in cold periods despite sufficient heating power. This
is due to an interaction of the heating control cold supply temperature and increasing ventilation flow.

The conducted sensitivity analysis for I-DIFFER showed that the glazing has a superior influence compared to the cavity thickness.
Thereby the analysis showed that for heating, a low U-value and high g-value leads to the lowest demand, while for ventilation, the
opposite was shown. Ventilation PE showed a more negligible influence by the varied factors compared to heating. Even though the
cavity thickness had a small influence overall, it could be seen that for the total PE consumption, the deepest cavity thickness achieved
the lowest PE whereby heating and ventilation PE, as part of the total PE, both decreased with increasing cavity thickness.

Detailed analysis of three-day periods in summer and winter showed that the airflow modes and shading work as intended. The
analysis showed that the ambient temperature and the availability of solar irradiation on the facade significantly influence the system’s
performance. For the winter period, it was also seen that due to the critical influence of solar irradiation, the heating power could shift
by about 3.5 kW within 3 h, highlighting that a fast-reacting heating system is necessary. Furthermore, it was seen that fast cycling of
modes occurs during non-occupied periods in winter with high solar irradiation on the facade and low ambient air temperatures. To
avoid such cycling, the shading control could be adjusted to stay permanently closed during non-occupied periods. However, in winter
this could lead to an increase in heating energy during the day.

While this work demonstrates the overall potential of I-DIFFER for Denmark, its application is not limited to Denmark alone and
future work should investigate this possibility for other countries’ climates. Additionally, this work only investigated a south-oriented
classroom. Therefore, the applicability of I-DIFFER for other orientations should be analysed in subsequent work where it is expected
that the PE consumption of I-DIFFER increases due to reduced solar irradiation. While this work mainly focused on the thermal IEQ,
questions regarding, e.g., the visual or acoustic IEQ remain uncertain and should be addressed by future research. Additionally, a life
cycle analysis could allow for valuable knowledge about I-DIFFER’s economic and environmental usefulness. Finally, I-DIFFER should
also be studied through an experiment to validate the results of this work.
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Appendix A. Simulation model specifications

In the following, more detailed specifications of the used BPS model for IDA- ICE are given. First, information valid for both
renovation scenarios is presented. Next, the information only valid for the traditional renovation is shown.

To consider shading from the remaining building and to obtain more accurate ground temperatures, the building itself was
modelled 40.625 m long assuming five classrooms next to each other, and the simulated one was placed in the middle.

All zones were modelled with the detailed zone model (CeDetZon) of IDA-ICE. For all zones, convective heat transfer coefficient
algorithm 3 (Max(BRIS Model, CD Model)) was used. It should be noted that the selection of this specific algorithm imposes an un-
certainty especially for the DSF and plenum zones as the heat transfer coefficient was shown to have a significant influence [61-67]
and yet no overall accepted superior algorithm is known for these components. To account for the furniture in the classroom, 11 tables
41.12 m? and 21 chairs 4 0.16 m? were assumed.

The standard wall model (BDFWall) was used for external construction and constructions separating zones, whereas the adiabatic
wall model (AdWall) was used for internal constructions. For the classroom, each window part was modelled with an individual
window model (three window models per window), the hallway windows were simplified modelled as one window component per
window (Fig. 5).

The motor of the fan of the ventilation system was set to be in the air and 100% of its energy contributes to the air temperature rise.
Its performance under partial load was set to the default value in IDA-ICE (according to ASHREA Standard 90.1-2007 appendix G). The
total fan system efficiency was set to 0.6.

Appendix A.1. Traditional renovation

To mimic the manual operation of the openable classroom window the openable parts were controlled by temperature and
schedule. The windows were opened when the outside temperature was lower than the classroom operative temperature, the operative
classroom temperature had surpassed the cooling setpoint minus 1.5 °C, the classroom was occupied and the ORMg( was higher than
10 °C. The minimum time between cycles of operation was set to 600 s.
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