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Abstract: Recently, there has been an increase in apartments with a large number of inhabitants,
i.e., high residential density. This is partly due to a housing shortage in general but also increased
migration, particularly in suburbs of major cities. This paper specifies issues that might be caused by
high residential density by investigating the technical parameters influenced in Swedish apartments
that are likely to have high residential density. Interviews with 11 employees at housing companies
were conducted to identify issues that might be caused by high residential density. Furthermore,
simulations were conducted based on extreme conditions described in the interviews to determine
the impact on the energy use, indoor environmental quality, and moisture loads. In addition, the
impact of measures to mitigate the identified issues was determined. Measures such as demand-
controlled ventilation, increase of a constant ventilation rate, and moisture buffering are shown
to reduce the risk for thermal discomfort, mold growth, and diminished indoor air quality; while
still achieving a lower energy use than in a normally occupied apartment. The results of this study
can be used by authorities to formulate incentives and/or recommendations for housing owners to
implement measures to ensure good indoor environmental quality for all, irrespective of residential
density conditions.

Keywords: family size; residential density; energy use; moisture loads; indoor environmental quality;
mitigating measures

1. Introduction

In Sweden, over a million homes were built during the so called “million homes
program”, 1965-1974, in order to manage the housing shortage and abolish poor housing
standards [1]. During the last few years, the number of residents in many apartments
in these buildings, especially in suburbs of major cities, has increased due to a housing
shortage in general but also due to immigration [2,3]. The question is, how the increased
number of residents, and thus the excess moisture load and increased indoor air pollution,
will affect the risk of poor indoor air quality (henceforth IAQ) and moisture damage? The
apartments from the million homes program were designed for a normal-sized family of
two to four persons, with natural ventilation in many of the buildings [4], and in some
buildings mechanical exhaust ventilation systems [4], primarily designed to ensure an
air exchange in the apartment according to the Swedish building regulations at that time.
However, the ventilation in many of these apartments is already insufficient at normal
residential load compared to modern standards, since approximately half of them have
air change rates lower than 0.5 ac/h [4], which approximately corresponds to modern
requirements of 0.35 L/(s'm?). A well-functioning ventilation system in a building is a
prerequisite both for achieving good IAQ and thermal comfort. Carbon dioxide (henceforth
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CQOy) is generally accepted as an indicator for the IAQ since other pollutants correlate to
CO; concentrations. The Pettenkoefer limit for CO, of 1000 ppm is generally regarded
as a limit to not be exceeded in order to maintain good IAQ. In support of this limit, a
recent study suggested the possibility of direct negative health effects, even at such low
CO; concentrations [5].

Already in 1993, Markus [6] stated that overcrowding with inadequate ventilation
increases the interior moisture load. To some extent, high residential density might lead to
an increase of moisture load due to the increased presence of people, as well as an increase
in moisture-generating activities such as cooking, washing, and showering, which may
affect the building materials and systems. Moreover, according to results from interviews
conducted by Boverket [7], high residential density leads to an increased quantity of
furniture and other items in the apartment, which makes it more difficult to maintain a clean
indoor environment, and which can affect the IAQ and lead to respiratory diseases. High
residential density might thus restrict the placement of furniture, for instance furniture or
curtains might be placed against poorly insulated external walls, which might act as interior
insulation. In poorly insulated apartments with high residential density, there might be an
increased risk for high relative humidity (henceforth RH), when the temperature on the
interior surface of an external wall decreases in combination with a high moisture load.
This leads to an increased risk of mold growth, as well as an increased risk of condensation.
On biological materials specifically, the risk for microbial growth is significant when the
RH exceeds 75% at room temperature [8].

One solution for dealing with the increased loads in indoor air might be a higher
ventilation rate, which should decrease the moisture loads on the building materials and
avoid high concentrations of indoor pollutants. To force the ventilation to higher levels than
the system was designed for is probably possible with existing fans, but it is likely to cause
noise and draughts indoors and will increase the energy use considerably. In cold climates,
the ventilation energy use will approximately double if the residential load is doubled and
the air change rate matches the load, but the absolute increase can be considerably reduced
if heat-recovery is installed [9].

Through a search in international and Swedish databases several publications were
found that relate to residential density (household size, family size) and the impact of
this on the energy use of a building, indoor environmental quality, the well-being of the
inhabitants, and risks. Papakostas, Papageorgiou, and Sotiropoulos [10] measured hot
water use in Greece and investigated how “family size” relates to this. According to the
study, hot water use per person increases with the number of family members, and a peak
is reached with four family members. However, a figure in the article shows that with five
or six family members, the maximum use is lower, and that with six family members, the
average use is also lower. Johansson, Bagge, and Lindistrii [11] measured air flow and
carbon dioxide concentration at a building level in Swedish buildings containing a total of
342 apartments, to determine the occupancy. In total, interviews were conducted in nine
studies with regards to residential density. McCarthy and Saegert [12] investigated how
residential density affected the residents’ perception of overcrowding, control, security,
and privacy. Al-Nahari and Ballal [13] linked domestic accidents in Saudi Arabia to
the number of family members through an interview study that included 654 people,
of whom 231 had been identified as having had an accident at home. Papakostas and
Sotiropoulos [14] interviewed 158 families in the suburbs of Athens regarding their housing,
use of electrical equipment, and various user-related activities, in order to gather data for
energy analyses. Popoola [15] interviewed 14 families in Malmo regarding overcrowding in
order to map possible risk factors that may be associated with high residential density. The
National Board of Housing, Building, and Planning [7], through annual surveys, conducted
interviews with a selection of individuals from the Swedish population to shed light on
welfare. The report links overcrowding with:

e  practical problems such as lack of space, i.e., due to a larger amount of furniture,
household items, etc. which leads to several other problems,
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stressors for both adults and children that can lead to physical and mental ailments,
a financially stressful situation for those who are in a difficult situation,

increased material wear,

increased physical and mental ailments,

homelessness, and

problems with family formation.

Kubota, Surahman, and Higashi [16] conducted interviews with 544 families in Jakarta
and Badung in Indonesia, to assess factors that may affect energy use with regard to the
growing middle class and future energy needs. Ekstam [17] conducted survey studies
from a sociological perspective, which showed that those who live in cramped conditions
experience reduced freedom, which in the study was described as “the influence that
the residents feel that they have over their housing situation, and how well they thrive”.
Adebayo and Iweka [18] conducted a study to assess the variation in residential density
in Lagos, Nigeria. Besides interview studies, there are those who linked household size
with factors such as housing design [19], waste management [20], heating needs [21], hot
water use [21], electricity use [22], household electricity use [20], water use [23-25], and
children’s exposure to tobacco smoke [26].

The literature search revealed that there is a lack of research dealing with the impact
of high residential density on energy use, building materials and components, HVAC
systems, and the indoor environment. There is also a gap regarding how to design and
manage apartments as a function of residential density. Therefore, this paper aims to
contribute with knowledge on the impact of high residential density by investigating
the nature and scope of issues related to overcrowded apartments, and by analyzing
technical parameters that can be influenced by high residential density. Another aim of this
study is to provide valuable guidance to authorities and help them formulate incentives
and/or recommendations, and to provide valuable input to housing owners on mitigating
measures. These measures include, for example, applying ventilation technology that
improves the IAQ and ensures a good indoor environment for all, irrespective of residential
density conditions.

This paper is an extended version of work published in [27]. We extend our previous
work by (1) adding content to the introduction on previous publications regarding the
topic of the paper and content found through a systematic literature search; (2) further
clarifying results from literature reviews; (3) adding analyses of the impact of mitigating
measures; (4) adding analyses of the impact on the energy use, indoor air quality, thermal
comfort, and risk for mold growth; and finally (5) adding content to the discussion and
conclusions of the study.

2. Materials and Methods

In order to contribute knowledge on the impact of high residential density on building
systems and functionality, this study mapped issues in areas with higher-than-average
residential density through interviews with housing caretakers. In addition, this study
determined the impact of high residential density on energy use, IAQ, and the hygrother-
mal conditions of the building materials, through building energy performance, indoor
climate, and hygrothermal simulations. Furthermore, through simulations the study also
determined the impact of measures that might mitigate the impact of high residential
density. Figure 1 shows a flowchart of the process of this study.
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Figure 1. Flowchart of process used in this study.

2.1. Semi-Structured Interviews

The first part of the study consisted of 11 semi-structured interviews with property
managers, housing caretakers, an energy and environment manager, and one tenant service
manager at their workplaces in areas that were known to have a higher-than-average
residential density. Semi-structured interviews were conducted in order to allow the
interviewees to speak freely and thereby gather as much information as possible from
the limited number of interviews, but also to ensure the answers and information were
connected to pre-formulated questions. Since the purpose of conducting interviews was to
gain a general understanding of the issues that residential density can cause with regard to
building functionality and management, it was important to obtain answers, but not to be
restricted to pre-formulated questions. For this purpose, 11 interviews were considered
enough, since they covered a variety of housing companies that together contributed to a
sufficient, and reasonably coherent, description of the issues and challenges.

The interviews were mainly conducted with property managers and housing caretak-
ers since they work closely with the buildings and the residents, which means that they
are well-informed on the issues regarding building functionality and management that
arise due to high residential density. The interviews were conducted with employees at
several companies across southern Sweden, see Table 1. In order to exemplify the climatic
conditions of the locations included in the interviews, Table 2 shows the climate of the city
of Halmstad, which is one of the included cities and centrally placed with regard to the
included cities. In six of the interviews, two of the authors were present; one leading the
conversation based on pre-formulated questions and the other making notes and interject-
ing into the conversation. The other five interviews were conducted by one author. In every
interview, pre-formulated questions were generally strictly asked in consecutive order, but
interviewees were encouraged to elaborate and were also asked follow-up questions when
relevant. The pre-formulated questions are included in the Appendix A and cover topics
such as:
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types of building

biggest challenges with the buildings

types of households

number of residents in each apartment,

problems with high/low residential density

residents experience of the indoor environment

types of complaint

performed measures to remedy complaints

moisture damages

types of ventilation system

measures to adapt the ventilation system

residents” own measures or interventions in the apartment and possible consequences
of these

possibility to adjust apartment to number of residents

the effect of high residential density on need of maintenance and wear of drainage
and sewage

the effect of high residential density on wear and tear of interior materials

the interviewees’ own suggestions on possible technical solutions to overcome prob-
lems caused by high residential density

O 0O 0O 0O OO0 0O o0 0o o o

(¢]

Table 1. Type of company, location of residential area, and role of interviewees. Major city >200,000 inhabitants. Middle

sized cities 50,000-200,000 inhabitants. Small cities <50,000 inhabitants. Cities have been anonymized to avoid identification

of the different housing companies.

Type of Housing Company Location Role of Interviewees
Public Suburb of major city in Western Sweden 3 caretakers
Public Suburb of major city in Western Sweden 1 caretaker
Public Suburb of major city in Western Sweden 1 caretaker
Public Middle-sized city in Southern Sweden 1 tenant service manager
Private Suburb of major city in Western Sweden 1 property manager
Private Central location in major city in Western Sweden 1 property manager
Private Central location in major city in Southern Sweden 1 energy and environment manager
Public Outskirts of major city in Southern Sweden 1 property host
Private Outskirts of major city in Southern Sweden 2 caretakers
Public Small city in Southern Sweden 1 property manager
Public Small city in Southern Sweden 1 property manager

To structure the results from the interviews and facilitate interpretation, the problems
that were mentioned by the interviewees were categorized by the authors. First, a catego-
rization was made by deducing the most likely cause(s) of the problem, whether it was
high residential density or the residents’ behavior. Second, each problem was categorized
based on the most likely source of the problem, whether a high load on the building and its
installations, or adjustments made by the residents. By categorizing problems in this way,
it was easier to distinguish problems that were direct and indirect effects of high residential
density, from problems that were caused by the behavioral habits of the residents.
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Table 2. Showing the typical climate in Halmstad, Sweden. Data acquired from METEONORM [28]. RH: Relative humidity.
Ta: Air temperature. H_Gh: Mean irradiance of global radiation horizontal. H_Dh: Mean irradiance of diffuse radiation
horizontal. N: Cloud cover fraction. RH: Relative humidity. FF: Wind speed. DD: Wind direction. RR: Precipitation. Lin:
Mean irradiance of longwave radiation incoming.

Month H_Gh(W/m?) H_DhW/m?) N(%) Ta(°C) RH(%) FF(m/s) DD(°) RR (mm) Lin (W/m?)
Jan 17 13 7.1 0.4 84 5 253 40 270
Feb 43 28 5.7 0.5 81 4.7 182 26 266
Mar 101 57 4.9 2.6 76 45 182 25 270
Apr 167 75 4 7.6 67 4.2 129 21 286
May 214 104 4.4 12.5 65 4.1 132 44 312
Jun 234 118 4.7 15.4 70 4.1 262 68 332
Jul 224 106 45 18 72 3.7 261 80 348
Aug 171 89 4.6 17.4 74 3.9 259 83 349
Sep 121 58 4.7 13.9 76 4.4 256 46 330
Oct 60 33 5.6 9.2 80 4.6 250 59 312
Nov 21 14 6.4 5.4 84 4.8 235 53 297
Dec 10 7 6.5 2.3 86 5 253 49 285
Year 115 59 5.3 8.8 76 4.4 228 594 305

2.2. Simulations

To determine the impact of high residential density on energy use, the IAQ, and the
hygrothermal conditions of the building materials, simulations were conducted using a
model of a Swedish apartment in WUFI Plus [29]. WUFI Plus is a building performance
simulation software that can be used to determine the energy performance of a building, the
indoor climate, and the hygrothermal conditions of the building materials in the building
envelope. The software has been validated in several studies [30-32].

The simulation model used for the study was based on an apartment that was built
in 1969; an apartment erected during the million homes program. The apartment has a
structural design that is typical for the time period [33,34]. The apartment was chosen for
these simulations as its building technology and building services are representative of the
later part of the million homes program. The model in WUFI Plus was not based on any
of the buildings discussed in the interviews. However, the interviewees mentioned that
the apartments in which they have issues with high residential density were built between
1950-1980, which further supports the validity of the model. The simulations conducted
in this study are therefore based on a single model of an apartment that is typical for the
million homes program. As mentioned in the introduction, it is in apartments built during
the million homes program that many apartments with high residential density can be
found [2].

The model apartment consists of two bedrooms, one living room, one hallway, one
kitchen, and one bathroom. It has 100 m? (9.1 x 11.2 m?) living space area, and the height of
the interior walls inside the apartment is 2.7 m. In Table 3, details on the building envelope
of the apartment are described based on drawings provided by the property manager. As
shown in Table 3, the simulations assumed a relatively vapor-tight surface for the interior
and exterior surfaces that are (presumed to be) painted or otherwise (presumed to) have
a relatively vapor-tight material (such as linoleum flooring). The model also assumes an
adiabatic floor (“foundation”) and department-dividing wall since the modeled apartment
represents a second (top) floor apartment.
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Table 3. Description of the building envelope of the simulated model, in the nominal case, as well as some details pertaining

to the hygrothermal simulations. Based on blueprints for the apartment.

Building Component, Size (and Orientation) Design (from Interior to Exterior)

100 m2 Horizontal

Coating 0.1 perm

160 mm Concrete

130 mm Mineral Wool

Attic air volume (model: 120 mm ventilated air layer, n =1 ac/h)
22 mm Tongue-and-groove board (model: 22 mm Softwood)
Asphalt impregnated paper (60 min)

Exterior wall-load bearing
23.5 m? North-East,
23.5 m? South-West

Coating 0.1 perm

100 mm Concrete

100 mm Mineral Wool

100 mm Limestone (model: Oland), absorption = 0.4, emission = 0.9
Paint (model: 0.1 perm, no rain absorption)

. 12.5 mm gypsum board with aluminum foil on the exterior (foil as:
vapor retarder sd = 100 m)
e 100 mm mineral wool between wooden studs (model: 100 mm

Exterior walls—other mineral wool)

32.4 m? South-East
32.4 m? North-West

3 mm HDF board (wind barrier)

20 mm ventilated air layer (n = 50 ac/h)
100 mm limestone (model: Oland)

Paint (model: 0.1 perm, no rain absorption)

Assumed to be:

Windows

7.98 m? South-West

2-pane clear glass

8.37 m2 North-East e  Thermal transmittance: 2.87 W/ (m? K)

Foundation *

Coating 0.1 perm
200 mm Concrete

100 m2 Horizontal e 150 mm Expanded clay aggregate with cement binder (model:

Aerated clay brick)

* Adiabatic in the simulations, assuming a second-floor apartment.

The outdoor climate for the simulations were acquired from METEONORM [35]; in
the nominal case for the city of Malmo, and for comparison the climates for the cities of
Gothenburg, Kalmar, Stockholm, and Luled were also used in the simulations. For all
cities nothing was changed except the climate data, i.e., orientation, construction design,
usage, HVAC settings, etc. remained the same no matter which climate data was used
for the simulation. The simulations included an initialization period of 365 days, and
then a simulation period of one year. In the nominal case, the initial indoor temperature
was set to 21 °C, initial RH to 50%, initial (outdoor) CO, concentration to 400 ppm, and
no cooling was applied. The set point for the heating system was set to 21 °C in the
nominal case, which is a common temperature provided by building owners according to
the interviewees. In the nominal case of four people, the heating period is between, and
including, the months of September and May.

In order to compare the impact of different occupancies, the occupancy in the apart-
ment was based on an existing daily schedule for a family of four in WUFI Plus named
“Family Household (4 Persons)-Total-Weekday”, see Table 4. According to the description
of this profile, it assumes that three persons are present 17 h/day and that the household
includes 15 plants, two bathrooms, two showers per day, and four laundries in four days,
as well as the use of one dishwasher. The schedule includes heat emission through con-
vection and radiation in hourly average in W, moisture and CO, production in g/h, and
human activity in MET (i.e., metabolism: kcal/(kg-h)). According to the description of the
profile in WUFI Plus, data for heat emission per person was based on VDI 2078:1996 (DIN
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1946-2) [36], and data for other heat sources was based on DIN V 4108-6 [37] and acquired
from Nipkow et al. [38]. Furthermore, data for the moisture production was according to
Kunze [39] and Lutz et al. [40]. Finally, data for the CO, production was acquired from VDI
4300-7 [41]. In order to simulate an increased occupancy, the loads in this schedule (Table 4)
were multiplied in order to match the number of people specified in three occupancy cases
(cases 1, 2, and 3, see Table 5), of which case 2 (10 people) and case 3 (19 people) were based
on information from the interviews.

Table 4. Daily profile for internal loads used in model of apartment in WUFI Plus, “Family Household (4 Persons)-Total-Weekday”.

Hour Heat Convection (W) Heat Radiation (W) Moisture (g/h) CO; (g/h) Human Activity (met)
0 258 129 152 50 0.8
55 282 141 152 55 1.0
6 328 164 226 55 1.0
6.5 1044 522 1196 138 1.2
7 352 176 196 238 1.0
8 118 59 20 0 0.0
13 212 106 20 70 1.0
14 998 499 852 178 1.2
14.5 304 152 152 104 1.0
15 212 106 64 34 1.0
17 258 129 64 70 1.0
18 1252 626 852 178 1.2
18.5 502 246 852 178 1.2
19 652 326 196 138 1.0
20 702 351 152 116 1.0
20.5 688 344 152 116 1.0
21 598 299 1402 116 1.0
22 672 336 480 116 1.0
225 672 336 1430 116 1.0
23 258 129 152 50 0.8

In the building-performance simulations, the apartment was modelled as a single
zone with no interior walls. This was because the load profile that was used for an entire
family of four in WUFI Plus is specified for a one-zone apartment, although there are
specific profiles for specific rooms. However, since (to our knowledge) there exist no
specific profiles or methods to account for a higher residential density, the profile for a
family of four was multiplied and adjusted for the higher residential densities (10 and
19 people). If the model of the apartment was divided into rooms and specific load profiles
for each room were applied, more details on the family/inhabitant composition, presence,
and room usage would be needed when considering higher residential densities. For now,
such detailed simulations do not fit the scope of this study.

The conducted simulations were mainly conducted for a comparative analysis of
the impact of different variables. Thus, simulations were conducted based on different
scenarios, or cases, in order to determine the impact of different residential densities and
different measures on the resulting loads on the indoor air, and thus the impact on the
building materials and the indoor environmental quality. All cases with descriptions
and abbreviations are presented in Table 5. Simulations considering different mitigating
technical measures were all based on case 3, which is the nominal model and with the
highest residential density that was identified in the interviews (19 people). Furthermore,
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in order to determine the impact that a high density might have on the energy use at
different Swedish locations, case 3 was also simulated with climate data from different
locations (Gothenburg, Kalmar, Stockholm, Luled).

Table 5. Simulation cases, with abbreviations and descriptions.

Case Description Variation and Details Abbreviation
The nominal case with a family of four, used as .
1 given in WUFI Plus. Total air change rate of 0.5 ac/h. 4p
Based on eight persons in an 80 m? apartment,
2 i.e., 0.10 p/m?, which in the model apartment Total air change rate of 0.5 ac/h. 10p
corresponds to 10 persons.
(1) Malmd (1) 19p_mmo or 19p
. . 5 . (2) Gothenburg
Based on five persons in a 26 m” apartment, i.e., (3) Kalmar (2) 19p_gbg
3 0.19 p/m?, which in the model apartment (4) Stockholm (3) 19p_kalmar
corresponds to 19 persons. (5) Lulea 4) 19p_sthlr:1
Total air change rate of 0.5 ac/h. (5) 19p_luled
Increasing the ventilation rate by installing an (1) 36%, to 0.67 ac/h.
exhaust fan, in order to reduce the moisture (2) 67%, to 0.83 ac/h. (1) 0 + 36%
3-M1 loads and pollutant concentrations in general. In  (3) 100%, to 1.0 ac/h. @)+ 67‘70
this case a mechanical ventilation system was ~ Mechanical ventilation flow 0.5 3)0+10 0(‘7’ "
added to the model. The air change rate was ac/h, natural 0.35 ac/h. Sensible ?
increased from 0.5 ac/h. thermal efficiency of 70%.
(1) Controlled only the RH, with a
set point at 75%.
o (2) Controlled only the CO, content
Demand controlled ventilation, in order to ) R K . .
reduce the moisture loads and pollutant i%gge 1nrioor air, with a set point at (1) DCV_RH_75%
3-M2 concentrations only when needed. In this case a 3) DEEI C;)ntrol with set points at (2) DCV_CO2_1000 ppm
mechanical ventilation system was added to the 75% RH and 1000 ppm C% (3) DCV_RH+ CO2
model. Several control schemes were tested. MeZhanical ventil e}:g)on ﬂovfr. 05
ac/h, natural 0.35 ac/h. Sensible
thermal efficiency of 70%.
Exterior insulation on the exterior walls, in order (1) 30%, to 0.25 W/(m? K). (1) U-30%
3M3 to increase the indoor surface temperatures. This ~ (2) 40%. to 0.22 W/(m? K). @) U-4 00/0
was introduced in three steps by reducing the (3) 50%. to 0.18 W/(m? K). 3) U5 O‘;
U-value of the wall from 0.36 W/(m?2 K) Total air change rate of 0.5 ac/h. ?
1 +1°C o
Increasing the indoor air temperature, in order to  (2) +2 °C (Do 360/0
3-M4 . . o 2)v+67%
increase the surface temperatures indoors. 3)+3°C 3) 0 + 100%
Total air change rate of 0.5 ac/h. ?
Allowing the indoor air to exchange moisture (1) walls
3-M5 with (1) walls, and (2) walls and ceilings, all (2) walls and ceilings (1) buff_ ceil

made in concrete, thus using them as buffers; by
removing paint and wallpaper.

Total air change rate of 0.5 ac/h.

(2) buff_ ceil _wall

In a study by the National Board of Housing, Building, and Planning [42], the average
total air change rate of Swedish multifamily buildings was determined as 0.52 ac/h, and
the average apartment in the study was built 1959. Considering this, the average total air
change rate in the nominal model was approximated to 0.5 ac/h, and for all cases that did
not apply a mechanical balanced ventilation system. Furthermore, such cases assumed
a constant ventilation rate of 0.5 ac/h, which included the air infiltration as well. Thus,
in such cases, the air infiltration in the model was set to 0 ac/h. However, in cases that
apply mechanical ventilation, the mechanical ventilation rate was set to 0.5 ac/h and the
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infiltration ventilation rate to 0.35 ac/h, based on the minimal rates found in Swedish
studies on similar buildings [4,42,43].
The simulations were analyzed regarding impact on:

1)  the energy needed for space heating in the apartment,

2)  the thermal comfort, by analyzing the temperature in the indoor air,

3) the IAQ by comparing the sum of hours that the CO, in the indoor air exceeded the
generally accepted Pettenkoefer limit (1000 ppm),

4)  the moisture loads by comparing the sum of hours that the indoor air exceeded an
RH of 75%,

5)  the risk for condensation by comparing the sum of hours that the indoor air exceeded
an RH of 99.9%, and

6)  the risk for mold growth on interior surfaces using the Viitanen model [44].

3. Results
3.1. Semi-Structured Interviews

In the following Sections 3.1.1-3.1.6, issues associated with high residential density
are summarized by the authors and grouped based on their possible impact (increased risk
for moisture and mold, diminished IAQ, increased wear and tear, increased dirt and waste,
increased noise, and increased consumption). Furthermore, these issues are categorized by
the authors in Table 6. The columns in Table 6 show the cause of the issue, i.e., whether the
issue can be related to, or is known to be caused by, a high residential density (column A in
Table 6) or by a certain behavior of the residents (column B in Table 6). The causes are then
split up into the character of the issue, i.e., whether the issue is more likely (or is known to)
be related to a high load on the building and its systems (row 1 in Table 6) or related to
residents actively modifying the building and its systems (row 2 in Table 6). In Table 6, it
can thus be concluded that issues in column A and row 1 (cell A1) are direct effects of high
residential density, as these issues arise from the high residential density causing a high
load on the building and its systems. Issues in cell A2 can instead be considered indirect
effects of high residential density, since these issues are caused by residents modifying the
building to cope with the high residential density. Issues in cell B1 and B2 are not caused by
high residential density, but rather from certain behaviors that either cause a high load on
the building (B1) or through which the building and/or its installations and functionality
are modified (B2). Beyond distinguishing which issues are caused by a high residential
density and which are not, these categorizations help separate issues that should be possible
to remedy through communication with the residents (e.g., change of behavior and removal
of interference) from those that might require technical measures (e.g., altering the building
to accommodate a higher moisture load). In addition, in the interviews several extreme
examples of behavior and high residential density were revealed: these are summarized in
Table 7. In Sections 3.1.1-3.1.6 below, the interview results are summarized and the issues
more thoroughly described. After every summary follows a paragraph in italics explaining
the authors reasoning for each issue’s categorization in Table 6.
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Table 6. Categorization and summary of the issues (compared to normal) caused by high residential density and behavior

noted in the interviews.

Cause of Issue

Column A) High Residential Density

Column B) Behavior

Row (1) A high load
on the building and
its systems.

Character of issue

Cell A1)
Moisture and mold:

Increased shower frequency
Crowded bedrooms
Insufficient drain capacity
Higher cooking frequency
Washing and drying laundry in
the apartment

Wear and tear:

° Apartment interior
e  Kitchen white goods

Dirt and waste:

° Difficulties in sanitizing vermin
° Accumulation of waste

Consumption:
° High water use
Noise:

° Noise from neighbors

Cell B1)
Moisture and mold:

Increased shower frequency
Clogging of drain

Longer cooking times

Washing and drying laundry in
the apartment

Wear and tear:

e  Apartment interior
e  Kitchen white goods

Dirt and waste:

o Difficulties in sanitizing vermin
° Accumulation of waste

e  Dirtying

Consumption:

° High use of water

Noise:

° Noise from neighbors

Row (2)
Modification of the
building and
its systems.

Cell A2)
IAQ

e Additional walls are put up
e  Furniture placed against exterior
walls

Consumption:

e  Residents install extra appliances

Cell B2)

Moisture and mold:

° Clogging of drain

° Bathtub is removed

IAQ

Residents seal ventilation
Heavy curtains

e  Furniture placed against exterior
walls

Table 7. Examples of extreme situations with high density revealed by the interviewees.

Situation Consequences
15 persons at 57 m? Excess moisture, Condensation,
. . 8 persons at 80 m? Mold growth,
Dwell 1 . ’
welling/sleeping 2 + 3 persons at 26 m? High CO,
6 persons in one room Blocked ventilation
4 persons shower every morning Excess moisture,
Shower 1 person showers 45 min Leakage,
Hot steam bath every Sunday High district hot water consumption
Kitchen Frequent cooking Excess moisture
Laundry Frequent washing and drying laundry indoors Excess moisture, condensation on windows

3.1.1. Moisture and Mold

Increased shower frequency. Buildings from the million homes program were de-
signed for the habits of that time. According to several interviewees, it was common to
design bathrooms and ventilation systems based on the assumption that each resident
showered twice a week. Moreover, according to the interviewees, it is not uncommon
that residents today shower once a day. Some of the interviewees note mold growth
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in the ceiling-wall corner of the bathroom and believe it to be caused by the increased
shower frequency.

Even when the residential density is not high, contemporary showering habits contribute to
moisture loads that exceed the tolerance of the existing building materials. Similarly, an increased
residential density should result in an increased shower frequency which also increases the moisture
loads in the bathrooms. The issue of moisture and mold from increased shower frequency is thus
categorized in cell A1 and B1 in Table 6.

Crowded bedrooms. The interviewees describe that several people often sleep in the
same bedroom in crowded apartments, with examples of up to six persons sleeping in one
room. They noted that, due to the excessive generation of moisture, walls are sometimes
found to be “almost wet” and that mold in some cases is found in the ceiling-wall corner,
especially at thermal bridges at junctions of two external walls and a ceiling. Furthermore,
when beds are placed next to outer walls due to crowdedness, some interviewees noted
findings of condensation, grease, and/or mold on the wall next to the bed.

Since high moisture loads caused by crowded bedrooms (with consequential mold growth) is
primarily deemed to be an issue associated with high residential density, it is categorized in cell A1
in Table 6.

Insufficient drain capacity. A high residential density places a high stress on the
drains. One interviewee described that the high residential density often causes issues
with the drains in a high-rise building with eight apartments per floor and 16 apartments
per drain.

Since this issue is directly related (by the interviewee) to a high residential load on the drains,
it is categorized in cell A1 in Table 6. However, it is important to note that such issues might also be
caused by old sewage pipes in apartment buildings with normal loads.

Clogging of drains. One interviewee describes clogged drains due to disposal of
inappropriate waste in toilets. The interviewee does not believe this to be a consequence of
high residential density, but rather an issue of behavior. Other interviewees also mentioned
that disposal of oils and fats in the kitchen sink causes clogging of drains, which is an
action they believe to be mainly behaviorally conditioned.

Clogging of drains appears to primarily be an effect of residents’ behavior and is thus categorized
in cell B1 in Table 6.

Longer cooking times. Some interviewees state that many households cook meals for
longer time periods, meaning that a simmering pot could be on the stove all day long.

It is likely that longer cooking times generate a significant amount of moisture in the air.
However, this issue is more associated with behavior rather than residential density, since we assume
that high residential density has greater effects on cooking frequency rather than cooking time (refer
to the following paragraph). This issue is thus categorized in cell B1 in Table 6.

Higher cooking frequency. With a higher residential density, food is more likely
cooked more frequently than with a low residential density. Interviewees stated that a high
residential density leads to more frequent and more extensive cooking. They also stated
that cooking is more frequent when several different households lived in one apartment,
since this leads to two or three dinners being cooked separately each night, instead of just
one. Interviewees noted that this contributes to high moisture loads in the kitchen when
kitchen ventilation is insufficient.

Since moisture loads from high cooking frequency are found to primarily be an issue associated
with high residential density, it is categorized in cell A1 in Table 6.

Washing and drying laundry in the apartment. One interviewee mentioned that
residents sometimes wash their laundry in the bathtub, and several interviewees noted
laundry hanging to dry in the apartments, sometimes leading to condensation on the
windows. The interviewees did not deem this to be a direct consequence of high residential
density, but some interviewees assumed that residents in areas with a high residential
density have difficulty finding slots in the common laundry room and thus sometimes do
their laundry in the apartment.
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Since moisture loads from washing and drying laundry in the apartment can reasonably be
caused by high residential density as well as behavior, this issue is categorized in cell A1, as well as
in cell A2 in Table 6.

Bathtub removed. It is common to have a bathtub in older apartments. Some inter-
viewees noted that residents prefer to remove the bathtub so that they can stand directly
on the floor when showering. However, since bathrooms in Swedish buildings from the
million homes program were not designed for showering, interviewees state that it is not
uncommon that the removal of a bathtub leads to water leakage through, or damage to, the
bathroom floor. Interviewees did not believe this issue to be connected to high residential
density, but rather to residents’ behavior.

Since issues with moisture issues caused by removal of a bathtub are not considered to be asso-
ciated with high residential density, but rather by modified building usage, this issue is categorized
in cell B2 in Table 6.

3.1.2. Indoor Air Quality

Additional walls are put up that block airflow. Several interviewees described apart-
ments where additional walls are installed by the residents to divide rooms into smaller
sections that could constitute “bedrooms” for residents. According to one interviewee, the
sectioning of a room is in many cases performed in a way that blocks the airflow from one
part of the original room to the other, thus contributing to an impaired indoor environment.

Since putting up extra walls appears to be a way for the residents to increase the number of
bedrooms in the apartment, this issue is categorized as an indirect consequence of high residential
density, placing it in cell A2 in Table 6.

Residents seal fresh air inlet to alleviate issues with draught. Almost all intervie-
wees described extensive problems with residents sealing their fresh air inlets as a means
to alleviate issues with draught in the indoor environment. Some interviewees stated that
this is especially a problem when residents sleep near air inlets, which is more likely to
occur when space is limited in the apartment.

Sealing the air inlets results in a decreased air change rate, and it most likely also leads to
higher moisture loads and pollutant concentrations. Although some interviewees noted that this
issue is more common when the residential density is higher, the occurrence of the issue seems to
be common. Thus, it is categorized as a behavioral issue caused by modifications by the residents,
placing it in cell B2 in Table 6.

Heavy curtains block the window. Many interviewees described that some residents
hang heavy curtains in front of the windows; in some cases, to alleviate issues with draught,
and in some cases for privacy. The interviewees stated that the consequence of this is that
mold is often found behind the curtains around the window.

Since mold growth behind curtains is described as caused by behavioral habits, this issue is
categorized as a behavioral issue caused by modifications by the residents, placing it in cell B2 in
Table 6.

Furniture is placed against windows and outer walls. According to the interviewees,
similarly to the issue with heavy curtains, furniture is often found placed close to outer
walls, causing condensation and mold growth on the wall. One interviewee claimed that
the amount of furniture (e.g., beds) is closely related to the residential density, meaning that
furniture close to windows and walls is more common in densely occupied apartments.

Like the curtains, this issue is not directly connected to high residential density. However, high
residential density was thought to, and is likely to, contribute to an increased amount of furniture
(especially beds/matrasses), which in turn increases the occurrence of furniture being placed close to
outer walls. Thus, this issue is categorized as a modification in the building functionality, potentially
being caused by both a high residential density as well as behavioral preferences, placing it in cell
A2, as well as in cell B2 in Table 6.
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3.1.3. Wear and Tear

Apartment interior surfaces. Most of the interviewees stated that interior surfaces
(such as floors, walls, wallpapers, doors, and skirting boards) in apartments need repairs
and/or replacements more frequently when the residential density is high. Several inter-
viewees emphasized that families with many children brought about an especially high
wear and tear to the interior surfaces simply due to the playfulness of the children.

Increased wear and tear of interior surfaces was (by the interviewees) generally associated with
high residential density. However, as the wear in apartment usage is subject to great individual
variation, the issue of excessive wear and tear is categorized as a high load on the building interior
potentially caused by both high residential density as well as behavioral habits, placing it both in
cell A1 as well as in cell B in Table 6.

Kitchen white goods. The interviewees stated that, apart from the interior surfaces,
kitchen whitegoods such as stoves, fridges, and freezers are also exposed to high wear and
tear when the residential density is high. The wear and tear are assumed to be caused by
more frequent cooking; due to this one interviewee said that the kitchen whitegoods had
to be replaced with shorter intervals (every four years).

Following the same reasoning as for wear and tear of interior surfaces, wear and tear of kitchen
white goods is categorized in cell A1 as well as in cell B1 in Table 6.

3.1.4. Dirt and Waste

Dirtying. Several interviewees describe that they observed issues with dirtying of
the apartments. They stated that, due to this, sometimes there is an accelerated growth
of mold on dirty surfaces, and that sometimes the dirt causes an increased wear and
tear of the apartment interior. However, interviewees emphasized that dirtying is not
connected to high residential density, since their own observations suggest that there are
great differences in dirtying between households of all sizes.

Whether the cause of this issue is a lack of cleaning, or a high load of dirt, this issue was
primarily associated to behavioral habits (by the interviewees) and not high residential density, and
thus is categorized in cell B1 in Table 6.

Difficulties sanitizing vermin. Some interviewees noted that high residential density
might be an obstruction when sanitizing vermin. Interviewees claim that this is because
sanitation often requires cleaning and removal of furniture and belongings from the walls,
which is a task that might be obstructed by a high number of beds/mattresses. Similarly,
interviewees mentioned that the high number of residents and beds/mattresses makes it
more difficult to evacuate specific rooms for sanitation, since the rest of the apartment is
not always big enough to fit the beds/mattresses for everyone in the household.

Since difficulties in sanitizing vermin can be aggravated by the obstruction that a large amount
of furniture can pose, and since a large amount of furniture can be caused by a high residential
density, this issue is categorized in cell A1, Table 6. However, since a large quantity of furniture
may also be due to residents’ preferences, this issue is also placed in cell B1, Table 6.

Accumulation of waste and bulky waste in staircases. Several interviewees men-
tioned problems associated with the high generation of waste that follows high residential
density. Most common among the issues is the accumulation of waste and bulky waste
in staircases. Several interviewees stressed that this contributes to a messy appearance,
besides constituting a fire hazard and a hindrance in case of evacuation.

Although high residential density contributes to the high generation of waste, whether the
waste is disposed of properly or not can also be associated with the residents’ behavior. This issue is
thus categorized in cell A1, as well as in B1, in Table 6.

3.1.5. Noise

Noise from neighbors. Several interviewees stated that they receive complaints
regarding noise from neighbors. The noises can be from running (often playing) children,
or from arguments, but the interviewees also emphasized that there are great differences
among households, where some crowded households generate a lot of noise and other



Sustainability 2021, 13, 5446

15 of 27

crowded households do not. Moreover, there are also differences in whether such sounds
are perceived as disturbing (noise) or not.

Since noise can be generated due to high residential density, as well as due to individual
behavior, this issue is categorized in cell A1 and B1 in Table 6 (row 1, since noise can be perceived as
a “high load”).

3.1.6. Consumption

Residents install extra appliances. Some interviewees observed that some house-
holds with a high residential density install extra appliances such as white goods and
washing machines in order to adjust to the high residential density. One interviewee even
described a case where an extra kitchen was installed in such an apartment.

Extra appliances are likely to contribute to an increased use of electricity and water (and thus
an increased moisture load). This issue is therefore categorized as an indirect consequence of high
residential density due to residents modifying the apartment to cope with their needs, placing it in
cell A2, Table 6.

High water use. Many interviewees suggested that there is a correlation between
water usage and the number of residents in an apartment. One interviewee, who works in
an area with high residential density, claimed to know that the area has the highest water
use in the city. Most interviewees described that water use is not measured per household
in the area they work in, but many considered individual metering and billing of water to
be a promising method to reduce water use.

High water use is identified as a direct consequence of high residential density, but water use
is also subject to great individual variation. This issue is thus categorized in both cell A1 and in cell
B1 in Table 6.

3.2. Simulation Results
3.2.1. Energy Use

Results for the energy used for space heating are shown in Figures 2 and 3 in kWh/m?
for the living space area. It is quite clear that the energy needed for heating the living space
area decreases with increasing residential density. This in turn can be explained by the
increase in the sum of the internal heat source which is 46.4 kWh/m? with 4 persons, 116.1
kWh/m? with 10 persons, and 220.7 kWh/ m? with 19 persons.

C2) 16p 38.8
C3)19p memmm 6.0
C3-M1.1) v+33% mmmm 7.2
C3-M1.2) v+67% m— 8. 6
C3-M1.3) v+100% msssm 10.0
C3-M2.1) DCV_RH_75% mmmmm 6.5
C3-M2.2) DCV_CO2_1000ppm m——— 1]3.6
C3-M2.3) DCV_RH+CO2 mssssss ]3.5
C3-M3.1) U-30% mmmm 4.5
C3-M3.2) U-40% mmm 4.2
C3-M3.3) U-50% mmm 39
C3-M4.1) T+1°C m——— 11.5
C3-M4.1) T+2°C e 18.8
C3-M4.1) T+3°C eeeessssssssssm—— )7 .6
C3-M5.1) buff_ceil mmm 6.1
C3-M5.2) buff_ceil_wall == 6.0

Cl)4p e /5.3

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Annual energy for space heating [kWh/m?]

Figure 2. Annual energy used for space heating in the different scenarios (Malmo).
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Figure 3. Annual energy used for space heating in scenario C3 19p at different locations.

The results also show the impact of different measures on energy use. The only
measure that decreases the energy use is reduction of the transmission losses through
the exterior walls, while all other measures increase the energy use (although some only
marginally). It must, however, be noted that the mechanical ventilation systems deployed
in these scenarios included heat recovery.

Finally, these results also show clear differences between locations, which is due to a
generally colder outdoor climate further north in Sweden.

3.2.2. Indoor Environmental Quality

Figure 4 shows how the temperature of the indoor air is affected during the winter
and during the summer by increased residential density. During the winter this causes
no issues with regard to the indoor environmental quality (henceforth IEQ), but during
the summer, temperatures can become quite high and might cause discomfort unless the
inhabitants open windows, which is a habit that was not been included in these simulations.
What may also be noted is that the temperature is higher in general during the summer,
and that the peaks within the graph are higher both during the winter and the summer.
Furthermore, temperatures peak at several different times during the day, but are especially
high towards the evening. Table 8 details the increase in risk of discomfort due to high
temperatures based on the sum of annual hours that a certain degree is exceeded. It is
quite clear that the number of inhabitants increases the number of hours and with that the
risk of discomfort due to high temperatures. The table also includes measures that have
a clear impact on the values in case 3, which are, in general, all measures that increase
the ventilation rate in one way or another. Of these measures, the most effective is the
demand-controlled ventilation (henceforth DCV) system, although it is not controlled by
the indoor air temperature. However, it must be noted that none of these measures target
the indoor air temperature and that such measures would probably reduce the risk of
discomfort due to this parameter even further.

Figure 5 shows the resulting CO; concentration in the indoor air during one day, which
varies marginally over the year. The higher density increases the overall CO, concentration
and especially the peaks, which can reach values much higher than 1000 ppm. Table 9
details the risk of discomfort through the sum of annual hours during which certain
concentrations of CO, are exceeded. The risk is increased both for the profile including 10
people and for the profile including 19 people. The table also includes the measures that
have a clear impact on the values in case 3; measures that increase the ventilation rate in
one way or another. The results show that even a doubling of a constant ventilation rate is
not sufficient to eliminate the risk of exceeding 1000 ppm over longer time periods. The
most effective measure is a DCV system controlled by the CO, concentration with a set
point of 1000 ppm.
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Figure 4. Resulting indoor air temperature during 10 days in the winter (left) and ten days in the summer (right). The
legend in the bottom shows case abbreviations with line coloring.

Table 8. Annual sum of hours during which the temperature exceeds a certain value for the indoor air. The table includes
density differences, as well as measures that clearly affect the parameter.

C3-M2.1) C3-M2.2) C3-M2.3)
Case Cl4p C210p C3)19p 53;“;[31;/1) 53;1\371;/2) Si’%ﬁ;ﬁ) DCV_RH_ DCV_CO, DCV_RH+
? ? ? 75% 1000 ppm CO,
T>23°C 1874 3740 5941 5759 5603 5472 5833 5134 5134
T>24°C 985 3041 5225 5138 5064 4979 5184 4687 4688
T>25°C 204 2368 4776 4673 4581 4484 4730 4259 4260
T>26°C 10 1678 4310 4215 4126 4062 4276 3780 3781
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Figure 5. Resulting CO, concentrations during one day (24 h). The legend in the bottom shows case abbreviations with

line coloring.
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Table 9. Annual sum of hours during which the CO, concentration exceeds a certain value.

Case

Cl4p C2)10p C3)19p

C3-M2.1) C3-M2.2) C3-M2.3)
DCV_ DCV_CO,_ DCV_
RH_ 75% 1000 ppm RH+ CO,

C3-M1.1) C3-M1.2) C3-M1.3)
v + 33% vV+67% v+100%

CO; > 800 ppm 2921 8031 8401 7666 7084 6806 7666 6936 6936
CO; > 1000 ppm 365 7301 8395 6571 4781 3651 7275 0 1
CO; > 2000 ppm 0 365 4745 732 365 365 1338 0 0
CO; > 2500 ppm 0 0 2938 0 0 0 365 0 0
CO, >3000 ppm 0 0 1933 0 0 0 0 0 0
3.2.3. Moisture Loads and Risks
The results show that increased residential densities increase the RH in indoor air.
Figure 6 shows the RH in the indoor air during a winter day and a summer day with
different residential densities. With a normal density (4p) the RH does not exceed 75%,
which does not entail a risk of damage to interior surfaces. With a higher density (10p or
19p) the moisture load is generally much higher, even reaching the point of condensation
(100%) for two to four hours per day. During the summer, the loads are lower in general.
100 100
90 \ 90 / \
80 80
X 70 < 70
T 60 T 60
= 50 ~ 50 AU
40 40 = '
30 30 ~
20 20
S o S S v S
\Q'»Q \Q\/\, \&Q \Q,\/Q \Q,»\, $ N
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Date and time [MM-DD HH] Date and time [MM-DD HH]
—19p 10p 4p —19p 10p 4p

Figure 6. Resulting RH of indoor air with different residential densities, during a winter day (left) and summer day (right).
The legend in the bottom shows case abbreviations with line coloring.

Table 10 shows that with a density of more than four persons in a two-bedroom
apartment, the RH of the indoor air exceeds 75% for a large number of hours annually,
even in the nominal case (4p), and that this is increased with increasing residential density.
Furthermore, the table shows that the number of hours during which the RH of the indoor
air exceeds 99.9% also increases with residential density, entailing an increased risk of
condensation on interior surfaces. The table also includes the measures that had a clear
impact on the values in case 3, which are the measures that increase the ventilation rate in
one way or another, as well as those that allow the walls and ceiling to act as buffers for
the moisture in the indoor air. With these buffers, the risk for condensation is eliminated;
however, the sum of hours during which the moisture load (>75%) is exceeded is greater.
With an increased constant ventilation rate, the load is reduced in general, and the most
efficient measure with regard to the RH of the indoor air is a DCV system controlled by
the RH.
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Table 10. Sum of annual hours during which RH is below or exceeds a certain value for the indoor air.

C3- C3- C3- C3-M2.1) C3-M2.2) C3-M2.3) C3-M5.2)
Case @ @ O Mipv MI2v Mi3v DCV_RH. DCV_CO2. DCV_RH+ oM5D  buff ceil
P p P 433%  +67%  +100% 75% 1000 ppm CO, - wall
REE< o3 149 39 612 759 887 451 1002 1000 0 0
KEZ 499 1831 3338 882 508 262 1 0 0 4247 4237
RH >
A 6 653 9% 9 0 0 0 0 0 47 0

Interestingly, Table 10 points to a benefit with increased density, and that is that the
number of hours during which the RH is below 30% is reduced with the increasing number
of people in the apartment. However, the table also shows that using the walls and ceilings
as moisture buffers is even more beneficial with regard to this parameter.

Figure 7 shows the resulting T and RH at the interior surface of the exterior walls
with a gypsum board. The observations made for Figures 4 and 6 can be made for these
graphs. However, a slight difference between Figures 6 and 7 can be noted during the
winter day, and a larger difference during the summer day. The RH on the surface of the
wall is higher, which is to be expected since the surface has a slightly lower temperature
than the indoor air (compare Figure 7 with Figure 4). Table 11 details the difference in
moisture loads between the scenarios on a yearly basis through the sum of annual hours
during which 75% and 99.9% is exceeded. The table indicates that there might already be
a risk of moisture damage with the nominal load (4p), which increases with residential
density. The table also shows the results from the simulations that deployed measures
that had a clear impact on the results. All measures that increased the air change rates,
reduced the RH on interior surfaces, and the DCV had the highest efficacy with regard
to this parameter, especially if controlled by the RH of the indoor air. What also made a
difference was using the walls and the roof as a moisture buffer. Finally, insulating the
exterior walls or increasing the indoor air temperature, and thereby increasing the surface
temperature, also reduced the risk, but only marginally.

Table 11. Annual sum of hours during which RH was exceeded at the surface of the gypsum board.
*3228 at thermal bridge.

Annual Sum of Hours (h)

Case RH > 75% RH >>99.9%

C1) 4p 559 6

C2) 10p 2105 663

C3) 19p 3688 1224
C3-M1.1) v+33% 729 0
C3-M1.2) v + 67% 403 0
C3-M1.3) v + 100% 198 0
C3-M2.1) DCV_RH_ 75% 210 0
C3-M2.2) DCV_CO,_1000 ppm 0 0
C3-M2.3) DCV_RH+ CO, 0 0

C3-M3.1) U-30% 3550 1200

C3-M3.2) U-40% 3526 1190

C3-M3.3) U-50% 3508 1195

C3-M5.1) buff_ ceil 4889 208
C3-M5.2) buff_ceil_wall 5047 1

C3-M4.1) T+1°C 3535 1172

C3-M4.1) T+2°C 3424 1054
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Figure 7. Resulting T and RH at the interior surface of the gypsum board during a winter day (left) and a summer day
(right) with different residential densities. The legend in the bottom shows case abbreviations with line coloring.

Figure 8 shows the mold growth risk index for the interior surface of the exterior walls
with a gypsum board, based on the VIT model [44]. This analysis applies the sensitivity
of pine sapwood according to the ASHRAE standard in order to account for biological
contaminants on the surface. An index above 1 indicates mold growth that is visible
under a microscope. The figure clearly shows that the risk increases with the increased
density (blue, green, and cyan lines). Furthermore, it shows that the risk is significant
(>1), even when 10 people reside in the apartment. It also shows that several measures
decrease the risk significantly (<1). However, some decrease the risk but still obtain an
index above 1: buffering only with the ceiling, adding insulation, and increasing the indoor
air temperature. The risk is low (<1) or non-existent with all ventilation measures, even
with a small increase of the ventilation rate (+33%).
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Figure 8. Resulting risk for mold growth according to the VIT-model, an index above 1 indicates mold growth visible with

a microscope.
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4. Synoptic Discussion

Interviews. As suggested by the results in Table 6, most problems associated with a
high residential density were directly linked to the high load that the residents place on the
building and its systems. Only in a few cases were problems identified to be caused by
interfering adjustments made by the residents. Moreover, many problems associated with
high residential density were also associated with behavior, meaning that the behavior
of the residents can reduce or aggravate the issues, and high residential density does not
always have to be the cause of these problems. Consequently, depending on the type of
problem, either technical or behavioral solutions can be applied. Based on the interviews
and the analyses, several possible measures that can improve the indoor environment in
apartments with high residential density are suggested.

The issues listed that were identified as being caused by high residential density
and the subsequent high load on the building (cell Al in Table 6) are issues that require
technical adjustments to the building in order to ensure an adequate indoor environment
and minimize the risk of damage to the building and its materials. Many of the issues
that were placed in this category can be confirmed by results from previous studies, e.g.,
Boverket's study [7] also found issues with moisture and mold, wear and tear, and dirt and
waste. However, the mentioned study [7] lacked the level of detail regarding the causes
and consequences of issues that are provided in this study, and that arguably is needed to
suggest effective solutions.

One way to reduce wear and tear is to choose durable interior materials, for example
paint instead of wallpaper and robust interior doors and cabinet doors. Furthermore,
while monitoring of the indoor air temperature is frequently conducted by the housing
companies, it can also be of interest to monitor RH and CO,, especially in bedroomes.
The property manager would thus be informed when RH exceeds a value related to an
increased risk for microbial growth and when CO, concentrations exceed values that are
related to risks regarding the residents” health and well-being. Such monitoring would
allow the property manager to act and help remedy the poor indoor environment.

The results of issues related to residents’ behavior and a high load on the building
(cell B1 in Table 4) have a large overlap with the results in cell A1 and can thus also be
supported by previous findings. Results regarding the residents” modifications of the
building (cell A2 and B2) were however unprecedented in previous studies and thus add
to our understanding of issues that can arise from high residential density and how to
alleviate them. It is possible that the issues listed as caused by the behavioral patterns
of the residents (cell B1 and B2 in Table 4) can, at least to some extent, be remedied by
communicating with and informing the residents. Likewise, it is possible that issues listed
as caused by interventions conducted by the residents (cell A2 and B2) can be remedied by
informing the residents of the risks related to such interventions. It is also possible that
such issues might (in some cases) be remedied by providing a better solution to the problem
the residents are trying to solve themselves. For example, the results from the interviews
revealed that it was common that residents blocked air inlets to deal with draughts. By
informing the residents of the importance of having the air inlets open, the ventilation could
be improved. This communication should be facilitated by a good relationship between
the housing caretaker and the tenants. Such a good relationship also comes with benefits,
such as prompt reports of errors or problems. Moreover, it is of great importance to help
residents understand the functions of the apartment and its systems (ventilation, drainage,
and kitchen exhaust fan) and also to advise on beneficial behaviors and furnishing, such as
window opening, cooking procedures, fat separation, food storage, waste handling, sewage
treatments, cleaning and drying laundry, and placement of furniture and curtain sets. One
solution might be to provide instructions for the usage of the apartment to the tenants.
Finally, informing residents of the importance of the frequent and well-organized handling
of bulky waste can be an effective solution to avoid the feeling of untidy environments and
insecurity, and also to decrease the risk of fire in staircases.
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The results from the semi-structured interviews helped form a general picture of
the challenges regarding building functionality and maintenance in buildings with high
residential density. Although research has been conducted on how high residential density
affects residents and their social life, the impact of high residential density on buildings’
technical functionality remains an overlooked issue, which is why a first overview of
such issues is provided in this study. The interview results should thus be considered as
a first glance at issues that can arise, and although only 11 interviews were conducted,
these interviews were comprehensive and provided a coherent picture of several common
issues. However, in order to accurately determine the occurrence of different issues,
more interviews should be conducted. Finally, by conducting semi-structured interviews
the study could not ensure that all interviewees were asked the exact same questions,
since follow-up questions varied depending on interviewees” answers. Neither could
it ensure that all topics were brought up in every interview. The inherent variance of
the methodology thus contributed to a broad collection of information, suitable for the
purpose of the interview study, but did not allow for determining the general occurrence
of different issues.

Simulations. The results from the simulations, which were based on extreme examples
from the interviews, show that the identified situations of high residential density lead
to a clearly increased risk of high indoor air temperatures during the summer, high CO,
concentrations in general, high moisture loads (RH of indoor air), and an increased risk of
mold growth on interior surfaces due to high RH and interstitial condensation. However,
the results do not only show disadvantages with increased residential density, but also
some benefits, such as energy savings on space heating, and an increased minimum RH,
which should mitigate dryness in the indoor air and the disadvantages that come with it.
Increased residential density should also mitigate housing shortages, as well as reduce
resource scarcity.

The simulation results showed that there are several measures that can be applied in
order to mitigate the simulated disadvantages of increased residential density; however,
at the cost of an increased energy use. Among the measures investigated, a demand-
controlled system controlled by both CO, and RH shows the most promise, followed by
control by just CO; or just RH, then an increase in a constant ventilation rate, and finally
using the ceilings and the roof for buffering moisture. However, these measures increase
the energy use of the apartment substantially in comparison with not implementing them
(case 3). However, in comparison with a normally inhabited apartment (case 1), less
energy is needed for space heating in an apartment with a high residential density, while
simultaneously implementing any one of the simulated measures. What shows the least
promise is the use of exterior insulation or increasing the indoor air temperature. The
former should increase surface temperatures and thereby the RH on the interior surface on
the exterior walls, but the impact of the amount of insulation that was tested was marginal.
Perhaps more insulation is needed for a clear impact. The latter should not only increase
the indoor air temperature, but also the temperature on the interior surfaces, which should
reduce the RH. However, the increase in air temperature showed only marginal differences.
Perhaps a higher increase might contribute to a distinct difference. However, a higher
indoor air temperature is unrealistic since that would further increase issues with too high
indoor air temperatures. Besides the simulated measures, other measures could be to
install water-saving nozzles, which should reduce the amount of water introduced into
the indoor air and thereby reduce the moisture loads. Finally, it is important to design and
place air inlets to allow for furnishings close to the outer wall without causing issues such
as condensation or discomfort for the residents.

What the simulations cannot show is the risk of noise from the mechanical ventilation
system, which increases with the air change rate unless the system is designed for higher
airflows. Furthermore, they do not show the impact of window opening, which should
mitigate the issues mentioned above, but also decrease the advantages (energy savings,
increased minimum RH) that come with an increased density, as mentioned above. In
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addition, they do not show the impact of the increased density on the water use or the
energy needed to heat water. Additionally, simulations do not consider measures that were
not possible to simulate, such as individual metering and billing of water, or water-saving
showerheads, etc. Finally, the profile used to simulate the impact of an increased density
was based on a four-person family and according to several accepted standards. To assess
the impact of the increased density, the values within the profile were multiplied (amplified)
to fit the number of people in the identified cases. This is a simplification of reality since
the behavior of the inhabitants in an apartment with high residential density might not at
all conform to the amplified profiles. The sum of the loads for one day might be the same,
e.g., the moisture load due to the number of showers, however, the peaks might not be as
large as the amplified profiles suggest and might be spread out over a longer period. The
results might therefore show a worse situation than could be expected. Furthermore, it
might be assumed that the inhabitants in an apartment with high residential density are not
equally present in the apartment as in an apartment with normal presence, due to possible
discomforts, as identified in the interviews. Thus, the loads in general might be lower, as
well as the possible risks and benefits that come with a higher density. It is however likely
that the current COVID-19 pandemic is aggravating issues with the indoor environment in
residentially dense apartments, since alternative sites for recess and recreation are limited
and residents are requested to stay at home. Under these circumstances, it is thus possible
that the results in this study represent a fair reflection of reality. The simulation results are
however supported by observations from the interviewees who have seen condensation
and mold in resident-dense apartments. However, some of the results from the simulations
did not appear in the interviews. Such as the diminished IEQ. Thus, it is important to
increase knowledge about measures that can help assure an adequate indoor environment
for the residents and minimize the risk of damage to the building in resident-dense areas.

5. Conclusions

The study set out to determine the impact of high residential density on apartment
building materials and components, the HVAC systems, and the indoor environment. This
paper has successfully done so through interviews with housing managers and caretak-
ers from several Swedish housing companies, as well as building energy performance
simulations and hygrothermal simulations.

The interviews showed several disadvantages with high residential density, such as
increased: moisture loads (due to, e.g., increased shower and cooking frequency), wear
and tear of apartment interiors and white goods, dirt and waste, water use, and noise. The
simulation results showed an increased risk for discomfort due to high temperatures during
the summer, health risks due to diminished IAQ (higher CO, concentration), as well as an
increased risk of mold growth due to high RH and interstitial condensation. The results
also show two advantages of a higher density: decreased energy use for space heating and
an increased minimum RH (and thus a decreased dryness in the indoor air, which is also
known to have disadvantages); for typical apartments from the million homes program
with natural ventilation and residential densities higher than a family of 4 people at 100 m?.
The simulation results further showed that several technical solutions might be applied to
mitigate the disadvantages, while keeping the benefits of the increased residential density.
The most promising of the simulated measures were those that in one way or another
increase the ventilation rate, such as a DCV system, or an increase of the ventilation rate in
a constant air volume system. In addition, allowing moisture buffering with the existing
walls and ceilings might also help mitigate possible issues due to high moisture loads to
some extent, but not as efficiently as DCV, which in this article was shown to be the most
beneficial measure.

In future studies the impact of increased residential density should be measured
through field studies. Such measurements might also aid in determining more realistic
user profiles for building energy performance simulations and hygrothermal simulations.
Furthermore, the impact of a higher density on, e.g., the energy use and the IEQ, as well as
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the impact of different measures to mitigate its disadvantages, should also be determined
through measurements. In addition, the impact of the simulations could be extended to
more than the one type of apartment that was typical for this study, i.e., typically has a high
residential density. Furthermore, a larger number of cases might be considered in future
simulations. Finally, other types of simulations might also consider the impact of high
residential density on the risk of mold growth on the interior surfaces of thermal bridges.
Besides more comprehensive, or other types of, simulations, further interviews or survey
studies could be conducted in order to determine the extent of the issue in Sweden.

The results of this study could be used by authorities to formulate incentives and/or
recommendations and for housing owners to implement measures such as applicable
ventilation technologies that improve the IAQ and ensure a good indoor quality for all,
irrespective of residential density conditions.
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Appendix A
Questionnaire

1)  Tell us about your buildings?

2)  Tell us about the residents in your buildings?

3)  Which are the greatest challenges/problems in these buildings?

4) Do you know the number of residents in every apartment, or are there hidden
statistics; if so, do you expect your estimations to be too high or too low?

5) Do you have problems connected to high residential density?

6) Do you have problems connected to low residential density?

7) Do you know how the residents perceive their indoor environment?

8) Do you get complaints, and if so, about what? (noise from neighbors, moisture/mold,
odors from cooking or smoking etc.)

9) Have you undertaken any measures based on potential complaints; is it problems
that can be remedied?

10) Do you have moisture related problems or damage?

11) Have you undertaken any measures to alleviate potential moisture-related problems?

12) What ventilation system do you have in buildings with high residential density?

13) Have you had to undertake any measures to adapt the buildings to a high residential
density (e.g., increase ventilation)?

14) If no to question 13, have you noticed if the residents themselves have undertaken
measures to adapt their living environment according to their own preferences, owing
to the insufficient indoor environment?

15) If yes to question 13, have these measures caused consequential problems? (e.g.,
complaints of increased noise from increased ventilation, or complaints of draught
and cold/low thermal comfort/low temperatures.)
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16) If yes to question 15, have you noticed if residents themselves have undertaken
measures to adapt their living environment according to their own preferences owing
to issues arising from measures? (For example blocked fresh air inlets or supply air
inlets/ducts)

17) Do you have individual metering and billing of energy for domestic hot water or heating?

18) If yes to question 17, what is your perception of the effect individual metering and
billing has had on water use or energy use for heating?

19) Relating to question 18, do you have data that could be shared regarding individual
metering and billing?

20) Have you measured/logged temperature or relative humidity in apartments with
high residential density?

21) Do you have access to household electricity use per apartment in your buildings?

22) If no to question 21, have you measured the total electricity use per building in your
building portfolio?

23) Do you have a register of living area, number of rooms and number of residents per
apartment (relating to questions 18-22)?

24) Can your buildings be adapted based on the number of residents? If not, is there
potential to reconstruct the buildings to achieve such adaptability?

25) Have you noted if high residential density has caused increased maintenance on the
sewage system? (E.g., through more frequently clogged drains.)

26) Have you noticed if high residential density has caused increased wear and tear of
sewage and drains?

27) Have you noticed if high residential density has caused increased wear and tear of
interior materials in apartments? (E.g., doors, windows, walls, etc.)

28) Do you believe there could be technical solutions to some of the issues? If so, which?

29) What support would you need to improve the function of the buildings?

30) Other comments?
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