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Abstract: Climate change imposes great challenges on the built heritage sector by increasing the
risks of energy inefficiency, indoor overheating, and moisture-related damage to the envelope.
Therefore, it is urgent to assess these risks and plan adaptation strategies for historic buildings.
These activities must be based on a strong knowledge of the main building categories. Moreover,
before adapting a historic building to future climate, it is necessary to understand how the past
climate influenced its design, construction, and eventual categories. This knowledge will help when
estimating the implication of climate change on historic buildings. This study aims at identifying
building categories, which will be the basis for further risk assessment and adaptation plans, while
at the same time analyzing the historical interaction between climate and human dwelling. The
results show some correlations between building categories and climate. Therefore, it is necessary
to use different archetypes to represent the typical buildings in different climate zones. Moreover,
these correlations imply a need to investigate the capability of the climate-responsive features in
future climate scenarios and to explore possible further risks and adaptation strategies.
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1. Introduction

Building categorization allows dividing the building stock into several homogeneous building
groups according to certain key features such as construction period, building volume, material, etc.
Archetypes or reference buildings could be selected from each building group to represent the most
significant categories/typologies of the building stock. Obviously, this is only possible within certain
assumptions and limits. Yet, these simplifications of the building stock are necessary for policy
development and any other activity that aims at addressing the whole built heritage stock. By offering
such archetypes, building categorization supports a bottom-up analysis of the building stock that
allows an assessment of the energy consumption and potential conservation threats to a large
building stock [1-3].

In the case of historic buildings, however, local influences on building typology due to factors
like the evolution of the economic structure, population concentration, and diffusion will challenge
the generalizing approach of categorization [4]. The combination of all these factors results in an
intricate history of design, construction, and renovation process of the buildings, which makes each
historic building unique and hard to be grouped. However, climate change mitigation and adaptation
activities require a certain generalization of the built stock.

The severity and impact of climate change were rigorously assessed in scientific literature.
According to IPCC’s (Intergovernmental Panel on Climate Change) Fifth Assessment report [5], the
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increase in global surface temperature by the end of the 21st century is expected to exceed 2.6-4.8 °C
compared to 1986-2005 in the most pessimistic scenario. Together with this temperature increase,
extreme climate events are expected to occur more frequently [5,6]. In South Tyrol, climate change is
clearly apparent in the increasing temperature and changed precipitation pattern. For instance, there
would be more tropical nights (Nights during which the temperature remains above 20°C) in summer
and more precipitation in winter. Moreover, heat waves and extreme rain events would be more
frequent [7]. It is also urgent to decrease the greenhouse gas emission in the built heritage sector to
mitigate climate change. One of the barriers to climate change mitigation is the incompatible retrofit
solutions [8]. Climate change and incompatible solutions impose great challenges on the built
heritage sector by increasing the risks of energy inefficiency, indoor overheating, and moisture-
related damage to the envelope [9]. To precisely identify the effect of climate change on the
performance of retrofitted historic building, a three-year research project is being conducted, which
includes four steps: (1) the identification of building categories and reference buildings (partly
presented here), (2) the identification and assessment of present retrofit solutions, (3) the assessment
of the combined impact of climate change and retrofit solutions, and (4) based on the results of the
previous steps, suggestions for adaptation measures that are compatible with present and future
weather. In this paper, the methodology to categorize historic buildings is presented. This will be the
basis for further climate mitigation and adaptation studies.

Among the influencing factors, culture background, social customs, and most importantly the
climate should be emphasized. Climate variability can impact culture, landscape, and human
settlement [10-12]. Moreover, many studies confirmed the relationship between building
characteristics and the local climate. In fact, the morphology, the position and size of windows, the
wall material, etc. of historic buildings present climate-responsive features [13-16]. In Alpine regions,
a wide range of landscapes and buildings evolved in the process of inhabitants” adaptation to local
climate. They are a constitutive and essential part of the Alpine identity, sharing similarity in
reflecting Alpine living. Building settlement form, construction technique, and other morphological
or technical characteristics display the logic of climate adaptation [4,17]. For instance, the masonry is
constructed with two external stone layer fillings with aggregates bonded with earth mortar and lime
mortar to resist harsh external conditions; the compact volumes limit the thermal dispersion; the size
and position of the windows are designed to minimize heat losses; the unoccupied attics reduce the
heat loss through the roof thanks to the storage of hay or other fodder [18,19].

South Tyrol is a typical Alpine region in the north of Italy. It is characterized by its mountainous
topography and diverse climatic conditions. Consequently, it offers a good scenario for the analysis
of the relationship between climate and building typology evolution.

In summary, climate may have formed the typology of historic buildings in South Tyrol to some
extent. Considering severe climate change in the future, historic buildings that were designed,
constructed, and renovated according to climatic conditions in the past may be vulnerable to new
threats, which will affect their conservation or performance in terms of indoor comfort and energy
consumption. Conducting a categorization with a special focus on climate allows analyzing the
historical interaction between climate and human dwelling activities and, accordingly, verifying the
possible effects of future climate on historic buildings. Furthermore, archetypes representing the
main categories could facilitate assessing the performance of the built heritage stock and planning
the adaptation strategies in changing climate context. This study focuses on listed historic buildings
[20], since they have the priority to be conserved and retrofitted, and specifically on residential
buildings, as they represent the largest portion of the listed stock in South Tyrol and most parts of
Europe [21,22].

2. Building Categorization: A Critical Review of Existing Methodologies

Building categories enable grouping different buildings that have similar or comparable features
with the scope of being representative. The number of descriptive features depends on the number
of target buildings, available building inventory, etc. There are no standardized characteristics;
requirements and characteristics are selected for the purpose of the categorization.
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In recent studies, one of the most common categorization targets was to support the assessment
of the energy consumption or emission of the building stock (Table 1), i.e., to establish a stock
energy/emission model. In that case, archetypes are created representing each category before scaling
their energy use according to individual impacts to model the energy use of the entire stock. [23]. In
the literature, energy use-related factors such as geometrical and thermal-physical properties of the
building, the heating and cooling system, the climate zone of the building, etc. are used in
categorization [2,24,25]. However, selecting all the variables that are significant for building energy
performance is not feasible due to the data availability and the complexity of the energy model.
Famuyibo et al. [2] attempted to define the key variables of buildings based on their impact on energy
use (Table 1). Through multiple linear regression analysis, typical weekly occupancy pattern (heating
season) (low/medium/high), internal temperature (°C), immersion heater weekly frequency, and air
change rate (ac/h) were selected from existing inventories because they are significant variables that
influence the total energy use. However, it was found that, due to the limitations of the dataset (lack
of data such as occupancy behavior), more than 60% of the energy use variation could not be
explained by the model. Moreover, the first three of the significant variables were excluded since
occupant-related variables were standardized in the operation of a reference building.

In the case of historic buildings, categorization aims to support not only energy performance
assessment but also risk mitigation and the identification of retrofit solutions (Table 1). In some cases,
it is used as a process to analyze historic buildings through identifying the vernacular characteristics,
cataloging the materials in the different construction periods, etc. [1,26]. Similar to non-historic
building categorization, geometrical characteristics such as floor area and number of stories are
adopted due to the general availability and their close relation to building energy performance.
Thermal and hygrometric features such as construction materials are important for the preservation
of heritage and the selection of retrofit solutions; therefore, they are generally used in categorization.
In addjition to that, the protection degree or other legislative requirements are included in some cases
to present the historic significance or renovation limits of the buildings [27,28]. Construction period
is selected because it reveals further information about building typology, construction materials,
building equipment, etc. [3,25,27], thereby implying an analysis of the social, legislative, and technical
impacts on building typology. Moreover, features on the settlement level could present the rooting
of building stock. Montalban Pozas and Neila Gonzalez [1] suggested that categories of historic
buildings should consider the sociocultural, economic, and historical contexts. They identified the
building categories in a historic stock according to key features on four levels: territory, urban
planning, architecture, and construction process, where features like the width and orientation of the
streets, typical parceling of the blocks, etc. help interpreting the development and habitability
problems of the stock.

There remains the problem of lacking data [23]. Since historic buildings have a complex history
of construction and repairs, survey work covering the whole building stock is still infrequent. To
avoid using deficient data, qualitative approaches are conducted in studies, such as expert
evaluations, literature reviews, and on-site surveys [1,3,25,29]. For instance, due to the lack of
adequate statistical data, the categorization of Hungarian stock was based on expert judgements [3].
A qualitative study could help understanding the building typology from a genealogy point of view,
focusing on how the typologies evolved [30]. It helps linking the typology with its historic context.

Once the key features are selected, the category structure could be defined. There are two main
category structures: flow structure and matrix structure, as shown in Figure 1. The category process
of a flow structure successively divides the whole building stock according to selected features. The
matrix structure is formed with two main key features. For instance, in the TABULA (Typology
Approach for Building Stock Energy Assessment) project [31], building types (single-family houses,
terraced houses, and blocks) and construction periods were selected as the two main features. Both
structures have strengths and weaknesses. For the flow structure, it could include enough key
features to establish detailed building categories, but the key features and intervals should be
carefully determined since too many categories could be generated and some categories may not be
representative. For the matrix structure, only two key features are involved in categorization;
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therefore, other features should be carefully added into the description of archetypes, without
influencing the category results.

Table 1. Variables found in literature for building categorization.

Specific to Historic Key Features used to Describe the

Study Country Aim of the Categorization

Buildings Building Categorization
Air change rate, wall, roof, floor, and
To support evidence-based window U-values, dwelling type
[2] Ireland No PP .. . (number/area of external walls),
energy and emissions policy . .
heating and domestic hot water
system, floor area
To assess the energy Construction period, geometrical
[24] Italy No requirements of the residential properties, thermo-physical
stock properties, heating system
To understand the energy
[32] Italy No performance of the building Construction period
stock
[33] Greece Partl To plan and promote new  Construction period, building use,
y energy renovation scenarios number of floors, material
Constructi iod, tructi
To assess the vulnerability of onstruetion Perlo . construction
1 . : type, roof configuration, number of
[3] Hungary Partly building stock to increasing . s .
. stories, building surroundings,
wind . o
materials of the building envelope
Level of protection, building
To develop energy analyses for ~ volume, organization of indoor
[28] Italy Yes regulation and financial spaces and adjacent constructions,
strategies thermal and hygrometric properties
of envelope components
. Main use, number of facades, year of
[27] Spain Yes To support energy retrofit of construction, protection degree
P the building stock P gree
volume
Climate zone, type of building, use,
[34,35 Sweden Yes To assess and select energy size, age of construction,
] efficiency interventions aggregation with adjacent
constructions, heating system
Demography, ownership, type of
To improve knowledge and  settlement, historical background,
[26] Malaysia Yes preservation of the built geographic location, landscape
heritage features, communication,
accessibility, and surroundings
To assess the energy
[25] Eastern Yes requirements and saving ~ Country, construction year, building
Europe potential of the residential size
stock
Building size, configuration, and
To support risk mitigation at volume, number of floors,
29 Portugal Y
[29] ortga e urban scale distribution systems, building
materials, construction period
Feat f les: territ
. To provide guidelines for the catures on oL scates: teriiory,
[1] Spain Yes urban planning, architecture, and

analysis of historic buildings .
construction
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Figure 1. Category structure: (a) flow structure; (b) matrix structure.

3. Proposed Methodology

The methodology proposed in this paper was developed to prepare building categories for
further risk assessment and adaptation planning, while permitting the possibility to analyze the
relationship between climate and building categories which would provide knowledge support for
further studies.

In order to identify the relationship between building categories and climate, the climate of
South Tyrol was firstly analyzed and subdivided into homogeneous zones (Figure 2, step 1). In each
climate zone, building samples were randomly extracted from the building stock (Figure 2, step 2a).
Probability sampling was adopted in this study to ensure the representativeness of the sample despite
the limited research resources.

At the same time, key features were defined according to the aim of the categorization (Figure
2, step 2b) through a literature review including categorization studies and studies on South Tyrolean
residential buildings. Experts were consulted on whether the key features were representative and
feasible to be used in this study. The criteria to select the expert panel were as follows: people who
share an interest in the research project, and who have the knowledge of South Tyrolean historic
buildings or have the experience of building categorization. In this study, the expert panel included
three researchers based in South Tyrol with an expertise on energy renovation of historic buildings,
as well as a local architect specialized in the conservation and adaptation of South Tyrolean heritage.
Then, the defined representative features were collected for the building samples (Figure 2, step 3a),
from available building inventories and the literature (step 3b).

After the dataset of key features was established, it was used in a flow structure to categorize
the building samples (Figure 2, step 4). Eventually, the key features of the categories were statistically
analyzed and compared among different climate zones (step 5a, Figure 2).

The results were interpreted with a qualitative study of South Tyrolean historic buildings,
climate conditions, historic and social-economic events which influenced building customs, etc. (step
5b). By tracing the development of historic buildings, the relationship between climate and building
categories was analyzed (step 6, Figure 2).
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Figure 2. The methodology for categorization.
4. Categorization of the Historic Building Stock in South Tyrol

4.1. Climate Zone of South Tyrol

The whole region of South Tyrol covers 7400 km? with altitudes ranging from 190 m to more
than 3000 m (Figure 3). The surface area below 1000 m above sea level (a.s.l.) is 14.1% of the total area,
while the surface area over 1500 m a.s.l. represents 64.4% of the total area [36]. Due to the
mountainous topography, diverse climate conditions exist. To analyze and subdivide the climate,
climate data of different locations in South Tyrol are required. In this paper, climate data used were
from (1) Provincia Autonoma di Bolzano Alto Adige (including data of 30 representative weather
stations), and (2) results of the 3PClim project [37].

17000 == x = 1800.0

> 1900 < x 1800.0 <= x < 1900.0
1900 <= x < 3000 1600.0 <= x < 2000.0
3000 <= x < 400.0 0 20000 <= x < 21000
4000 <= x < 500.0 B 21000 <= x < 22000
500.0 == x < 600.0 . 22000 == x = 2300.0
6000 == x = 7000 . 23000 == x = 24000
7000 <= x < 800.0 B 26000 <= x < 25000
800.0 <= x < 900.0 BB 25000 <=« < 26000
900.0 <= x < 1000.0 B 26000 <= x < 27000
B to000<x<1000 [ 27000 <= x < 28000
B r000<=x<1200 [l 28000 <= x < 20000
I 12000 <= x < 13000 I 20000 <= x < 30000
13000 <= x < 1400.0 30000 <= x < 3100.0
14000 == ¥ = 1500.0 31000 <= x < 3200.0
1500.0 <= x < 1600.0 3200.0 <= x = 3300.0
1600.0 <= x < 1700.0 33000 <= x < 3400.0

Figure 3. Elevation of South Tyrol (extracted from digital terrain model,
http://geokatalog.buergernetz.bz.it/geokatalog/#!).

In this study, sub-climate types were defined according to criteria introduced below, which
describe the similarities and distinctions in climate patterns. The climate zones were generated based
on the results of the 3PClim project, where geostatistical interpolation methods were applied with
the aid of programming software and geographical information system software [37].

The descriptive criteria were defined with the consideration of Kdppen climate classification
[38], which is a widely used climate classification system. The main parameters used in Képpen
climate classification are annual and monthly sums of precipitation, and annual and monthly mean
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temperature. The fundamental scheme of climate classification includes five major climate types
(tropical, dry, temperate, continental and polar) covering the whole global climate. According to
Koppen climate classification, the weather stations found in South Tyrol would fall into four different
climate zones: Cfa, Cfb, Dfb, and Dfc. The differences between the four climate zones are shown in
Table 2, and they are all temperature factors. However, the precipitation varies largely in South Tyrol
from a regional point of view (Figure 4). Since precipitation has a significant impact on a building’s
hygrothermal performance, it is necessary to include precipitation in the climate zone definition in
this study.

Table 2. Climate differences among four climate zones defined by Képpen climate classification.
T—temperature.

Cfa Cfb Dfb  Dfc
Average T of the coldest month 0°C-18°C 0°C-18°C <0°C <=0°C
Average T of the warmest month 222°C <22°C - -
No. of months with average month T >10 °C - >4 >4 <4

501-650 =
651-800
801-950
951-1100
1101 -1250
1251-1500
1501 - 1750
1751 -2000
2001 - 2500
2501 - 3000

Figure 4. Mean annual total precipitation of South Tyrol (reference period: 1981-2010,
http://www.3pclim.eu/).

In this study, the average temperature of the coldest month was used to divide the relatively
warm zones from the relatively cold zones. To emphasize the impact of precipitation on climate
classification, the median amount of precipitation of 30 representative weather stations was
introduced as a criterion to differentiate between relatively dry and relatively wet zones. According
to these two criteria, four sub-climate zones were defined (Table 3).

As shown in Figure 5, Zone I lays at the southern part of South Tyrol, covering regions with an
altitude below 800 m. Zone I covers Val d’Adige that stretches from Salorno northward to Merano,
and runs westward along Val Venosta to Naturno. In the east, it covers a narrow strip of low land
along Valle Isarco. Zone I also includes the southern part of Val Sarentino that has relatively low
altitude. The climate of Zone I is characterized by relatively warm temperatures and less
precipitation. Compared to Zone I, Zones II and III have lower temperatures generally. Zone II
distributes mainly in two parts: (a) the western part of South Tyrol, which includes Val Venosta and
its side valleys such as Val Senales, Val di Trafoi, Val Martello, and Val d’Ultimo below 1300 m in
elevation, and (b) the eastern part comprising the districts of Val d’Adige and Valle Isarco, where the
altitude is around 600 m—-1300 m, as well as Val Pusteria and its side valleys. The climate of Zones II
and III differs in precipitation (Zone II has less precipitation). Zone III includes the vast highland in
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central and eastern South Tyrol. A fourth climate zone exists but is not included in this study due to
its limited presence in the region.

Table 3. Climate differences among climate zones in this study.

Zonel Zone IV Zone 11 Zone 111
Average T of coldest 0°C_18 °C 0°C_18 °C «0°C <0 °C
month
Average annual <825.2 mm >825.2 mm <8252 mm >825.2 mm
precipitation
Relatively warm  Relatively warm  Relatively cold  Relatively cold
Feature

and dry and wet and dry and wet

._ &

(b)

Figure 5. (a) Climate zones in South Tyrol; (b) main valleys in South Tyrol.

4.2. Historic Residential Buildings in South Tyrol

According to the 2017 population census of South Tyrol [39], the residential stock is composed
of 225,483 buildings in total [39], 34,160 of which were built before 1919 and 14,840 of which were
built during 1919-1945. These two parts comprise 22% of the total stock (Figure 6). Only 10.4% of this
stock was retrofitted in the past 10 years (Figure 6). While energy retrofit represents an opportunity
to reduce a building’s operational energy and CO: emissions, forecasted climate change might
impose great risks on the hygrothermal performance of building constructions after retrofitting. For
this reason, there is an urgent need to analyze the relationship between building categories and
climate, and to prepare archetypes for further performance assessment.

80000
70000
60000 -
50000
40000 o
30000 ]
20000
10000
0
Before 1945 1946-1971 1972-1981 1982-2000 After 2000
M Before 1945 = 1946-1971  1972-1981 = 1982-2000 ™ After 2000 W Retrofitted buildings
(a) (b)

Figure 6. (a) Residential buildings by construction period; (b) residential buildings retrofitted during
last 10 years by construction period [39].

Among the large residential stock, 4537 residential buildings in three categories (rural buildings,
urban buildings, and nobility buildings, Figure 7) are listed as historic buildings under protection.
Since rural farmhouses form the outstanding landscape of the Alpine space, they were selected to be
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studied under the category of rural buildings (Figure 7). In urban buildings, the trade-residential
nucleus, the Portici house (Figure 7), was studied because it is the most important urban residence in
the culture, social, and economic centers of the cities in South Tyrol. It appears in Merano, Bolzano,
Egna, Bressanone, Vipiteno, and Glorenza. For rural farmhouses and Portici houses in each climate
zone, building samples were randomly extracted ensuring a confidence interval lower than 15% and
a confidence level of 95%, as shown in Table 4.

Even though the application of the proposed methodology is on listed historic buildings, it could
be used for any historic building stock.

2000 135 Rural farmhouses

1500

1000

Number of buildings

1220
) Portici houses
500 955
Rural buidings Urban buildings Nobility buildings

W Building stock for categorizaion

(a) (b)

Figure 7. (a) Listed residential buildings in South Tyrol, and the building stock for categorization
(data source: http://www.provinz.bz.it/kunst-kultur/denkmalpflege/monumentbrowser-suche.asp);
(b) scheme of a Portici house © Antonio Monteverdi,

http://www.antoniomonteverdi.com/sito/?page id=1228).

Table 4. Information about building samples.

Climate Residence No. of Sample Sample  Confidence Confidence
Zone Type Buildings Size Size (%) Level Interval
Rural
ura 628 90 14.3% 95% 10%
. farmhouses
Portici houses 148 35 23.6% 95% 15%
Rural
ura 748 90 12.0% 95% 10%
farmhouses
1I
Portici houses 119 35 29.4% 95% 15%
Rural
I ura 580 85 14.7% 95% 10%
farmhouses

4.3. Key Feature Selection

Our literature review showed that the key features used for any categorization should be
selected according to the targets of the categorization. Therefore, features that are performance-
related and potentially climate-responsive were selected to construct the flow structure for
categorization. To better reflect the influence of climate, geographic condition, and historical context,
key features were selected in three scale levels: settlement scale, building scale, and element scale.

On the settlement scale, key features included the compactness of the settlement and the number
of the adjacent walls of buildings. Here, “compactness” describes the concentration level of the
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buildings; a “compact” type means that most of the buildings in this settlement are surrounded by
close obstacles, while a “sparse” type means that most of the buildings are exposed to wind and rain
without close obstacles. Close obstacles are defined as obstacles with a maximum distance of 25 m,
which refers to the obstruction factor of 0.4 in EN 15927-3 [40]. The number of adjacent walls
expresses the density of the settlement layout. The compactness of the settlement influences a
building’s resilience to extreme climates, while the number of the adjacent walls influences the energy
use of the building and the indoor thermal comfort.

On the building scale, the typical Alpine building forms were considered. Geometrical and
thermophysical-related features including roof projection area, floor number, window-to-wall ratio,
and construction material were collected. Data were taken from existing GIS (Geographic information
system) maps from GeoKatalog of Province Bolzano [41], external inspections, and photo evaluations.
Geometrical features may result in different energy performance and thermal comfort according to
the literature review, and construction materials present different behaviors in terms of moisture
dynamics. The building layout, which indicates the distribution of functional space, was studied from
the literature as supplementary information. The layout of residence space, farm space, and
commercial space influences the heating setpoint, i.e., the heating schedule of the building spaces;
therefore, it affects energy consumption.

Valuable building elements, which have historic, cultural, natural, morphological, and aesthetic
value, were summarized from the literature because they are the essence of historic buildings and a
crucial factor in retrofit decision-making. Any retrofit solution should be compatible with the heritage
elements. Therefore, they influence the performance of retrofitted buildings indirectly.

4.4. Building Categories

To define a reasonable number of building categories, settlement compactness, construction
material, and the number of floors were used to construct the flow structure of the categorization,
while other features were used as supplementary information. Therefore, 12 building categories,
representing 81.6% of the building samples, are defined for further study (Table 5). All the key
features are compared among different climate zones in the subsequent sections.
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Table 5. Building categories of historic residential buildings.

Climate Residence Settlement Construction Number Category  Building  Adjacent Wlndow-fo- I?OOf,
Zone Type Type Material of Floors Code! Layout Walls Wall Ratio Projection
(%) Area (m?)
336 I-R-C-
Rural Compact Masonry and wood MW-3f 1
farmhouse 2 © (attic only) (MW) 2 (2f) FRC - pathof 3 0.17-0.2 340
I ®) MW-2f
Masonry and wood I-R-S-MW-
f
Scattered (S) (attic only) (MW) 3 (3f) af 0
Portici Compact 4 (4f) I-P-C-M-4f Portici
M 2 21-0.4 447.
house* (P) ©) asonry (M) 3(3f)  IP-C-M3f  house 0-21-0 6
336) II-R-C-
Rural Compact Masonry and wood MW-3f 1
farmhouse © (attic only) (MW) 2 (2f) IR arhof 0.12-0.19 304
®) MW-2f
Masonry and wood II-R-S-
II Scattered (S) (attic only) (MW) 2 (2f) MW-2f 0
Portici h C t 440 II_P_AL(;_M_ Portici
ortici house ompac ortici
2 .15-0. 1
P) © Masonry (M) I-P-C-M- house 0.15-0.35 360
3 (3f)
3f
Masonry and wood 2 2f) MI-R-S-
Rural (attic only) (MW) MW-2f
111 farmhouse  Scattered (5)  Masonry and wood Paarhof 0 0.07-0.14 270
. . II-R-S-
(R) (first floor and attic) 2 (2f) MWW-2f
(MWW)

! The category code is formed with the initials showed in brackets in the columns on the left.

2 Elements worthy of preservation: fagade decoration (e.g. fresco painting, stucco), internal fitting (e.g. carved ceiling, wood-panelled wall), historic windows, wood
construction (e.g. Blockbau, Stinderbohlenbau), historic roof, vault construction, etc.

3 By the term of Paarhof, a farm layout is described where the dwelling building and the farm building stand independently. More information could be found in 5.2.1

4 Elements worthy of preservation: facade decoration (e.g. fresco painting, stucco), arcades, bay windows, wrought-iron rails, stone stairs, etc.
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5. Results and Discussion: The Impact of Climate on the Development of Dwelling in the Alps

In this section, the differences in the key features of historic buildings in three climate zones are
presented, as a result of the quantitative study. To interpret and discuss these differences, we made
use of the qualitative information resulting from the study of building history. Discussions focus on
the differences that were historically influenced by climate to explore the possible role of climate in
shaping the building categories.

5.1. Settlement Level

5.1.1. Rural Farmhouse

e  Description of quantitative results

According to the sampling survey (Table 6), in climate Zone I, 75.3% of the buildings are in
compact settlements, while 44.9% of the buildings are semi-detached (one adjacent wall) and 42.7%
are detached. In climate Zone II, the settlements are less concentrated, whereby 55.1% of the buildings
are in compact settlements while the others are in sparse settlements. More than 66% of the
farmhouses are detached. Climate Zone III has 67.7% of farmhouses in sparse settlements, whereas
more than 90% of the farmhouses are detached buildings.

Table 6. Rural settlement comparison in three climate zones.

Climate Zone 1 Zone 11 Zone III
Zone
Settlement Compact settlements Compact + sparse settlements Sparse settlements
type (75.3%) (55.1% + 44.9%) (66.7%)

q %3 =
L
Typical ‘ ‘T‘

{5
Diagram & | o
g .’? .~ - ‘ : %
Termeno Chienes Val di Vizze Selva dei molini
Adjacent 0 1 0 1 0 1
walls (42.7% (44.9%) (66.3%) (91%) (9%)
i) _____\ 0

Picture

Merano ! Silandro 2 Silandro 3 Ortisei 4
! https://pxhere.com/de/photo/1095092
2 https://www.iha.com.de/ferienwohnungen-schlanders-silandro/ig!/
3 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provinz.bz.it/kunst-kultur/denkmalpflege/monumentbrowser-suche.asp?status=detail &id=17282
* Wolfgang Moroder, “Der Bauernhof Peza in St. Ulrich in Gréden”,
https://commons.wikimedia.org/wiki/File:Peza_Sacun_Urtijei_dinsta.jpg, 2016

e  Discussion with consideration of qualitative results

The concentration of the buildings and the density of the settlements decrease from climate Zone
I'to Zone III. This could be due to the interaction within social development, environment availability,
and climate diversity. Climate and nature resources are important driving factors for settlement
development, especially before modern history, when humans had less resilience against
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environmental changes. In the north and south of the Alps, periods of warm climate were observed
to coincide with land-use expansion and increases in population, while the deteriorated climate was
accompanied by land abandonment and reforestation [42]. Through influencing the land use,
productivity in agriculture and pasture and the climate variety shape the socio-economic structure,
which leads to the concentration of settlement in the long term. The climate in Zone I is more suitable
for economic activities compared to that in Zones II and III, which explains the compactness of
settlement to some extent. Socio-economic activities and other anthropogenic processes that influence
settlements could be seen as reactions to the climate variety [43].

However, climate is not the only factor that determined the form of settlements. Driving factors
from the human culture system brought profound changes to settlements of South Tyrol. Most
current settlements emerged or consolidated during the Roman dominion, before which Alpine
regions were controlled by self-sufficient tribes [44,45]. The stage stations, garrisons, and markets
arranged along the Roman road became the first nuclei in Alpine cities [45]. Furthermore, the
distribution of different people may have initiated the differences in settlement form and function.
Two distinctive administrative structures, the Romanzo or Rhaetian-Romanzo system and Germanic
system [45], resulted in two settlement forms. In the Romanzo system, new settlements emerge in a
concentrated style to save space and maintain sufficient land for the whole community. In the
Germanic system, the landlords manage the settlement forms and entrust the farms to the peasantry
in sparsely populated areas. The settlements are scattered away from each other. In summary, the
development of South Tyrolean settlements and the compactness of the settlements are the results of
a mutual adaptation between the climate and culture system.

5.1.2. Portici House

e  Description of quantitative results

According to the sample survey (Table 7), all the settlements of the Portici house are in compact
form, and most of the buildings have two adjacent walls. When comparing the size of the settlements
in climate Zones I and 1II, the dimension of settlements is generally larger in Zone I (notice the length
of the Portici district in Table 7). Furthermore, although all settlements have a high density, there is
a difference in the aspect ratio (distance to height ratio, D/H) of the main street in different climate
zones (Figure 8).
e  Discussion with consideration of qualitative results

The compact form of the Portici settlements is mainly attributed to the requirement of trading
activities. In the late Middle ages, a significant climate warming [46] and political consolidation
integrated the Alpine region into the urban expansion progress in Europe. The trading and market
activities on trans-Alpine routes pushed the development of urban residences in South Tyrol. During
the 11th to 13th century, several villages were chartered as cities and granted market rights, which
promoted the prosperity of the city and developed local markets and crafts. In Bolzano, bishops of
Trent expropriated a piece of land and divided it into parcels during 1022-1055; these trading—
residential parcels are called “Laubengasse” or “Via Portici” [47] (Figure 9). These buildings were
highly compact to save publicland, and they had a uniform building structure, ordered ridge heights,
and a controlled alignment line. Along the continuous fagade, there are arcades covering the walkway
on the ground floor which form an extension space for trade activities. This is a typical Romanesque
building model spreading from the southeast of Bavaria to Tyrol, and westward to eastern
Switzerland and southern France [48]. Around the trading district, walls, moats, and towers were
built to protect the city. Two gates for the trading routes opened at the west and east ends of the “Via
Portici”. Outside of the walls, there are farmlands and some farmhouses. Due to wars or traffic
reasons, the walls were generally demolished later, and, with city expansion, “new” buildings were
built surrounding the Portici settlements (Figure 9).
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Table 7. “Portici” settlement comparison in different climate zones [47,49].

Zone II

Climate zone

“Portici”
settlements
Bolzano Merano Bressanone Vipiteno Gloranza
Street width 4.8-5.8 4.5-6.8 6.2-7.2 7.3-8.3 5.2-6.6
No. of Floors 4(72.7%),5 (27.3%) 3 (85.7%), 4 (14.3%) 3 (74%), 4 (24%) 4 (71.4%) 4 (74%) 3 (63%), 2 (37%)
Axis East-west East—west East-west East-west North—south East-west
Length ~300 m ~400 m ~250 m ~200 m ~170 m ~100 m
Picture e '

Portici 65-67 1 Portici 110-1202  Via Andreas Hofer 14 3

ia Portici iori Gasthof Goldenen
Via Portici Maggiori 6 ' s Via Portici 7

4

1 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige, http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-

ricerca.asp?status=detail&id=13870

2 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige, http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-
ricerca.asp?status=detail&id=15965

3 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,  http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-
ricerca.asp?status=detail&id=16308

4 Piergiuliano Chesi, http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail&id=14140, 2010

5 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,  http://www.provinz.bz.it/kunst-kultur/denkmalpflege/monumentbrowser-

suche.asp?status=detail&id=14934
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The east-west axis of the Portici settlement could help in blocking the wind in winter and
creating a comfortable local microclimate on the street. Furthermore, the low aspect ratio found in
climate Zone I (Figure 9) helps in shading the street in summer, while the higher aspect ratio in
climate Zone II permits more sunshine for the buildings. Further studies should be conducted on the
impact of the aspect ratio on energy use. Differences were found in the length of the Portici
settlements, while there is no clear evidence that climate difference led to this phenomenon. It may
be related to the trading scale and land price of the city.

Figure 8. The aspect ratio of Portici houses, left: Bolzano (climate Zone I), right: Vipiteno (climate
Zone II).

Figure 9. (a) Detailed plan of Bolzano at the end of the 12th century; (b) Bolzano in 1645, copper

engraving by Matthaeus Merian [47].
5.2. Building Level

5.2.1. Rural Farmhouse

e  Description of quantitative results

According to the sample survey, there is a significant difference in the material-use ratio.
Masonry buildings are dominant in climate Zone I (Table 8), where about 77.5% of rural farmhouses
are constructed in masonry and the rest of the buildings are constructed with wooden attics. In
climate Zone II, the use of wood increases. About 46.1% of the buildings are built in masonry, and
39.3% are constructed in masonry with wooden attics. Furthermore, 15.6% of masonry buildings have
wooden floors. In climate Zone III, the wood ratio increases further compared to the other climate
zones. Pure masonry buildings account for 26.7% while 26.7% of the masonry buildings have wooden
attics, and 46.7% of the masonry buildings have wooden floors and attics. The window-to-wall ratio
(W-to-W) decreases from Zone I to III. The dimension of the rural buildings in the three climate zones
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also varies (Table 8). The average area of roof projection decreases from climate Zone I to III with
average numbers of 340 m? to 304 m? and 270 m?, and the typical number of floors above ground
decreases from three to two.

Table 8. Building features of rural farmhouses in three climate zones.

Climate

Zone 1 Zone II Zone III
Zone
. M MW M MW MWW M MW MWW
Material
77.5% 21.3% 46.1% 39.3% 14.6%  26.7% 26.7% 46.7%
WoW 0.17-0.2 0.12-0.19 0.07-0.14
ratio
Roof 25°-35° 25°-35° 25°-35°
angle
3 2 2 3 2 Other
Floors
53.9% 40.4% 52.8% 37.1% 86.2% 13.8%
Roof 340 m? 304 m? 270 m?
area
Main Fruit and crop farming, Dairy farming, cereals . .
. o . . Dairy farming
function viticulture, dairy farming and potato
Viticulture function: in the same In the same o1
e . o In the same building/close to
Layout building/close to each other; dairy building/close to each
; . . each other
farming: at different altitude other
| /l P
Diagram
General
view

Amplatz, Montagna ! Ume asa 2 Unterleiten, Valle Aurina 3

1 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail&id=16079
2 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail&id=15539
3 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail&id=13640

e  Discussion with consideration of qualitative results

Extensive studies showed that the choice of construction materials depends much on their
availability and on cultural reasons [50,51]. Cultural influence was widely discussed for nationalistic
purposes to trace and validate the geographical borders of different cultural regions [45]. The stone
structure is deemed as a typical characteristic of Latin and Rhaetian-Romanzo influence, while wood
is of Alpine Germanic influence. Dating back to the early Roman period, the Mediterranean
colonialists, whose diet was based on bread, wine, and oil, tended to settle in areas suitable for these
crops (low-altitude areas). The Germanic people were more dependent on milk and its derivatives,
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and they could, therefore, settle at higher altitudes [45]. This corresponds to what Roberti et al. [51]
observed, whereby a higher elevation denoted a larger proportion of wood in a farmhouse.

In addition to cultural reasons, the material preference in climate zones shows a correlation with
climate, although the construction custom is not necessarily determined by climate. Different people
divided the land into areas of different agriculture use according to climate conditions, and the
function of the farmhouses followed the agriculture need. The choice of the material relates to the
functional layout of the farmhouses.

The oldest type of building layout is mentioned in “Lex baiuvariorum”, which is called
Haufenhof with multiple buildings [52] (Figure 10). The buildings were limited by construction
techniques; thus, most of them were small with one function: the dwelling, the barn, the stable, the
granary, the bath, and the kitchen. With technical progress, larger buildings became possible. Paarhof
and Einhof evolved from Haufenhof (Figure 11). Paarhof represents the most common type of farm
in the Alpine region. In the survey of South Tyrol, about 65% of rural buildings can be described as
Paarhofe [53]. Paarhof can adapt well to every terrain, even to steep ground [54]. By the term of
Paarhof, a farm layout is described where the dwelling building and the farm building stand
independently. In most Paarhof, the farm buildings are constructed with wood, while the dwelling
buildings are built with masonry. Einhof is a farm where dwelling function and farm function are
located under one roof. It represents 15% of total rural residences in South Tyrol [53]. Like the
Paarhof, the farm space is generally constructed with wood. Dwelling spaces, especially the kitchen
and living room, are constructed with masonry to prevent fire accidents.

Figure 10. Haufenhof in the Alpine village of Fane-Vals. (Whgler, “Fane-Alm Gesamtansicht”,
https://commons.wikimedia.org/wiki/File:Fane-Alm Gesamtansicht.jpg, 2015)

Haufenhof

Emerged in XIV

D Farm function I:I Dwelling function

Figure 11. Farm forms and development.

The function of the farm greatly depends on the climate zone where it is located. In climate Zone
I, grape and other fruits (especially apple) have a long tradition. According to the report of the BLS
(Business Location Siidtirol) [55] (Figure 12), they grow in areas from 200 to over 1000 m in altitude,
extending westward from Val d’Adige to central Val Venosta (Malles Venosta), eastward until Valle
Isarco (Natz). In the past, almost every farm worked independently in viticulture. Therefore, each
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farmstead possessed all the facilities required for wine production: a residential building, a stable,
the torggel (room for winepress), and storage [56].

In climate Zone II, the main farm function is dairy farming. Currently, fruit planting dominates
the western part of climate Zone II (Figure 12). However, it is only in the last 30 years that the domain
changed from dairy farming to fruit planting in Val Venosta [56]. The same change also happened in
the eastern part of climate Zone II (Valle Isarco). In climate Zone III, dairy farming is predominant
due to the harsh climate for other agriculture. On dairy farms in climate Zones II and III, the attics
are used as drying rooms for hay and agricultural products. Therefore, the construction of the attics
uses wood with unglazed openings to ensure enough air exchange.

Figure 12. Agriculture and primary production in South Tyrol (© BLS / www.farbfabrik.it) [55].

Nature and culture both lead to farm function differentiation. Fruit, viticulture, and crop
farming require the warm climate of the valley or on the south-facing slopes of the mountains, while
the high Alpine pastures are suitable for grazing and dairy farming. Although the climate type
determines the optimum land use, the actual use of the land depends more on the farmer’s responses
to economic opportunities [57]. Notably, people living at different altitudes engaged in both valley
cultivation and mountain grazing, but with a different focus. This combined cultivation has a long
history. Dating back to the Bronze Age, the transhumance system was found in South Tyrol [58]. For
the settlements at low altitude, the function of dairy farming was placed on the mountain far away
from the settlements. The stables and mountain huts were temporarily used in summer as a collective
property.

The size of the residences may be influenced by the economic condition of the region. Another
theory for the different sizes of farmhouses is that the depth of the house is commensurate with the
length of the trees trunks available in the area [45]. The decreased window-to-wall ratio from climate
Zone I to Zone IlI could be a climate-responsive feature that helps to decrease the energy loss through
windows.

5.2.2. Portici House

e  Description of quantitative results

According to the sample survey, all Portici houses have a similar layout: arcades facing the
street, with shops occupying the ground floor and apartments located on the upper floors (Table 9).
In Zone I, the shop and apartments extend toward the back, with an inner courtyard. In Zone II, on
the other hand, a small yard is located behind the shop, leading to stables for livestock, with access
from the back for staff and animals. The construction material is masonry in both climate zones. The
dimension of the residence is larger in Climate Zone I than in Zone II, with average areas of roof
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projection of 447.6 m? and 360.1 m?, respectively. The window-to-wall ratio is 0.21-0.4 in Zone I
compared to 0.15-0.35 in Zone II.

Table 9. Construction of “Portici” buildings in different climate zones.

Climate Zone Zone I Zone II
Material Masonry Masonry
W-to-W ratio 0.21-04 0.15-0.35
Main facade Eaves side Gable side
Floors See Table 7 See Table 7
Roof area 447.6 m?2 360.1 m2
Average 8.7%51.5m 9.5%262m

Width x depth

Layout type

Apartment Arcade Shop Atrium Stable

Typical diagram
& Picture

osm e

Via Portici 10,
Glorenza 2

Portici 45, Bolzano !

1 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail &id=13862
2 Office of Architectural and Artistic Heritage, Autonomous Province of Bolzano - Alto Adige,
http://www.provincia.bz.it/arte-cultura/beni-culturali/monumentbrowser-ricerca.asp?status=detail &id=13862

e  Discussion with consideration of qualitative results

The differences in building layout and roof projection area are due to the development of trading
activities. When they were initially constructed, Portici houses had a fixed layout in climate Zones I
and II, with the shop facing the street and the stable at the back [48]. Portici houses developed due to
the prosperity of the trading and craft. The stable was abandoned since the farm is no longer a main
economic income, and the building extended backward. The depth of the extension could reach up
to 60 m. To ensure enough light in the residence, two or three atria were inserted in between.
Compared to the depth, the width of the building structure did not change much over time. In
Bolzano, each parcel had a narrow, uniformed fagade of about 6 m (about three windows wide), and
12 m for the duplex fagade opening to the main street. This building structure had a very low surface-
to-volume ratio (S5/V) ratio. This compact structure ensured equal trading opportunities to as many
shops as possible, saved public farmland and investments on original walls, and decreased the heat
losses through the building envelope.

Building materials changed over time to increase fire safety. Every Portici district was seriously
threatened by fire accidents. It is documented that the Portici houses in Bolzano were initially built
in wood on upper floors [47]. Due to devastating fires, there was a large loss of property and lives.
Masonry, therefore, became the preferred construction method for the following rebuild. In building
samples, all the Portici buildings are in masonry.
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6. Conclusion

The present paper proposes a methodology to categorize the historic building stock using a
combination of quantitative and qualitative data. For the categorization, building features were
analyzed on the settlement and building level. The analysis conducted allows highlighting building
features that are influenced by climate and local culture, which contributes to the state of knowledge
of the historic building stock. This methodology could be applied to different scales of historic
building stock with the aim of understanding the correlation between building categories and
climate.

The application of this methodology in South Tyrol shows the process in which a complex
historic building stock is systematized. In addition to that, some correlations between building
categories and local climate were discovered. From climate Zone I to III, the temperature decreases,
and the precipitation increases as the altitude increases; the settlements of historic buildings tend to
be sparser, with lower density; historic buildings tend to have smaller volumes, a lower window-to-
wall ratio, less thermal mass, and different agriculture functions. These results not only show that
settlements are more concentrated in regions with a climate that is ideal for agriculture, but also that
they adapt to the climate in some ways. According to the analysis of the development of building
features, climate is an important factor but not the only decisive one.

Considering future climate change, which could cause severe, pervasive, and irreversible
impacts on historic buildings, it is necessary to study the performance of historic buildings to ensure
their energy efficiency and conservation. According to the analysis of building features in three
climate zones, it is necessary to use different archetypes to represent the typical buildings. Moreover,
there is a need to carry out research to understand the capability of the climate-responsive features
in future climate scenarios, as well as exploring the possible further risks and adaptation strategies.
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