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ARTICLE INFO ABSTRACT

Keywords: This study explores the integration of sustainability in heritage buildings, focusing on the unique challenges
Heritage Life Cycle Assessment (H-LCA) posed by traditional construction methods and materials. Using eight heritage buildings from Strovolos, Cyprus,
Susfai“abﬂit_y . . . as case studies, the research evaluates their environmental performance through a tailored Life Cycle Assessment
:Ie;)t age Building Information Modelling (H- (LCA). These buildings, spanning from the Ottoman era to the mid-20th century, represent diverse architectural
Heritage conservation styles and traditional materials, such as adobe, stone, and lime plaster. The methodology encompasses three
Level(s) components: the development of a Life Cycle Inventory (LCI) for primary materials, a gap analysis of the Eu-

ropean Commission’s Level(s) framework, and proposals for adapting the framework to heritage-specific needs.
The LCI evaluates cradle-to-gate processes, revealing the minimal environmental impact of non-industrialized,
traditional methods. However, the absence of standardized indicators for heritage materials highlights the
limitations of conventional LCA approaches. Initial findings underscore the inherent sustainability of traditional
materials due to their local sourcing and low embodied energy. The gap analysis identifies deficiencies in the
Level(s) framework for assessing heritage buildings, such as the lack of indicators for cultural value and resto-
ration energy impacts. Proposed adaptations include new metrics addressing these gaps, offering a compre-

hensive approach to balancing sustainability with heritage preservation.

1. Introduction

Heritage building materials are inherently sustainable, as their
construction predates industrialized processes, relying instead on locally
sourced, natural materials. However, this poses a critical challenge for
modern sustainability assessments. The Life Cycle Assessment (LCA)
indicators of these materials unavoidably register as zero, due to the lack
of quantifiable data on their environmental impact during production
and use. This absence of measurable benchmarks makes it difficult to
evaluate their true environmental footprint or to compare them against
contemporary materials. Consequently, traditional LCA methodologies,
designed for industrialized processes, are inadequate for assessing her-
itage buildings, leaving a significant gap in our understanding of their
sustainability performance.

Unlike modern constructions, heritage buildings were not designed
with environmental performance in mind. Many were built using
traditional techniques and locally sourced materials, which are inher-
ently more sustainable compared to industrialized materials (Xystouris
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et al., 2021). However, the lack of modern energy efficiency measures,
often results in high energy consumption during their use phase
(Lidelow et al., 2019). Additionally, retrofitting these buildings to meet
current sustainability standards without compromising their cultural
and historical value presents a unique set of challenges. Consequently,
there is a growing need for a tailored approach to assess and enhance the
environmental performance of heritage buildings, one that respects their
historical character while addressing contemporary sustainability con-
cerns (Nair et al., 2022).

Traditional construction methods and materials are integral to the
identity of heritage buildings but also complicate sustainability assess-
ments. Materials such as stone, wood, and lime plaster were typically
sourced and crafted locally, resulting in minimal embodied energy
during their original construction (Zhao et al., 2019). However, their
environmental impact is difficult to quantify due to the lack of stan-
dardized data and the uniqueness of traditional practices. Moreover,
modern LCA methodologies, which are well-established for contempo-
rary materials, often fall short when applied to traditional materials and
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heritage buildings (Mazzetto, 2024). These methodologies typically as-
sume industrialized processes and standardized data, making them
ill-suited to capture the nuances of traditional construction. The absence
of clear benchmarks for traditional materials, coupled with the difficulty
of balancing preservation and sustainability goals, underscores the need
for a specialized framework to evaluate the environmental performance
of heritage buildings (Munarim and Ghisi, 2016).

In order to address sustainability concerns in the built environment
in a unified and comprehensive manner, the European Commission
developed the Level(s) framework (Klumbyte et al., 2023). This
voluntary scheme provides a structured approach to assessing and
reporting on the environmental performance of buildings across their
life cycle, focusing on aspects such as energy efficiency, resource use,
and indoor environmental quality. By aligning construction and reno-
vation practices with sustainability goals, Level(s) aims to advance the
transition toward a more sustainable and resilient built environment
(Spudys et al., 2024).

The main research questions addressed by this study are:

. How can the sustainability performance of heritage buildings be
analyzed using Life Cycle Assessment (LCA), considering the unique
characteristics of traditional materials and construction methods?

. What are the specific limitations of applying the European Com-
mission’s Level(s) framework to heritage buildings, particularly
concerning traditional materials, restoration processes, and socio-
cultural values?

. What enhancements or additional indicators can be proposed to the
Level(s) framework to make it more applicable for the comprehen-
sive assessment of heritage buildings’ sustainability performance?

To address these challenges, this study analyzes the sustainability
performance of heritage buildings in terms of LCA, focusing on the
environmental impact of traditional construction materials and
methods. To exemplify this, eight heritage buildings constructed during
the 19th and early 20th centuries in Strovolos, Cyprus, were selected for
analysis. These case studies represent a diverse range of traditional
materials and construction techniques. The sustainability performance
of these materials was evaluated through the development of a Life
Cycle Inventory (LCI), focusing on the cradle-to-gate manufacturing
processes for the primary materials used. This approach provides in-
sights into the environmental performance of heritage materials while
acknowledging the limitations of traditional LCA methods for such
contexts. A comprehensive gap assessment was conducted to identify
limitations in the existing Level(s) framework concerning its application
to heritage buildings. Recognizing these gaps, the study explores po-
tential enhancements to the framework that would allow it to better
address the unique requirements of heritage buildings. These proposed
additions aim to capture both the environmental and cultural di-
mensions of heritage preservation, acknowledging the intricate balance
between sustainability goals and the conservation of historical
authenticity.

2. 2. Methodology

This section outlines the methodological framework developed to
assess the sustainability performance of heritage buildings. It includes
three main components: the selection of eight heritage buildings in
Cyprus as case studies, the development of their LCI to evaluate the
environmental impact of traditional materials, and a gap analysis of the
European Commission’s Level(s) framework. The selected buildings
represent diverse architectural styles and traditional materials, ensuring
a comprehensive evaluation. The LCI process maps the materials and
their cradle-to-gate manufacturing processes, adapting standard prac-
tices to heritage contexts. Finally, the Level(s) gap analysis identifies
missing indicators for heritage-specific aspects, and proposals are made
to enhance the framework for assessing both environmental and cultural
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dimensions of heritage buildings.
The methodology is divided into the following key components:

. Building Selection: The rationale for selecting the eight heritage
buildings and their descriptions are presented in 3.

. LCI Development: The process of developing the LCI for the selected
buildings and the challenges of evaluating traditional materials are
discussed in 4.

. Level(s) gap assessment and enhancement proposals: A gap
analysis of the European Commission’s Level(s) framework for
heritage buildings, identifying missing indicators for traditional
material sustainability, restoration energy impacts, and socio-
cultural values, and targeted enhancements to address these
limitations.

2.1. Selection of the eight heritage buildings

The study began with the selection of eight heritage buildings in
Cyprus. These buildings were chosen based on specific criteria to ensure
a comprehensive and representative analysis of the country’s heritage
building stock. The rationale and detailed description of the selection
process are presented in 3. This selection ensures that the framework is
applicable to diverse heritage building types and materials, providing a
strong foundation for the study.

2.2. Life Cycle Inventory (LCI) of building materials

Following the selection of the buildings, their Life Cycle Inventory
(LCI) was developed. This involved mapping the materials used in their
construction and analyzing their environmental impact. The primary
materials, including traditional ones such as limestone, timber, and
mudbricks, were studied in detail. The LCI analysis revealed a key
limitation: traditional materials, having no industrialized production
processes, lack measurable environmental impact indicators. This
finding is discussed in 4, highlighting the inadequacy of traditional LCA
methodologies when applied to heritage materials.

The study further examined the production processes of the primary
materials used in the selected heritage buildings. This analysis was
conducted in accordance with standard LCA practices but adapted to
accommodate the unique characteristics of traditional materials. Pro-
cesses such as the extraction, preparation, and application of materials
like mudbricks, lime plaster, and gypsum were documented to provide
insights into their environmental performance. This step also laid the
groundwork for the development of a tailored sustainability assessment
methodology for heritage buildings.

2.3. Gap Analysis and Proposals for Level(s) Framework Adaptation

A gap analysis of the European Commission’s Level(s) framework
was conducted to evaluate its suitability for assessing the sustainability
of heritage buildings. This process involved identifying limitations in the
framework, particularly regarding its ability to account for traditional
material sustainability, the embodied energy of restoration activities,
and the socio-cultural dimensions of heritage conservation. Based on
this analysis, the study developed proposals for additional indicators to
adapt the framework for heritage-specific applications, addressing the
unique environmental and cultural aspects of these buildings.

3. Overview of architectural and structural features of the
selected heritage buildings

The selection of eight heritage buildings from the Strovolos munic-
ipality in Nicosia, Cyprus, was conducted to ensure a representative
analysis of the region’s architectural heritage. These buildings were
chosen based on criteria that emphasize architectural diversity,
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historical significance, material variety, and conservation status. The
selection process aimed to cover a range of construction periods, styles,
and materials to deliver insights applicable to a broad spectrum of
heritage buildings. Information concerning the selected buildings,
including their general parcel and structural characteristics, is provided
in (Fokaides, 2024).

The selected heritage buildings are located in the Chryseleousa
quarter of the Strovolos municipality, within the Nicosia district. These
parcels reflect the diverse urban and suburban characteristics of the
area. Parcel sizes range from a compact 47 m? (S6), representing a
functional structure, to a spacious 1022 m? (S4), showcasing a histori-
cally significant property. The buildings are distributed along prominent
streets with historical and urban value.

m The detailed information for the eight selected heritage build-
ings, including parcel characteristics, structural details, and
material compositions, is available in an open dataset
(Fokaides, 2024). The dataset includes detailed architectural
and structural characteristics of the eight selected heritage
buildings, offering insights into their historical, architectural,
and sustainability value.

The construction dates span nearly a century, reflecting shifts in
design and material use across different historical periods. The
oldest building, S7, was constructed in 1864 during the
Ottoman period, providing a glimpse into the craftsmanship
and construction practices of that era. Early 20th-century ex-
amples, such as S1, S2, and S4, represent the urban residential
styles of the time, blending functionality with traditional
design. In contrast, S3, built in 1953, reflects mid-20th-century
trends, incorporating more modern approaches to construction
while retaining elements of traditional techniques.

The buildings’ primary construction materials include adobe
stone and stone, both integral to the heritage of the region.
Adobe stone, widely used in S1, S2, S3, S4, S7, and S8, dem-
onstrates the material’s versatility and sustainability, as it was
locally sourced and adapted to both urban and rural settings.
On the other hand, stone, featured prominently in S5 and S6,
highlights its durability and suitability for specific environ-
mental and functional needs. These stone-built structures were
often designed for rural or specialized purposes. The presence
of these materials across the dataset enables a comprehensive
evaluation of their environmental sustainability and the chal-
lenges associated with their preservation.

The dataset further categorizes the buildings based on their archi-
tectural class and current condition. Buildings such as S1, S2, S5, and S6
are classified as Class B, indicating significant architectural and histor-
ical value. In contrast, S4 is categorized as Class D, representing a more
modest design yet retaining specific historical importance due to its age
and typology Fig. 1.

m The conditions of the buildings vary, with most, including S1,
S2, and S5 through S8, being in good condition and requiring
minimal restoration. S3 is in fair condition, exhibiting visible
cracks, while S4 is in poor condition, reflecting advanced
degradation and an urgent need for preservation.

The structural characteristics of the buildings provide addi-
tional insights into their design and functionality. The enclosed
extents of the buildings range from compact layouts to expan-
sive structures, reflecting their intended use and architectural
significance. S6, with an enclosed area of 58 square meters,
likely served as a compact, functional structure, designed for
simplicity and efficiency. In contrast, S4, with an enclosed area
of 222 square meters, represents a more spacious layout, typical
of prominent heritage properties with greater historical or
cultural significance.
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m The number of floors further emphasizes the variety in archi-
tectural forms. Single-story buildings, such as S5 and S6, are
associated with simpler designs, often serving functional or
rural purposes. Multi-story structures, including S2, S4, S7, and
S8, reflect more complex architectural expressions, often tied to
urban residential or public uses.

The diversity among the selected buildings ensures a compre-
hensive representation of Nicosia’s architectural heritage. S1
and S2 illustrate early 20th-century urban residences, built
with adobe stone and reflecting typical residential styles of the
period. S3 and S4 offer examples of transitional architectural
approaches, with S3 showcasing mid-20th-century trends and
S4 embodying the late Ottoman-era design. S5 and S6, smaller
stone-built structures, highlight the adaptability of stone for
functional or rural applications. Finally, S7 and S8, the oldest
buildings in the dataset, demonstrate the longevity of adobe
stone and provide valuable insights into Ottoman-era con-
struction techniques.

The diversity in architectural styles, materials, and conditions among
these eight buildings provides an ideal foundation for testing the H-LCA
framework. By including a variety of structures, the study ensures the
framework is adaptable to different heritage contexts.

4. Heritage building materials Life Cycle Inventory (LCI)

The environmental analysis of the selected heritage buildings in-
corporates a cradle-to-gate assessment of the primary materials used in
their construction. This approach evaluates the environmental impact
from raw material extraction to the manufacturing stage, excluding the
use and end-of-life phases. The materials analyzed include stone, clay
soil, timber, lime plaster, gypsum plaster, and paint, each integral to the
architectural heritage of the sample. A cradle-to-gate assessment is
employed because detailed information regarding the operational life-
span and end-of-life scenarios of the buildings is unavailable
(Artopoulos et al., 2024). This limitation is common in heritage struc-
tures, where historical records often lack such data. For each material,
the analysis includes flow charts of the production process, a short
description, and tabulated information detailing key manufacturing
characteristics and environmental parameters Table 1.

4.1. Stone

Stone was primarily used in the construction of load-bearing walls
and structural foundations, evident in buildings such as S5 and S6. The
material provided durability and strength, essential for the longevity of
these structures. Its thermal mass helped regulate indoor temperatures,
making it suitable for both functional and residential buildings (Jiménez
de Madariaga, 2021).

Fig. 2 illustrates the cradle-to-gate production process for limestone,
focusing on its manufacturing phase and highlighting the reliance on
manual and human labor. This process, fundamental to the use of
limestone in heritage construction, is depicted in five distinct stages
within defined system boundaries. The process begins with mineral
collection and extraction, where raw limestone is manually collected
from natural deposits, reflecting traditional labor-intensive practices.
The extracted limestone undergoes crushing, performed by human
labor, which reduces the material to manageable sizes. This is followed
by milling, where the crushed limestone is ground into finer particles to
meet construction specifications. At this stage, a standard unit weight of
1 kg is processed. Once prepared, the limestone is subjected to trans-
portation of raw materials, a stage that employs traditional methods
using animals to deliver the material to construction sites. This step
minimizes the environmental impact and generates negligible waste,
typically less than 1 kg. Finally, the material is applied on-site during the
built-up structural limestone phase, where it is used to construct
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Fig. 1. Example of information and drawings for a heritage building analyzed (Fokaides, 2024).
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Table 1
General Parcel and Structural Characteristics
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of the Selected Heritage Buildings.

A. GENERAL PARCEL INFORMATION

o a) (Q9) (\ (@A
(s1) s2) s3) s4) s5 s6 (s7 s8
Sl e &/ ey & g é “
DISTRICT Nicosia Nicosia Nicosia Nicosia Nicosia Nicosia Nicosia Nicosia
MUNICIPALITY / Dimos Strovolou  Dimos Strovolou Dimos Strovolou Dimos Strovolou Dimos Strovolou  Dimos Strovolou  Dimos Strovolou  Dimos Strovolou
COMMUNITY
Archiepiskopou  Makedonnitissis  Makedonnitissis : . . .
ADDRESS Kyprianou 81 o 5 Iras1-3 Kyprianou 79 Kyprianou 77 Kyprianou 75 Kyprianou 73
QUARTER Chryseleousa Chryseleousa Chryseleousa Chryseleousa Chryseleousa Chryseleousa Chryseleousa Chryseleousa
BLOCK/REGISTRA
7 47 4
JION NUMBER 2/256 2/578 2/221 2/479 2/112 2/113 2/11: 2/559
SHEET/PLAN 21/1012V04 21/1012V04 21/1012V04 21/1012V04 21/1012V04 21/1012V04 21/1012V04 21/1012V04
PARCEL AREA (m?) 707 284 = 1022 84 47 270 321
PARCEL NUMBER 230 456 192 224 107 108 109 439
B. PARCEL CHARACTERISTICS
( ) ( ) ) ( ) ) (
s 2 (3 (4 (5 (8 (7 (s8
UNIT YEAR BUILT 1910 1925 1953 1908 1916 1916 1864 o
UNIT FRAME TYPE Adobe Stone Adobe Stone Adobe Stone Adobe Stone Stone Stone Adobe Stone Adobe Stone
UNIT CLASS B B B D B B C ©
UNIT CONDITION Good Good Fair Good Poor Good Good Good Good
UNIT DISABILITY None None Cracks Cracks None None None None
UNIT ENCLOSED
EXTENT 219 107 121 222 75 58 221
UNIT OUTBUILDING
EXTENT o= &
UNIT FLOOR
TOTAL NUMBER e 2 2 2 1 e 2 2
LCA ANALYSIS-CRADLE TO GATE
p Fe il » S
/ MANUAL PROCEDURE-LABOUR HUMAN LABOR HUMAN LABOR TRANSPORTATION HUMAN LABOR N
WITH ANIMALS x
w BN &
MINERAL COLLECTION ». CRUSHING , MILLING > TRANSPORTATION OF RAW » BUILT UP STRUCTURAL
AND EXTRACTION LIMESTONE LIMESTONE MATERIALS ON SITE LIMESTONES

' ————————» STANDARD FLOW
SYSTEM BOUNDARIES

structural components under human labor.

Table 2 presents the cradle-to-gate

including a short description of the production stages, their key features

as well as the input and output stages.
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Fig. 2. Cradle-to-gate analysis of stone.

4.2. Clay Soil
production process for stone,

Clay soil was a key material, particularly for adobe stone construc-
tion in S1, S2, S3, S4, S7, and S8. It was molded into blocks and used for
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Table 2
Cradle-to-gate production process for limestone.

Stage Description Inputs Outputs Key Features
. Manual
Mineral . Labor-
. collection of . .
Collection R Manual Raw intensive,
limestone . L.
and labor limestone traditional
. from natural
Extraction R methods.
deposits.
Crushing raw
. . & X Reduces
Crushing limestone into ~ Human Crushed .
. R material size
Limestone smaller labor limestone R
for processing.
fragments.
Milling
crushed Human
. limestone into Milled Standardizes
Milling . . labor, . .
. finer particles limestone material
Limestone R 1kg .
to achieve . (1 kg) weight.
limestone
standard
specifications.
Transportin; .
. . P & Milled Low
Transportation limestone to . . .
. Animal limestone environmental
of Raw construction X
. . . labor (<1kg impact
Materials sites using )
. waste) transportation.
animals.
On-site
assembly and
Built-U; construction Final
N . Human Constructed L
Structural using application
. R labor components
Limestone limestone for phase.
structural
purposes.

walls, leveraging its natural insulation properties to maintain comfort-
able indoor environments. The local availability of clay soil made it a
sustainable choice for these early 20th-century urban and semi-rural
residences (Christoforou et al., 2016).

In Fig. 3 the cradle-to-gate process for clay soil production is illus-
trated, focusing on its manufacturing phase and emphasizing the reli-
ance on traditional methods and human labor. This process, integral to
the use of clay soil in heritage construction, is depicted in five distinct
stages within defined system boundaries.

The process begins with mineral collection and extraction, where
raw clay soil is manually collected from natural deposits, reflecting
traditional, labor-intensive techniques. The collected clay soil, with a
standard unit weight of 1 kg, is then subjected to transportation of raw
materials, where animals are used to deliver the material to construc-
tion sites. This stage employs environmentally low-impact methods,
ensuring minimal waste generation. Once delivered, the clay soil

LCA ANALYSIS-CRADLE TO GATE
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undergoes mixing on-site, where human labor combines the raw ma-
terial with water to achieve the desired consistency for construction
purposes. This step ensures that the clay soil is prepared for its final
application. The process concludes with the built-up clay mud phase,
where human labor is used to assemble and apply the material on-site to
construct structural components.

Table 3 presents the cradle-to-gate production process for clay soil,
including a short description of the production stages, their key features
as well as the input and output stages.

4.3. Timber

Timber was extensively used for structural elements such as roof
beams, flooring, and door and window frames. Its adaptability is seen in
decorative features and functional uses, such as the multi-story config-
urations of S2, S4, S7, and S8. The lightweight and renewable nature of
timber made it a practical choice for these heritage structures, balancing
functionality and aesthetics (Riggio et al., 2018).

The cradle-to-gate process for timber manufacturing is presented in

Table 3
Cradle-to-gate production process for clay soil.

TRANSPORTATION

MANUAL PROCEDURE-LABOUR WITH ANIMALS

v

N TRANSPORTATION OF RAW
> MATERIALS ON SITE
1KG

|
|

[

i

[

i

| MINERAL COLLECTION
| AND EXTRACTION
|
|
i

|
[

ANDARD FLOW
SYSTEM BOUNDARIES

_—> 5

|

ol

—— » MIXINGONSITE ————» BUILT UP CLAY MUD
A
1KG
WATER

Stage Description Inputs Outputs Key Features
Mineral Manua.l Labor-
. collection of . . .
Collection . Manual Raw clay soil intensive,
raw clay soil .
and labor (1 kg) traditional
. from natural
Extraction . methods.
deposits.
Transporting
. 1 il . L
Transportation raw clay sot . Clay soil OV\{
t Animal environmental
of Raw . (<1kg X
. construction labor impact
Materials . . waste) .
sites using transportation.
animals.
Preparation of
1 il b
¢ e'ly- 501. yA Human Site-specific
- . mixing it with A
Mixing on Site . labor, Clay mud preparation
water on-site
. water phase.
to achieve
consistency.
On-site
bl
. asser.n y and Constructed Final
Built-Up Clay application of Human cla application
Mud clay mud for labor y PP
elements phase.
structural
components.
-
N\
HUMAN LABOR HUMAN LABOR K
v

2,

Fig. 3. Cradle-to-gate analysis of clay soil.
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/ MANUAL PROCEDURE-LABOUR RANSF ATION

| WITH ANIMALS

v

| TIMBER COLLECTION l-|l TRANSPORTATION OF RAW w
—_—

| AND EXTRACTION " MATERIALS ON SITE

) KG 10 KG

HUMAN LABOR

MILLING ON SITE

HUMAN LABOR
2y

o

» DRY AND BLENDING » BUILT UP STRUCTURAL

TIMBER POLES

Fig. 4. Cradle-to-gate analysis of timber.

Fig. 4, focusing on its manufacturing phase and highlighting traditional,
labor-intensive methods. This process is integral to the production of
structural timber poles used in heritage construction and is depicted in
five distinct stages within defined system boundaries. The process begins
with timber collection and extraction, where raw timber is manually
harvested from natural sources, relying entirely on traditional labor
practices. A standard quantity of 10 kg of timber is collected and pre-
pared for transport. The second stage involves the transportation of
raw materials, where animals are used to carry the timber to con-
struction sites. This environmentally conscious method ensures minimal
impact while maintaining efficiency in material delivery. Upon arrival,
the timber undergoes milling on-site, where human labor is employed
to process the raw material into standardized pieces suitable for con-
struction. Following this, the timber is subjected to drying and
blending, a process that further prepares the material by reducing
moisture content and enhancing its structural integrity. This stage is
essential for ensuring the durability of the final product.

The process concludes with the built-up structural timber poles
phase, where human labor is used to assemble and apply the processed
timber on-site for structural purposes.

Table 4 presents the cradle-to-gate production process for timber,
including a short description of the production stages, their key features
as well as the input and output stages.

In contrast to standard LCI assessments, which assume mechanized
processing and standardized logistics chains, the depicted process is
characterized by localized extraction, manual preparation, and on-site
application, leading to a distinctly different environmental profile in
terms of energy input, resource intensity, and emissions potential.

4.4. Lime plaster

Lime plaster was used as a protective and decorative finish for both
interior and exterior walls. It was particularly effective in buildings like
S1, S2, and S7, where its breathability allowed moisture to escape,
protecting the underlying clay and stone structures. Its antibacterial
properties also contributed to healthier indoor conditions in these resi-
dences (Vandeput, 1987).

Fig. 5 illustrates the cradle-to-gate production process for limestone
plaster, focusing on its manufacturing phase and emphasizing tradi-
tional, labor-intensive methods. This process, fundamental to its appli-
cation in heritage construction, is depicted in five distinct stages within
the defined system boundaries. The process begins with mineral
collection and extraction, where raw limestone is manually collected
from natural deposits. This stage relies entirely on traditional manual
labor, emphasizing the non-industrialized nature of the process. Once
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Table 4
Cradle-to-gate production process for timber.

Stage Description Inputs Outputs Key Features
. Manual
Timber harvesting of Manual Labor-
Collection raw timbfr labor, Raw timber intensive,
and 10 kg (10 kg) traditional
. from natural .
Extraction timber methods.
sources.
Transporting
. . . Low
Transportation raw timber to . Timber .
. Animal environmental
of Raw construction (<10 kg .
X . . labor impact
Materials sites using waste) .
X transportation.
animals.
Processing
raw timber
into
. . . Human Milled Preparation for
Milling on Site standardized . P
) 3 labor timber structural use.
pieces suitable
for
construction.
Drying timber
to reduce
. Human
. moisture Enhances
Drying and labor, s .
. content and Dried timber  material
Blending X natural i
improve drvin durability.
structural ying
integrity.
On-site
. assembly and .
Built-Up . y Final
application of Human Constructed C
Structural . R application
. timber for labor timber poles
Timber Poles phase.
structural
components.

collected, a standard unit weight of 1 kg of limestone is transported to
the construction site during the transportation of raw materials phase.
Animals are used for transportation, reflecting environmentally
conscious practices that produce negligible waste. Upon delivery, the
material undergoes mixing on-site, where human labor combines the
limestone with water to produce the plaster. This preparation step en-
sures the material achieves the desired consistency for construction
purposes. The process concludes with the limestone plaster on-site
phase, where human labor is used to apply the prepared plaster
directly onto structural surfaces, finalizing the material’s application for
its intended purpose.

Table 5 presents the cradle-to-gate production process for lime
plaster, including a short description of the production stages, their key
features as well as the input and output stages.
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Fig. 5. Cradle-to-gate analysis of lime plaster.
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Table 5

Cradle-to-gate production process for lime plaster.

Stage Description Inputs Outputs Key Features
. Manual
Mineral . Manual Labor-
. collection of Raw . .
Collection . labor, . intensive,
raw limestone limestone o
and 1kg traditional
. from natural . (1 kg)
Extraction . limestone methods.
deposits.
Transporting
. raw limestone . Low
Transportation . Limestone .
to Animal environmental
of Raw . (<1kg .
. construction labor impact
Materials . . waste) .
sites using transportation.
animals.
Preparation of
limestone
laster b: Human . Ensures
- . P L. v Mixed K
Mixing on Site mixing labor, laster consistency for
limestone water P application.
with water on-
site.
On-site
. application of . .
Limestone PP Applied Final
prepared Human . -
Plaster on limestone application
. plaster onto labor
Site plaster phase.
structural
surfaces.

4.5. Gypsum plaster

Gypsum plaster was employed for smooth interior finishes and
decorative detailing. It is evident in S3 and S4, where its quick-setting
properties allowed for intricate ornamental work. This material added
an aesthetic appeal to the interiors, complementing the structural
integrity provided by stone and clay (Dettmering, 2022).

The cradle-to-gate production process for gypsum plaster is illus-
trated in Fig. 6. This process is depicted in five distinct stages, defining
the system boundaries for the manufacturing phase. The process begins
with mineral collection and extraction, where raw gypsum is manu-
ally extracted from natural deposits. This stage relies on traditional
manual procedures, ensuring a non-industrialized approach to material
sourcing. Once extracted, 1 kg of raw gypsum is transported to the
construction site during the transportation of raw materials phase.
This stage employs animal labor for transportation, reflecting environ-
mentally sustainable practices and generating negligible waste. Upon
delivery, the raw gypsum undergoes mixing on-site, where human
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labor combines it with water to produce gypsum plaster. This step en-
sures the material achieves the correct consistency for application. The
final stage, gypsum plaster on-site, involves human labor to apply the
prepared plaster directly to structural surfaces, completing the mate-
rial’s transformation and use.

Table 6 presents the cradle-to-gate production process for gypsum
plaster, including a short description of the production stages, their key
features as well as the input and output stages.

4.6. Paint

Paint was applied to protect surfaces and enhance their visual ap-
peal. Lime-based paints were likely used, particularly in buildings such
as S2 and S8, where they provided a breathable coating compatible with
the underlying lime plaster. Decorative patterns and colored finishes
helped highlight architectural details, adding character to these heritage
residences.

Fig. 7 illustrates the cradle-to-gate production process for lime paint,
highlighting traditional and labor-intensive production methods. This
process is fundamental to the application of lime paint in heritage
construction and is depicted in five distinct stages within clearly defined
system boundaries. The process begins with mineral collection and
extraction, where raw limestone or other calcium-based materials are
manually collected from natural deposits. This stage relies on traditional
labor practices, ensuring the sustainability and simplicity of the process.
Once 1 kg of raw material is collected, it is transported to the con-
struction site in the transportation of raw materials phase. This
transportation is carried out using animals, minimizing environmental
impact and maintaining low waste generation. At the construction site,
the material undergoes mixing on-site, where human labor combines
the raw material with water to create lime paint. This step ensures that
the paint achieves the desired consistency for application. The process
concludes with the lime paint on-site phase, where human labor is
used to apply the prepared paint to structural surfaces, completing its
transformation and use.

Table 7 presents the cradle-to-gate production process for lime paint,
including a short description of the production stages, their key features
as well as the input and output stages.

The main departure from conventional LCI methodology is in the
assumption of process uniformity. Standard LCIs typically represent
averaged industrial processes with centralized manufacturing, long-
distance transport, and high energy input. In the heritage LCI pro-
posed in this study, each material is analyzed through a context-sensitive
workflow that captures the embedded sustainability practices of the
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Table 6
Cradle-to-gate production process for gypsum plaster.
Stage Description Inputs Outputs Key Features
Manual Manual
Mineral extraction of labor Raw Labor-intensive,
Collectionand  raw gypsum ’ gypsum traditional
. 1kg
Extraction from natural (1 kg) methods.
. gypsum
deposits.
Transporting Low
T tati t G
ransportation raw gypm}m ° Animal ypsum environmental
of Raw construction (<1kg .
. . . labor impact
Materials sites using waste) .
X transportation.
animals.
Preparation of
gypsum plaster Human Mixed Ensures
Mixing on Site by mixing labor, gypsum consistency for
gypsum with water plaster application.
water on-site.
On-site
application of Applied Final
Gypsum Plaster prepared Human PP C .
on Site gypsum plaster labor gypsum application
plaster phase.

onto structural
surfaces.

past—such as low-energy curing, reuse of site materials, and absence of
packaging or chemical additives. These differences underscore the need
to reconsider baseline assumptions in environmental impact assess-
ments of historic buildings.

The cradle-to-gate analysis of the primary materials used in the
selected heritage buildings underscores the reliance on traditional, non-
industrialized production methods. The materials—stone, clay soil,
timber, lime plaster, gypsum plaster, and lime-based paint—were locally
sourced and processed manually, resulting in negligible environmental
impact during their production phase. This non-industrialized approach
aligns with traditional construction practices, which inherently mini-
mized embodied energy and resource consumption.

However, the absence of standardized environmental indicators for
these materials presents a critical challenge. While the analysis follows
the traditional ISO 14040 methodology for LCA, the framework is not
equipped to fully capture the unique environmental dynamics of non-
industrialized materials. The lack of quantifiable environmental im-
pacts necessitates the development of a new methodology to accurately
evaluate the sustainability of these heritage materials, addressing the
gaps left by conventional LCA approaches.
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4.7. Construction and Operational Phase Considerations

The methodological differentiation between the heritage-focused LCI
and standard LCA practices is both structural and conceptual. While
standard LCAs are calibrated to industrial systems with clear input-
output datasets, the H-LCA developed in this study operates in a data-
scarce environment. As a result, the evaluation draws upon process
mapping, labor characterization, and site-specific observations. This
leads to different assumptions about system boundaries, process effi-
ciency, and transportation emissions. Notably, the exclusion of heavy
machinery, long-distance freight, and energy-intensive manufacturing
processes introduces a paradigm shift in how material impacts are
assessed. The result is an alternative environmental profile that em-
phasizes low-intensity, decentralized construction, which cannot be
captured by conventional tools and benchmarks.

Although the scope of the LCI in this study is limited to cradle-to-gate
stages due to data availability, the sustainability implications of tradi-
tional construction extend into the construction and operational phases.
Construction activities in heritage buildings typically involve manual
labor, minimal mechanization, and site-level preparation, which con-
trasts with the fuel- and electricity-intensive processes of modern con-
struction. Operationally, heritage buildings often exhibit high thermal
inertia due to their massive walls and natural ventilation strategies,
though they may require retrofitting to align with contemporary energy
performance expectations. These characteristics suggest that traditional
heritage buildings may incur lower environmental costs during con-
struction but variable performance during operation, depending on their
maintenance and usage patterns. Future work should focus on capturing
and modeling these dynamics to build a full-spectrum sustainability
profile.

5. Adapting level(s) for heritage building sustainability
assessment

5.1. Level(s) Framework: Gaps in assessing heritage building
sustainability

Level(s) is a voluntary reporting framework developed by the Eu-
ropean Commission to promote sustainability in buildings. It aims to
encourage the construction and real estate sectors to adopt practices that
minimize environmental impacts, improve energy and resource effi-
ciency, and support the transition to a more circular and sustainable
economy (European Commission, 2020). Level(s) is structured around
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Table 7
Cradle-to-gate production process for lime paint.

Stage Description Inputs Outputs Key Features
Manual
Mineral extraction of Manual . .
. R Raw Labor-intensive,
Collection raw materials labor, . o
. material traditional
and (limestone or 1 kg raw a ke) methods
Extraction calcium-based material & :
materials).
Transportin, .
. P . & Lime Low
Transportation raw materials . ) .
K Animal material environmental
of Raw to construction .
. X . labor (<1kg impact
Materials sites using .
. waste) transportation.
animals.
Preparation of
lime paint by Human Mixed Ensures
Mixing on Site mixing raw labor, lime consistency for
material with water paint application.
water on-site.
On-site
application of . .
. . pp . Applied Final
Lime Paint on prepared lime Human . -
. . lime application
Site paint onto labor .
paint phase.
structural
surfaces.

six macro-objectives, which are the key assessment dimensions for
evaluating a building’s sustainability:

1. Greenhouse Gas Emissions Across the Life Cycle: Focuses on
reducing the carbon footprint of buildings, including emissions from
materials, construction processes, operation, and end-of-life stages.

2. Resource Efficient and Circular Material Life Cycles: Promotes
the efficient use of materials and encourages circular economy
principles, such as recycling and reuse.

3. Efficient Use of Water Resources: Aims to reduce water con-
sumption and improve water efficiency in buildings.

4. Healthy and Comfortable Spaces: Ensures that buildings provide
good indoor environmental quality, addressing factors such as air
quality, thermal comfort, and acoustic performance.

5. Adaptation and Resilience to Climate Change: Evaluates how well
buildings can adapt to climate change impacts, such as extreme
weather events.
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6. Optimized Life-Cycle Cost and Value: Focuses on economic per-
formance, ensuring cost-effective solutions across the building’s life
cycle.

Level(s) provides common indicators and metrics to measure per-
formance against these macro-objectives. These indicators are aligned
with existing standards (EN standards for LCA and energy performance)
to ensure consistency and reliability. Level(s) offers three levels of
engagement:

1. Entry Level: Basic awareness and application of sustainability
principles.

2. Intermediate Level: More detailed assessment of specific sustain-
ability indicators.

3. Advanced Level: Comprehensive life-cycle assessment (LCA) of the
building.

Assessing the sustainability of heritage buildings under the Level(s)
framework requires adaptations to address the unique characteristics of
traditional materials and construction methods. While conventional
LCA methodologies struggle with heritage materials, several Level(s)
objectives remain partially applicable. Operational greenhouse gas
emissions can be evaluated, but the lack of benchmarks for traditional
materials hinders a full life-cycle assessment. Conversely, the inherently
low embodied energy and reuse potential of heritage materials make
them partially suitable for evaluating resource efficiency and circular
material life cycles, even if quantification is challenging. Healthy and
comfortable spaces are fully assessable, as parameters such as indoor
air quality, thermal comfort, and acoustic performance can align with
modern standards (Cakyova et al., 2021) (Exizidou et al., 2017). Simi-
larly, the capacity of heritage buildings to adapt to climate change
impacts—including material resilience and thermal performance—can
be evaluated, providing insights into their sustainability (Xystouris
et al.,, 2021). However, optimized life-cycle cost and value assess-
ments are limited by insufficient data on the environmental impact of
traditional materials. Despite this, operational cost analysis offers partial
insights. Finally, water efficiency during retrofitting and restoration
efforts can be measured, although historical water use remains un-
quantifiable (Annibaldi et al., 2020).

Table 8 outlines which Level(s) objectives can be assessed for heri-
tage buildings, considering the unique challenges of traditional mate-
rials and the absence of standard LCA benchmarks:
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Table 8
Applicability of level(s) objectives to heritage buildings.

Level(s) Objective Applicability to Heritage Buildings

Limited. The absence of LCA benchmarks for
traditional materials limits full life-cycle
emission assessments. However, operational
energy use can be evaluated.

Partially Applicable. Traditional materials often
align with circular economy principles due to
reuse and low embodied energy, but detailed
quantification is challenging.

Applicable. Water usage in retrofitting or
restoration activities can be assessed. Historical
water efficiency may not be quantifiable.
Applicable. Indoor environmental quality can be
evaluated, especially for parameters like air
quality and thermal comfort.

Applicable. Heritage buildings can be assessed
for their capacity to adapt to climate change
impacts, such as thermal performance and
material durability.

Limited. Detailed life-cycle costing is challenging
without accurate LCA for traditional materials.
Operational costs can still be analyzed.

Greenhouse Gas Emissions
Across the Life Cycle

Resource Efficient and
Circular Material Life Cycles

Efficient Use of Water
Resources

Healthy and Comfortable
Spaces

Adaptation and Resilience to
Climate Change

Optimized Life-Cycle Cost and
Value

5.2. Proposed adaptations to level(s) for heritage buildings

To ensure a comprehensive sustainability assessment of heritage
buildings, tailored indicators are essential to address their unique
environmental, cultural, and social dimensions. These proposed in-
dicators capture the distinct characteristics of heritage structures,
focusing on traditional materials, restoration processes, socio-cultural
contributions, and energy performance. They also address gaps in con-
ventional sustainability assessment methods and capture the cultural,
historical, and environmental values of heritage buildings. By incorpo-
rating these aspects, the indicators provide a holistic framework for
evaluating heritage buildings in alignment with contemporary sustain-
ability goals.

The Cultural Heritage Preservation indicator to evaluate the de-
gree to which a building’s architectural and cultural authenticity is
maintained during retrofitting or restoration efforts. This ensures
that historical integrity is not compromised while integrating sus-
tainability measures.

Traditional Material Sustainability to focus on the sourcing and
renewability of materials like lime plaster or adobe, which are
inherently sustainable. This indicator highlights the need to
acknowledge these materials’ environmental benefits beyond con-
ventional life-cycle assessment (LCA) parameters.

The Embodied Energy of Restoration Processes to address the
energy consumed during restoration and retrofitting activities. Since
heritage materials often lack life-cycle data, this indicator empha-
sizes the sustainability of the processes themselves.

Adaptive Reuse and Functional Integration to measure how well a
building adapts to modern uses without compromising its heritage
value. It underscores the balance between contemporary function-
ality and historical preservation.

Material Durability and Lifecycle to evaluate the long-term per-
formance and maintenance cycles of traditional materials, empha-
sizing their resilience compared to modern alternatives.

The Energy Efficiency of Retrofitted Systems to assess improve-
ments in operational energy efficiency brought about by retrofitting
measures, such as better insulation or renewable energy systems.
The Social and Community Impact indicator to capture the socio-
economic role of heritage buildings, focusing on their contribution to
local identity and community engagement.

The Environmental Impact of Non-Industrialized Materials to
consider the low environmental footprint of traditional, locally

4447

Energy Reports 14 (2025) 4437-4448

sourced materials, acknowledging their minimal impact due to non-
industrialized processes

Table 9 presents proposed adaptations to the Level(s) framework,
aligning sustainability indicators with heritage buildings’ unique char-
acteristics, applicable objectives, and evaluation criteria.

6. Conclusions and future work

This study presents a context-sensitive adaptation of the Life Cycle
Inventory approach for heritage buildings, addressing the inadequacy of
existing LCA tools in capturing the sustainability attributes of traditional
construction methods and materials. The framework developed departs
from conventional assumptions by reconstructing material production
cycles based on localized, non-industrialized practices—such as manual
extraction, in situ preparation, and limited transport—thereby intro-
ducing a more accurate environmental characterization of heritage
buildings. The findings indicate that heritage buildings possess distinct
sustainability potential, not just in material terms, but also in con-
struction processes that inherently avoid many of the resource-intensive
practices found in modern construction. By aligning environmental
assessment with cultural and historical realities, the proposed H-LCA
approach fills a critical gap in heritage sustainability assessment and
lays the groundwork for future frameworks that combine environmental
performance with cultural value preservation.

A key challenge identified is the inadequacy of conventional Life
Cycle Assessment (LCA) methodologies in evaluating the environmental
performance of heritage buildings. Standardized indicators fail to cap-
ture the nuances of traditional materials and processes, leaving critical
aspects, such as cultural value and restoration impacts, unquantified.
This limitation is compounded by the lack of benchmark data for non-
industrialized materials, which complicates their integration into
existing sustainability frameworks like the European Commission’s
Level(s).

The gap analysis of the Level(s) framework revealed its limited
applicability to heritage contexts, particularly in assessing the embodied
energy of restoration processes and the socio-cultural dimensions of
heritage conservation. However, the study demonstrates that several
objectives within the framework—such as resource efficiency, adapta-
tion to climate change, and indoor environmental quality—remain
relevant and applicable to heritage buildings with minor modifications.

To address these gaps, the study proposes enhancements to the Level
(s) framework, introducing tailored indicators for traditional materials,
restoration processes, and cultural preservation. These adaptations aim
to balance the environmental and cultural aspects of heritage buildings,
enabling a more holistic sustainability assessment. By integrating these
findings, the research provides a foundation for advancing sustainable
practices in heritage preservation, ensuring these buildings contribute to
contemporary environmental goals without compromising their histor-
ical integrity.

Future research shall focus on refining and validating the proposed
sustainability indicators for heritage buildings. Expert panels,
comprising architects, heritage conservationists, and sustainability ex-
perts, shall be convened to evaluate the relevance, applicability, and
robustness of these indicators. A critical step shall involve defining
specific assessment scales to ensure standardized and objective evalua-
tions, tailored to the unique characteristics of heritage materials and
processes. Additionally, the enhanced indicators and assessment meth-
odology shall be applied to a diverse set of heritage case studies across
Europe, encompassing varied climates, architectural styles, and con-
servation challenges.

Dataset

The dataset supporting this study, is publicly available at doi:
10.17632/szxc2gmv93.2.
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Table 9

Proposed level(s) indicators for heritage building sustainability.
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Category

Indicator

Rationale

Applicable Level(s)
Objective

Evaluation Criteria

Cultural Heritage

Traditional Materials

Restoration
Processes

Functional
Adaptability

Material Durability

Energy Efficiency

Social and
Community Impact

Environmental
Impact

Degree of preservation of
architectural and cultural
authenticity

Local sourcing and renewability of
traditional materials

Embodied energy of restoration and
retrofitting activities

Adaptive reuse and functional
integration

Long-term performance and
maintenance cycles

Energy efficiency of retrofitted
systems

Contribution to local cultural
identity and community
engagement

Environmental footprint of non-
industrialized materials

Ensures heritage buildings maintain historical
and cultural integrity during interventions.

Acknowledges the inherently sustainable
properties of traditional materials like lime
plaster.

Focuses on the sustainability of processes used
in conservation and retrofitting.

Highlights the building’s ability to integrate
modern uses sustainably while preserving
heritage.

Emphasizes the resilience and longevity of
heritage materials over time.

Measures operational energy savings from
interventions like insulation or renewable
systems.

Recognizes the socio-economic role of heritage
buildings in supporting community values.

Accounts for the low-impact, traditional
methods of producing heritage building
materials.

Adaptation and Resilience to
Climate Change

Resource Efficient and
Circular Material Life Cycles

Greenhouse Gas Emissions
Across the Life Cycle

Optimized Life-Cycle Cost
and Value

Adaptation and Resilience to
Climate Change

Greenhouse Gas Emissions

Across the Life Cycle

Healthy and Comfortable
Spaces

Resource Efficient and
Circular Material Life Cycles

Qualitative scale: Low to
High Preservation Integrity

Percentage of locally
sourced/renewable materials

Energy use measured in
kWh/m?

Qualitative scale: Poor to
Excellent Adaptation

Maintenance frequency
(years) and material lifespan

Percentage reduction in

energy use

Community engagement
index: Low to High

Carbon footprint measured in
COze/m?

Any additional data used in the study may be provided upon
reasonable request to the author.
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