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Abstract

Resource efficiency strategies are key to reduce material use and help limit global

warming to below2◦C in 2100. Understanding the role of such strategies at themunic-

ipal level requires a localized approach. Here we evaluate a ramp-up of resource

efficiency strategies and their associated effects on car use and climate benefits

toward 2050 for 19 individual subregionswithin theGreaterOslo region inNorway. In

our scenarios,material stocks increase from356megatonnes (Mt) in 2022 to 361–381

Mt in 2050driven by population growth,with low-end estimate relying on a sufficiency

(SUF) scenario limiting floor area per capita and banning new single-family houses. The

SUF scenario reduces total material consumption until 2050 (50.5 Mt) with 28% rel-

ative to a business-as-usual (BAU) scenario (70.8 Mt) with continuation of ongoing

trends, thereby reducing greenhouse gas (GHG) emissions from material production

by 21% (BAU: 11.8 MtCO2-eq, SUF: 9.4 MtCO2-eq). If resource efficiency strategies

are combined with material production decarbonization in-line with a 2◦C scenario,

a 35% reduction in emissions is achievable (7.7 MtCO2-eq). Car ownership rates and

traveled distance per capita decrease in the SUF scenario compared to 2022with 11%.

Assuming the current relationship between settlement characteristics and transport

demand, total driving distance fails to decline due to population growth. Limiting the

floor-area per capita in residential buildings significantly decreases material demand.

Resource efficiency strategies including densification need to be complemented with

a rapid decarbonization of material supply and stronger incentives to move away from

car driving to maximize climate change mitigation. This article met the requirements

for a gold-gold JIE data openness badge described at http://jie.click/badges.
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1 INTRODUCTION

In-use stocks of buildings and infrastructure are “city-shapers”: their spatial arrangement is a key factor for “urban density, accessibility, transport

distance and choice of transportation mode” (Pauliuk & Müller, 2014). The overall environmental impacts (e.g., due to land use, greenhouse gas

emissions [GHG], and water consumption) associated with their use might be locked into patterns due to their long lifetime (IPCC, 2022; Müller

et al., 2013; Saxe & Kasraian, 2020). Large amounts of materials are required to build and maintain these in-use stocks (Augiseau & Barles, 2017;

Krausmann et al., 2017, 2018; Lanau et al., 2019). Construction materials comprising global transport infrastructure and building stocks amount

to more than 600 Gt (Deetman et al., 2020; Wiedenhofer et al., 2024), and this number is likely to keep growing (Krausmann et al., 2017). Having

access to housing and transport is essential for humanwell-being and good living conditions (Rao &Min, 2018). In-use stocks of products (e.g., cars,

machinery, and equipment) in addition to buildings and infrastructure have been manufactured or built to provide such services (Kennedy et al.,

2007; Krausmann et al., 2017; Lanau, 2020; Lin et al., 2017;Müller et al., 2013; Pauliuk &Müller, 2014).

As part of the Resource Efficiency for Climate Change (RECC) project of the International Resource Panel (IRP), material efficiency strategies

for residential buildings and passenger vehicleswere evaluated and quantified on a global scale (Hertwich et al., 2020; Pauliuk et al., 2021). Living in

smaller andmulti-family buildings aswell as ride and car sharingwill reduce thematerial demandandoperationalGHGemissions.However, residen-

tial buildings and passenger vehicles were modeled independently of each other, despite their synergies and interactions as reported by the IRP’s

Weight of Cities report (Swilling et al., 2018). Denser settlements encourage walking and cycling and provide the conditions for establishing effec-

tive public transport networks (Swilling et al., 2018), reducing the preference for passenger vehicles over active and shared mobility. This suggests

the importance of analyzing and understanding how the built environment and use of passenger vehicles are linked and spatially disaggregated.

To the authors’ knowledge, material stocks and flows studies encompassing both built environment components and passenger vehicles are

still limited. A recent dynamicmaterial flow analysis (MFA) study coupled residential buildingswith passenger vehicles in Sweden to evaluate urban

densification (Pérez-Sánchez et al., 2024). Pérez-Sánchez et al. (2024) highlight how life cycle assessment andMFAstudies have, until now, provided

an overview of the environmental impacts and material stocks and flows of buildings and passenger cars, but have not considered the dynamics

between the sectors. Their study took a first step to fill this research gap; however, infrastructure was excluded from their scope of research. Lanau

et al. (2021) calculated the carbon replacement value (CRV) for Odense, a city in Denmark, including built environment andmobile stock. Buildings

contribute to 86% of the CRV, while roads and passenger vehicles (cars, buses, and motorbikes) represent 4.9% and 5.5%, respectively. Although

the study focused on GHG emissions and did not offer a scenario of future stocks, flows, or emissions, it suggests that roads are as important as

passenger vehicles when it comes to the CRV.

In our study, we estimate material stocks and flows of the built environment with passenger vehicles at a subregional scale for the extended

Greater Oslo region. This region, the most populated of Norway, is and will be experiencing population growth (Statistisk Sentralbyrå [Statistics

Norway], 2024) and presents a diversity of urban and rural areas (Statistisk Sentralbyrå [Statistics Norway], 2023b). See Sections S1& S2 in Supple-

mentary Information (SI) S1 for more information about the region and its population. In addition, Oslo municipality wants to reduce their indirect

GHG emissions associated with consumption of construction materials (Oslo Kommune, 2023), and mapping material stocks and flows is a pre-

requisite. In our study, we investigate the following research questions: What is the material stock composition of the residential buildings, roads,

parking, bicycle and pedestrian paths (hereafter roads and paths), and passenger vehicles in the extended Greater Oslo region in 2022? Howmuch

materialsmight potentially be used between 2023 and 2050 to satisfy the housing andmobility needs of the region’s population?How can resource

efficiency strategies and decarbonization pathways contribute to reducingmaterial use and their GHG emissions?

We used ODYM-RECC, the open dynamic software for MFA for resource efficiency and climate change (Industrial Ecology Freiburg, 2024;

Pauliuk et al., 2020, 2021). ODYM-RECC allows quantifying GHG emissions of material production (from cradle to factory gate) as well as man-

ufacturing, use phase and end-of-life, and evaluating climate change mitigation policies. Our study makes the first application of ODYM-RECC at a

local level as previous studies have focused on global or national levels (Pauliuk &Heeren, 2021; Pauliuk et al., 2021, 2024; Vélez-Henao & Pauliuk,

2025).We therefore explore the use of themodel at themunicipal and local scale to investigate the nexus between transport and building.

2 METHODS

2.1 Case study region: Extended Greater Oslo region in Norway

TheextendedGreaterOslo region consists ofOslo, the capital ofNorway, and its surrounding counties (Østfold, Akershus, andBuskerud). Thepopu-

lation in this region is projected to increase from1.96million inhabitants in 2022 to 2.32million by 2050 (OsloMunicipality’s Statistics Bank, 2023;

Statistisk Sentralbyrå [Statistics Norway], 2023a). We divided the extended Greater Oslo region into 19 subregions (Figure 1). Both population

density (Figure 1a) and urban land use intensity (Figure 1c) decrease as a subregion’s distance from Inner Oslo increases (Figure 1b,d).
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392 ROUSSEAU ET AL.

F IGURE 1 (a) Population density in 2022 in the 19 subregions with geographical location of Inner Oslo and (b) as a function to the distance to
Inner Oslo (OsloMunicipality’s Statistics Bank, 2023; Statistisk Sentralbyrå [Statistics Norway], 2023a). (c) Share of urban settlements in the 19
subregions and (d) as a function to the distance to Inner Oslo (Statistisk Sentralbyrå [Statistics Norway], 2023b). Underlying data for this figure can
be found in Supporting Information S2, file tab “Figure 1.”

2.2 Workflow description

We investigated potential future developments of the built environment andmobility driven by the increasing population in the subregions, adapt-

ing ODYM-RECC (2024). Building upon the stock–flow–service nexus (Haberl et al., 2017), ODYM-RECC calculates in-use stocks and flows of

products (e.g., single-family houses) for scenarios on population and service demand (e.g., floor area per capita [FApC] for residential buildings).

Product archetypes andmaterial cycle-related parameters (e.g., GHG emissions) are then applied to estimatematerial production and their impact.

For documentation and parameterization, see Industrial Ecology Freiburg (2024) and the original framework (Pauliuk et al., 2020).

New capabilities were added to ODYM-RECC: (1) transport infrastructure has been introduced in addition to the existing model for residen-

tial buildings and passenger vehicles, and (2) residential buildings, infrastructure, and the car fleet were integrated into a single model relying on

empirical relationships. Supporting Information (Section S7 in SI S1) provides details about the new additions to the software.

With these additions, the model comprises 128 parameters among which 70 are used in this study. SI S4 provides a list of the ODYM-RECC

parameterswith their description and specifies if they are region specific (e.g., population) or proxies fromother regions (e.g., material intensities of

passenger vehicles).

Figure2presents theworkflowof the research: (1) combiningpopulationprojections for the subregionswithin theextendedGreaterOslo region,

and two scenarios on the residential building stock based on FApC and type-split of newly constructed residential buildings, with buildings’ lifetime,

(2) modeling relationship between residential buildings and infrastructure to estimate infrastructure stock, and (3) modeling relationship between

residential buildings, infrastructure and the distance driven by car to estimate the stock of passenger cars when combined with vehicles’ lifetime,

vehicle mileage, and occupancy rate. The stock of residential buildings, infrastructure, and passenger cars were combined with the other system

parameters (e.g., material intensities and maintenance of infrastructure) to calculate the total material stock, the inflows of materials, and their

embodiedGHGemissions. Twoscenariosof thematerials supply chainwere implemented toevaluate its decarbonizationas a strategy formitigating

GHG emissions (see Section 2.4).
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ROUSSEAU ET AL. 393

F IGURE 2 Workflow of themodifiedODYM-RECC software for the purpose of this study. The box with gray stripes is for parameters which
are kept constant toward 2050 and/or not involved in scenario/additional analysis.

2.3 Description of in-use stocks

2.3.1 Residential buildings

The number of dwellings with their characteristics (type, year of construction, and useful floor area group) shared by Statistics Norway (Statistisk

Sentralbyrå [StatisticsNorway], 2023c)was grouped into types (single-family houses—SFH,multi-family houses—MFH, and apartment blocks—AB)

and cohorts. Dwelling numbers and characteristics were further used to estimate the residential buildings useful floor area. The type-split of new

residential buildings and the future FApC toward 2050 are the scenarios described in Section 2.4.

The material composition (kg/m2) and space heating demand (MJ/m2) of relevant residential building types and cohorts were obtained from

Amini et al. (preprint under review). Future residential buildingswere assumed to have the samematerial composition and space heating demand as

the youngest cohort (2010–2022). Since there are limited variations in material intensities for the past three cohorts, using archetypes at a single

point in time is suitable to estimate future stocks and flows of residential buildings. Scenario analysis entails several uncertainties, we therefore

chose to vary only the likely most significant variables. We assumed that all residential buildings are heated and that there is no cooling. A mean

lifetime of 125 years was chosen for the residential buildings (Bohne et al., 2006). Some variation of lifetime is expected as the remaining lifetime

of currently used buildings depends on future decisions; this variation is partially captured inODYM-RECC using a normal distribution. See Section

S3 in SI S1 for details about residential buildings.

2.3.2 Roads and bicycle/pedestrian paths

We considered paved infrastructure for road, bicycle, and pedestrian transport (several categories of roads, bicycle/pedestrian paths, parking, and

roundabouts), based on surface areas (Geodata Online, 2023a; GeoNorge, 2023).

For each type of infrastructure, asphalt and aggregates material intensities were estimated based on data from the National Road Database

(NVDB, 2023a, 2023b, 2023d). The maintenance of the infrastructure was quantified for all road types and paths considering the renewal of the

surface layer based on traffic volume data fromNVDB (2023c) and results fromEbrahimi et al. (2022). See Section S4 in SI S1 for details about roads

and paths.
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2.3.3 Passenger vehicles

The 2022 stock of passenger vehicles was estimated from themotor vehicle register and Statistics Norway data (GeodataOnline, 2023b; Statistisk

Sentralbyrå [Statistics Norway], 2022b). We combined the yearly average vehicle mileage (vehicle-km/year) with the yearly distance driven per

capita (per-capita passenger-km/year) for 2022 to calculate the current average occupancy rate of vehicles, assumed to stay constant toward 2050

(Statens vegvesen, 2023; Statistisk Sentralbyrå [Statistics Norway], 2022a).

The new vehicles entering the stock were assumed to continue following the electrification trend. Since 2010, the share of electric vehicles in

sales has increased to 82% in 2023 (Norsk elbilforening [Norwegian Electric Car Association], 2024). Data already available in ODYM-RECCwere

used to determine the material composition of the vehicles and the reuse of these materials when vehicles reach their end-of-life (average lifetime

of vehicles is kept at 15 years). See Section S5 in SI S1 for details about passenger vehicles.

2.3.4 Integrated residential buildings–infrastructure–car fleet model

Wemodeled the development ofmunicipal roads andbicycle/pedestrian paths.Weperformed anordinary least squares (OLS)multivariable regres-

sion analysis to evaluate how these two types of infrastructure are related to the residential buildings and regional roads (Section S4.2 in SI S1). The

results are displayed in Table S10 (in SI S1), offering two regression equations as following:

Roadmunicipal = 0.38 + 0.23 ⋅ Buildingresidential + 0.26 ⋅ Roadregional; R2 = 0.95 (1)

PathsBicycle∕pedestrian = −0.02 + 0.17 ⋅ BuildingAB + 0.22 ⋅ Roadmunicipal; R2 = 0.90 (2)

where Roadmunicipal, Roadregional, PathsBicycle∕pedestrian, Buildingresidential, and BuildingAB are surface and utility floor areas in m
2.

In a similar approach, we modeled how the yearly distance driven per capita could be estimated based on the built environment parameters.

We again performed an OLS multivariable regression analysis (Section S5.1.2 in SI S1). Table S13 (in SI S1) shows regression results similar to the

following:

pkmper capita = 3.3 ⋅ 103 + 1.7 ⋅ 108 ⋅
BuildingSFH
Population

; R2 = 0.78 (3)

where pkmper capita is per-capita passenger-km and
BuildingSFH
Population

is m2 of utility floor area of SFH per capita.

Regressions were used to estimate the future stock (m2) of municipal roads and bicycle/pedestrian paths as well as the average per-capita

passenger-km based on the respective residential building stock for each subregion and year toward 2050. All other types of roads and paths

stocks are staying constant until 2050 and only their maintenance is modeled. We assumed the stock of infrastructure will not decrease, since

infrastructure is usually not demolished (Saxe & Kasraian, 2020).

Ourmodel and its alternatives are built upon the assumption that the relationship betweendriving and settlement characteristics stays constant,

an assumption also found in Pérez-Sánchez et al. (2024).We stress that these relationships are not predictions, but rather an attempt at estimating

some general future trends and unravelling the feasibility space of futurematerial use and stock toward 2050.

2.4 Scenarios analysis

Wedeveloped a set of scenarios to evaluate the effect of resource efficiencymeasures and energy system decarbonization (Table 1). Two scenarios

of FApC and type-split of new buildings were developed to estimate the potential future stock of residential buildings: a business-as-usual (BAU)

scenario and a Sufficiency (SUF) scenario. Presented in Table 1, they are further developed in the SI S1 (Sections S3.1.2 & S3.2 in SI S1). Scenarios on

the type-split of newbuildings influence the region’s totalmaterial stock and heating demand of the residential buildings. In addition, the purpose of

such scenarios was to test the integrated residential buildings–infrastructure–car fleet model developed in this paper (Section 2.3.4) and evaluate

how the future development of the residential building stockmight affect infrastructure, car ownership, and car use. ODYM-RECC has two scenar-

ios (Table 1) related to the supply chain ofmaterials: (1) a baseline scenario (Baseline scenario)with no newclimate policy and (2) a scenario forGHG

mitigation in materials production (DEC scenario) assuming a decarbonization of the electricity production and a shift in material production tech-

nologies (Pauliuk, 2023). These two scenarios, combined with the two scenarios on housing, resulted in four scenario combinations: BAU-Baseline,

SUF-Baseline, BAU-DEC, and SUF-DEC, allowing for estimation of a range of potential future material stock, material inflows, and associated GHG

emissions toward 2050.
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TABLE 1 Description of the scenarios. The scenarios on residential buildings are subregion specific depending on the initial state of floor area
per capita and type-split of new residential buildings in 2022. The scenarios on the supply chain of materials are from a global perspective.

Scenario Sub-measure Description

Scenarios on residential buildings

BAU BAU_FAPC Floor area per capita increases according to historical rates.

BAU_BT Share of building types in new construction constant in-line with present day.

SUF SUF_FAPC Floor area per capita gradually decreases with 10% by 2050 instead of increasing according to

historical rates.

SUF_BT Gradual decrease in new construction of single-family houses (reaching 0 in 2050). Shares of

multi-family houses and apartment blocks increases based on initial (2022) proportions.

Scenarios on supply chain of materials

Baseline Baseline_ELEC Changes in background systems occur according to a business-as-usual scenario of SSP2.

Baseline_MAT

DEC DEC_ELEC Changes in global electricity productionmix according to a SSP2-RCP2.6 scenario with special

emphasis on economy-driven innovation and technological solutions (“SDP_EI-26”) that limits

global temperature increase to below 2◦C in 2100 relative to pre-industrial times (Kikstra et al.,

2024).

DEC_MAT Aluminum production efficiency increases, and hydrogen is introduced in steel and iron

production.

To unravel the contributions of individual policy actions, we ran ODYM-RECC independently for each sub-measure considered (SUF_FAPC,

SUF_BT, and DEC_ELEC, DEC_MAT). This also included testing individual modeling choices to do a sensitivity analysis: a shorter building lifetime

of 100-years (-20%), increased population growth in subregions closer to Oslo (Section S2.3 in SI S1), and two alternative equations to estimate

per-capita passenger-km (Section S5.1.2 in SI S1).

3 RESULTS

3.1 A spatially explicit analysis of the material stock in 2022

In 2022, thematerial stock of residential buildings (91Mt), roads and paths (264Mt), and passenger vehicles (1.2Mt) in the extended Greater Oslo

region added up to a total of 356Mt with 68Mt located in Oslo municipality. On average, the material stock is at 181 t/cap (ranging between 86.8

and 1012 t/cap) and 15.2 kt/km2 (ranging between 4.6 and 979 kt/km2) as displayed in Figure 3a,c.

More than half of thematerial stock is attributable to dwellings inOslo, while roads and paths dominate in subregions outsideOslo.WithinOslo,

the four boroughs present large differences in built environment densities and the material stock in Inner Oslo is mostly composed of residential

buildings (Figure 3b,d).

The ranges of material stock per capita and per km2 reveal the spatial disparities between the subregions, reflecting distances from Inner Oslo.

On theonehand, asdistance increases, thematerial stockper km2 decreases for all the sectors (Figure3e–g)with anexponential decay shape similar

to the decreasing urbanization rate away from Inner Oslo (Figure 1d). On the other hand, as this distance increases, the material stock per capita

presents various trends depending on the sector (Figure 3e–g). Thematerial stock of infrastructure per capita increases exponentially, thematerial

stock of vehicle per capita follows a logarithmic shape (withOsloWest as an outlier), and thematerial stock of residential buildings per capita stays

relatively constant with fluctuations around 40 t/cap except Inner Oslo reaching 77 t/cap. The high share of AB in the residential buildings stock in

Inner Oslo could explain its role as outlier. Regarding thematerial of passenger vehicles, wealthyOsloWest stands out as an outlier. Section S8.1 in

SI S1 presents additional disaggregated material stock at the product level for each sector revealing the complexity of their spatial distribution in

the extended Greater Oslo region.

3.2 Material stock composition and future stock in 2050

Thematerial stock is increasing in both scenarios, from 356 to 381Mt (+7%) in the BAU scenario or to 361 (+1.4%)Mt in the SUF scenario. Table 2

details the material stock composition per sector in 2022 and in 2050. In both scenarios, the composition stays relatively constant with ∼91% of

aggregates,∼4% of wood,∼3% of cement, and 1% of steel/iron. All the other materials make, respectively, less than 1% of the stock.
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396 ROUSSEAU ET AL.

F IGURE 3 Material stock in the extendedGreater Oslo region: (a) material stock per capita and (c) material stock per km2 by subregion (Oslo’s
boroughs aggregated as Oslo); (b) material stock per capita and (d) material stock per km2 for Oslo’s boroughs; (e–g)Material stock per km2 and
material stock per capita as a function of the distance from Inner Oslo. The subfigures (a–d) show how thematerial stock is distributed between
residential buildings, roads and paths, and passenger vehicles, however, passenger vehicles’ material stock is not visible due to its relatively small
value compared to the other stocks. The reader should note that the y-axis on charts (a) and (c) is broken for readability of smaller material stock
values. Underlying data for this figure can be found in Supporting Information S2, file tab “Figure 3.”
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ROUSSEAU ET AL. 397

TABLE 2 Material stock comparison of 2022 and 2050 bymaterial and sector (unit: Mt). Thematerial stock results for 2050 are presented as a
range of values [SUF scenario—BAU scenario]. Detailed data for this table can be found in Supporting Information S2, file tab “Table 2.”

Material (unit: Mt)

2022 2050 [SUF scenario—BAU scenario]

Res. Build. Infr. Pass. Veh. Res. Build. Infr. Pass. Veh.

Aggregates 59.9 261.9 – [59.5–67.6] [266.8– 273.9] –

Cement 12.2 – – [12.4– 14.2] – –

Glass+ Insulation 1.5 – – [1.5–1.7] – –

Steel+ Iron 2.7 – 0.89 [2.7–3.1] – [0.72–0.78]

Wood 14.7 – – [14.9–17.1] – –

Bitumen – 2.1 – – [2.1–2.2] –

Aluminum – – 0.06 – – [0.07–0.07]

Copper – – 0.04 – – [0.11–0.12]

Plastics – – 0.19 – – [0.18–0.19]

Total per sector 91 264 1.18 [91–103.7] [268.9–276.1] [1.08–1.16]

Total 356 [361–381]

A stock composition staying relatively constant is expected asmost of thematerial stock is in infrastructure and thematerial intensities of future

construction stay constant. Municipal roads and bicycle/pedestrian paths stock are estimated based on the regression analysis using 2022 stocks

data. In addition, the change in material composition of the vehicle fleet is less noticeable because its material stock is relatively small compared to

the built environment components.

From a spatial perspective, the material stock is growing in all subregions in the BAU scenario except in Inner Oslo where the material stock is

decreasing by 8.8%mainly due to the existing residential building stock being replaced with new buildings lighter in materials. In the SUF scenario,

thematerial stock is still increasing inmost of the subregions, but the increase is limited. In both scenarios, the subregionwhere thematerial stock is

estimated to growmost isOsloNorth-East (+17.4% inBAUscenario,+9.1% in SUF scenario). This is the subregionwith the second-largest expected

population growth. In addition, apartment blocks, themostmaterial intensive type of buildings perm2 due to their structural elements (Amini et al.,

preprint under review), are predominantly built as their share of new buildings in this subregion is already nearly at 70% in 2022.

For some materials, the stock significantly increases due to the penetration of products with a different material composition such as copper

(+217% in BAU scenario and+193% in SUF scenario) due to the vehicle fleet electrification. For some othermaterials, the stock is barely changing,

such as bitumen due to limited new construction andmainly maintenance of the existing stock.

3.3 Inflows of materials and their resulting GHGs

Accumulated inflows ofmaterials are estimated to range between 50.5Mt (SUF scenario) and 70.8Mt (BAU scenario) between 2023 and 2050. The

largest consumers of materials in both scenarios are Østfold East, Nedre and Øvre Romerike, Buskerud North, and Asker and Bærum. Aggregates

for residential buildings and infrastructure make the largest inflows of material followed by wood and cement as displayed on Figure 4. However,

aggregate production causes little GHG emissions compared to other materials. The GHG emissions from materials are dominated by emissions

from steel and iron followed by cement, aluminum, and copper. Most of the metals are used to manufacture the vehicles (mostly electric vehicles)

entering the vehicle fleet. Without any new climate policy implemented (Baseline scenario), the cumulated emissions due to material production

until 2050 sum up to 11.8 MtCO2-eq in BAU-Baseline scenario and 9.4 Mt MtCO2-eq in SUF-Baseline scenario, while with a climate policy mix as

described in Section 2.4 they sum up to 9.7MtCO2-eq in BAU-DEC scenario and 7.7MtCO2-eq in SUF-DEC scenario.

The reduction of material consumption between BAU and SUF scenarios, and the improvements in production technologies along with a decar-

bonized global electricity would reduce the total embodied GHG emissions by approximately the same amount (−21%with SUF-Baseline scenario

and −18%with BAU-DEC scenario) but targeting different materials (Figure 4b). Up to 35% of GHG emissions are reduced with SUF-DEC scenar-

ios. Major benefits are achieved in the reduction of cement use in the SUF sub-scenarios due to lowered floor area demand. In SUF, shifting new

construction from SFH to AB increases material intensity, but reducing FApC leads to reducedmaterial inflows (sheet “Individual drivers” in SI S3).

Technological improvements along with a decarbonized global electricity are on the other hand targeting metals for which technological improve-

ments have beenmodeled (aluminum, steel, and iron) and all materials for which electricity is used in the production (e.g., copper and cement). Both

strategies are contributing similarly when independently implemented and they are reinforcing each other when combined via the greater use of

decarbonized electricity in production of materials (sheet “Individual drivers” in SI S3).
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398 ROUSSEAU ET AL.

F IGURE 4 (a) Total final consumption of materials (Mt) between 2023 and 2050 bymaterial and sector (inf, infrastructure; pav, passenger
vehicles; reb, residential buildings) for business-as-usual (BAU) and sufficiency (SUF) scenarios. (b) Total greenhouse gas emissions due to the
consumption of material between 2023 and 2050 bymaterial for the four combinations of scenarios BAU-Baseline, SUF-Baseline, BAU-DEC, and
SUF-DEC. Underlying data for this figure can be found in Supporting Information S2, file tab “Figure 4.”

In 2023, the emissions from primary and secondarymaterial production represent a small share (≈12%) of the total emissions comprisingmate-

rial production, manufacturing and waste management, use phase of passenger vehicles and residential buildings, and forest sequestration and

biogenic carbon (Figure S45 in SI S1). Quantified emissions of materials represent only materials needed in the construction of new buildings

(SFH/MFH/AB), construction of municipal roads and bicycle/pedestrian paths, maintenance of all the paved surfaces, and manufacture of new

vehicles.

3.4 Spatial explicit analysis of the sufficiency scenario

For the entire extendedGreaterOslo region, the SUF scenario leads to a 28% reduction of total final material consumption (Figure 4). However, the

extent to which the SUF scenario reduces the cumulativematerial flows compared to the BAU scenario depends on the subregion (Figure 5).

The distance between a subregion and InnerOslo is not correlatedwith the reduction in total final material consumption from the SUF scenario.

However, for the residential buildings, as the distance increases, the difference between the BAU and SUF scenario increases (Figure 5c). It is in the

subregions further away from InnerOslowhere the FApC in 2022 is the largest and has had the largest increase in the past 10 years (Figures S7 and

S8 in SI S1). As per ourBAUscenariomodeling, the continuous growth in FApC is therefore the strongest in these subregions and thedifferencewith

the SUF scenario ismore significant (e.g., up to 30m2 difference between BAU and SUF scenario for BuskerudNorth). The absence of correlation in

Figure 5a is due to two factors: (1) infrastructure represents a large share of the material stock (Figure 3), and (2) the SUF scenario, even though it

reduces the total final consumption of material, is not correlated with the distance to Inner Oslo (Figure 5b).

The SUF scenario would also reduce the material consumption by passenger cars (Figure 5d). With the main model, passenger-km per capita

changes from an average of 8029 km in 2022 to 7689 km (BAU scenario) and 7109 km (SUF scenario) in 2050. Car ownership changes from 0.47
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ROUSSEAU ET AL. 399

F IGURE 5 Effect of sufficiency scenario compared to business-as-usual scenario (% reduction of cumulativematerial inflows between 2023
and 2050) versus their radial distance from Inner Oslo for all sectors (a1, a2), infrastructure (b1, b2), residential buildings (c1, c2), and passenger
vehicles (d1, d2). Underlying data for this figure can be found in Supporting Information S2, file tabs “Figure 5a”, “Figure 5b”, “Figure 5c”, and
“Figure 5d.”
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400 ROUSSEAU ET AL.

F IGURE 6 Comparison of material stock (MS) per capita (cap.) and per km2: (a, c) MS/cap. for infrastructure and residential buildings from
literature; (b, d)MS/cap. for infrastructure and residential buildings from this study; (e, g) MS/km2 for infrastructure and residential buildings from
literature; (f, h) MS/km2 for infrastructure and residential buildings from this study. Note: The stock of residential buildings by type are divided by
the total population as we are not tracking population by building type. Underlying data for this figure can be found in Supporting Information S2,
file tabs “Figure 6aceg” and “Figure 6bdfh.”

car/capita in 2022 to 0.45 car/capita (BAU scenario) and 0.42 car/capita (SUF scenario) in 2050. However, with the estimated passenger-km per

capita, car ownership and population in 2050, the total distance driven, and total number of vehicles are higher than in 2022 (2022: 15.8 billion

passenger-km and 0.92 million cars, BAU scenario in 2050: 17.8 billion passenger-km and 1.05 million cars, SUF scenario in 2050: 16.5 billion

passenger-km and 0.97 million cars). It is important to note that these are affected by our modeling choices: the results of the sensitivity analysis

are presented in Section S8.4 in SI S1.

4 DISCUSSION

In this study, we mapped the material stock of residential buildings, roads and paths, and passenger vehicles in the extended Greater Oslo in 2022.

We used ODYM-RECC to estimate material inflows and GHG emissions pathways resulting from transforming the residential building stock and

implementing decarbonization of thematerial production.

4.1 The current material stock: Comparison with literature

Wecompared our built environment stock results, especially stock per capita and stock per km2,with studies encompassing buildings and/or infras-

tructure (roads and paths) in other high-income countries in Figure 6 (Augiseau & Kim, 2021; Deetman et al., 2020; Ebrahimi et al., 2022; Gontia

et al., 2019, 2020;Haberl et al., 2021; Lanau&Liu, 2020;Miatto et al., 2017;Mollaei et al., 2021; Pauliuk et al., 2021; Rousseau et al., 2022; Tanikawa

&Hashimoto, 2009;Wiedenhofer et al., 2015).

Material stock per capita in infrastructure is in the upper half of the range of findings from literature, with Buskerud North (nearly 1000

tonnes/capita) being an outlier. Low population density and private roads modeled as paved roads could explain the high values in our study. On

a per km2 basis, our values fall within the range reported in the literature. So do our estimates of material for residential buildings per capita or per

km2.
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ROUSSEAU ET AL. 401

Even though our results are of similar order of magnitude as previous findings, comparisons are not straightforward due to varying scopes,

buildings and infrastructure types, ormaterials analyzed. Important factors included the availability of constructionmaterials (commonuse ofwood

inNorway for SFH/MFH), construction practices, socio-economic factors, climate, land availability, and spatial distribution of the built environment

components (Fishman et al., 2014; Mollaei et al., 2021). In addition, the literature focused on urban areas or at the country scale, therefore not

studying low-density areas such as Buskerud North.

When analyzing the spatial distribution of the stock composition, we observed similarities with previous findings. The material stock gets more

dominated by infrastructure when the material stock of residential buildings per km2 decreases (Figure S36 in SI S1), mirroring the findings in the

Paris region (Augiseau&Kim, 2021). A largermaterial stock of infrastructure per capita and an increasing FApC associatedwith increasing distance

from themain city center were also observed in Odense (Lanau & Liu, 2020).

4.2 Our findings in perspective

Our scenarios for the extendedGreaterOslo region show that sufficiency in residential buildings can bring down thematerial consumption by 30%.

However, the FApC in Greater Oslo has been increasing in recent years (except Oslo as a whole), and reversing the trend could be challenging.

Norwegians tend to own their home and have more residential living space than other Europeans (Eurostat, 2023). High home ownership is an

intended policy outcome (Bø, 2020), but the same policies also indirectly incentivize large homes. In 2022, a public assessment of Norway’s tax

policy (Norges offentlige utredninger, 2022) compares taxes and tax subsidies of home ownership and finds that there are substantial net subsidies

in the form of being able to offset mortgage interests against income, avoiding wealth taxation through discounts on the assessed property value,

and not paying income tax on the appreciation of the value of a property. The tax commission recommends returning to a tax on the benefit of living

in a self-owned property, but if this is not achieved, to eliminate offsetting mortgage interest against income and mortgage debt against wealth.

While such changes in the tax system are not popular and have hence not been yet adopted, they would lead to a substantial reduction in the

property investment by wealthy households with already large residences.

Policies for smaller residential units would also reduce yearly distance driven and car per capita as a consequence of reducing floor area ded-

icated to SFH. Even if we are not modeling densification directly, our SUF scenario points toward densifying settlements and our results support

the dependency of motorized transport on settlement density, also in Nordic countries (Næss et al., 1996; Ness, 2023; Newman & Kenworthy,

1989, 2006). Still, our results show the limited impact of changing solely the residential buildings would have onmobility due to the long lifetime of

buildings preventing drastic changes in the stock.We also observe that we cannot solely rely on reducing FApC and banning SFH to affect mobility

patterns as the per-capita decreases are far frombeing sufficient to compensate the growthof population and reduce the total passenger-kmdriven

and stock of passenger vehicles. Additional strategies are needed. Oslo municipality is working with measures to reduce car use such as providing

public transport and car sharing services, increasing road tolls, making it easier to walk/bike (Oslo Kommune, 2023). However, such strategies are

more easily implemented in denser areas (Camagni et al., 2002; Hjorteset & Böcker, 2020). As we have shown how slow changes can be, thinking

how future housing is built should happen now (Rankin & Saxe, 2024). Moreover, driving habits are not only dependent on built environment com-

ponents but could also be affected by socio-economic factors or shifts in cultural preferences (Jackson, 2005; Pérez-Sánchez et al., 2024; Thøgersen

et al., 2021). Therefore, additional incentives maywell be effective in reducing car use.

4.3 Limitations and future research

Our study brings together residential buildings, some infrastructure components, and passenger vehicles. A natural next step would be to include

the non-residential buildings which are an essential component of the built environment affecting the use of passenger vehicles (Rokseth et al.,

2021).

We see that in the SUF scenario combinedwith a decarbonization of thematerials supply chain, mitigation of GHG emissions frommaterial pro-

duction could be of ≈30% compared to the BAU scenario. These emissions generated frommaterial use should be considered as a lower estimate.

Only the production phase of materials is covered for most of the materials, except copper and plastics for which transport to the consumers is

included. For some materials, as aggregates, the transport to the consumer site is a large contributor (Rosado et al., 2017) which is not accounted

for in themodel.

The emissions from material production represent a small share (≈12%) of the total emissions. Hence, strategies for mitigating emissions from

the use phase of passenger vehicles and residential buildings are also crucial to themitigation of emissions by 2050.However, we did not investigate

mitigation of use phase emissions becausemaintenance and renovation of residential buildingswas out of the scope of this research to focus on the

relationships between the sectors involvingmainly the construction of new buildings.

By being a python code with data stored in excel spreadsheets, ODYM-RECC offers the flexibility to be changed according to a variety of

research needs.We couldmake use of the core of themodel to evaluate how strategies reducingmaterial production-relatedGHGemissionswould
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402 ROUSSEAU ET AL.

contribute tomitigating emissions in the extendedGreaterOslo. Themodel could be adapted to other geographic areas if the required data are col-

lected.However, the integrated residential building–infrastructure–car fleetmodel developed in this study is specific to the region and is integrated

in the code. A future user would need to adapt themodeling or choose tomodel the sectors individually by filling in the required parameters (future

stock of infrastructure and distance driven by car). ODYM-RECC includes additional functionalities such as the use of lightweighting materials or

introducing car sharing, which were not investigated in this study to evaluate scenarios about residential buildings services solely. However, these

functionalities could be used for assessing additional development pathways reducing material consumption andmitigating GHG emissions. There

are some limitations to ODYM-RECCworth highlighting: FApC is modeled independent of the type of building preventing us frommaking targeted

scenarios such as reducing FApC specifically for SFH (additional details about that limitation are provided in Section S9 in SI S1). Moreover, the

absence of constraints on how the existing residential building total floor area is distributed into individual buildings/dwellings prevents closely

monitoring the composition of the residential building stock.

Downscaling the geographical scope implies that land available for construction is limited, especially in subregions already urbanized. There is

therefore a need formodeling land use in the building stockmodel to better capture the space available for new construction and evaluate land use

savings as it is done in Pérez-Sánchez et al. (2024).

5 CONCLUSIONS

A mapping of the material stocks and flows provides an understanding of potential development pathways in the extended Greater Oslo region:

where materials have accumulated, where and by how much the stock is expected to increase, and where the material inflows will be the largest

with their associated GHG emissions from production.

Our findings indicate that resource efficiency measures and material supply chain measures are complementary and contribute independently

to climate changemitigation. A combination of strategies is therefore recommended for effectivemitigation. Policies supporting smaller residential

units would be needed to achieve themodeled benefits from the SUF scenario. Shifting from SFH construction toMFH/AB constructionmight lead

to an increase inmaterial use if the FApC is not restricted. Global efforts and international supports to decarbonize thematerial supply chain is also

necessary for Norway to decarbonize its own material supply when materials are imported. The total number of cars and traveled distance fails to

decline due to the population growth. Car ownership and use need to be challenged by additional incentives to move away from car driving. This

highlights the need to consider local, national, and international contextwhen assessing resource efficiency strategies andmaterial decarbonization

for climate changemitigation at municipal and county levels.
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