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Introduction 
This supplementary information provides an in-depth overview of the methodology, data processing, and validation of the BN-FLEMOcs model, which aims to estimate flood damage to buildings and equipment across different European regions. The data processing involved allocating equipment values across NUTS 3 regions based on regional Gross Value Added (GVA) and further disaggregating them by structural building values. Precautionary measures were estimated using historical flood experience data from the HANZE dataset, covering flood occurrences between 1981 and 1995. Information on private precautionary actions was included, with values ranging from 0 to 1, representing the extent of preventive measures taken before the flood. 
The transfer of the BN-FLEMOcs model to the entire Europe was validated using detailed flood damage records from Italy and the Netherlands case studies. In Italy, the Secchia Floods 2014 provided detailed geolocated damage records for businesses, allowing for precise estimations of flood losses. Similarly, survey data from the Netherlands' 2021 floods helped to validate the model's predictions for affected companies.
In regions where equipment values were not directly available, net values were used instead, which could introduce some degree of approximation in the data. Despite these limitations, the model has demonstrated its ability to provide valuable flood damage predictions across multiple countries, showcasing its transferability and applicability to a wide range of European regions.
S1. Exposure: Disaggregation of Equipment values

The equipment values are associated with each NACE rev. 2 activity for each country. NACE activity type and corresponding sector category are shown in Table S1. 

Table S1: NACE activity and sector mapping

	Code
	NACE activity 
	Sector

	B-E
	Industry except for construction
	Industrial

	F
	Construction
	Commercial

	G-J
	Wholesale and retail trade; transport; accommodation and food service activities; information and communication
	

	K-N
	Financial and insurance activities; real estate activities; professional, scientific and technical activities; administrative and support service activities
	

	O-U
	Public administration and defence; compulsory social security; education; human health and social work activities; arts, entertainment and recreation, repair of household goods and other services
	



In cases where gross values for equipment were unavailable, such as for Ireland and Norway in 2015, net values were utilised as alternatives. The equipment values were distributed to each NUTS 3 region based on the gross value added (GVA) at basic prices for each NACE activity (nama_10r_3gva). Within each NUTS 3 region, these equipment values were further apportioned among buildings according to their respective structural values.





S2. BN-FLEMOcs
S2.1. Input variables
Water depth is obtained from the return period-based hazard maps. Company size is based on the number of employees. The sector-specific number of employees in each NUTS3 region obtained from Eurostat (nama_10r_3empers) was disaggregated to the commercial and industrial buildings proportional to their structural value.



Precautionary measures taken by each company is the ratio of possible precautionary measures the companies took before the flood to the total number of possible measures. The value ranges from 0 to 1 - 0: no measures were undertaken; 1 - all possible measures were undertaken. The possible measures include relocation of expensive equipment, flood-proof oil tanks and silos, flood-proof air conditioning, stable foundation and installation of a water barrier. Precaution is estimated using its parent node, flood experience. The dataset documenting previous flood experiences in the regions studied was obtained from HANZE v2.1. The HANZE dataset encompasses records of riverine, pluvial, coastal, and compound floods across European countries between 1981 and 1995. The dataset has been a valuable resource in studies conducted by Albulescu et al. (2024), Tilloy et al. (2024), and Santos et al. (2024). This study considers the total number of floods (including all types) between 1981 and 1995 for each NUTS 3 region in the European region. 

S2.2. Model Transferability:
The transfer capability of BN-FLEMOcs is evaluated by applying the model to empirical post-flood company loss data from Italy and the Netherlands. The characteristics of the flood event and the empirical datasets are provided in the following parts of the section.

Secchia Floods, 2014 in Italy
The dataset used to validate the model is based on data collected during the flood event caused by a dike breach along the Secchia River in Modena province, Italy, on 19 January 2014. The breach led to significant inundation over 52 km², turning a minor rainfall-induced flood into a major event due to the failure of flood defences (Orlandini et al., 2015). Unlike aggregated data from other case studies, this dataset includes detailed information on commercial flood losses. The data was collected by local authorities (Emilia-Romagna region, Modena province, Bastiglia, Bomporto, and Modena municipalities) to compensate business owners for damages. Business owners provided data on losses in building structures, furniture, equipment, stocks, crops, and business interruption, adhering to the reimbursement criteria outlined by regional ordinances. The dataset also includes information on the addresses of affected businesses and the number of employees before and after the event. Each location was geocoded using automated GIS techniques and manual verification to minimise errors.
The original dataset contained 296 records, documenting a total loss of 15.6M€, with losses to buildings and machinery nearly equal (49% and 51%, respectively). To estimate flood hazards at each record (water depth, velocity, and flood duration), results from a hydrodynamic simulation using the Telemac-2D model were utilised. Exposure was derived by overlaying OpenStreetMap (OSM) building footprints with the geolocated damage records, discarding those with no precise matches. After refinement, the final dataset contained 190 records, covering 49 agricultural, 76 industrial, and 65 commercial sector companies. Building and contents losses were estimated using OSM building data for the Modena province (NUTS3 region) and amended with Urban Atlas 2012 data to improve the classification of building functions. The economic value of buildings and machinery was estimated based on the geolocated OSM data, further amended by regional economic indicators. Gross Fixed Capital Formation (GFCF) per employed person was estimated at €11,993 for the Emilia-Romagna NUTS2 region. At the same time, the Gross Value Added (GVA) per capita for the Modena province was set at €35,932 in 2014 (Eurostat, 2020a). The economic losses for each record were reported in 2015 at constant prices, aligning with standard practices in flood risk valuation.

Netherlands
The second validation dataset is based on survey data collected from flooded businesses after the 2021 floods in the Netherlands. In July 2021, the border region of Germany, Belgium, and the Netherlands was affected by extreme precipitation over a two-day period. This resulted in large-scale flooding in these three countries, with greater impacts in Germany and Belgium compared to the Netherlands (Endendijk et al., 2024). In the Netherlands, around 600 businesses and 2500 households experienced flood damage and total flood damage is estimated between €400 million and €500 million (ENW, 2021; Kok et al., 2023). The Dutch data has been collected through online questionnaires (see Endendijk et al., 2024). The survey contained questions on firm-level flood experiences, damages and responses. Firms in the areas affected by flooding or where a state of emergency was declared received an invitation to answer the survey, which ensured that all firms were either hit by flooding or a near-miss. The survey was answered by 215 businesses, of which 39% experienced flooding to their premises. Since this study considers only the flooded firms and not all of the input indicators were known for all firms, 54 flooded firms are used in the validation dataset. About half of these firms had prior flood experience. Losses to machinery were larger compared to losses to buildings (34% on average compared to 11%). 

Performance metrics
The performance of BN-FLEMOcs is measured for the three cases - 1) floods between 2002 and 2013 in Germany, i.e., the same data that was used to calibrate BN-FLEMOcs using a 10-fold CV (Cross-Validation); 2) 2014 Secchia Floods Italy; 3) 2021 Riverine Floods Netherlands. The relative loss predictions from BN-FLEMOcs are compared against the observations using four essential metrics - Mean Absolute Error (MAE), Mean Bias Error (MBE), and Continuous Ranked Probability Score (CRPS). MAE measures the average magnitude of errors across all observations, taking errors as absolute values, thereby preventing overestimations from offsetting underestimations. In contrast, MBE allows overestimations and underestimations to compensate for each other, making it suitable for assessing the model's ability to estimate total damages (Wagenaar et al., 2018). The Continuous Ranked Probability Score (CRPS) is a probabilistic scoring metric that evaluates the accuracy of a predicted cumulative distribution function against a single observed outcome. 
The table S2 presents performance metrics for flood damage modelling in Germany, Italy, and the Netherlands, focusing on buildings and equipment. 

Table S2: Transfer validation of BN-FLEMOcs

	Performance Metric
	2002-2013 Floods Germany (10-fold CV)
	2014 Secchia Floods Italy
	2021 Riverine Floods Netherlands

	
	Building
	Equipment
	Building
	Equipment
	Building
	Equipment

	MAE
	0.149
	0.270
	0.106
	0.232
	0.104
	0.297

	MBE
	0.001
	-0.001
	0.074
	0.157
	0.071
	0.249

	CRPS
	0.100
	0.160
	0.088
	0.219
	0.081
	0.196


The model performs well for Germany, with an MAE of 0.149 for buildings and 0.270 for equipment, indicating reasonable accuracy. The model shows minimal bias (MBE close to 0) for both categories. In comparison, Italy's model performs better for buildings (MAE = 0.106) but slightly worse for equipment (MAE = 0.232), with a slight positive bias for equipment (MBE = 0.157). The Netherlands shows the lowest MAE for buildings (0.104) but the highest for equipment (0.297), with a noticeable positive bias for equipment (MBE = 0.249). Germany's model, while slightly less accurate for equipment, exhibits better overall calibration and less bias than the models for Italy and the Netherlands, with the lowest CRPS score for buildings (0.100). The model showcases substantial accuracy and minimal bias for Germany, while Italy and the Netherlands exhibit relatively comparable performance, especially regarding buildings. Despite some bias observed in the Netherlands for equipment, the model still offers valuable predictions. The consistent performance across these countries indicates that the model, validated by Italy and the Netherlands, can effectively estimate flood damage throughout European nations.
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