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Abstract

:

The built environment sector causes significant climate change impacts, which indicates an opportunity for the sector to be of great importance in reducing its global impact. The main strategy has focused on urban density and transport as well as studying the emissions caused by buildings with life-cycle assessments (LCAs). However, a holistic approach is often missing, where life-cycle environmental impacts are assessed, and goals are considered at the planning stage. This study proposes LCA on a neighborhood scale for a holistic approach and to identify how LCA can be used to reduce impacts when designing and for decision-making at the planning stage. The focus is on the pre-use phase because that phase has been proven to cause a significant spike in carbon emissions when considering the near future and is crucial in reaching climate goals. The study case is a new neighborhood plan in Reykjavík, Iceland. The assessment focuses on the climate change impact of building a new neighborhood. The study identifies materials as a key factor. It demonstrates how the total emissions of the neighborhood are reduced when more environmentally friendly materials are replaced by traditional ones. It reduces GHG emissions by up to 40% in total.
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1. Introduction


Since the Industrial Revolution, human behavior has impacted Earth’s stability greatly, as scientific evidence has proven, and it is the leading factor of global environmental changes, where climate change is considered one of the biggest threats [1], and the development trends are alarming. How humans will succeed in forming urban developments will have a significant impact on the future of our epoch, the Anthropocene, which is characterized by human activities causing pressure on the Earth system [2]. The human pressure on Earth’s system is increasingly connected to urbanization, and the UN world cities report from 2020 states that cities account for 70% of global carbon emissions and they consume 2/3 of the world’s energy [3]. An important role is played by the impervious surfaces which dominate in urban settlements [4]. According to Unep-Sbi [5], 37% of the global energy-related CO2 emissions came from the construction and operation of buildings in 2020, compared to 38% in 2019.



While the climate impact from urban settlements has been recognized long ago, densification has been the proposed solution to reduce greenhouse gas (GHG) emissions in planning settlements. The emphasis has been revealed in a broad range of literature that high-density mixed-use developments with high-rise buildings lead to lower energy use for housing and reduce reliance on private cars [6,7,8,9,10]. However, when considering overall consumption, life in less dense areas can be less GHG-intensive. The indirect emissions of urbanization are often not accounted for in studies, and the average urban citizen often has a higher income, more leisure time to spend, travels more by airplane, and uses goods and services outside of their homes to a greater extent than people in rural areas [11].



The use of a life cycle assessment (LCA) as a method for assessing the environmental impacts of buildings has become well-established [12,13,14,15,16,17] and is considered the most comprehensive way to assess the environmental impacts related to buildings [18]. In LCA studies of buildings, the emphasis has been on the use phase, which has led to the development of buildings becoming more energy efficient [19]. However, a shift of focus has occurred in today’s literature, where more attention is now on the pre-use phase regarding building materials than before [15,20,21,22,23,24]. The construction materials and the pre-use phase overall are causing much higher emissions than previously considered and form a significantly higher share of the overall whole life cycle emissions than has been reported in many earlier studies [15,21,22,24]. While this is related to the decline in use phase emissions intensity, it also relates to an improved understanding of the importance of the emissions related to the built environment development phase. It can be well above 50% of buildings’ overall life cycle emissions within a 50-year timespan and not 10% as it has often been assumed [24]. Moreover, the construction of low-energy buildings can generate more GHG emissions than the construction of conventional buildings [24]. The embodied emissions in construction materials are becoming crucial when building new settlements and could be a very important mitigation option for effectively reducing the emissions as fast as possible [25,26].



However, little focus has been paid to the built environment in a larger scope, like cities and neighborhoods, which is evident in the scarce literature on the matter [13,14,15,16,17]. These larger-scale systems, like neighborhoods and cities, have the potential for addressing the early-stage design and decision-making process to minimize the environmental impacts caused by the future built environment [13,15,16,17] since many of the major design decisions are taken at this stage [15,20,23,27]. Early design phase LCAs allow material replacement, which has high potential as a mitigation option [23,28]. The current literature on LCA studies at the neighborhood scale varies in complexity, which makes a comparison between studies difficult [15,16,22]. The system boundary ranges from studies of clusters of buildings to more complex studies taking other aspects of the neighborhood into account, like mobility, infrastructure, other spaces, and networks [15,22]. The assessment scope regarding the built environment often seems to be limited when conducting an LCA study, which frequently excludes important systems that are an integral part of development, such as the infrastructure, construction site, and technical building equipment. These systems could add significantly to the spike of emissions from what often is reported [12]. Including the infrastructure, water, and sewage systems in assessing a new residential area can add around 9% to the GHG emission at the pre-use phase [24]. Also related to the pre-use phase, the construction site has been reported to add 3–15% to the emissions and technical building equipment about 7% [12]. However, neighborhood-scale studies have shown that buildings account for the largest part of the overall emissions of the neighborhoods [15,16].



While the embodied emissions of materials can account for over 40% of overall emissions on a neighborhood scale [15], using wood as the main building material can reduce this share to under 20%, even while using passive house standards and on-site energy production [22]. This highlights the benefits of setting ambitious climate goals already in the planning phase, including building materials. Wood is considered an important building material for climate change mitigation options, as it produces fewer emissions during the production phase compared to other construction materials, such as steel and concrete, and it works as a tool for carbon sequestration [29].



Other promising bio-based material options regarding material replacements to reduce environmental emissions are straw and hemp-based building elements, where the straw-based materials show the most favorable outcome for reducing the emissions [30,31]. Concerning material durability and life span, the use of circular design options can be useful for getting a better result from the long-term environmental perspective [32]. By using a leaner design with durable materials and flexibility for changes of use in the future, the life cycle environmental performance can be significantly improved [27], especially because the physical life span when a building reaches its technical limit is usually not the building’s actual life span, but rather the functional life span, as societal changes and loss of value are a more common cause of a building’s end of life [33].



In Iceland, until recently, environmental issues have not been of focus in relation to the Icelandic building sector. This new shift in focus is demonstrated in a new chapter in the Icelandic Climate Action plan that aims at reducing GHG emissions from the building sector [34]. However, there are challenges in tracing the impact of the construction industry because a large part of it is connected to materials and the construction phase of buildings, which are typically imported. At the same time, the GHG emissions from the built environment development in Iceland are significant: a recent assessment estimated the annual load from Icelandic buildings at 360,000 t CO2eq/year, of which 58% are embodied emissions [35]. The embodied emissions have a pronounced role in Iceland due to the geothermal heat and hydropower-based stationary energy system. However, despite these renewable energy sources, energy use still accounts for around 30% of the life cycle emissions of Icelandic buildings, and the average Icelandic household uses 4–5 tons of hot water per square meter per year, mainly for heating [36]. If covering all the components of the built environment, such as roads and bridges, the emission would even be higher [35]. This also applies to building LCAs, which typically omit all the built-up areas that serve the buildings included in the assessment [12]. Therefore, studies of the construction sector should cover all relevant components related to the assessment object. This can be addressed by looking at development projects at a larger scale, like urban plans and individual neighborhood development projects, which include buildings and infrastructure systems and all other outer elements relating to the development at the studied neighborhood or site.



Today, on the one hand, urban plans normally implement a standard environmental impact assessment (EIA) according to the act on the environmental assessment of plans and planning laws which mostly focuses only on local impacts [37,38]. On the other hand, LCA studies have focused on individual buildings lacking a larger scale in terms of the planning of urban developments and site planning stages [15,16,17]. Therefore, there seems to be a research gap to be filled where these larger scale views are taken into account with the global impacts in a similar way as LCA has been carried out for buildings in achieving a holistic view.



This paper aims to analyze how LCA on a new urban plan can contribute to reducing the GHG emissions of a new urban area. The focus is on how LCA can provide information for the planning as well as for policymakers, already at the design phase, to make informed decisions regarding environmental improvements and to have a holistic global view of the impacts caused by the construction of future developments. Important decisions are taken at this scale concerning infrastructure, open areas, and building types, their density and sizes, which greatly affect the construction phases taking place later in the process. In addition, materials used for construction are rarely addressed at this urban scale which the paper considers highly relevant and should be considered as one of the important factors. The focus of this paper is on investigating the environmental impacts caused by the pre-use phase of a plan for a new neighborhood for ~1700 residents with ~100,000 m2 of floor space to be built in the near future in Reykjavík, Iceland, using LCA to capture the global impacts. The estimated impacts are studied from conventional construction methods and materials mostly used in Iceland, with a concrete cast on site. More importantly, the dominance of using concrete for building construction also applies to most locations globally [39]. With the results from the LCA of the site plan using the conventional method of construction and materials, which will be referred to as the base case, the paper looks into other alternative options for reducing the environmental impact caused by the pre-use phase. This phase is carried out by using material replacement scenarios developed from hotspot analysis results. For comparability purposes to other similar studies, the focus regarding impact categories will be on GHG emissions, but other impact categories following the ReCiPe method [21] will be provided as an appendix. This adds to the knowledge about them in the built environment context and provides an additional benchmark for future studies.




2. Materials and Methods


2.1. Case Study Description


The study area is New Skerjafjörður, the first phase, shown in Figure 1, with an area size of 950,000 m2. The planned building construction is 104,945 m2 on a building floor area of 59,790 m2. The plan is to build 685 residential apartments for around 1700 residents [40]. The New Skerjafjörður area is in central Reykjavík, the capital of Iceland, with a population of ~130,000 (~230,000 in the Reykjavík Capital Region). Reykjavík is the most northern capital city in the world, located in southwestern Iceland at latitude 64.13548 and longitude −21.89541 [41]. The weather conditions in Reykjavík are largely affected by the Gulf Stream, causing mild coastal weather. The average temperature in Reykjavík is 10.6 °C/51 °F in July, and in January, it is 0 °C/32 °F [42]. The Reykjavík municipal plan 2010–2030 defines New Skerjafjörður as a developing site with the aim of becoming a holistic and dense urban area. The focus is on sustainable and efficient urban development with better use of the city’s land, services, roads, and utility systems [43].



The Reykjavík municipal plan 2040 has divided New Skerjafjörður into two areas, Skerjafjörður 1 (12a), which is the first phase to be constructed, and Skerjafjörður 2 (12b), the second phase of the New Skerjafjörður construction. Together, New Skerjafjörður 1 and 2 are 1,750,000 m2 and are planned to have about 1300 apartments with around 3250 residents [44]. The division of the area is shown in Figure 2.



In the first phase of the development of the area, the site plan for New Skerjafjörður will be constructed as an explanatory drawing, as shown in Figure 3. It is divided into 13 sites, and each site has been given specific terms and conditions. The plan is to build 685 apartments, a kindergarten, an elementary school, a parking house, shops, and services, along with recreational areas and transportation constructions for cars, bikes, and pathways [45]. The second phase of New Skerjafjörður will be left out in this case study, and the focus is only on the first phase since that site plan is further ahead in the development phase and has been approved.



The site plan claims diverse architecture with a well-designed cityscape and a green look [45]. Different approaches are introduced in this plan regarding transportation and parking in the area from what is known in other neighborhoods of the city. Pedestrians and cyclists are the priority in the planning design, and car parking is only located in the middle of the area where a parking house will be situated, also facilitating a grocery store and some other services [45]. The neighborhood will be surrounded by various green areas and a coastline. Surface water will be cleaned with natural solutions (blue-green) before entering the utility system and the sea [45]. Table 1 shows the main sizes regarding the area and building load of the first phase of New Skerjafjörður.




2.2. Method


The LCA method can contribute to the built environment by understanding where the major hotspots come from and from which phase of the lifetime they appear [21,23]. The LCA phases are distinguished between the pre-use, use, and after-use phases [21], whereas this study only focuses on the pre-use phase. The product system studied is at the midpoint level of the mechanism, using midpoint impact categories which are 18 in total [21]. The study uses process LCA, a quantitative assessment focusing on assessing energy and mass flows, process by process [12,21,46]. The LCA is conducted according to ISO (the International Organization for Standardization) 14040 and 14044, which are standardizations for LCA [47,48].




2.3. Research Process


2.3.1. Goal and Scope Definition


The main goal of the study is to assess the environmental impacts from the pre-use phase of the first phase of New Skerjafjörður based on the neighborhood plan with a focus on GHG emissions. The goal is also to study what elements of the neighborhood of the pre-use phase cause the highest environmental load and how that impact can be reduced. The study used information from the approved site plan, its terms and conditions, and other supporting documents. The site plan document and special terms are used as the main information for conducting the LCA, along with images showing references for the building facades. The study divided the site plan into three main domains: Buildings (B), Other Spaces (OS), and Networks (N) to account for the environmental impacts. Detailed architectural drawings for the chosen site plan are not available. Therefore, with this information, further development of simple preliminary architectural drawings of the buildings was designed. Drawings of floor plans and facades were made to obtain more detailed information for the accounting of the material load for conducting the process LCA. The study used a simplified version when conducting the quantitative assessment for the Buildings (B) and Other Spaces (OS) since limitations are associated with a lack of detailed drawings to account for those domains. The Network (N) domain with systems such as heating pipes and electrical wiring is not accounted for in the study because of a lack of information.



First, the estimated impacts are studied from traditional construction methods and materials mostly used in Iceland, referred to in the study as the base case. It has been stated in a corresponding letter from the Reykjavík Planning Department that the majority of the buildings will most likely be constructed with a concrete cast on site as is traditionally done in Iceland [49]. With the results from the LCA of the site plan using the base case, some hotspot analyses are conducted. The hotspot analysis provides more detailed information on what elements are causing the highest emissions load. The study uses the information from the hotspot analysis to look into other alternative options for reducing the environmental impact effectively. Building material comparison and material replacement scenarios are studied as other alternatives. The material lifetime and durability are not assessed but are addressed through other literature in the discussion section. The study’s main functional unit (FU) is the overall area studied, with a total construction volume (Buildings and Other Spaces) of 178,855 m2. However, results for other relevant functional units are also presented in the results chapter, which focuses on different aspects of the neighborhood, and results utilizing one square meter (m2) of the gross area provide a comparison to other literature case studies:




	
Emissions per one square meter (m2) of the gross area of the total construction volume of both Buildings and Other Spaces (178,850 m2).



	
All emissions from residential construction per m2 of the gross area of the residential spaces (67,520 m2).



	
All emissions from residential construction and constructions of related spaces per m2 of residential space (the related spaces taken into account from the Other Spaces domain, mainly parking house 6000 m2).



	
Emissions from total residential construction and related spaces per resident.



	
Emissions from total residential construction and related spaces per residence.



	
Emissions per one m2 of the gross area of the total construction volume of buildings for each site of the residential houses.








The case study conducted the predicted environmental impacts from the pre-use phase of the site plan of the first phase of New Skerjafjörður [39,44] from Cradle-to-Handover (A1–A5) for Buildings and Other Spaces domains as shown in Figure 4. The study assessed stages A1–A4 using process LCA, but A5 is estimated with information from the study by Heinonen et al. [18]. Networks were not included in the assessment.



The site plan is divided into two main domains: Buildings (B) and Other Spaces (OS), as shown in Table 2. Each domain is divided into further separations where it becomes clearer how much environmental impact comes from each domain. The site plan separation into domains is a similar approach as done by other existing literature when conducting the neighborhood LCA studies discussed in the introduction. In relation to existing neighborhood literature, the study would have accounted for the Network domain as the third main domain that is a part of the construction of the neighborhood, but the Network domain will not be included in this study due to a lack of data. The LCA covers the construction volume of all the buildings planned within the Buildings domain (B), considering raw materials extraction, transport, manufacturing, and building construction is estimated with information from the study by Heinonen et al. [18]. Other space domains (OSs) cover the infrastructure construction for cars, bicycles, and pedestrians, as well as open space, and parking areas mostly made up by constructing a parking house. All construction volumes are shown in Table 2. A diagram of the domains included (Building and Other Spaces) is shown in Figure 5.




2.3.2. Life-Cycle Inventory


Information on the data collection for the Life cycle inventory (LCI) is divided into two subsections in relation to the site plan domains division. Each subsection describes how the different domains were studied regarding the LCI.



2.3.2.1. Building´s Domain (B)


The estimated construction volume for each site was developed from the site plan and its special terms [40,45] into simple preliminary architectural drawings. The drawings were used to account for the predicted material load used for constructing the buildings. The material quantity data of each site were gathered through the preliminary drawings made from the site plan and site-specific data retrieved from Reykjavíkurborg, Umhverfis- og skipulagssvið [40,45]. The building materials specification was divided according to the Building2000 reference system used in Heinonen et al. [18], shown in Table 3.



Each building system is divided further into main materials, as shown in Supplementary Materials Table S1. In addition, the quantity load of the different building materials for the Buildings domain is found in the Supplementary Materials. The processes chosen from Ecoinvent 3.71 database were not changed to match Icelandic conditions, mostly to keep the study simple to use and not too time-consuming, which is an important issue if the method is to be used by the designers at the development stage. The situation is also that Iceland is forced to import most of the building elements and materials, and only a small share of it is produced in the country. The results will, therefore, not be accurate for Icelandic conditions but will still show trends. Regarding transportation distance, the study used a market average that was estimated for an unknown location and is included in the Ecoinvent 3.71 database. In Earth and Groundwork, the excavation was based on a 2.6 m average depth to reach solid ground, according to the site research information [40]. In Foundation and Frame and Roof Structures, the reinforcement calculation estimation was based on typical Icelandic construction, which has often been considered to be 50 kg reinforcement/m3 concrete (B. Marteinsson, personal communication, 16 June 2021). The concrete strength was estimated to be the same for the overall site for simplification using 30–32 Mpa (C30/37) commonly used for most parts of buildings [49]. The calculation for the basement slab was estimated to be 0.12 m thick, and other floor slabs and walls were 0.20 m thick. The insulation used was stone wool, 0.10 m thick, and the roof insulation, 0.225 m thick and for the foundation, polystyrene insulation of 0.10 m thickness was used. For the pitched roof structures, 50 mm × 250 mm timber rafters and 25 mm × 150 mm wood boards were used for the accounting. In complementary works, the window frames chosen were timber/aluminum with double-pane glazing. Internal doors chosen were timber, and external doors were timber with glass. In Finishes, the cladding calculation in the study divided the quantity load between 1/3 being timber and 2/3 being aluminum, roughly based on images from the neighborhood plan documents and the current trend of building claddings in Reykjavík. For roof claddings, the study used aluminum for the same reasons as the cladding was chosen, except where the plan’s special terms required it to be grass. For the interior of the lightweight walls, the study used 2 × 12 mm gypsum boards onto a galvanized steel frame most commonly used today and with 0.45 m thick stone wool insulation inside. The interior surfaces were treated with water-based paint. The surface material for the floors was hardwood 8 mm thick and 11 mm thick ceramic tiles in wet rooms, floors, and walls. Basement floors were treated with epoxy-coating paint. Fittings, equipment, and installations like kitchen or bathroom furniture and elevators inside the apartment buildings were not included in the study as well Mechanical Works. Construction Site was estimated with information from the study by Heinonen et al. [18]. Previous studies are used to discuss the magnitude of the downward bias due to the cutoffs. Included and excluded information regarding materials for the buildings are listed in Supplementary Materials Table S1, and the overall material load within the Buildings domain is also visible. Supplementary Materials Tables S2–S14 show the material load and impacts within each impact category for each neighborhood site within the Buildings domain.




2.3.2.2. Other Spaces Domain (OS)


The estimated construction load for the Other Spaces (OS) domain was calculated from the site plan and other supporting documents [40,45]. Additional information used were preliminary road designs received from Reykjavík’s environment and planning department to account for the material load with process LCA. The Other Spaces (OS) domain is divided into seven systems, as shown in Figure 6. Table S15 in Supplementary Materials shows the system division, and under each system, the main materials are listed, as well as the quantity of each material. In Roads, the calculation was carried out by using Ecoinvent 3.71 to run the quantity of the surface material and also using an LCA report for typical road construction in Iceland by the EFLA engineering office [50]. The parking house was calculated in the same way as the building systems were accounted for in the Buildings (B) domain. For Pedestrian pathways, Site parking/green, Bicycle paths, Grass areas, and School playgrounds, the study focused on surface materials only due to a lack of data and for simplification. Table S16 in the Supplementary Materials shows the material load and impacts within each impact category for the different systems within the Other Spaces domain.






2.4. Life Cycle Impact Assessment (LCIA)


The elementary flows from the LCI are converted into environmental impacts through characterization factors. The conducted LCA for this study follows the ISO 14040/14044 standards [47,48]. The study includes the mandatory steps of selecting impact categories, classification, and characterization [21]. The software chosen for the study is openLCA version 1.10, and the database used for background processes is Ecoinvent 3.7.1. The study shows characterized results at the midpoint level. Midpoint-level impact indicators provide extensive results [50]. The impact assessment method is Midpoint (H) ReCiPe2016, which contains 18 typical midpoint categories. The ReCiPe2016 is a modern method that gives a balanced cause-effect chain [51].





3. Results


This section is divided into subheadings. It provides a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



3.1. The Pre-Use Phase Emission Estimation


3.1.1. Overall Area


The results for the two domains assessed, Buildings and Other Spaces, with a total construction volume of 178,855 m2, provide an estimate of the total climate change impact to be around 38,652 tons CO2eq as shown in Figure 7. The impact was 90% from the Buildings domain and 10% from the Other Spaces domain. Table S17 in Supplementary Materials shows the results for all 18 impact categories, both separately for the Buildings and the Other Spaces domain and the total impact of the two domains combined. Tables S2–S14 in the Supplementary Materials show the material load and impacts within each impact category for each site of the neighborhood within the Buildings domain.



Emissions per square meter of the built-up area of Buildings and Other Spaces domains (178,850 m2) for climate change are 216 kg CO2eq per m2. However, when the domains are studied separately for the Buildings domain (98,950 m2) the climate change impact is 359 kg CO2eq per m2, and for the Other Spaces domain (79,905 m2) 39 kg CO2eq per m2. The results for the total impact for one m2 of the gross area in all of the impact categories assessed are shown in Supplementary Materials in Table S18.




3.1.2. Residential Space


The result for the residential buildings (Figure 8a) is 388 kg CO2eq per m2, for the parking house 153 kg CO2eq per m2, and for the grass area 13 kg CO2eq per m2. When combined together, all emissions from residential and related spaces are 405 kg CO2eq per m2 of residential space (67,520 m2), as shown in Figure 8b. The parking house is considered highly relevant as a related space to the residential buildings since no parking is allowed on the residential sites themselves. The results for the total impact for one m2 of the gross area of all residential and related spaces in all of the impact categories assessed are shown in Supplementary Materials in Table S19.



The climate change impact per resident of the neighborhood was estimated at ~16 tons CO2eq, including emissions from all residential and related spaces (assuming 1700 residents in total). The climate change impact results per residence provide an estimate of ~40 tons CO2eq for an average apartment (685 residential apartments in total). Both results are shown in Figure 9a. The results per resident and per residence of the gross area of all residential and related spaces for the 18 impact categories assessed are shown in Supplementary Materials in Table S20. Among the three types of residential buildings of the neighborhood (detached houses, row houses, and apartment buildings), apartment buildings (sites 4 to 10) have the lowest impact per m2 (Figure 9b). The emission per gross area m2 for each residential site for each impact category is shown in Supplementary Materials in Table S21.



However, the total climate change impact of the different residential sites shows that apartment building sites cause the highest load, mostly due to large buildings on the sites, as shown in Figure 10.





3.2. Hotspot Analysis


3.2.1. Hotspots by Different Building Systems within the Building Domain


A hotspot analysis was conducted to study the emission load coming from different building systems. Within the Buildings domain, the assessment covered six of the eight building systems (Table 3). Frame and Roof Structure contribute the largest share of the six systems studied, with 49% of the total climate change impacts, and the second is Finishes, with 29%, as shown in Figure 11. The impact of the gross distribution shows that Frame and Roof Structure contribute 17,319 tons of CO2eq, and Finishes contribute 10,310 tons of CO2eq within the Buildings domain. Results for the different building systems and their percentage of contribution to the overall impacts for each of the assessed impact categories are shown in Supplementary Materials in Table S22.




3.2.2. Hotspot Analysis of the Highest Contribution System within the Building Domain


The building systems’ frame and roof structure and finishes within the building’s domain that caused the highest emissions were studied further and analyzed by materials within each system. Within the Frame and Roof Structure, concrete contributes 73% of the total climate change emissions within the system. For the system of Finishes, the aluminum wall cladding contributes to 49% or almost half of the overall emissions within the system. Aluminum roof cladding is the second largest emission contributor to the system, with 34% of the climate change emissions impacts.




3.2.3. Hotspots by Different Systems within the Other Spaces Domain


Hotspot analysis of the different systems within the Other Spaces domain is divided into seven categories and shows the estimation of how much each system category contributes in relation to each other. The Parking house has the highest contribution to climate change emissions or 29%, and Roads come next with 23%, as shown in Figure 12. The Parking house contributes 917 tons CO2eq in total, and the Roads 725 tons CO2eq. The different systems within the Other Spaces domain and their percentage of contribution to the overall impact for the 18 impact categories assessed are visible in Supplementary Materials in Table S23.




3.2.4. Material Replacement Scenarios


Replacement scenarios were conducted for the systems with the highest contribution within the Buildings domain (Frame and Roof Structure and Finishes). The results from the hotspot analysis showed that concrete contributed most of the emissions within the Frame and Roof Structure system, and aluminum cladding contributed most within the Finishes system, and therefore in the scenarios, those materials were replaced with less emission-loaded materials. The replacement scenarios use the same “Building system” as the base case assessment, described in Section 2.3.2.1. Building´s domain, and only replace materials within the Frame and Roof Structure system and cover materials within the Finishes system. Scenario 1 for the Frame and Roof Structure replaced all the internal concrete walls, stairs, and roof structures, shown in Figure 13a, with CLT timber structures, where the key qualities of the building structures were kept unchanged. The replacement estimated CLT internal timber walls to be 0.1 m thick, while the internal concrete walls were 0.2 m in the base case. The scenario decreased the use of reinforcement in accordance with the replacement of internal concrete. While insulation increased for noise quality reasons, adding 0.26 m thick insulation between apartments and 0.4 m thick insulation on upper floor slabs as used in the newly built CLT apartment building, Hagasel 23 in Reykjavík. The material quantity changes are shown in Table S24 in Supplementary Materials. The results for scenario 1 shows that climate change impact decreased by 5421 tons CO2eq or 31% from the base case. Scenario 2 also replaced all the external concrete walls with a CLT timber structure, as shown in Figure 13b, decreasing the reinforcement in accordance with the replacement of concrete while insulation for the exterior walls was kept the same at 0.1 m. The replacement of Scenario 2 led to a decrease of 7543 tons CO2eq or 44% from the base case. Table S24 in Supplementary Materials shows the quantity and materials used in different scenarios of the Frame and Roof Structure system.



Regarding the U-values of the buildings, the base case scenario is roughly estimated, showing U-values little under the maximum criteria according to Icelandic building regulations, as shown in Table 4, while the replacement scenario using CLT, shows even better thermal performance, as shown in Table 4.



The material replacement scenario for the Finishes system all-aluminum exterior wall claddings with timber, and all roofs were covered with grass instead of aluminum, as shown in the diagram in Figure 13c. The results for this scenario show that climate change impact decreased by 8204 tons CO2eq which is 80% from the base case. The quantity and materials from the base case to the replacement scenario are visible in Table S25 in Supplementary Materials. The replacement of roof cladding decreased climate change impact by 3310 tons CO2eq which is a 90% decrease from the base case. The replacement of wall cladding for all the buildings from being covered 2/3 with aluminum and 1/3 with timber to all being clad with timber shows a climate change impact decreased by 4893 tons CO2eq or a decrease of almost 97% from the base case. Tables S26–S30 in Supplementary Materials show results for the replacement scenarios for all the 18 impact categories assessed for the Frame and Roof Structure system and the Finishes system.



The results show the difference in the overall neighborhood emissions from using the base case scenario vs. the replacement of materials both in Frame and Roof Structure and in Finishes systems, as shown in Figure 14a,b. The results using scenario 1 in Frame and Roof Structure combined with the Finishes scenario show a decrease in climate change impact on the neighborhood to give an estimate of 13,625 tons CO2eq which is a 38% decrease from the base case. Using scenario 2 in the Frame and Roof Structure combined with the scenario of the Finishes system shows a 41% decrease in climate change impact from the base case to an estimated 15,747 tons CO2eq. Tables S31 and S32 in the Supplementary Materials show results for the replacement scenarios for the neighborhood, including the 18 impact categories assessed.






4. Discussion


This study aimed at providing a holistic view of the emissions embodied in the construction of a new neighborhood in Reykjavík, Iceland, namely the New Skerjafjörður neighborhood, and is also filling in the literature gap of LCA at a planning stage. The current built environment LCA literature lacks such case studies, which include the other built structures beyond buildings and look at the emissions allocating those from the supporting structures to the buildings driving those emissions. Further, with the case study consisting of conventional steel-reinforced concrete frame buildings with high GHGs associated, the aim was to analyze how changes in the material choices can reduce GHG emissions.



4.1. The Base Case Assessment


The results identify what elements of the pre-use phase neighborhood construction cause the most emissions and demonstrate the gain of using LCA already in the design stage. In that phase, LCAs can inform how to reduce the environmental load both for the design and policy making. While the main body of the paper focused on reporting the GHG emissions, 17 other ReCiPe impact categories were reported in the appendices, and therefore also contribute to the accumulation of knowledge over different impacts related to the built environment development.



The case neighborhood has a total construction volume (buildings and other spaces) of 178,855 m2. The results show a total climate change impact of 38,652 tons CO2eq., ~90% of which from the Building, 359 kg CO2eq/m2, and 10% from Other Spaces, 39 kg CO2eq/m2. This division between the two domains is very similar to the study by Säynäjoki et al. [24], which is one of the few previous studies that has analyzed emissions from the construction of a new residential area, including all built structures.



When assigning the impact of Buildings and Other Spaces related to the residential buildings to only the residential spaces, the results show a total climate change impact of 405 kg CO2eq/m2. When studied separately, the residential buildings accounted for 388 kg CO2eq per m2 and the parking house 153 kg CO2eq per m2 and the grass area 13 kg CO2eq per m2. The parking house is considered a space related to the residential buildings since there are no parking spaces available within the residential sites themselves, and residents are expected to use the parking house located in the neighborhood. This is a new approach regarding residential parking in Reykjavík. The emissions from the parking house add 14 kg CO2eq per m2 to the emissions attributable to the residential spaces. The road construction emissions resulted in ~725 tons of CO2eq, which is 50.5 kg CO2eq/m2. The road emissions results are very similar to the LCA study by Ingólfsdóttir et al. [52] for a typical Icelandic road. Generally, the assessed climate impacts are similar to those in previous studies for similar building types and when using a similar process—the LCA approach (see, e.g., the review of [12]). However, the assessment scope in this study left out two of the eight building systems, Fittings, and Mechanical Works, which would add to the climate change impact by around 44 kg CO2eq per m2 if using estimates from Heinonen et al. [18]. If included, according to the estimates from Heinonen et al., the total impact of residential and related spaces would be 449 kg CO2eq per m2, pushing this study well above the average level from Säynäjoki et al. [12]. Overall, Säynäjoki et al. [12] showed that previous case studies had reported estimates between 30–2000 kg of GHG emission per gross area, but this includes all building types and different impact assessment methods. The highest process LCA results were 770 kg CO2e m2 in their review, and the vast majority were between 200–400 kg CO2eq per m2 for concrete structure buildings. The large emissions range is, to a great extent, because of the different LCA methods chosen for the assessments. IO LCA results tend to be the highest, process LCA the lowest, and Hybrid LCA between those two [12].



We also reported the impact per resident planned to live in the neighborhood (1700 residents estimated in total). This FU gives an estimate of ~16 tons CO2eq per resident, using total residential and related spaces. GWP per residence (685 residential apartments in total) resulted in an estimate of ~40 tons CO2eq. These FUs provide useful information for decision-makers in terms of comparability with other per capita emission estimates, such as consumption-related carbon footprints, which a recent study estimated at ~7 tons CO2eq./a for an average consumer in Iceland [53]. Regarding the climate impact in relation to different building types, row houses accounted for the highest emissions with 480 kg CO2eq per m2, with detached houses closely following with 472 kg CO2eq per m2. The row houses had basement areas which the detached houses did not have. The apartment buildings accounted for 342–389 kg CO2eq per m2. Regarding apartment buildings, however, e.g., elevators were not included in the assessment. What considerably narrows down the gap between apartment buildings and other types is the large amount of common space within the apartment buildings. In addition, the outer spaces of the building sites were not included when studying these different types. The outer spaces are different between building sites regarding sizes and design implementations, how much area is paved or with grass. The climate change impact from the Other Spaces domain shows that the concrete pathway accounts for ~3 tons CO2eq per m2 while the grass area accounts for around 13 kg CO2eq per m2. Future studies should pay attention to this potentially important aspect.




4.2. The Hotspot Analysis


Since the Buildings domain was the dominant factor of the domains assessed, hotspot analysis was used to assess the emission load division between the building systems. Six of the eight systems categories were assessed, Earth and Ground Work, Foundation, Frame and Roof Structures, Complementary Works, Finishes, and Construction Site, while Fittings and Mechanical Works were not included. The results showed the Frame and Roof Structure had the highest emissions, accounting for 49% of the total emissions or 17,319 tons CO2eq, and thereafter Finishes, which accounted for 29% or 10,310 tons CO2eq. The Construction Site system, which was estimated with information from the study by Heinonen et al. [18], came in third place.



Further hotspot analyses on the Frame and Roof Structure and the Finishes systems were carried out since those two contributed the utmost of the emissions. Concrete was the material that had by far the highest environmental load in the Frame and Roof Structure system and accounted for 73% of the total climate change emissions, and reinforcement came next with almost 22%. Aluminum contributed the highest amount of emissions in the system of Finishes. Aluminum wall cladding accounted for 43.5%, and aluminum roof cladding was 34.5% of the total climate change emissions.




4.3. The Alternative Material Scenarios


This study showed the importance of considering the building materials that will be used for the buildings of a future built neighborhood. If materials and their impact would be considered in the site plan and the site plan terms, it could reach up to 41% CO2eq reductions in the overall neighborhood, according to this study, decreasing the emission load within the Buildings domain from 359 to 200 kg CO2eq/m2, meaning the lower end in the comparison presented by Säynäjoki et al. [12]. This reduction was achieved with replacement within the Frame and Roof Structure and Finishes, meaning that the potential is even higher if all systems were considered. In this study, wood was chosen as the replacement material (CLT and external cladding). It is also important to mention that the U-values of the buildings were not compromised by the replacement of concrete to the CLT structure. The base case scenario showed U-values little under the Icelandic building, but the replacement scenario using CLT gave even better thermal performance than the base case. Wood caused fewer emissions in the production phase compared to other construction materials such as steel and concrete, and wood can also act as a carbon sink [29,54]. Bio-based building materials like wood and bamboo are considered, according to current technology, the best way to store carbon in the built environment, where the highest amount of carbon storage is found in buildings constructed with massive cross-laminated timber (CLT) [55]. Bio-based materials might cause a higher end-of-life impact, which was not considered in this study, but this has also been questioned due to the high uncertainty related to the end-of-life timing and options at the time for buildings built now or in the future [32].



The results are very similar to the study by Amiri et al. [29], also using the process LCA method, which focused on embodied carbon emissions in an Icelandic educational building. That study showed a 43% decrease in climate change impact if wooden structures were chosen instead of reinforced concrete. The impact decreased from 644 to 379 kg CO2eq/m2 between the base case and the wooden building scenario. These results of the New Skerjafjörður study demonstrate that GHG emissions can be reduced if taking a holistic approach toward the future built neighborhood already at the planning stage. The building materials have a significant impact, and if materials with lower impacts are chosen, such as CLT for construction and facades clad with timber and grass on rooftops, then climate change impact can be reduced compared to the base case approach. It is also worth mentioning that this assessment does not include the carbon content of timber products. Depending on the end-of-life treatment of the timber products, using CLT could even make the buildings almost carbon neutral.



Weather conditions in each specific area as well as its natural conditions, play an important role. Icelandic harsh weather conditions and natural events like earthquakes and eruptions need to be taken into account when choosing the most suitable materials in relation to their durability and replacement rate. The study only considered the pre-use phase of the construction, and therefore, the material life span was not assessed in the study. According to Ji et al. [33], it is known that diverse aspects affect the building life span, and there is a great difference between building durability and its actual life span. The physical life span when a building reaches its technical limit is usually not the building’s actual life span. The functional life span when a building loses its value because of societal changes is much more common. Redevelopment of an area and buildings that no longer serve their uses or have lacked maintenance are the primary reasons affecting the building life span [33]. Similar results were found in a study by Huuhka and Lahdensivu [56] on demolished buildings in Finland, where most demolitions of buildings were due to new construction plans, especially within the city area. Wooden buildings and buildings made of reinforced concrete are generally considered to have 50–100 years life span, but in a study by Ji et al. [33], wooden buildings’ real average life span was 52.6 years, and buildings made of reinforced concrete real life span showed the average of 22.8 years. The study also claimed that wooden buildings had the highest average life span of the main frame types studied (which covered wood, brick, reinforced concrete, masonry, and steel, among other materials) and outlived reinforced concrete buildings by more than double [33].



It is of great relevance to promote building design that focuses on the disassembly of the materials at the end of their service in one building and reuse for a new service life circle in a new building. Today, the demolition of buildings is difficult because the materials are hard to separate and usually end up in landfills or incinerators [57]. For the disassembly of building materials to be of success, radical changes are needed in the way buildings are designed and built. Design for disassembly (DfD) is a promising strategy to be used for extending the service life of buildings which is an important factor in the development of low-carbon construction [32]. The DfD strategy uses standardized elements that are joined together and separated easily without using chemical connections [32]. A circular built environment would be a promising transition for reducing environmental impacts, resource consumption, and building waste [27].




4.4. Limitations


The data used for estimating the material quantity for the buildings and other spaces were based on the site plan drawings for the New Skerjafjörður area. These documents are not accurate architectural drawings and, therefore, simple preliminary architectural drawings were developed in the study from the available documents. Because of the large scale of the assessment, the architectural drawings were not developed in detail, which led to some uncertainty regarding the material load accuracy. For instance, the assessment estimated the bearing capacity for the reinforcement to be 50 kg/m3 concrete, which was based on typical Icelandic construction (B. Marteinsson, personal communication, 16 June 2021). However, that estimation is much lower than presented in the study by Amiri et al. [28], which calculates the reinforcement to be around 100 kg/m3 concrete. In addition, according to K. Sigurbjartsson, constructing architect, the amount of reinforcement has been changing in recent years, and nowadays, 60–80 kg/m3 concrete is commonly used (K. Sigurbjartsson, personal communication, September 5, 2022). If the reinforcement would be estimated using 100 kg/m3 concrete for the New Skerjafjörður assessment for all the buildings within the Buildings domain, the total climate change impact would increase from 37 to 74 kg CO2eq/m2, and the climate impact of the Building from 359 to 396 kg CO2eq/m2.



Uncertainties in relation to the life cycle inventory (LCI) of the assessment are apparent both in the Buildings domain and the Other Spaces domain. The LCI was more comprehensive in the Buildings domain than in the Other Spaces domain, and the Network domain was not included at all. The LCI for the Buildings domain left out two of the eight building systems, Fittings and Mechanical Works and the system of the Construction Site was not assessed with process LCA but estimated using results from the study by Heinonen et al. [18]. The Other Spaces domain only assessed the cover materials of the area, not accounting for the underground layers. The Networks domain likely has only a limited impact on the results if assuming similarity with the case assessed by Lausselet et al., [15], according to whom it only added 0.6% to the overall emissions. Overall, however, these data limitations raise uncertainty regarding the results, and according to Säynäjoki et al. [12], the results can report much lower emissions when the LCI is not comprehensive enough. Even with extensive LCI, the assessment is considered to suffer from a truncation error [12]. If only the direct energy consumption is included, the results show a truncation error of about 50%, and by including the second tier, the truncation error can still be 30% [12].



The Ecoinvent database used for this study is considered the most used database for the building sector [28]. However, the uncertainty aspect relates to the preciseness of the results due to different result outcomes between different database software used for the LCAs. This aspect regarding uniformity between software was tested by Emami et al. [58] using Ecoinvent with SimaPro software compared with GaBi software database, which concluded there was a significant difference between the results. Climate change impacts showed differences in the building load emissions, with results being 15% between the software databases [58]. Säynäjoki et al. [12] also discussed how all buildings that process LCAs suffer from the so-called first-tier truncation bias, meaning that with many components, the final production phase is cut out only when the material quantities are included.



The uncertainty regarding the preciseness of the results is partly because the Ecoinvent processes used for the study assessment were not changed or modified in any way to match the Icelandic conditions. The study used the Ecoinvent 3.71 database for the assessment, and no alternations were made to the available processes. That was done to keep the neighborhood assessment easy to use and less time-consuming, with the purpose of it being a useful tool for architects and designers at the design stage when planning a new area. However, the Ecoinvent database is mainly based on average or case values which might not be very precise regarding specific case conditions [18]. The uncertainties can also relate to the different software versions used for the assessment, which can give different results.



The model uncertainties also relate to the method chosen for the LCA assessment. The three different LCA methods available (process LCA, IO LCA, and hybrid LCA) do not come to the same results regarding the emission load when assessing the built environment [12,59]. Typically, process LCAs provide the lowest estimates due to the inherent truncation error, the IO LCA the highest, and the hybrid method is something in between the two [12]. This same finding was recently presented by Lausselet et al. [22,60] in a similar neighborhood-level study, who reported a much higher emission estimate when using a hybrid approach compared to process LCA. Due to the different inherent limitations of the process and IO LCA approaches, it has been claimed that a hybrid approach would produce the most accurate results [46,61,62,63].





5. Conclusions


The building sector has an enormous opportunity to play a leading role in combatting climate change and its impacts. A holistic approach is needed where environmental goals are set in the planning stage. The use of the LCA method could come of great importance for identifying the climate change emissions of the future built urban forms and for finding solutions to limit the emissions load as much as possible for future development. Material impacts need to be considered in site plan documents and their supporting special terms. In this way, the planning stage authorities, e.g., municipalities, could significantly limit the impact of future construction with stricter terms of materials for new neighborhoods. That would set the stage for both the architects as well as the developers and owners to take the next step in designing the neighborhood.



A holistic view of the environmental impacts on future settlements is important for making decisions that can minimize the impact as much as possible. Site plans and supporting papers like site plan terms and special terms should inform about the environmental impact predicted when planning a future settlement. Information regarding the environmental impacts can be studied with LCA. Furthermore, LCA is recommended for architects and designers to find solutions as well as for policy- and decision-makers to limit the impact as much as possible by studying other alternative solutions and having a holistic view of future developments. Thus, the municipality or others responsible for urban settlement developments could limit the material impact of future construction by using stricter terms of materials for new neighborhoods.
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Figure 1. New Skerjafjörður overview picture, area marked with red circle. 
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Figure 2. The site plan construction division between the first and second phases. 
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Figure 3. The explanatory drawing of phase 1. 
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Figure 4. System boundary of the LCA for the site plan according to BS EN 15804. Adapted from U.S Green Building Council, 2012. 
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Figure 5. Buildings domain and Other Spaces domain diagram. 
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Figure 6. Diagram of systems within the Other Spaces domain. 






Figure 6. Diagram of systems within the Other Spaces domain.



[image: Sustainability 15 05327 g006]







[image: Sustainability 15 05327 g007 550] 





Figure 7. Diagram of the assessed domains, Buildings, and Other Spaces showing the total impact of climate change. 
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Figure 8. (a) A diagram of the results of the residential buildings, grass area, and parking house is shown separately. (b) Diagram of the results of the residential buildings, grass area, and the parking house combined together and divided by the area of the residential spaces. 
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Figure 9. (a). Shows the impact (kg CO2eq) per resident and per residence of the neighborhood. (b). Shows the impact (kg CO2eq) for one m2 of gross residential space of the different building types of each site. 
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Figure 10. Shows the impact (kg CO2eq) for the gross distribution of building load for the different residential sites of the neighborhood. 
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Figure 11. The climate change impact (kg CO2eq) of the gross distribution by different building systems and the percentage of contribution within different systems within the Buildings domain. 
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Figure 12. Shows the climate change impact (kg CO2eq) by different systems and the percentage of contribution within different systems within the Other Spaces domain. 
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Figure 13. (a). The frame and roof structure diagram of scenario 1 (concrete replaced with CLT timber structure for all internal walls, stairs, and roof structure). (b). Scenario 2, where the external concrete walls are also replaced with CLT timber structures. (c). Diagram of the replacement scenario for the Finishes system where aluminum claddings are replaced with timber and aluminum roof replaced with grass. 
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Figure 14. (a). Frame and Roof Structure scenario 1 and replacement scenario of the Finishes system. (b). Frame and Roof Structure scenario 2 and replacement scenario of the Finishes system. 
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Table 1. The first phase of New Skerjafjörður characteristics.
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	Characteristics
	Description





	NS1. Total area site size
	950,000 m2



	Total building site size
	59,790 m2



	Total residential apartments
	685



	Utilization ratio (A + B spaces *)
	1.5



	Total Utilization ratio
	1.8



	Total construction volume (A + B space)
	87,840 m2



	Total underground volume
	17,105 m2



	Total construction volume
	104,945 m2







* A spaces are closed spaces; B spaces are closed at the top but open on sides partly or fully.
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Table 2. The site plan system boundary domain division.
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	Buildings (B)
	m2
	Other Spaces (OS)
	m2





	Residential (68%)
	67,315
	Roads
	14,346



	Detached houses
	2400
	Pedestrian pathways
	12,405



	Row houses
	7780
	Site Parking/Green
	6470



	Apartment buildings
	28,453
	Parking house
	6000



	Economical apartments
	11,392
	Bicycle path
	5248



	Student housing
	9430
	Grass area
	26,127



	Nursing homes
	7860
	School playground
	9309



	Service (32%)
	31,630
	
	



	School and Kindergarten
	19,250
	
	



	Shops/services
	11,340
	
	



	Pumping station
	1040
	
	



	Total construction volume B
	98,945
	Total construction volume OS
	79,905
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Table 3. Building system used for Buildings (B).
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Building Systems






	
1

	
Earth and Groundwork (e.g., excavation, ground structure and improvement, drains and pipelines)




	
2

	
Foundations (e.g., foundation walls, columns and ground beams)




	
3

	
Frame and Roof Structures (e.g., external walls, load-bearing internal walls and columns, insulation)




	
4

	
Complementary Works (e.g., windows, doors)




	
5

	
Finishes (e.g., surface materials, paints)




	
6

	
Fittings, equipment and installations (e.g., kitchen and bathroom furniture, devices, appliances)




	
7

	
Mechanical Works (e.g., heating, plumbing and drainage, HV AC, electricity system)




	
8

	
Construction Site (e.g., fuels, electricity, water)
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Table 4. Shows U-values for Icelandic building regulation, base case, and CLT scenario.
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	Building Part
	Regulation Maximum (U)
	Base Case
	CLT Scenario





	Roof
	0.20
	0.20
	N/A



	External walls
	0.40
	0.39
	0.33



	Basement slab
	0.30
	0.25
	0.25



	Windows/doors
	2.0/3.0
	1.75
	1.75
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