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Abstract: Life cycle assessment (LCA) is an established method to assess the various environmental
impacts associated with all the stages of a building. The goal of this project was to calculate the
environmental releases for a whole office building and investigate the contribution in terms of
environmental impact for different parts of the building, as well as the impact from different
stages of the life cycle. The construction process was followed up during production and the
contractors provided real-time data on the input required in terms of building products, transport,
machinery, energy use, etc. The results are presented for five environmental impact categories and,
as expected, materials that constitute the main mass of the building and the energy used during
operation contribute the largest share of environmental impact. It is usually difficult to evaluate the
environmental impact of the materials in technical installations due to the lack of data. However,
in this study, the data were provided by the contractors directly involved in the construction and
can, therefore, be considered highly reliable. The results show that materials for installations have
a significant environmental impact for four of the environmental impact categories studied, which is
a noteworthy finding.

Keywords: life cycle assessment (LCA); building; office; technical installations; heating, ventilation,
and air conditioning (HVAC)

1. Introduction

A few decades ago, it became clear that energy use in buildings has a large environmental impact.
Recent years have seen major progress in lowering the energy demand of buildings to mitigate this
problem. However, an increasing awareness has emerged of the importance of also considering the
products and materials in a building during its complete life cycle in order to further reduce the
building’s environmental impact. A well-established method to evaluate the environmental impact of
a building’s life cycle is life cycle assessment (LCA).

To move towards truly low-emission buildings, it is essential to look at the entire life cycle of
the buildings including raw material sourcing, production, use, maintenance and waste. If only
part of the life cycle is considered, there is a risk that the focus to minimise environmental impact is
shifted to another part of the life cycle. Likewise, it is important to consider different environmental
aspects to avoid sub-optimisation; for example, efforts to minimise carbon emissions could result in
negative effects on other environmental aspects. However, one issue with conducting an LCA is that
it demands large quantities of data in order to obtain relevant results and draw useful conclusions.
This paper presents an LCA that was carried out on an office building. The approach involved
gathering reliable building data and assembling specific data for the LCA to obtain results of high
accuracy considering the following environmental impact categories: global warming potential (GWP),
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eutrophication potential (EP), acidification potential (AP), stratospheric ozone depletion potential
(ODP) and photochemical oxidants creation potential (POCP).

Although several studies are available that assess whole buildings over their entire life cycle,
e.g., [1–17], few studies deal with office buildings in particular, especially in the Nordic countries.
International LCA studies that investigate whole commercial buildings are [1–5,11,16], of which [1]
studied a section of a Danish office that was assumed to represent the complete building. Although
many previous studies are ambitious and thorough, the usual approach is to estimate the amount of
materials and products based on architectural drawings and to confer with experts. This approach
poses a risk of overlooking products and services with a large environmental impact, especially for
more complex buildings such as larger offices.

This study was a post-construction study that aimed to determine the major environmental
impacts of an office building by letting the involved contractors gather site-specific data on the
investigated building to mitigate the risk of omitting important environmental factors of the life cycle.
The approach was to perform a case study in which an actual building was closely followed in real time
from the design phase until completion, and then the calculation was made on the finished building.
This resulted in high-precision data on how the building was constructed, in contrast to assumptions
that would have been used if the LCA was performed during the design stage. The studied object was
an office building developed by the Swedish company Vasakronan in which seven of the floors were
made mainly from concrete and two floors mainly from wood.

2. Materials and Methods

2.1. Goal and Scope

The goal and scope of the study that is described in this article was to determine the parts of the
building that cause the main environmental impact, with a focus on the building’s construction and
technical installations.

2.1.1. Functional Unit

A building is a multi-functional item and many of its functions are in regulated building codes.
To minimise environmental impact when constructing a building, it is important to comply with
building codes provisions, for example moisture and fire safety. To consider the building code when
carrying out the LCA, the functional unit was set to be 1 m2 Atemp which complies with the current
Swedish building regulations for a 50 year service life. Atemp is a measurement of floor area intended
to be heated to at least 10 degrees Celsius excluding outer walls. The time frame of 50 years was chosen
since it is a commonly expected service life for buildings in Sweden.

2.1.2. System Boundary

The system boundary for the study was based on the modular approach described in standard
EN 15804 [18]. It was not feasible to include all modules in the study due to lack of data. Although
efforts were made to fill the data gaps, the project did not have enough resources to gather the necessary
data for all modules. The modules that were included in the study were A1–A5, B4, B6 and C1–C4,
which are described in [18].

2.1.3. Environmental Impact Categories

The mandatory impact categories in EN 15804, and therefore included in this study, are: global
warming potential (GWP), eutrophication potential (EP), acidification potential (AP), stratospheric
ozone depletion potential (ODP) and photochemical oxidants creation potential (POCP).
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2.1.4. Data Collection

Data on building products, energy and waste amounts were provided by the contractors. The data
contained information about the products, including their amounts, technical specifications, service
life, spillage and maintenance instructions. Data gaps and complementary product information were
found in the following sources:

• Environmental product declaration (EPD) of the specific product or, if missing, a similar product.
• Byggvarubedömningen [19], a Swedish tool for evaluating building product contents with regard

to environmental aspects. It was used to find raw materials and content for built-in products.
• Building declarations containing information about product content and production energy.

To calculate production energy when that information not available from other sources,
the Ecoinvent database version 3.2 (allocation, cut-off by classification) [20] for similar products
was used.

• Product safety data sheets containing information about product density.
• Product information data sheets that often contain the mass per given unit (pcs, m2, m, etc.).

2.2. Life Cycle Inventory Calculation

The same nomenclature as in EN 15804 is used to describe the building life cycle. Data calculated
for each module is described in Table 1.

Table 1. Calculated data for each life cycle module.

Module Description

A1–A3 Total amount, including spillage, for products used in the building. For each product, the material
content and energy demand per kilogram of product was calculated. The reason for using mass
instead of other physical properties was that waste management data only referred to mass.

A4 Total transported amount (tonne-km) of products from manufacturer to the building site.
The manufacturing locations for the products were found on the suppliers’ webpages.
The transport distances were calculated using Google maps [21], and deliveries were assumed to
have a return transport. Load factors of the return transport were taken from the respective data
set in Ecoinvent. All transports by lorry were assumed to be carried out with vehicles in class
Euro 5 with data for unspecified sizes.

A5 All materials or products that are not built in the building and energy used on the building site.
For all machines that run on diesel, the fuel energy content was assumed to be 38.6 MJ per litre.
The fuel consumption reported by the contractors was 18 litres per hour.

B4 Total amount of material needed to replace worn out materials during the building service life.
The frequency of replacements was provided by the contractors, based on recommendations from
suppliers, and the product technical service life was according to product data sheets or EPDs.

B6 Calculated yearly operation energy and how the energy is produced. Swedish energy mix has
been assumed.

C1 All material and energy used for demolition activities.

C2–C4 Waste amounts for different processing options (recycling, landfill, incineration) and
transport to waste management facilities. For all built-in products, a waste scenario was
created based on the contents possible recycling rate, data availability, Swedish recycling
goals and the waste management policy for Vasakronan. The assumed scenarios were:

steel and metals 80% recycling paint and plaster 0% recycling

concrete 80% recycling glass 80% recycling

wooden products 100% incineration electric components 100% recycling

mineral wool 80% recycling polyurethane 0% recycling

plastic 80% recycling bitumen 100% incineration

gypsum boards 80% recycling rubber 100% incineration
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2.3. Calculation of Environmental Impact

The data from the life cycle inventory was used to calculate the environmental impact for each
module in the building life cycle phase. The environmental impact per kilogram of each product
was taken from EPDs when a suitable EPD was available. If there was no suitable EPD or data
from Ecoinvent, data from the International Life Cycle Data system (ILCD) [22] was used instead.
Data from databases such as Ecoinvent or ILCD are not always representative for Swedish conditions.
Therefore, new data sets adapted to Swedish conditions were created for products with a large impact
on the results but without suitable EPDs. Examples of such materials are steel, galvanized steel and
aluminium. The data sets were based on generic data with adaptions to better represent Swedish
industry. Typical adjustments utilised Swedish electricity mix, heat from bio-fuels or Swedish district
heating and an increased share of recycled raw materials. The inventory data and calculations are
described in more detail in the Supplementary File.

2.4. Sensitivity Analysis

The energy mix for the operational life cycle stage, as well as manufacturing of copper and
aluminium parts for the production and maintenance stages, have large uncertainties that can influence
the results. A sensitivity analysis was carried out in order to evaluate the effect from these parameters,
more specifically the choice of upstream data for the LCA model. The data for the electricity mix
was changed from average electricity consumer mix for Sweden to the residual mix and electricity
from hydropower. Additionally, the data for aluminium and copper production was changed from
Ecoinvent data to data from Thinkstep database in Gabi 8.

3. Results

A total of 529 different products were in the list of built-in products provided by the contractors.
The products consisted of 220 different types of raw materials. The distribution of material categories
is shown in Figure 1. The building mass was mainly concrete (46%), gravel and crushed stone (30%)
and steel materials (15%), which together constitute 96% of the building’s total mass.

Figure 1. Distribution of mass for different material categories in the building.

Normalised results for the whole building are presented in Figure 2. In each category,
the production of building products (A1–A3) and operation (B4, B6) are the life cycle phases with the
dominant impacts. Regarding EP, AP and ODP, the building’s operation is the largest contributor,
while material production is the phase with the largest impact for GWP and POCP. Transport (A4),
assembly (A5) and demolition (C1) have negligible environmental impact on the results according to
this study. Waste management (C2–C4) has small yet significant (2–6%) impact in all environmental
impact categories considered.
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Figure 2. Normalised results for the whole building for each of the impact categories investigated.

The environmental impact from the operation energy in the use phase (B6) is 16–74% for the
investigated environmental impact categories, which is a common result for traditional studies of
buildings. Since the focus of the research project was building materials, the energy use will not be
further discussed in this article. Instead, the focus will be on results regarding the contribution from
materials and environmental aspects related to material choices.

Figure 3 shows the results for the environmental impact of the whole building. For GWP, the life
cycle phase with the largest emissions, besides energy use during operation (B6), is the manufacture
of building products (A1–A3), mainly due to the building framework and inside construction
parts. The manufacture of steel and concrete products contributes a large share of the total GWP.
Only galvanized steel profiles account for approximately 32%, while concrete casted on site and
prefabricated concrete elements amount to roughly 20% of the impact. Other significant contributors
are mineral wool in ceilings (4%) and polystyrene ground insulation (5%). The replacement (B4) of
parts in the heating, ventilation and air conditioning (HVAC) system, mainly due to stainless steel
and aluminium parts, as well as mineral wool boards mounted in places other than ceilings, also have
a relevant impact.

The results for EP and AP show less importance of the concrete framework in production (A1–A3)
than for GWP. The dominant processes concerning EP and AP are the production (A1–A3) and
replacement (B4) of copper pipes and other HVAC components. Concrete cast on site, prefabricated
concrete elements, steel parts and mineral wool boards have a large impact for AP as well, but less
effect on EP. One explanation for these differences is the greater effect of galvanized steel profiles and
mineral wool boards on AP.

The results for the impact categories POCP and ODP show that POCP is mainly affected by the
production of the construction materials and products (A1–A3), especially the concrete framework in
this case, mainly due to its content of expanded polystyrene (EPS) insulation. ODP, on the other hand,
is heavily affected by the energy use during operation of the building and has less impact from the
material and building products compared to the other environmental impact categories investigated.

3.1. Sensitivity Analysis Results

The results from the sensitivity analysis, presented in Figure 4, show that changes to electricity
mix and production of copper and aluminium have a small effect in GWP and EP. The most prominent
change is that EP for energy use decreases to 0.4 (kg PO3−

4 eq.)/f.u. With regard to AP, POCP and
ODP the most drastic change is that the impact for HVAC increases more than five times, while the
impact of the category energy use is less affected. This in turn leads to a change in the relative impact
of production (A1–A3) in these environmental categories, as can be seen in Figure 5.
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Figure 3. Impact of the different parts in the building for the environmental impact categories investigated.
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Figure 4. Impact of the different parts in the building for the environmental impact categories
investigated, with changed parameters for electricity mix, copper and aluminium.
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Figure 5. Normalised results for the whole building for each of the impact categories investigated,
with changed parameters for electricity mix, copper and aluminium.

4. Discussion

The aim of this study was to determine major environmental impacts of an office building by
following a real building project from its design phase through to completion. The results and analyses
demonstrate both strengths and weaknesses. The main strength of the study is the emphasis on
collecting data that is specific to the building project. Data on material amounts, waste at the building
site and energy use during production (A1–A5) were provided by the contractors on-site and, therefore,
have high credibility. Additionally, product data sheets were provided for most of the products which
means that there is also high credibility of the raw material composition and production energy for
the products used in the building. A weakness of the study is the unavailability of data on building
maintenance due to lack of information. It is likely that these factors would affect the outcome of
the study in some way, since they would increase the environmental impact of the operation phase.
Another common issue is the impact from end-of-life, since it occurs in the long-term future and
therefore entails significant uncertainty. Both these issues require further research.

For GWP the result is mainly affected by steel and concrete elements, which is explained primarily
by their large share of mass in the building. The relatively low contribution from transport (A4) in all
the impact categories was somewhat unexpected since large parts of the building were prefabricated;
however, the relative low impact of transport has also been found in other studies, e.g., [14]. Changed
assumptions regarding transport, such as size of vehicles or load factors, were studied but had small
effects (less than 5%) on the results. However, there are some uncertainties in the calculations. Because
there were over one hundred suppliers it was not practically feasible to simulate all the transport trips
in detail, especially concerning hidden transport due to subcontracting. It is a possibility that some
transport distances were underestimated, although the small contribution from transport in the results
suggest that even these uncertainties will not change the conclusions made in this study.

Copper and aluminium in the HVAC-system significantly contribute to the impact categories AP
and EP (25% and 33%, respectively). Copper is a metal with an unstable global market and its impact
is highly dependent on its value chain. The impacts on acidification and eutrophication have a strong
correlation with the use of fossil fuel during mining and transport to smelters where NOx and SOx are
emitted. Modelling these kinds of activities with high accuracy is challenging due to the large number
of products and suppliers for these materials. The results from the sensitivity analysis in Figures 4
and 5 show that the choice of upstream data can significantly influence the outcome of the study.
This issue is very common and well-known for the choice of electricity during the building’s operation,
since different electricity generation technologies have different environmental releases. On the other
hand, the choice of data on copper and aluminium brings different results depending on factors such
as technology used, location of manufacture, and percentage of recycled metal used in production.
The sensitivity analysis explores alternative datasets available containing generic data. These datasets
are not necessarily representative of the products used in the building. However, the suppliers of these
materials did not provide specific product data for their products, and generic data has to be used as



Energies 2019, 12, 2588 9 of 11

a replacement. In order to effectively overcome this uncertainty specific product data is required for
copper and aluminium.

The impacts from HVAC-systems are often omitted in the LCA of buildings due to lack of data [6].
In this study, the data on product amounts in the technical installations were provided directly from
the contractors and can, therefore, be considered reliable. The considerable contribution from the
HVAC-system is therefore a noteworthy finding. The main reason for the large impact is that several
parts in the technical installations have to be replaced during the studied timeframe. Omitting the
HVAC-system in an LCA of buildings can ignore a considerable part of the environmental impact for
several impact categories. The finding that the replacement of some products (B4) accounts for a major
part of the impact of some products should also be pointed out. The industrial partners in the project
were unable to provide information on replacement, since this is usually not planned but done on
an ad-hoc basis. The service lives of the parts were instead estimated from the technical service life
provided by the suppliers. To improve the accuracy of the data for replacements in the future, it would
be beneficial to collect statistics from the operational management of similar buildings.

As can be seen in Figure 3, relative magnitudes in environmental impact between the parts of the
building vary depending on which environmental impact category that is considered. For example,
the concrete framework has the largest environmental impact for POCP but is only the fifth largest
impact regarding AP. Similar differences in magnitude can also be noted for other parts of the building.
This implies that the correlation between different impact categories can be low. However, Figure 3
also shows that some parts, e.g., sprinkler and fire safety, have a low impact in all environmental
categories investigated. This will also depend on how the building is divided into different groups.
If all groups except energy use were grouped as a single category, this group would of course have
a larger environmental impact compared to energy use.

It is difficult to compare studies involving LCAs on buildings since they target different buildings,
functional units, system boundaries and method choices [9]. Previous studies that analyse a whole
buildings during the full life cycle and present the impact share of the different building parts
are [1,2,6,8–11,14]. These also shows that energy use (B6) and production (A1–A3) represent a large
share of the total environmental impact, similar to our results. In contrast, the studies do report a lower
impact share of the installations than was presented in this article. For studies of residential buildings,
a likely explanation is that there are commonly fewer installations in these types of buildings than
for commercial buildings. However, [1,2] have similar building types, office with concrete frame,
but also report smaller shares of environmental impact from the technical installations. It is possible
that these differences are caused by missing products in the inventory of these studies, but there
are also other possible explanations: the buildings have less technical installations, the functional
unit is different or that the purpose and therefore method choices are different. The latter reason is
indicated in [1], since the focus in that study was difference of several construction alternatives and
only steel, iron, PVC and ceramics are reported for technical installations. In our study it was found
that other materials in the technical installations, e.g. copper and aluminium, have significant (64–93%)
environmental impact in the HVAC-system.

This study provides information on the environmental impacts associated with the life cycle of
an office building. The presented results provide insights into the magnitude of environmental impact
for the parts of the building during the different phases of its life cycle. This will make it easier in the
future to prioritise measures when designing buildings with higher environmental performance.

5. Conclusions

The results from the study show the environmental impact from parts of the building for
different phases in its life cycle. In each environmental category investigated, the production of
building products, operation energy and replacement are the life cycle phases with the largest impacts.
Waste management has small but yet significant impact (2–6%) in all environmental impact categories,
while transport, assembly and demolition have little environmental impact on the results according to
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this study. The importance of energy use and production was expected, as has also been shown in other
studies. A novel finding was the significant impact (14–32%) of the technical installations in four out
of five environmental impact categories, for which earlier studies of buildings often disregarded due
to lack of data. This finding highlights the importance of these kinds of products in the environmental
impact mitigation of buildings. Investigating all the transport trips to the building site was complex,
but the results show that transport has a small effect on the total environmental impact of the building.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/13/2588/
s1,
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