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Abstract: The present paper discusses the applications of life-cycle assessment (LCA) to construction
works in Japan. LCA has been frequently used to assess the environmental impacts of new construc-
tion. Nonetheless, the applications of LCA to restoration have not been fully confirmed to date. It is
said that historical buildings may contribute to sustainable development. Nonetheless, as for heritage
buildings, since the protection of cultural value is usually prioritised, their environmental impacts
may not be sufficiently explored. To this aim, this paper evaluated the environmental impacts of the
restoration of heritage buildings. This paper consisted of two tasks. First, the restoration projects of
heritage buildings in Japan were introduced. The restoration of two heritage houses was discussed,
referring to heritage protection legislation in Japan. Second, LCA was performed on the restoration
of heritage houses and the construction of contemporary houses. Environmental impacts were com-
pared between the restoration and new construction with regard to greenhouse gas emissions and
operational energy use. A focus was given to the amount of materials used. Restoration consumes
a limited amount of materials compared to new construction, although the energy use of heritage
buildings is considerable. The environmental impacts of restoration were quantified so that they
were compared with those of new construction. The comparison indicated issues applying LCA to
heritage buildings.

Keywords: life-cycle assessment; restoration; heritage architecture; timber-frame structure; residen-
tial building

1. Introduction

The increase in the world’s population in recent decades has had significant envi-
ronmental impacts [1]. It is an urgent task to protect the Earth, but at the same time, the
sustainable development of the economy and society has to be ensured [2]. The word
“sustainability” started to appear with frequency since 2000 [3]. Sustainability is defined
as the state of the global system in which the environmental, social and economic re-
quirements of today’s generations are satisfied without undermining the ability of future
generations to do so [4]. The building industry is responsible for high levels of energy
consumption and CO2 emissions [5–9]. The conservation of historic buildings may be
favourable to sustainability in terms of natural and man-made resources compared to
new construction [10–12]. The continuing use of historic buildings may contribute to a
reduction in environmental impacts derived from construction activities [13,14]. In addi-
tion, well-executed conservation practice may reduce life-cycle CO2 (LCCO2) emissions as
energy efficiency is improved [15–18]. Nonetheless, when conservation practice focuses on
structural strengthening as well as the protection of cultural value, environmental impacts
may not be paid sufficient attention to [19–22]. When projects aim to improve structural
safety and control environmental impacts at the same time, they may require additional
costs [23].
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Life-cycle assessment (LCA) is often used to measure the environmental impacts of
construction works [5,24–26]. LCA contributes to the minimisation of the environmental
impacts of the entire life cycle of buildings: the manufacturing of materials, transport,
construction, maintenance and final disposal (so-called cradle-to-grave process) [27]. The
International Organization for Standardization (ISO) presented LCA principles and frame-
works to measure and control such impacts [4]. National and international standards refer
to the publications of the ISO [28–30]. LCA can be a useful tool for the conservation of his-
toric buildings [31–33]. LCA can contribute to the reduction in LCCO2 emissions of historic
buildings by prolonging the service lives of used materials [34], proposing energy-efficient
seismic strengthening [35] and improving the energy efficiency of buildings [36–39]. How-
ever, the reliable application of LCA to conservation practice requires further investigation
and practice [40–42]. Results may be influenced by the considered lifespan, databases,
system boundaries and reference study period [43–46]. The choice of indicators must be
based on the well-defined objectives of LCA [47]. The LCA of historic buildings can be
challenging as databases do not usually include traditional materials [48,49]. The evalu-
ation of results may not be straightforward when subjective judgements (e.g., emotional
and memorial values) are taken into account [43]. To increase the credibility of LCA results,
sensitivity analysis is advisable [50–52]. The estimation of the environmental performance
of historic buildings may be improved by taking into account the influences of temporal
parameters including climate changes and toxicity impacts [53]. Due to the stochastic
characteristics of historic buildings, probabilistic approaches may be necessary [46,54,55].
As a matter of fact, in the framework of the 2030 Agenda for Sustainable Development
Goals (SDGs), the International Council on Monuments and Sites (ICOMOS) explores
approaches that permit the enhancement of the sustainability of urban areas by means
of heritage built environments [56]. The SDGs are internationally recognised, but limited
research progress has been made in terms of the environmental performance of buildings
for the achievement of SDGs [57]. In addition, studies have been focused on contemporary
buildings [58,59].

This paper applies an LCA methodology to the restoration of heritage houses and the
construction of contemporary houses. Buildings in Japan are considered as case studies.
The applied LCA compares environmental performance between restoration and new
construction. The restoration of heritage buildings needs to satisfy the protection of
cultural value, as it may require substantial environmental impacts. For this reason, it is
essential to properly calibrate the environmental impacts of restoration projects. The aim
of this paper is to indicate the difficulties of LCA application to heritage buildings and
the applicability of an existing LCA methodology by comparing restoration projects and
new construction. The comparison focuses on the environmental impacts of the amount
of construction materials and of the operational energy use. The applicability of LCA is
examined in terms of the quantification of the environmental performance of the restoration
of heritage buildings.

2. Research Methodologies
2.1. LCA Methodology

The methodology of the Architectural Institute of Japan (AIJ) [30] was adopted. The
building life-cycle phase consists of construction, operation, maintenance, replacement and
disposal as system boundaries. Figure 1 shows the system boundaries considered in the
methodology. The presented display is based on the European standard [29]. The blue
italic words are the boundaries considered in the methodology of the AIJ. It is noted that
the construction phase is composed of the product and the construction process stage.
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Figure 1. System boundaries considered in the methodology of the Architectural Institute of
Japan (AIJ).

The product stage is calculated according to the structural components. They are
foundations, structural frames, floors, roofs, walls and furnishings. The furnishings are
non-load-bearing interior components. The methodology considers CO2, NOx, SOx, chlo-
rofluorocarbon (CFC) and primary energy consumption as the indicators. Equation (1)

GWPm, l = Vm,l × γm,l × Cm,l (kg − CO2 eq) (1)

where:
GWPm,l is the global warming potential (GWP) of a material, m for the structural component
l of the building (m = 1, 2, 3, . . . , N)
Vm,l is the volume of a material, m for the structural component l (m = 1, 2, 3, . . . , N)
γm,l is the density of the material, m for the structural component l (m = 1, 2, 3, . . . , N)
Cm,l is the unit GWP of the material per square meters, m for the structural component l
(m = 1, 2, 3, . . . , N)

Calculates the GWP of a material used for a structural component. The resultant GWP
emissions are obtained by summing the GWP of each structural component. The GWP of
the construction process stage is considered proportional to that of the product stage [30].
It is equal to 24.7% of the product stage for timber-frame buildings. The maintenance is
considered to be performed every year. Its yearly GWP is set at 1% of the construction phase.
The maintenance is performed on walls, roofs and furnishings. As for the replacement, the
structural components are assigned their own service lives. According to them, they are
replaced. As for the disposal, only the transport of the materials is considered as waste
management facilities are considerably different in each region in Japan [30]. Typical waste
collection vehicles are considered. Transport distance is considered 30 km.

This paper considered the database of the Japanese standard [30]. It is comprehensive
and covers materials of a wide range of building types. It includes electricity and energy
sources such as gas and petrol as well. Inter-industry relationships are taken advantage
of [60]. They are presented as input-output matrices. The statistical data of greenhouse
gas emissions and energy use are reported periodically [61]. The database correlates the
input-output matrices with the indicators, referring to the statistical data report.

2.2. Energy Use Calculation Method

Operational energy use is estimated according to the calculation method of the
Japanese standard [62]. Cooling/heating, ventilation, water heating and lighting are
considered. The method is widely used in Japan. The calculation is conducted using an
online tool [63]. The method calculates the final energy consumption based on the average
heat transfer coefficient (HTC), UA, the average solar heat gain coefficient (SHGC), η, the
floor area of a building, the area of the building skins and building-related domestic appli-
ances. The UA value is calculated as an average value of the HTCs of the entire building
skins. The HTCs are calculated based on the thermal conductivities of used materials and
the thickness of structural components. The η value is an average value of the SHGCs of
the building skins which receive sunlight directly. Two η values are used: namely SHGC
for cooling (ηC) and heating (ηH). The standard defines that the cooling is required when
the average temperature of a day is higher than 23 degrees. The heating is required when
the average temperature is lower than 15 degrees.
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2.3. LCA Application

LCA was applied to two heritage houses and a contemporary house, using the LCA
methodology presented in Section 2.1. Case studies are introduced in Section 3. The
examined heritage houses were selected since they show representative characteristics as
Japanese heritage buildings in terms of structural configurations, materials, cultural value
and restoration approaches. On the other hand, the contemporary house was chosen so
that it could be compared with the heritage houses.

The methodology considers that the life-cycle phase is composed of construction,
operation, maintenance, replacement and disposal as discussed in Section 2.1 (see Figure 1).
In this study, the reference study period was set at 45 years. The service life of typical
houses in Japan is 45 years [64]. As for heritage buildings, extensive restoration, which may
involve the dismantling of an entire building, is usually performed every 100 years [65].
Hence, the service life of the heritage buildings was considered 100 years while that of
the contemporary house 45 years. The restoration was considered to be performed at the
beginning of the reference study period. Table 1 presents the considered service lives of the
buildings and of structural components. The structural components presented in the table
are discussed in Section 3. The reference study period was chosen as it was unlikely that the
same contemporary house will be built in 45 years considering technological development
in recent years.

Table 1. Service lives of the studied buildings and of structural components.

(Years) Structural Components SA-RES SO-RES Contemporary House

building 100 100 45

roof

ceramic tile roofs 100 - -

timber-plank roofs - 30 -

galvalume roofs - - 25

wall

lime plaster walls 100 100 -

earth covering walls 100 100 -

cement siding - - 45

lime plasterboards - - 45

furnishing

interior timber boards - - 45

tatamis 15 15 15

partitions 100 100 -

Three sensitivity analyses were performed. The first one examined the influences of
material choices in the database. The second one was conducted to examine the environ-
mental impacts of operational energy use by considering different technical systems. The
third one examined the influences of the reference study period. In this paper, the units of
the indicators were divided by the gross floor area of the buildings (e.g., kg-CO2 eq/m2).
This treatment made the results comparable among the buildings of different floor areas.
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3. Description of the Case Study Heritage Buildings
3.1. Description of the Heritage Houses

Case studies are positioned in Nagano prefecture, Japan. The prefecture is located
in the central upland region. The average altitude of the prefecture is 600 m. The region
belongs to alpine climate which is characterised by low humidity, low temperature and
substantial snowfall in winter [66]. The average highest temperature is 24.7 degrees Celsius
while the lowest −3.2 degrees Celsius. The yearly snowfall is 30 cm on average.

Two heritage residential buildings were considered. Comprehensive descriptions
of the heritage buildings including the restoration projects are found in the restoration
reports [67,68]. The structures are built of timber frames. The first case study, Sanayama
residence (SA-RES) was built in 1766 [69,70]. It is a two-storey building. It was used as a
brokerage company and a lodge as well as a residence. It has been inscribed as an important
cultural property as a representative example of traditional lodge-type structures since
1973. The dimension of the ground floor is 10.9 × 7.8 m2 in plan (Figure 2a). The gross
floor area is 237.4 m2. The height of the ground floor is 4.0 m while that of the first floor
2.0 m (Figure 2b,c). The ground floor consists of four zones: a living quarter, guest rooms,
a reception, an annex and an aisle. Part of the first floor is on the reception while the rest
on the aisle and the annex (Figure 2b). The southern part room is the reception. The rooms
in the central part are the living quarter and are served as dining rooms, sitting rooms and
bedrooms. The rooms are separated by removable partitions. They are made of timber and
usually covered with paper. One large space is created by removing the partitions. It is
noted that it was typical for rooms to serve multiple purposes in traditional houses [70,71].
The northern part rooms are the guest rooms. The annex is used as a storeroom. The aisle
is served as a kitchen and also as a corridor (Figure 2c). The floors of the aisle are at the
ground level, as it is easily accessible from outside [72]. The first floor is used as guest
rooms and storerooms.

The structural frames are composed of cedar, pine and cypress. The floors of the
reception are covered with timber planks while those of the living quarter and of the guest
rooms with timber boards and tatamis. The timber boards are made of pine. The tatamis are
mats made from wooden chips (traditionally from rice straws). Their surfaces are covered
with rush straws. The floors of the aisle are covered with earth. Walls are composed of
bamboo meshes covered with earth. They are finished with lime plaster (Figure 2d,e). Such
walls are typically seen in traditional buildings. The roofs are composed of timber planks
and ceramic tiles. The timber planks of the roofs are made of pine.

The second case study, Sonehara residence (SO-RES) was built during the 17th century
although the exact construction date is not known [68,73]. It is a single storey. It was used
as a manor farmhouse. It has been inscribed since 1973 as an important cultural property as
one of the oldest existing buildings which demonstrate indigenous construction techniques
in the region. The dimension is 19.6 × 15.9 m2 in plan (Figure 3a). The gross floor area
is 276.5 m2. The height of the ground floor is 4.0 m (Figure 3b). The building consists
of a living quarter, guest rooms, an aisle and a stable. The living quarter and the guest
rooms are located on the north side while the stable on the south side (see Figure 3a). The
rooms on the west side are used as the living quarter while those on the east side the guest
rooms. Like SA-RES, rooms are separated by removal partitions (Figure 3e). Since the
region belongs to cold alpine climate, it used to be typical for a farmhouse to use part of a
house as a stable for livestock [68]. In addition, wind frequently blows in the north-south
direction in the region. As a result, the south elevation has few openings (Figure 3c,d). In
fact, the entrance is located in the east elevation.
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The structural frames are composed of cypress and cedar. The floors of the living
quarter are covered with timber boards while those of the guest rooms with tatamis. The
floors of the aisle and the stable are covered with earth. The floor level of the aisle and
stable is the same as the ground level. The upper parts of the walls are composed of timber
meshes covered with earth while the lower parts with timber panels (see Figure 2c). The
timber meshes of the walls are composed of pine and cypress. The timber panels of the
walls are made of pine. The roofs are covered with multiple layers of timber planks. Such
a construction technique was often used for traditional houses in Japan [72]. Stones are
placed randomly over the timber planks to stabilise the roofs (see Figure 3d). The timber
planks are made of pine and cypress.

3.2. Description of the Restoration in 1977

In Japan, the heritage buildings are controlled under the Law for the Protection
of Cultural Properties [74]. The law was established in 1950. It only permits repair to
restore the original state. Minor alteration might be exceptionally accepted to remove later
additions or to adapt the use of today. The restoration of timber heritage buildings usually
involves the dismantling and the reassembling of an entire or a partial building [65]. Both
case studies were entirely dismantled and reassembled in 1977.

As for SA-RES, the project was aimed to be restored to the original state. Extremely
damaged or deteriorated components were replaced with new ones although the original
materials were kept as much as possible. For instance, the extremely damaged parts of
timber beams or columns were cut, and the remaining parts were coupled with new timber.
As the entire building was dismantled, the restoration involved all structural components.
The building was assembled by construction techniques that were used for the original
construction. Most of the ceramic tiles of the roofs were replaced due to their extensive
damage. The amounts of used materials are presented, referring to the restoration report
(Table 2). In the table, foundations include the floors of the aisle. Moderate repair was
conducted on the foundations, taking into account their damage state. As walls were
partially covered with wallpaper, their conditions were satisfactory. However, as lime
plaster and earth covering were missing in eastern walls, extensive refurbishment was
carried out. Creosote was used as wood preservative. The same approach was taken for
the restoration of SO-RES. Only significantly damaged or deteriorated components were
replaced with new ones. The roofs were restored to the original condition as they went
through extensive modification over the years. The entire earthen floors of the aisle and
the stable were refurbished. For this reason, a substantial amount of earth was required
(see Table 2).

Operational energy use was calculated according to the method discussed in Section 2.2.
The two houses showed close UA and η values (Table 3). Table 4 presents the list of
the domestic appliances considered for the calculation. They are selected based on the
domestic appliances found in traditional houses [75,76]. The final energy consumption
was 995.8 MJ/m2year and 787.7 MJ/m2year for SA-RES and SO-RES, respectively. SA-RES
showed a higher value than SO-RES in spite of similar UA values. The adopted calculation
method takes into account room use. The gross floor area of SO-RES is larger than that of
SA-RES. However, nearly half of the area of SO-RES is occupied by the aisle and the stable.
SA-RES has more rooms for daily use including the reception and the guest rooms than
SO-RES. According to the in-situ survey of the energy consumption of similar traditional
timber-frame houses in Japan, comparable values were reported [76]. As the houses belong
to cold alpine climate, heating was highly dominant (Figure 4a). It is noted that “others” in
the figure denote the energy use of appliances that are not building-related.



Sustainability 2021, 13, 3608 9 of 19

Table 2. Quantity estimation of used materials for the restoration of the heritage houses.

Structural Components Materials (kg/m2) SA-RES SO-RES

foundations

limestone 23.1 54.3

concrete 30.4 95.5

earth - 300.9

structural frames

timber 26.6 30.4

iron nails 1.2 1.0

wood preservative 0.6 0.3

roofs

timber planks 5.9 18.7

stone - 21.9

ceramic tiles 61.5 -

copper sheets 0.2 -

wood preservative - 0.6

walls

bamboo mesh 7.5 -

timber - 3.3

lime plaster 3.8 -

earth covering 156.3 29.3

furnishings
tatamis 5.9 1.3

partitions 3.6 1.5

Table 3. Heat transfer coefficients (HTCs) and solar heat gain coefficients (SHGCs) of the stud-
ied houses.

UA (W/m2·K) ηH (%) ηC (%)

SA-RES 1.67 3.0 3.2

SO-RES 1.65 2.6 3.1

1980-RES 1.27 2.9 3.3

1992-RES 1.09 2.6 3.0

1999-RES 0.43 1.6 2.2

Table 4. List of domestic appliances considered for the estimation of the energy use.

Heritage Houses Contemporary Houses

cooling/heating air conditioners air conditioners

water heating gas water heating gas water heating

lighting fluorescent lamps LED lamps

3.3. Description of the Contemporary House

A two-storey house was chosen as the case study of new construction (Figure 3a). In
this paper, it is named the contemporary house as a comparison to the heritage houses
introduced in Section 3.1. A detailed description of the house can be found in the pub-
lication of [77]. It is situated in Nagano prefecture. It was built in 2016. The structure is
composed of timber frames. The roofs are covered with galvalume panels. The walls are
composed of plasterboards, cement siding and spray foam. The dimension of the ground
floor is 14.0 × 10.5 m2 in plan (Figure 5a). The height of the ground floor is 3.0 m while
that of the first floor 2.7 m (Figure 5b,c). The gross floor area is 213.0 m2. The ground floor
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consists of a living room, a kitchen and a principal bedroom. The first floor has bedrooms
for family members and guests. The building was chosen as the case study for its typical
room layout as a contemporary detached house in Japan [78,79]. The gross floor area
is nearly twice larger than that of typical houses, which is about 125 m2 [78]. Thus, the
contemporary house has a close gross floor area to the studied heritage buildings. Typical
domestic appliances are installed as a contemporary house in Japan [80,81] (see Table 4).
Table 5 shows the amounts of principally used materials. As for timber, cedar was mainly
used while pine was used as beams and joists. Interior timber panels were used as the
interior decoration of the house.
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Operational energy use was calculated by the method discussed in Section 2.2. Taking
into account the revisions of the energy-efficiency laws (EELs) in Japan, three conditions of
the contemporary house were considered. The purpose was to examine the influences of
insulation levels, considering very limited insulation levels of studied heritage buildings.
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EEL was revised in 1980, 1992 and 1999 [82]. It is noted that the real building was built in
accordance with the 1999 EEL. According to the 1980, 1992 and 1999 EELs, they are named
1980 residence (1980-RES), 1992 residence (1992-RES) and 1999 residence (1999-RES) in this
paper. It was assumed that the three houses (1980-RES, 1992-RES and 1999-RES) used spray
foam equal to 262 kg, 358 kg and 1080 kg respectively. The amounts of the spray foam
were determined to meet the criterion of the UA value specified by each EEL [82]. The UA
and η values are presented in Table 3. The UA value of 1999-RES is three times smaller
than that of 1980-RES. The resultant energy use was 623.9 MJ/m2year, 590.6 MJ/m2year
and 485.9 MJ/m2year for 1980-RES, 1992-RES and 1999-RES, respectively. Water heating
and lighting were the same among the three houses as they were not influenced by the
insulation levels (Figure 4b).

Table 5. Quantity estimation of used materials of the contemporary house.

Structural Components Materials (kg/m2) Contemporary House

foundations

concrete 519.8

aggregate 181.7

steel reinforcement 13.4

structural frames timber 96.6

roofs
galvalume panels 8.6

timber planks 2.6

walls

cement siding 25.4

lime plasterboards 17.1

glass 2.7

furnishings
tatamis 0.4

interior timber boards 6.5

4. Results of LCA
4.1. Results of Heritage Houses

Table 6 presents the primary energy consumption and the gas emissions (CO2, SOx
and NOx). Comparison is made between SA-RES and SO-RES. SA-RES showed higher
values in each indicator than SO-RES. As for the CO2 emissions, the difference was due
to the restoration of the roofs. The roofs of SA-RES are covered with ceramic tiles while
those of SO-RES with timber planks and stones. Nearly 61.6 kg/m2 of the ceramic tiles
were used for the restoration of the roofs of SA-RES. No CFC emissions were shown.

Table 6. Life-cycle assessment (LCA) results of the studied houses.

Energy
(MJ/m2year)

CO2
(kg-CO2 eq/m2year)

SOx
(kg-SO2 eq/m2year)

NOx
(g-NO2 eq/m2year)

SA-RES 3028.7 169.3 130.8 279.6

SO-RES 2226.7 131.2 113.4 215.9

1980-RES 1750.6 106.7 84.2 176.9

1992-RES 1672.0 102.1 81.2 169.7

1999-RES 1429.2 88.2 71.9 147.7

Two sensitivity analyses were performed. The first one considered different selections
of materials as there are a variety of choices in the database for timber, stone and ceramic
tiles. The coefficient of variation (COV) of SA-RES was 27.7%, 24.8% and 0.0% for the
construction, maintenance and replacement phases in turn (Figure 6a) while the COV
of SO-RES was 26.3%, 12.6% and 7.2% (Figure 6b). In both cases, the construction and
maintenance phases showed similar COV values. The replacement phase of SA-RES was



Sustainability 2021, 13, 3608 12 of 19

not influenced by the material choices as the roofs of SA-RES were not replaced during the
reference study period. On the other hand, the replacement phase of SO-RES showed a
deviation due to the replacement of the timber-plank roofs. The replacement of the timber-
plank roofs was necessary during the study period since their service life was considered
as 30 years (see Table 1). The other indicators (energy, NOx, SOx) showed similar results
to CO2.
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Figure 6. Life-cycle CO2 (LCCO2) of the construction, maintenance and replacement phases: (a)
SA-RES and (b) SO-RES.

The second sensitivity analysis was conducted by proposing different technical sys-
tems. Two combinations of the technical systems were proposed (Table 7). Proposed
technical system 1 (PTS1) considered that the studied houses were equipped only with
electrical appliances. Proposed technical system 2 (PTS2) considered an advanced techni-
cal system. It includes a polymer electrolyte fuel cell (PEFC) cogeneration system and a
heat exchange system. The two systems were determined, taking into account domestic
appliances found in typical contemporary houses in Japan [83,84]. In addition, they can
be easily removed and have limited impacts on the appearance of heritage buildings. The
results of PTS1 and PTS2 are compared with the reference cases which were presented
above (Table 8). PTS1 saved around 6.0% of energy compared to the reference case in both
heritage buildings while PTS2 10.0% (Figure 7). The other indicators (CO2, SOx and NOx)
showed similar reduction rates.
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Table 7. Proposed technical systems.

Proposed Technical System 1
(PTS1)

Proposed Technical System 2
(PTS2)

cooling/heating air conditioners air conditioners

water heating CO2 heat pump system PEFC cogeneration system

lighting LED lamps LED lamps

Table 8. Comparison of LCA results of the studied houses between different technical systems.

SA-RES Reference PTS1 PTS2

energy (MJ/m2year) 3028.7 2845.9 2693.8

CO2 (kg-CO2 eq/m2year) 169.3 158.8 150.0

SOx (g-SO2 eq/m2year) 130.8 123.6 117.7

NOx (g-NO2 eq/m2year) 279.6 263.0 249.1

SO-RES reference PTS1 PTS2

energy (MJ/m2year) 2226.7 2088.3 1999.4

CO2 (kg-CO2 eq/m2year) 131.2 123.2 118.1

SOx (g-SO2 eq/m2year) 113.4 107.9 104.5

NOx (g-NO2 eq/m2year) 215.9 203.3 195.2

1980-RES reference PTS1 PTS2

energy (MJ/m2year) 1750.6 1594.3 1536.2

CO2 (kg-CO2 eq/m2year) 106.7 97.7 94.3

SOx (g-SO2 eq/m2year) 84.2 78.1 75.8

NOx (g-NO2 eq/m2year) 176.9 162.7 157.4

1992-RES reference PTS1 PTS2

energy (MJ/m2year) 1672.0 1521.6 1463.5

CO2 (kg-CO2 eq/m2year) 102.1 93.4 90.1

SOx (g-SO2 eq/m2year) 81.2 75.3 73.0

NOx (g-NO2 eq/m2year) 169.7 156.0 150.7

1999-RES reference PTS1 PTS2

energy (MJ/m2year) 1429.2 1290.8 1250.7

CO2 (kg-CO2 eq/m2year) 88.2 80.2 77.9

SOx (g-SO2 eq/m2year) 71.9 66.5 64.9

NOx (g-NO2 eq/m2year) 147.7 135.1 131.5

4.2. Results of Contemporary Houses

LCA was applied to 1980-RES, 1992-RES and 1999-RES. Table 6 shows that the results
were influenced by insulation levels. The CO2 emissions of the construction phase were
increased as an amount of spray foam was added. However, it decreased the CO2 emissions
of the operation phase. The CFC emissions of 1980-RES, 1992-RES and 1999-RES were 3.3,
4.5 and 11.3 g-CFC11/ m2year, respectively. The values were increased according to the
amount of the spray foam. Sensitivity analysis was performed to study the environmental
impacts of operational energy use. The same two systems as the heritage houses were
examined (see Table 7). PTS1 decreased 9.0% of the energy use on average while PTS2 10%
(see Table 8).



Sustainability 2021, 13, 3608 14 of 19

4.3. Comparison of Results between Heritage Houses and Contemporary Houses

Results are compared between restoration projects and new construction. Table 9
presents the quantity of principally used materials and the values of the indicators of
the construction phase. In the table, mineral-based materials denote stones, earth, lime
and cement. Timber includes bamboo. The new construction consumed more mineral-
based materials than the restoration projects. It is added that SO-RES used nearly twice
as much mineral-based materials as SA-RES. However, SO-RES had a lower value of the
CO2 emissions than SO-RES. As discussed in Section 3.2, SO-RES consumed a substantial
amount of earth for the aisle floors (300.9 kg/m2). SA-RES used 61.6 kg/m2 of ceramic tiles
for the roofs. In the considered database, ceramic tiles emit a significant amount of CO2 due
to the burning process, compared to earth (1.72 kg-CO2 eq/kg vs. 0.018 kg-CO2 eq/kg).
Since the restoration projects aimed to keep the original materials as much as possible,
a smaller amount of new timber was used (43.6 kg/m2 and 53.9 kg/m2 for SA-RES and
SO-RES, in turn) than the contemporary house (105.5 kg/m2). However, the heritage
houses showed higher CO2 emissions than the contemporary houses. The studied heritage
houses required specific timber materials (e.g., Japanese cypress), as it ended in high CO2
emissions. The contemporary house consumes most mineral-based materials such as
concrete and aggregate for foundations (701.5 kg/m2).

Table 9. Quantity of primary used materials and values of the indicators of the construction phase.

Timber
(kg/m2)

Mineral-Based
Materials
(kg/m2)

Metal
(kg/m2)

Energy
(MJ/m2year)

CO2
(kg-CO2

eq/m2year)

SOx
(g-SO2

eq/m2year)

NOx
(g-NO2

eq/m2year)

SA-RES 43.6 284.0 1.4 341.0 19.6 23.2 41.1

SO-RES 53.9 501.9 1.0 164.7 10.7 21.0 23.5

1999-RES 105.5 752.1 22.0 120.8 9.6 12.5 21.2

The yearly LCCO2 of the gross floor area is compared among the studied houses. The
heritage houses showed nearly twice as high values as 1999-RES (Figure 8a). The difference
was mainly due to the operation phase. However, the CO2 emissions of the construction
phase of the heritage houses were higher than those of the contemporary houses. The
ratios of the CO2 emissions of each stage are compared (Figure 8b). Similar ratios were
observed among the five cases as the operational energy use was dominant in LCCO2. The
heritage houses consumed much more energy than the contemporary houses due to limited
insulation levels. However, in the performed LCA, the calculation of the UA and η values
included assumptions. The energy consumption may be estimated more accurately with
the UA and η values which are experimentally evaluated. It is obvious that with insulation
materials installed, heritage buildings can save operational energy use. However, such
alteration requires very deliberate discussion or even is prohibitable. It may be effective
to propose appropriate technical systems for the reduction in operational energy use as
discussed in Section 4.1.
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An additional analysis was performed by considering a different reference study
period. In this analysis, the considered study period was 100 years. The study period
changed LCCO2 values slightly (Figure 9a). As for the heritage houses, LCCO2 of the
operation phase took up around 90% (Figure 9b). The contemporary houses showed almost
the same results as the previous case (see Figure 8).
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5. Discussion
5.1. Application of LCA to Conservation Projects of Heritage Buildings

The paper discussed the environmental impacts of restoration projects by means of
LCA. The adopted LCA quantified the environmental performance of the restoration of
heritage buildings. In the present research, a database based on inter-industry relationships
was used. However, the inter-industry relationships may not be adequate for the estimation
of the greenhouse gas emissions of materials that do not frequently appear in the market. It
is often the case with restoration projects as they often use particular traditional materials
which are not utilised for typical contemporary construction. Results were influenced by
the service lives of structural components. This implies that the environmental performance
of heritage buildings can be improved by materials that last longer periods. It is noted
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that the reference study period had a limited influence on the studied buildings as the
operational energy use was dominant.

5.2. Comparison of Energy Consumption between the Case Studies

In the present study, two types of case studies were compared. The adopted LCA
methodology indicated the results were highly influenced by operational energy use.
In other words, as far as energy efficiency was concerned, heritage buildings were less
preferable than contemporary buildings. However, it is worthwhile noting that the energy
consumption was highly related to the use of heating since the buildings belong to cold
alpine climate. However, for the reliable estimation of the energy consumption of heritage
buildings, the heat transfer coefficients of traditional materials need to be experimentally
examined. In the present study, due to the lack of experimental evidence, their heat transfer
coefficients were calculated, referring to the thermal conductivities of similar materials. It
is added that the concept of rooms is not the same as contemporary houses. Some rooms
serve different purposes. For instance, an aisle is not only a corridor but also a kitchen.
Partitions between rooms can be removed so that many people are accommodated in
one large space. Such room use may not have been adequately included in the adopted
calculation method. Different technical systems were proposed and examined including a
cogeneration system and a heat exchange system. They reduced operational energy use.
However, further study is necessary to examine the effectiveness of such technical systems
on heritage buildings.

6. Concluding Remarks

This paper applied LCA to the construction of contemporary buildings and the restora-
tion of heritage buildings. A challenge was found in the choices of materials from a database
since the used database mainly covers materials for the construction of contemporary build-
ings. Sensitivity analysis showed that results were influenced by the choices of materials
in the database. For the accurate estimation of the LCCO2 of restoration projects, it is
advisable to prepare proper databases for traditional materials although such a task is not
straightforward.

The environmental impacts of heritage buildings were highly attributed to operational
energy use. It may be worthwhile to install proper technical systems to reduce operational
energy use. As one of the advantages of the restoration of heritage buildings, a limited
amount of materials is required since the original materials are kept as much as possible. It
results in a reduction in the disposal of waste.

This paper showed that further investigation is necessary for appropriate LCA ap-
plication to heritage buildings. It can be beneficial to apply LCA to heritage buildings
positioned in different climate zones from the one considered in this study. In addition, it
is suggested to examine the applicability of LCA to different types of restoration projects.
For instance, the strengthening of heritage buildings would be interesting since it needs to
deal with the improvements of structural safety as well as the protection of cultural value
and the reduction in environmental impacts at the same time.
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