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           SUPPORTING INFORMATION FOR:
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This supporting information provides an analysis and justification of all the resilience dimensions present in each article included in the systematic literature review. This analysis informed the Evidence Gap Map (EGM) in Figure 3. 
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Table A. Evidence gap map justification: Heat studies
	Citation
	EGM Placement
	Justification

	Rodrigues et al. (2024) 
	Robustness × Preparation (full) Robustness × Adaptation (partial)
	Future climate scenarios drive selection and LCA evaluation of retrofit strategies for a historic office building; embodied carbon of retrofit materials and projected operational energy constitute a hazard-driven inventory. Partial Adaptation: the retrofit improves thermal performance beyond the pre-warming baseline.

	Kuczynski et al. (2025) 
	Robustness × Preparation (full) Robustness × System Response (partial)
	Three SSP climate scenarios over a 75-year horizon motivate the design comparison between medium-weight masonry and lightweight timber-frame buildings; hazard intensity shapes which configuration is environmentally preferable. Partial System Response: continuous hourly empirical monitoring tracks thermal performance under warming conditions, approaching but not reaching discrete heat-event modeling.

	Caldas et al. (2020) 
	Robustness × Preparation (full)
	Climate change scenario (temperature increase across six Brazilian bioclimatic zones) directly conditions material selection and operational energy flows in a dynamic LCA implementing both dynamic inventory and dynamic characterization factors. Continuous background change with no discrete event, recovery, or adaptation structure.

	di Filippo et al. (2025) 
	Robustness × Preparation (full) Robustness × Recovery (full) Robustness × Adaptation (partial)
	Heat hazard (heating degree days reduction under future climate) and seismic hazard (probabilistic annual loss rate) are integrated simultaneously into a single analytical LCA model for thermal insulation retrofits. The annual loss adds hazard-induced repair flows directly to the embodied carbon inventory. Partial Adaptation: retrofit optimized against future climate and hazard conditions improves performance beyond pre-retrofit baseline without a discrete event trigger.

	Monnier et al. (2026) 
	Robustness × Preparation (full) Robustness × System Response (partial) Robustness × Adaptation (partial)
	Urban greening and building renovation are evaluated under a future extreme heat wave scenario with the LCA system boundary expanded to include overheating degree-hours converted to DALYs via the Monnier et al. (2024) characterization factor. Partial System Response: DALY approach quantifies health cost during the heat event, operating through an LCIA impact category instead of material flow. Partial Adaptation: renovation improves thermal performance and reduces overheating DALYs relative to pre-renovation baseline.

	Gomes et al. (2020) 
	Robustness × Preparation (full)
	Future climate files drive cooling energy simulation for envelope retrofit alternatives in a cooling-dominated climate; dynamic LCA applies both dynamic inventory (year-by-year energy flows under future climate) and dynamic characterization factors (time-varying grid emission intensity). No discrete event, no recovery, no adaptation structure.

	Li et al. (2025) 
	Robustness × Preparation (full) Robustness × System Response (partial)
	Future climate scenarios at multiple probability levels drive selection and LCA evaluation of adaptation measures for a net-zero residential building. Partial System Response: overheating hours quantify building performance during the hazard period and are reported alongside LCA results, but do not enter the inventory as a flow. 

	Maracchini et al. (2025)
	Robustness × Preparation (full) Robustness × Recovery (full) Robustness × Adaptation (partial)
	Dynamic LCA for insulation retrofits on an Italian multi-family house integrates three simultaneous layers: future climate scenarios (dynamic energy simulation), future grid decarbonization, and natural hazard-induced maintenance emissions (0.1% of embodied carbon per year). The hazard maintenance increment constitutes a probabilistic repair flow directly added to the inventory. Partial Adaptation: retrofit improves performance beyond pre-retrofit baseline under future climate conditions without a discrete event trigger. 

	Monnier et al. (2024) 
	Robustness × Preparation (full) Robustness × System Response (full)
	Develops and applies a novel LCA approach adding overheating degree-hours as a new elementary flow in the LCA inventory, converted to DALYs via a characterization factor derived from 2003 French heat wave mortality data. The DH indicator integrates temperature exceedance above adaptive comfort threshold over event duration, which is equivalent to the area under the Q(t) curve during the System Response phase. 

	Duan et al. (2026) 
	Robustness × Preparation (full)
	Future climate scenarios across three temporal periods condition building envelope design selection and drive the LCA inventory comparison across design alternatives. The multi-objective optimization framework identifies which envelope configurations are environmentally preferable under worsening climate conditions (Preparation). No discrete hazard event, recovery modeling, or adaptation beyond the pre-event design choice is present.

	Hernandez-Cruz et al. (2024)
	Robustness × Preparation (full)
	Future climate scenarios condition renovation measure selection (Preparation) and drive climate-adjusted operational energy flows in the LCA inventory across multiple pathways and time horizons. No discrete hazard event, recovery modeling, or post-event adaptation structure is present.

	Kuczyński et al. (2026) 
	Robustness × Preparation (full), Robustness × System Response (partial)
	Future climate scenarios under three SSPs drive the prospective LCA design comparison (Preparation). Partial System Response: quantitative overheating indicators characterize building functional performance during the hazard event itself, but these metrics remain separate from the LCA inventory.

	Saez et al. (2024)
	Robustness × Preparation (full)
	A future climate scenario drives climate-adjusted operational energy consumption flows that feed directly into the LCA inventory comparison across base case and retrofitted building configurations, modifying the operational inventory in anticipation of future thermal stress conditions (Preparation).


Table B. Evidence gap map justification: Seismic studies
	Citation
	EGM Placement
	Justification

	Hasik et al. (2019) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Location-specific seismic hazard drives a parametric comparison of 4k+ design combinations; structural material and envelope choices are conditioned on hazard level. Recovery: HAZUS-MH loss ratios for each structural system and code design level are translated into annualized repair flows (expressed as fractions of embodied impacts) and added to the LCA inventory over a 60-year study period. 

	Simonen et al. (2018) 
	Robustness × Recovery (full) 
	Develops a component-level environmental impact database for approximately 800 building components across up to five seismic damage states, combining PACT/FEMA P-58 cost estimates with EIO-LCA. Every entry in the database is a hazard-conditioned repair inventory flow. Focused on repairs during Recovery phase only. 

	Junda & Málaga-Chuquitaype (2025)
	Robustness × Preparation (full) Robustness × Recovery (full)
	CLT structural design parameters are compared under site-specific seismic hazard. Recovery: structural deterioration of steel–CLT joints is modeled as a time-dependent function; earthquake events are simulated via a Poisson process over a 50-year service life using Monte Carlo; fragility curves are updated at each time step to reflect the deteriorated structural state, generating repair flows expressed as percentages of initial construction impacts. Q(t) is modeled structurally but recovery time is not translated into inventory flows.

	Welsh-Huggins & Liel (2015) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	A commercial building is evaluated with and without a green roof. The green roof changes structural member sizes, altering both embodied carbon and seismic vulnerability. Recovery: nonlinear seismic analysis under five hazard levels generates probabilistic repair flows for damaged components, added to the LCA. 

	Welsh-Huggins et al. (2019)
	Robustness × Preparation (full) Robustness × Recovery (full)
	Seven concrete mixes are compared for a 4-story reinforced concrete frame. Seismic hazard motivates the comparison: the question is whether circular material choices compromise seismic resilience and thereby increase service-life repair emissions. Recovery: the full seismic hazard curve is combined with scenario-level repair emissions from nonlinear dynamic analysis to produce annualized service-life seismic CO₂eq emissions. 

	Chhabra et al. (2017) 
	Robustness × Recovery (full) Rapidity × Recovery (partial)
	Multiple discrete earthquake events are simulated via Poisson process over a building’s functional life; repair material quantities are drawn directly from PACT fragility data by component group using process-based LCA. When an event causes collapse or irreparable damage, the simulation terminates, thus functional life is a probabilistic output. Partial Rapidity: functional life is the time at which the building can no longer return to function. However, the environmental cost of impaired function below the collapse threshold (the Q(t) curve during partial recovery) is not modeled. No design alternatives compared, so no Preparation dimension.

	Ping et al. (2024) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Five steel bracing systems are compared under seismic hazard (Preparation). Recovery: seismic risk modeling results in expected embodied carbon emissions over time. 

	Feese et al. (2014) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Steel and concrete office buildings are compared under different seismic code design levels (Preparation). Code design level is the pre-event design choice that shapes seismic performance and downstream repair flows. Recovery: modeled damage probabilities for two seismic scenarios are translated into repair costs and then environmental impacts. 

	Hossain & Gencturk (2014) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	An reinforced concrete building in a high-seismic region is evaluated for two structural designs (Preparation). Recovery: damage state probabilities from nonlinear structural analysis are integrated over the seismic hazard curve at given return periods, producing full environmental loss curves. 

	Lanza et al. (2021) 
	Robustness × Preparation (full) Robustness × Recovery (full) Rapidity × Recovery (partial)
	Stochastic LCA formulation proposes a general probabilistic framework for life-cycle environmental impact considering both shocks and gradual deterioration. Two seismic design levels for a 4-story reinforced concrete office building are compared (Preparation). Recovery: shock events and deterioration both trigger repair and reconstruction flows, producing time-varying environmental impact accumulation across the full service life. Partial Rapidity: Q(t) is modeled as a performance indicator that drops at shocks and recovers. The Poisson process models the timing of earthquake occurrence, making time structurally present. However, the environmental cost of impaired function is not translated into inventory flows. 

	Caruso et al. (2020) 
	Robustness × Preparation (full) Robustness × Recovery (full) Robustness × Adaptation (full)
	Life cycle framework for existing building renovation combines seismic vulnerability and energy efficiency across three geographic sites (Preparation). Recovery: average annual CO₂ emissions from seismic damage are modeled and integrated as recurring inventory flows over pre- and post-retrofit service life periods. Adaptation: the retrofit explicitly improves the building beyond its as-built seismic baseline; post-retrofit annual emissions are lower than as-built; the payback period analysis quantifies the crossover point at which retrofit embodied carbon is offset by cumulative reductions in seismic repair and energy emissions. 

	Caruso et al. (2021) 
	Robustness × Preparation (full) Robustness × Recovery (full) Robustness × Adaptation (full)
	Extension of Caruso et al. (2020). Adds average annual loss of life as a third decision variable alongside annual emissions. Location-specific seismic risk class is calculated before and after retrofit. Recovery: annual emissions integrated via loss curves over pre- and post-retrofit service life periods. Adaptation: new reinforced concrete walls upgrade the building’s risk class. Emissions drop by 76%. 

	Simonen et al. (2015) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Six design variants of a 42-story reinforced concrete residential tower in are compared: three structural configurations under resilience-based design (Preparation). Recovery: evaluates damage to all building components under a 475-year earthquake; EIO-LCA converts repair costs to environmental impacts. 

	Baddipalli et al. (2026)
	Robustness × Preparation (full), Robustness × Recovery (full)
	Compares 60 steel building configurations as design alternatives constructed around anticipated seismic hazard conditions, modifying the initial construction inventory in anticipation of hazard (Preparation). Recovery: Component-level fragility functions translate engineering demand parameters into probabilistic damage state probabilities, with repair and replacement material flows for structural and non-structural components fed into PACT environmental consequence functions to compute embodied carbon.

	Aljawhari et al. (2024)
	Robustness × Preparation (full), Robustness × Recovery (full)
	Nine archetype RC frames with varying heights are compared as design alternatives explicitly constructed around anticipated seismic hazard conditions, modifying the initial construction inventory in anticipation of hazard (Preparation). Recovery: Italian-specific embodied carbon consequence models link component damage states to repair material flows for structural and non-structural components, fed into the FEMA P-58 framework to compute probabilistic Recovery flows.

	Rodríguez-Castellanos et al. (2024)
	Robustness × Preparation (full), Robustness × Recovery (full)
	Eleven building configurations with varying fluid viscous damper properties are compared as design alternatives explicitly constructed around anticipated seismic hazard conditions, modifying the initial construction inventory in anticipation of hazard (Preparation). Recovery: Component-level fragility functions translate engineering demand parameters into probabilistic damage state probabilities, with repair material flows converted to embodied carbon via EIO-LCA through PACT environmental consequence functions.


Table C. Evidence gap map justification: Flood studies

	Citation
	EGM Placement
	Justification

	Balasbaneh et al. (2019) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Five wall material systems are compared under no-flood, low-flood, and high-flood conditions for a residential building (Preparation). Recovery: Flood depth–damage functions generate material replacement flows for each system under each scenario, entered directly into the inventory. 

	Hennequin et al. (2019) 
	Robustness × Recovery (full)
	Component-level flood repair LCA for a typical European single-family residence. Applied depth–damage functions at the level of 32 individual items across multiple flood depths and house ages (Recovery). No Preparation: the paper characterizes repair inventory for a single fixed building type without evaluating design alternatives. 

	Hasan et al. (2024) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Comparative LCA of three coastal flood management strategies for a New Orleans residential area (Preparation). Recovery: In the do-nothing scenario, the authors modeled flood damage to residential buildings from a 100-year event, and rebuilding flows are entered into the inventory. 

	Matthews et al. (2016a) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Conference paper presenting a probabilistic flood LCA model for coastal single-family residential buildings. Two designs are compared (typical vs. flood-resistant construction) under a Gumbel flood depth distribution combined with component depth–damage functions (Preparation). Recovery: expected cumulative repair flows are integrated over the building life and added to the initial construction inventory. The flood hazard shapes which design is environmentally preferable when lifetime repair flows are included. 

	Matthews et al. (2016b) 
	Robustness × Preparation (full) Robustness × Recovery (full) Robustness × Adaptation (partial)
	Full journal version of Matthews et al. (2016a) with expanded methodology: sea level rise  integrated as a time-dependent parameter that increases flood depth over the building lifetime. Partial Adaptation: sea level rise as a changing background condition means buildings designed with greater elevation perform progressively better relative to static designs as hazard worsens over time, structurally analogous to the heat papers using future climate scenarios as design conditions. No discrete triggering event; the improvement is a Preparation-phase design choice under worsening conditions instead of post-event bounce-forward.

	Berg Oppedal & Kvande (2024)
	Robustness × Preparation (full) Robustness × Recovery (full)
	LCA of flood rehabilitation for a detached house modeled in three construction methods.  Construction method choice is the pre-event design variable: the paper argues that flood resilience should inform material selection (Preparation). Recovery: flood-triggered drying energy and material replacement flows are quantified and entered into the inventory. 

	Petit-Boix et al. (2017) 
	Robustness × Recovery (full) Robustness × Adaptation (partial)
	LCA of seven post-disaster emergency actions implemented on three urban ephemeral streams following a flooding event. Recovery: flood-triggered reconstruction flows (including building materials) are inventoried as a direct consequence of flood damage, with the environmental cost of post-disaster reconstruction as the central output. Partial Adaptation: the avoided damage payback framework subtracts avoided future flood damage from infrastructure construction impacts, showing that the actions achieve environmental payback in 25 years. 

	Rowan et al. (2026)
	Robustness × System Response (full), Robustness × Recovery (full)
	Fragility curves translate flood depth into probabilistic component-level failure probabilities, constituting a quantitative model of what happens during the hazard event itself (System Response). Material replacement quantities derived from those fragility functions feed directly into cradle-to-gate LCA inventory flows via Monte Carlo simulation across 50 residential building floor plans, constituting repair and replacement flows triggered by hazard damage (Recovery). No Preparation since no design alternatives are compared; the study characterizes System Response and Recovery for a fixed residential building typology.


Table D. Evidence gap map justification: Wind studies
	Citation
	EGM Placement
	Justification

	Angeles et al. (2021) 
	Robustness × Preparation (full) Robustness × Recovery (full)
	Site-specific wind and seismic hazards drive an assembly-based vulnerability assessment for a case study office building. Preparation: material and assembly choice is shown to be hazard-dependent. Recovery: probabilistic damage converted into repair embodied energy over the service life. 

	Plumblee & Klotz (2014)
	Robustness × Preparation (full) Robustness × Recovery (full)
	Integrates hazard modeling with process-based LCA and EIO-LCA to compare standard vs. impact-resistant windows and storm panels for a coastal home under hurricane wind hazard (Preparation). Recovery: average annual loss from the catastrophe model represents probabilistic expected repair flows converted to environmental impacts via EIO-LCA. 

	Adhikari et al. (2020)
	Robustness × Preparation (full), Robustness × Recovery (full)
	The study compares standard versus enhanced building component configurations as design alternatives explicitly constructed around anticipated tornado wind scenarios, modifying the initial construction inventory in anticipation of hazard (Preparation). Component-level tornado fragility curves translate scenario wind speeds into probabilistic damage probabilities for building components, with resulting repair and replacement material quantities fed into the Athena Impact Estimator to compute embodied carbon Recovery flows. 
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