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Abstract

There is substantial epidemiological evidence on the associations between cold weather and adverse health effects.
Meteorological alarm systems are being developed globally, and generalized protective advice is given to the public based on
outdoor exposure parameters. It is not clear how these shared outdoor exposure parameters relate to the individual-level thermal
exposure indoors, where the majority of time is spent. We hypothesized a priori that there are opposite correlations between
indoor and outdoor temperatures in residential apartments. Apartments were classified into 3 categories according to their
response to declining outdoor temperature: under-controlled apartments cool down, controlled apartments maintain constant
indoor temperature level, and over-controlled apartments warm up. Outdoor and indoor temperatures were measured in 30-min
intervals in 417 residential apartments in 14 buildings in Kotka, Finland, between February and April 2018 with outdoor
temperatures ranging from —20.4 °C to + 14.0 °C. Different apartment types were present in all buildings. Floor and orientation
did not explain the divergence. Indoor temperatures below the limit value + 20 °C by building code occurred in 26.2%, 7.9%, and
23.6% of the under-controlled, controlled, and over-controlled apartments, some in conjunction with increasing outdoor tem-
peratures. Indoor temperatures above the limit + 25 °C occurred but were more rare. This proof-of-concept study demonstrates
that while the home environment may be a source of thermal stress during cold weather, generalized advice for adjusting the
heating may lead to paradoxical exposures in some cases. More elaborate conceptualizations of everyday thermal exposures are
needed to safely reduce weather-related health risks using shared meteorological alarm systems.
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Introduction

There is substantial global evidence on the associations between
outdoor temperature and adverse health effects (Bhaskaran et al.
2009; Guo et al. 2012; Monteiro et al. 2012; Ye et al. 2012;
Gasparrini et al. 2015; Ryti et al. 2016; Ryti et al. 2017,
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Vicedo-Cabrera et al. 2018). Shared outdoor temperatures are
commonly used as the predictors of health effects in a population,
and the actual individual exposures or places of exposures during
the weather events are not known (Ryti et al. 2016).

Major national and international monitoring and public
health programs have been developed to mitigate the health
effects of harmful weather (Fritsch et al. 2008; Wolf et al.
2010; Conlon et al. 2011; Laaidi et al. 2013; Toloo et al.
2013; Katiyo et al. 2018). For instance, the Network of
European Meteorological Services EUMETNET provides
real-time warnings of the occurrence, intensity, and substance
of extreme weather events occurring throughout Europe
(http://www.meteoalarm.eu). The rationale and premise of
an alarm system are that an alarm should be followed by
effective protective action. The meteorological alarm
systems, too, are based on shared exposure parameters such
as outdoor temperature. This is necessary since the exposures
of the individuals are not known. Epidemiologically thinking,
for such a shared system to predict individual exposures and
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individual health effects so that they could be avoided, the
direct health effects of ambient temperature should be
induced during time spent outdoors (where the system
measures the temperature), or alternatively, there should be a
correlation between the outdoor temperature and harmful
thermal exposures in other environments such as the home
microenvironment. Given the fact that on average over 90%
of time is spent indoors (Klepeis et al. 2001; Brasche and
Bischof 2005; Matz et al. 2015; Mikinen et al. 2006), and
considering the substantial evidence on the relevance
of indoor environment to health (WHO 1987), it seems
an oversimplification to consider the shared outdoor en-
vironment as only place of relevant thermal exposure
during cold weather events.

There is evidence on the association between indoor tem-
perature and adverse health effects (The Eurowinter Group
1997; Marmot Review Team 2011; Jevons et al. 2016). Low
living room temperature and inadequate heating of the bed-
room are associated with higher winter mortality rate (The
Eurowinter Group 1997; Wilkinson et al. 2001), higher blood
pressure (Sacki et al. 2014; Shiue and Shiue 2014), health
status of COPD patients (Osman et al. 2008), and lung func-
tion of asthmatic children (Pierse et al. 2013), and there are
descriptions of poor health and a variety of social and eco-
nomic problems for the residents (Marmot Review Team
2011). Building construction year, poor energy efficiency rat-
ing, and fuel poverty have also been associated with excess
winter mortality (Wilkinson et al. 2001; Marmot Review
Team 2011). The potential effects of high indoor temperature
during the heating season have received less attention (Conlon
etal. 2011; Jevons et al. 2016). In a series of studies conducted
in Finland, room temperature during the heating season was
found to be the most important indoor air determinant of sick
building syndrome symptoms (Jaakkola et al. 1989; Jaakkola
etal. 1991a), i.e., a combination score of various health symp-
toms of individuals, including nasal, eye, and mucous mem-
brane symptoms; lethargy; skin symptoms; and headache.
There was a linear correlation between room temperature
above optimal and the score, and individuals exhibited more
symptoms at higher room temperatures during the heating
season (Jaakkola et al. 1991b)..

Although safe maximum room temperatures during the
heating season have been defined in engineering sciences
and legislation for decades, they have rarely been implement-
ed in public health programs or weather action plans per se.
The latest 2018 Cold Weather Plan for England includes a
standardized advice issued by the Met Office and Public
Health England during severe cold weather. The advice states,
among other things: “heating your home to at least + 18 °C in
winter poses minimal risk to your health when you are wear-
ing suitable clothing” (Katiyo et al. 2018). There is no thresh-
old for safe maximum room temperature. The reason for fo-
cusing on lower safety thresholds may be that in many
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countries the building stock and engineering solutions pro-
mote positive correlations between outdoor and indoor tem-
peratures. Nevertheless, even in these infrastructures, there are
exceptions in the building stock and temperature control sys-
tems, and human behavior may also influence the environ-
mental indoor conditions (Keatinge 1986).

It is relevant to ask whether it is safe to provide uniform
behavioral advice to all members of the general public, if
different individuals may have different or even opposite ex-
posure profiles during the weather events. This could be the
case if, for example, some apartments would automatically
overheat as response to the cold weather, but everyone would
be advised to increase the heating.

We conducted a proof-of-concept study with focus on
demonstrating conceptual differences in how apartments react
to changes in cold weather. Our general objective is to bridge
the gap between the shared weather parameters, which are
commonly used as predictors of population-level health ef-
fects (Toloo et al. 2013; Vicedo-Cabrera et al. 2018), and
the individual thermal exposures at homes, where most of
the time is spent (Klepeis et al. 2001). The rationale is twofold.
First, preparedness systems rely on shared measurements of
shared exposures, and it would be useful to know how these
measurements predict the actual conditions in different micro-
environments. Second, before providing general advice on
safe behavior during weather events, it would be wise to as-
certain that following the advice would not lead to additional
harms for some individuals.

We hypothesized a priori that there are opposite correla-
tions between indoor and outdoor temperatures in Finnish
residential apartments, i.e., while some apartments may cool
during cold weather, some may overheat. We classified the
apartments based on their responsiveness to weather and
assessed how apartments in the different classes performed
in terms of providing a healthy thermal environment for the
inhabitants.

Materials and methods

This longitudinal study of residential apartments was conduct-
ed in the city of Kotka, Finland, with heating design temper-
ature of — 26 °C, over the time period from February 1 to April
10, 2018.

Home selection

A total 0f 417 residential apartments in 14 apartment buildings
were included in the study. All buildings were managed by the
same property management company, were clients of the
same energy company, and were clients of the same Finnish
startup company Residentia Ltd., which offers to improve the
living comfort and energy expenditure by improved automatic
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temperature control of the home environment. The measure-
ments for this study were conducted before starting the im-
proved automatic control system; i.e., the apartments were in
their normal pre-service state they had been in for years. The
apartments did not become clients of these companies because
they performed in a particular manner in terms of indoor en-
vironmental conditions.

Heat distribution in all apartments was similar and based on
hot water circulation, with radiators as the only heat source.
There was no floor heating. The temperature control system in
all buildings was based on the control of supply water tem-
perature to the radiators and thermostatic radiator valves. Set
point of the supply water temperature depended on the out-
door temperature. The water circulation systems have been
balanced for each room based on room temperature during
the construction phase, whereas the residents can only control
the thermostatic radiator valves.

Data collection

Each apartment was installed a Bosch BME280 environmen-
tal sensor (operation range from — 40 °C to + 85 °C, refresh
rate 1 Hz, accuracy tolerance +3%) to record the indoor air
temperature and relative humidity in 30-min intervals. In
Finnish buildings, thermal insulation of the building envelope
is so good (triple pane windows, maximum of U value 1.4 W/
m2K of windows and 0.25 W/m2K of walls) that the effect of
surface temperature is negligible on operative temperature.
This is indicated also by the fact that Finnish building code
does not use operative temperature but simply room tempera-
ture (Finnish Ministry of Social Affairs and Health 2015).
Following a protocol, the sensors were placed 1.6 m above
the floor; away from windows and doors leading outside;
away from direct sunlight; away from heaters and other
sources of thermal energy; away from draft; away from mois-
ture sources from the kitchen, bathroom, and shower;
and not in a direct physical contact with the outer wall.
The most common placement was the conjunction of
the largest open space such as the conjunction of the
living room and a hallway.

Each apartment building was installed a Bosch BME280
environmental sensor to record the outdoor temperature and
relative humidity in 2-min intervals. Following a protocol, the
sensors were placed in the immediate outdoor environment of
the building; on the northern wall; away from direct sunlight;
and not directly above doors or windows or other openings
leading inside the building, i.e., they were free from warm
and/or humid air flows originating from indoors. While the
shaft of the device was attached to the wall of the building, the
actual sensor was not in a direct contact with the wall.

We tried to ensure that recording would have minimal im-
pact on the lives and behaviors of the residents. The recording
devices were physically small and minimally visible, and the

data gathering process was fully automated. JSON data from
the sensors was relayed via Bluetooth to a Raspberry-Pi,
which relayed the data to a cloud-based server via SigFox
unaltered. We transferred JSON to .csv in R and confirmed
data consistency manually and by statistical assessments.
Data on building characteristics such as the construction
year, number of apartments, floor area, heating type, mainte-
nance of the heating system, and energy consumption were
gathered from records kept by the property management com-
pany. Data on apartment floor, orientation, and heating degree
days (HDD) was provided by Residentia Ltd. HDD describes
the heating need of buildings over a period of time, usually
1 year. It is the sum of temperature differences between as-
sumed indoor temperatures and real outdoor temperatures.

Data processing

We linked each time-series of apartment-specific indoor tem-
peratures with the time-series of outdoor temperatures of the
same building. The direction of hypothesized causal effect
was taken into account in the linking process, i.e., outdoor
temperature precedes indoor temperature if they were mea-
sured at slightly different times. Time difference between
these two time-series is <2 min in our data.

All time-series were checked for outliers and irregularities
manually and by statistical assessments. Outliers were found
on the outdoor time-series of 2 apartment buildings. A con-
sultation with the startup company confirmed that the respec-
tive sensors had been misplaced and exposed to direct sunlight
during the daylight hours. We replaced the invalid outdoor
time-series with those of the adjacent (closest) buildings. We
validated the use of the adjacent time-series by (a) verifying a
high correlation between the invalid outdoor time-series and
the new outdoor time-series during non-daylight hours and (b)
verifying a high correlation between the outdoor time-series of
all apartment buildings during all hours.

Definition of apartment types

Three apartment categories (types) were conceived a priori to
address the objectives of the study. The statistical
operationalization consisted of two components: (a) direction
of cross-correlation coefficient (CCC) between apartment-
specific outdoor and indoor temperatures, assessed by cross-
correlation functions, and (b) variation of indoor temperatures
in the apartment, using 2 °C temperature range as a cut point
between thermal stability and lability.

In conjunction with decreasing outdoor temperature, un-
der-controlled apartments (type 1) were those with decreasing
indoor temperature (positive CCC) and temperature range >
2 °C; over-controlled apartments (type 3) were those with
rising indoor temperature (negative CCC) and temperature
range >2 °C; and controlled apartments (type 2) maintained
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indoor temperature within the narrow range of 2 °C regardless
of the changes in outdoor temperature (direction of CCC not
relevant). Strength of CCC was not part of the classification
criteria. To exclude influence of outliers in the data, the 2 °C
range was assessed by comparing the temperature range and
standard deviation (SD) of indoor temperatures in each apart-
ment and selecting the smaller of the two values. Time to
maximum correlation (TMC) was allowed to vary between
apartments, and the strongest CCC was used for apartment
classification. Thus, correlation of outdoor and indoor temper-
ature could be strongest with a time delay of a few hours in
one apartment but with a time delay of several hours in anoth-
er, depending on the thermal mass or overall thermal trans-
mission of the building. The distributions of TMC were
assessed between buildings and apartment types.

Definition of unhealthy home temperature

In Finland, health risks of the home environment are
regulated by the Ministry of Social Affairs and Health,
according to which acceptable home temperature during
the heating season is between + 18 °C and +26 °C
(Finnish Ministry of Social Affairs and Health 2015).
The latest Cold Weather Plan for England recommends
keeping home temperatures above + 18 °C in winter
(Katiyo et al. 2018). Standard EN 16798-1:2018 (for-
merly EN 15251:2007) gives limit values in four cate-
gories: (i) 21 °C to 25 °C; (ii) 20 °C to 25 °C; (iii)
18 °C to 25 °C; and (iv) 17 °C to 25 °C (European
Committee for Standardization European Committee for
Standardization 2018). World Health Organization
(WHO) has recommended a minimum indoor tempera-
ture of + 18 °C and 2-3 °C warmer for rooms occupied
by elderly persons (WHO 1987).

In order to assess how apartments in the different categories
performed in terms of healthy living during cold weather, we
adopted a priori for our analyses the lower thresholds of +
18 °C and + 20 °C, and higher threshold of + 25 °C, combin-
ing the abovementioned standards while taking into account
the Finnish building stock. We evaluated the occurrence, fre-
quency, and duration of episodes with temperatures above/
below the thresholds. Degree hours above/below threshold
were calculated. For example, indoor temperature of + 17 °C
for 2 h (1°x2 h) would result in the same 2 Kh as indoor
temperature of + 16 °C for 1 h (2 K x 1 h). If both episodes
would occur in the same apartment, the apartment-specific
total degree hours would be 4 Kh (2Kh + 2Kh). Although
degree hours may not accurately describe health effect-
inducing exposures of residents, the concept is widely used
in building physics and occupational health research and
adopted in European standards (European Committee for
Standardization 2008).
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Analyses on the influence of orientation and floor

We investigated whether compass point orientation or floor of
the apartment influenced its apartment type, i.e., whether some
types were more predominant in some orientations or floors. This
could be the case due to exposure to solar radiation or predom-
inant wind, for example. Orientation was simply defined as the
compass point of the one fagade or, in case of two perpendicular
external walls, as the compass point of the corner, i.e., inverse
vector of two equally sized complementary 45° angles between
the perpendicular walls. For example, an apartment with one
outer wall toward northeast and one outer wall toward northwest
was defined as having main orientation toward north.
Apartments with incomparable or complex orientations (49
apartments out of 417), such as main facades facing both north
and south or 3 or more directions, were excluded from this anal-
ysis. Apartments with main orientation toward southeast, south,
southwest, or west were classified as being exposed to direct
sunlight. Apartments facing northwest, north, northeast, or east
were classified as not being exposed to direct sunlight. We also
compared first, top, and other floors within and between apart-
ment types. All analyses were conducted using R version 3.3.2,
and SPSS version 26.0.0.0.

Results

Outdoor temperatures during the study period ranged from —
20.4 °C to + 14.0 °C, with median —3.35 °C and mean —
3.87 °C (SD 5.47). There were no relevant differences in the
outdoor temperature distributions between apartment types
(data not shown). The heating degree days in the city of
Kotka was 3906 (base 17 °C) for the year 2018 and 1787
for Feb—Apr 2018.

The residential buildings in the study were constructed be-
tween years 1955 and 2008 and included 12 to 53 apartments
each in 2 to 8 floors. The construction material was either con-
crete (10 buildings) or brick (4 buildings). Mechanical exhaust
ventilation was more common than natural ventilation. Table 1
shows characteristics of the buildings in the study.

There were no statistically significant differences in mean
indoor temperatures between buildings (+21.9 °C to +
23.2 °C). The building-specific average indoor temperature
range varied from 1.73 °C (SD 0.49) to 3.89 °C (SD 3.25).
Table 2 summarizes the indoor temperature parameters of the
buildings in the study.

Table 2 shows the prevalence of the different apartment
types in the buildings. Twelve of the 14 buildings included
apartments of all three types, while 2 buildings included only
type 1 and type 2 apartments. There was heterogeneity in the
building-level CCC:s, which reflected the distributions of
apartment types in the buildings (i.e., CCC 0.44 in a building
with 91.7% of the apartments being type 1, and CCC — 0.48 in
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Table 1 Characteristics of the
residential buildings in the study Building Construction Floors Floor Building Ventilation Energy
1D year (n) area material type consumption
(m?) (kWh/m3/year)
1 1969 3 1356 Concrete Mechanical®  44.0
2 1955 7 2750 Brick Mechanical 48.1
3 1982 3 3587 Concrete Mechanical 39.3
4 1997 6 2094 Concrete Mechanical 37.2
5 1964 6 2548 Concrete Natural® 45.2
6 1974 3 1000 Brick Natural 54.3
7 1974 5 3270 Brick Natural 36.2
8 1974 3 1000 Brick Mechanical 54.3
9 1988 5 1478 Concrete Mechanical 48.0
10 1962 3 1023 Concrete Mechanical 45.5
11 2008 8 3819 Concrete Mechanical 23.2
12 1983 2 2789 Concrete Natural 50.9
13 1983 2 1200 Concrete Mechanical 44.7
14 1985 2 1200 Concrete Mechanical 44.7

Energy consumption is that of the year 2016

#Mechanical, mechanical exhaust ventilation. b Natural, natural ventilation

a building with 81.3% of the apartments being type 3). There
were pronounced differences in TMC between buildings.

Table 3 shows the indoor temperature characteristics
of the apartments by the three apartment types. There
were no practical differences in the mean temperatures
(+22.41 °C, SD 0.94) between types. The indoor tem-
perature range was, by definition, narrow in controlled
apartments (median 1.78 °C, SD 1.29) and wider in
under-controlled and over-controlled apartments
(3.03 °C, SD 0.99, and 3.25 °C, SD 1.04, respectively).
There was substantial heterogeneity in the median TMC,
ranging from 0 to 99.5 h.

The absolute number of apartments by CCC value is pre-
sented in Fig. 1, where the distributions of under-controlled
and over-controlled apartments are represented by the positive
and negative correlations between outdoor and indoor
temperatures.

Figure 2 shows normalized time-series of outdoor and in-
door temperatures in select individual apartments. The 3 apart-
ments in panel A are under-controlled: when the outdoor tem-
perature decreases, indoor temperature decreases (and vice
versa). The 3 apartments in panel B are over-controlled: when
the outdoor temperature decreases, indoor temperature in-
creases (and vice versa).

Episodes with indoor temperature below + 18 °C
were rare in our data and occurred in 4.3%, 0.8%, and
5.5% of the under-controlled, controlled, and over-
controlled apartments, respectively. Maximum 18.4%
of total time (208 h) was manifested with temperatures

below +18 °C in one under-controlled apartment
(Supplementary Table 1). Indoor temperatures below +
20 °C occurred in 26.2%, 7.9%, and 23.6% of the
apartments in under-controlled, controlled, and over-
controlled apartments, respectively. While these episodes
most commonly lasted between 2 to 6 h, there were
longer episodes up to 258 h (under-controlled), 44 h
(controlled), and 73 h (over-controlled apartments). In
one controlled apartment, 69% of the total time was
manifested with temperatures below the threshold. For
under-controlled and over-controlled apartments, a max-
imum of 54% and 38% of total time was manifested
with temperatures below the +20 °C threshold
(Supplementary Table 2).

A handful of apartments were manifested with episodes of
indoor temperatures above + 25 °C (Supplementary Table 3).
A maximum of 13 such episodes, with median duration of
1.6 h (Q1 0.5, Q3 2.1), occurred in under-controlled apart-
ments. A maximum of 8 heat episodes with median duration
of 2.8 h (Q1 1.4, Q3 5.3) occurred in over-controlled apart-
ments. There were no heat episodes in controlled apartments.
The longest time with indoor temperature exceeding + 25 °C
is 78 h or 5.9% of total time (over-controlled apartment,
Supplementary Table 3).

Distributions of main compass point orientation and floor
by apartment type are presented in Supplementary Table 4.
There were no statistically significant differences in the distri-
butions of these factors between the under-controlled, con-
trolled, and over-controlled apartments.

@ Springer



Int J Biometeorol (2020) 64:2065-2076

2070

SOy ur ‘amyeroduio) 00pur pue dMmjerodinio) 100pINO UDMIOG TONE[ALI0D WNWITKEUT 0} ST} ‘YL 4 JUSIIIFI00 UONE[ALI00-SSOI D)),

Surpying oy Jo syusumede [fe ur s3urpIooar axnyerodwd) J[e Jo uedwr Ay}

st armjeroduwe) uedA *Apmys oy ur S3UIp[Ing [BHUIPISAI dY) JO sermeraduio) J00pul pue JI00pINo Usamiaq siejowered uone[oroo oads-urpyng pue ‘samnjeroduwd) 1oopur ‘sad4) juouniede jo suonnqrysiq

(§'LD) 6 L1 01 (800 ¢ 6'8S ‘8°91 ‘'l $'6600 ¥0°0 (8¢'1) 69°C (86°0) 85°CT vl
0509 @9 €1 (800§ §'99 ‘0°€T ‘6 $'660°0 010 Tz ov'e (80°1) $6'1¢T €1
(cLocl (Y4087 0°09) 91 0°1S ‘08T 0’8 01600 Tro (1L'0) 8L'C (zenoree Tl
(€LD6 (S'81) 91 ((aZok 0Er 011 °S’S S€600 Tro— (29°0) 8T'C (€9°0) 6£°CT 1

(€18 €1 (sTne (€91 6'SCE0l 08800 870 — (ST9) 68°¢ o1 TI'ee 01
000 (9'99) §1 (€60 Tl 0°6€ ‘S'IT 06 $'6800 S0°0 611 $9°C 9L0) 1LTT 6

0o (€91 L1 11 0°1€ ‘0°€T “0°01 0¥70°0 70 (99°0) 06'C (80°'1) S1°€T 8

(9°€9) 1 1Tec ('98) 61 0€TS6°01 0°Ly00 wo (6L0) 06'C (99°0) 0¥'CT L

(o) Tl (cens (I'v$) 0T $'8T°S6°0°S $'66-00 0T0 (TL0)8LT (65°0) 16'TT 9
#1099 0750 L 9¢9) s1 §99°0'1C °'S'6 §06-0°0 TT0 06'0) SL'T (6L°0) €5°CC S
(6279) TC &IDv LsD6 S01°0°S S0 0°LS—00 6T0— wrovee (16'0) ¥9°CC 14

(€91 L (1eL) v¢ Ly e 08¢ ‘0°€l ‘S°01 S'L6-0°0 11o— (6¥°0) L1 (€8°0) S¥'CC €

(800 11 (Irsps (T19) ¥ G'6SS6E ‘0Tl 09600 ST0 Lo ere (€6'0) €61 4
(€99 ®LDS (6'8¢) L §'0S ‘00 ‘011 $'S60°0 LO0 (TLniLe (L80) 91°CT I

(%) u ‘syuounrede (%) u ‘syuountede (%) u ‘syuountede

P[[ONU0d-10AQ pafjonuo) pa[jonu0d-19pun (1) sepuenb AL (y) o5uer DAL 2000 (as) o8uer [, (gs) ueaw T, ai Supjmg

s3urpying oy ur sad4y Juouniede pue sigjowered armyerddwa) Joopur dy) Jo suonnquysiq ¢ djqel

pringer

Qs



Int J Biometeorol (2020) 64:2065-2076

2071

Table 3  Distributions of the indoor temperature parameters by apartment type

Parameter Under-controlled apartments Controlled apartments Over-controlled apartments All apartments
Mean temperature (SD) 22.29 (0.99) 22.33 (0.87) 22.65 (0.90) 22.41 (0.94)
Temperature range (SD) 3.03 (0.99) 1.78 (1.29) 3.25 (1.04) 2.72 (1.26)
CCC*" mean (SD) 0.48 (0.12) 0.11 (0.52) —0.53 (0.19) 0.06 (0.53)
TMC® (h)

Minimum 0.0 0.0 0.0 0.0

1st quartile 5.0 9.0 2.0 5.0

Median 24.5 19.5 9.5 13.0

Mean 325 27.5 17.5 26.5

3rd quartile 51.5 46.0 13.0 45.0

Maximum 97.5 99.5 99.5 99.5

Distributions of indoor temperatures, correlation parameters between outdoor and indoor temperatures, and time delays of correlation, by apartment type
#CCC, cross-correlation coefficient. b TMC, time to maximum correlation between outdoor temperature and indoor temperature, in hours

Discussion

This proof-of-concept study demonstrates that not all apart-
ments react similarly to changes in outdoor temperature. We
implemented a straightforward apartment typing based on the
correlation between outdoor and indoor temperatures. Under-
controlled apartments cooled down when outdoor temperature
decreased. Over-controlled apartments warmed up as outdoor
temperature decreased. Controlled apartments remained with-
in a narrow temperature range regardless of changes in out-
door temperature. Thermal exposures outside the recommend-
ed limits occurred in all apartment types. Episodes of
overheating occurred but were rare. Floor and orientation of

B A
15

N
o

Absolute number of apartments
(9]

-0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cross-correlation coefficient

0

Fig. 1 Absolute number of apartments by apartment-specific cross-cor-
relation coefficients. The two peaks illustrate two opposite apartment
types, over-controlled on the left with negative correlations, and under-
controlled on the right with positive correlations between outdoor and
indoor temperatures. Controlled apartments have not been omitted from
the histogram, which displays the cross-correlation coefficients of all
apartments in the study

an apartment did not explain its type. Different types of apart-
ments were present in all buildings, which implies that it may
be difficult to use building-specific characteristics to predict
apartment-specific thermal conditions.

Strengths and limitations

A major strength of this study was demonstrating conceptual
differences between apartment types in their reaction to cold
weather. Although on average less than 8% of time is spent
outdoors (Klepeis et al. 2001; Brasche and Bischof 2005;
Matz et al. 2015; Makinen et al. 2006), weather continues to
be a strong evidence-based predictor of population-level
health effects (Toloo et al. 2013; Vicedo-Cabrera et al.
2018). It is not known what the most harmful places or pat-
terns of exposures during the harmful weather events are (Ryti
et al. 2016). Meteorological alarm systems are founded on
shared measurements of outdoor temperatures, and the pre-
mise of an alarm system is that it leads to some sort of protec-
tive action when triggered. It is important to consider whether
advice for such protective action can be applied to the entire
population or whether following it may promote paradoxical
exposures in some instances. We demonstrated with a simple
analysis that this topic may need to be revisited.

We included a relatively large number of randomly select-
ed apartments in the analyses from fourteen apartment build-
ings. Heat distribution systems were similar in all apartments.
The measurements were designed to have minimal impact on
the lives of the residents to reduce any bias from intervention.
We focused on evaluating changes in temperature, taking ad-
vantage of the high time resolution in the data and the
intercomparability of the time-series in each apartment. The
temperature measurements were conducted following a stan-
dardized protocol and identical and calibrated equipment.
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Fig. 2 A. Time-series of outdoor and indoor temperatures in select under-controlled apartments, B. Time-series of outdoor and indoor temperatures in
select over-controlled apartments. The Y-axis has been normalized to improve readability

There are several limitations of the study. We did not per-
form complex modeling of the human microenvironment, and
neither did we conduct engineering analysis of the buildings
or heating systems in the study. Instead, we looked at one
potential health determinant (indoor temperature) and its as-
sociation with a known predictor of population-level health
effects (outdoor temperature). However, this was sufficient to
answer our study question. Second, we were able to gather
data on two winter months only. For this reason, we cannot
make inference on the correlations of outdoor and indoor tem-
peratures during other seasons or possible trends in the corre-
lations. It is not possible to conclude that apartments manifest-
ing as under-controlled in our data would not manifest as
over-controlled or controlled during other seasons. Some of
our choices in apartment classification can be criticized.
Selecting a 2 °C indoor temperature range as relevant for
health effects may be arbitrary, but there is no clear evidence
for a more relevant range.

We allowed the time to maximum correlation vary between
apartments. While this has several strengths, it also means that
when looking at different time spans, a positive CCC might, at
least theoretically, become negative. In fact, we find it likely
that most apartments immediately cool to some extent when
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outdoor temperature declines, and then, some continue
cooling, adjust back to normal, or overheat as a response.
Clarifying the different time spans would be an interesting
topic for future studies, but it needs a thorough engineering
analysis of the buildings and heating systems. Finally, a lim-
itation of the study is that we could not randomly sample
apartments for the study to represent Finnish building stock.
However, no apparent biases were discovered in scrutiny of
the recruiting process. Even though the results cannot be safe-
ly generalized over time or space, they are important in a
conceptual level and prove that major differences in apartment
reactions to cold weather exist.

Interpretation of the results

Several factors could explain the observed heterogeneity in
the way apartments react to cold weather. The underlying
reason for room temperature variation in general is an imbal-
ance between heat supplied to a room and heat losses of the
room. Heating needs of the rooms do not increase or decrease
in the same proportion with outdoor temperature. This is due
to differences in time constants of the rooms (i.e., relation
between thermal capacity and thermal conductance). Area of
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external walls, windows, outdoor air leakage, and inadequate
thermal insulation will decrease the time constant, making
rooms cool more rapidly (coupled with the need to heat more
rapidly) than rooms with high time constant and less external
walls, less windows, and less outdoor air leakage. Compass
point orientation and floor number may also influence the
indoor thermal microclimate, as these are related to the
amount of solar radiation and exposure to wind. Such a phe-
nomenon has previously been reported during the summer
(Langner et al. 2014), although building thermodynamics are
different during the heating season and summer. At any rate,
these factors did not explain the heterogeneity or the apart-
ment groupings in our study. We believe that this illustrates
the complexity of the topic and that more evidence is needed
before shared outdoor temperatures can be used as predictors
of indoor temperatures in individual apartments.

Differences between construction materials probably ex-
plain little of the observed heterogeneity. Thermal capacity
does not vary substantially between different masonry mate-
rials, and brick is usually reserved for the exterior caver of
external walls, which is outside the thermal insulation.

Supply water to the radiator network is usually controlled
by outdoor temperature according to building characteristics.
Temperature levels are often set to minimize the number of
apartments that are too cold, which may lead to a greater
number of over-controlled apartments in the building.
Control systems for heating also often include a parameter
for wind velocity to compensate for the effect of air leakage
on the heating need. If the wind parameter is not included in
the control algorithm, apartments in the wind side of the build-
ing may manifest as under controlled.

The balancing of the hot water distribution system in the
design conditions is a demanding and time-consuming opera-
tion. We did not have an opportunity to check the quality of
the balancing work. Some of the buildings are quite old, and
there may be some refurbishments during the life time of the
buildings, like new windows, better air tightness of windows,
extra thermal insulation, or wet thermal insulations. The
heating network should have been balanced frequently.
Although our data included the year of the latest heating sys-
tem adjustment for most buildings (data not shown), we did
not have details on the actual balancing or the changes in the
thermal insulation of rooms.

Radiators were the sole means of heat emission in all apart-
ments. According to common practice in Scandinavia, the
number and power of radiators are calculated during the plan-
ning phase of the buildings, taking into account the thermal
characteristics of each room. The design water flow supplied
to the radiators has supposedly been balanced at the end of the
construction phase, and it is based on apartment-specific mea-
surements during cold weather conditions (guideline value of
—5 °C or below), which is also a common practice in
Scandinavia. The target value of indoor room temperatures

was + 21 °C before the occupants moved in, with the radiator
thermostats inactive or not attached yet. Radiator thermostats
were then installed, and their main role is to limit
overheating of a room when indoor temperature of the
thermostat reaches threshold level set by the resident.
However, the heating system reacted only to the set
point values lower than +21 °C, not higher.

Several aspects of this type of heat emission may generate
differences in how different apartments react to cooling
weather. The thermostat radiator valve is an inexpensive de-
vice with varying quality between the brands and even within
brands. The performance of the valves may be one reason for
variation of room temperature control. For example, the oper-
ation of the valve may be affected by the supply water tem-
perature in the radiator circuit due to heat conduction between
the valve and thermostat. Also, the position of the thermostat
influences the operation of the device: if the thermostat is
installed in vertical position on the valve, it is affected by
convection from the valve. In horizontal position, the valve
is more likely to sense the actual room air temperature, but
furniture, curtains, and cold air currents from open windows
may still cause inadequate operation of the thermostat. In this
study, we did not have a possibility to investigate these fac-
tors, which should be topics of the future studies.

One explanation for the observed differences between
apartments may also be related to altered performance of ra-
diators over time. Water circulation systems of radiators are
prone to clogging, which decreases the amount of thermal
energy released in a unit of time at the radiator-air interface.
This could lead to lowered baseline temperature in a room or
weakened responsiveness to cooling air sensed by the thermo-
stat. Such a phenomena might be present in under-controlled
apartments. Another consequence of a clogged radiator is that,
at least theoretically, the water flow in other radiators in the
same network is increased due to the increased resistance of
the clogged radiator. This may overheat other rooms in the
same circuit, leading to increased temperature differences be-
tween rooms, which could partly explain associations in over-
controlled apartments. According to the same principle, clog-
ging of one radiator could also influence the heating in other
apartments of the same building, depending on how the water
circulation is arranged. Radiator networks used to be designed
so that radiators in a room are connected to the same risers, not
with other radiators in another apartments of the same floor. In
such a setting, it is particularly interesting to consider whether
a situation with high wind velocity and clogging of some
radiators in the wind side of the building could influence the
temperature reactivity of the other apartments in wind side,
and to what extent.

Some thermostats may have been mishandled by the occu-
pants over the years. In general, human behavior is likely to
substantially influence the indoor thermal conditions during
weather events. Some residents may keep their windows open
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amidst of winter for purposes of letting in outdoor air or reg-
ulating uncomfortably hot indoor temperatures, which would
further stimulate the thermostats (Keatinge 1986).
Thermostats may also be covered with curtains or furniture,
leading to a situation where the temperature of the thermostat
differs greatly from the room temperature. This might contrib-
ute to an under-controlled performance of the apartment.
Changes and differences in relative humidity and thermal
comfort may also influence human behavior. Although we
did not have any data on behavior of the residents, irregular-
ities and outliers in the otherwise consistent data were present
and suggested human action. However, if such action was
abundant, the CCC:s should be closer to 0 than 1 or — 1, and
there should be major variations in indoor temperature, but the
number of apartments not correlating with the outdoor condi-
tions is low (Fig. 1).

Although it is difficult to ascertain which of the
abovementioned reasons are most important in explaining
why apartments may react differently to cooling outdoor tem-
peratures, they all justify our hypothesis and support the case
of critical evaluation of generalized public health advice dur-
ing weather events.

Implications

Although ours is a single and relatively short study, empirical
demonstration of the conceptual differences between apart-
ments raises important public health questions. While substan-
tial efforts are being made to reduce winter mortality related to
inadequate housing, heating, and fuel poverty (Marmot
Review Team 2011; Katiyo et al. 2018), it is generally as-
sumed that there is a positive correlation between outdoor
and indoor temperatures. Potential health effects due to
overheating during the heating season have not been widely
recognized as an issue in scientific literature. The variation in
time delay between the change in outdoor temperature and the
change in indoor temperature in different apartments also
means that synchronized measures of adjusting the heating
could amplify the temperature differences between baseline
and end result, leading to harmful low or high home temper-
atures in more apartments. Most importantly, shared weather
parameters continue to play the most important role in fore-
casting public health problems related to thermal exposure
(Toloo et al. 2013; Pachauri and Meyer 2015). Our study
questions whether individual exposure indoors can be predict-
ed from these shared weather parameters. If this is not the
case, exposures during over 90% of the average potential ex-
posure time remain unpredictable (Klepeis et al. 2001;
Brasche and Bischof 2005; Matz et al. 2015). One may
ask that if we do not know the actual exposure profiles
during the weather events, how well do we really un-
derstand weather-related pathogenesis, and how effective
can we be at stopping it?
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Conclusions

This proof-of-concept study demonstrated that while some
apartments may cool during cold weather, some apartments
may overheat during the same events. This concept is impor-
tant for public health professionals and scientists working with
weather-related mitigation and adaptation programs. In partic-
ular, the concepts presented in this paper have major theoret-
ical implications for the construction of meteorological alarm
systems that are founded on shared exposure data.

Furthermore, we demonstrated that there is an urgent
need for improvement of temperature control of heating
systems of apartment buildings, as too warm and too
cold apartments are likely to induce adverse health ef-
fects. The results show that the temperature control does
not work as intended, and building industry should de-
velop and build better systems for automatic tempera-
ture control of buildings which could also use weather
forecasts to improve the temperature control. Over-
controlled apartments waste heating energy, and need
for improvements in the control of heating systems
was also recognized in the recently revised Energy
Performance of Buildings Directive (Directive (EU)
2018/844 of the European Parliament), which requests
for better control of heating in all EU members states.
Building owners should regularly check the temperature
control of the heating systems.

It would be desirable to link forecasts of harmful weather
with advice on how to behave at home to avoid adverse health
effects. Our study indicates that further research is needed for
this to happen effectively and safely. More elaborate concep-
tualizations of everyday thermal exposures are needed to fully
understand how to reduce risks associated with the interplay
between thermal microenvironment and the human body.
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