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Methodology for Material Stock Analysis (MSA) of buildings. 
This section outlines the approach taken to quantify the building stock in Antigua & Barbuda (A&B) for 2004. The 2004 building footprint layer provided by the Department of Environment (DOE) [1] is the most recently updated footprint layer available for the island and was utilized for the study’s MSA. However, the building footprint layer did not include data for Barbuda and could not be accounted in the total material stock (MS) estimate. The methodological framework for the MSA follows a bottom-up, stock driven approach similar to previous studies [2–4]. 
[image: ]
[bookmark: _Toc16086857][bookmark: _Toc16087387][bookmark: _Toc16087644][bookmark: _Toc16089062][bookmark: _Toc16089575][bookmark: _Toc16090008][bookmark: _Toc16090174][bookmark: _Toc16090433][bookmark: _Toc20365123][bookmark: _Toc22332143]Figure S1: A general overview of the GIS adapted methodology used in calculating the building Material Stock and Sea level Rise Analysis in Antigua & Barbuda.
GIS tools were adopted to calculate and map the spatial distribution of the total estimated MS within the island through showing the following:
· The MS separated by each building material category.  
· The total stock of in-use construction materials in buildings for 2004.
· MS broken down by building use-type.
· Spatial distribution of MS on the island.

Building footprint Classification  

The use of both Google Map and Open Street Map (OSM) catalyzed the overall classification process. However, the use of these online remote sensing platforms presented discrepancies and other areas of error within the classification process of the building footprint using the data layers including the following:
1. Accuracy of building footprint shape- the building footprint layers provided by the two online mapping services lacked details in the shape of their polygons in matching the shape of the actual buildings on the ground. In Figure S2, the building footprint provided by the DOE shows a more accurate representation of the respective building displayed in the field photos and google satellite photos; where the serrated edges of the building are shown, but absent within OSM. The increased accuracy of shape details in the DOE data layer permitted a clearer and more defined distinction between individual building footprints.  

Classification Code:300- Tourism/Hotel
Building Typology 2: 320-Small-scale villas and condos
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[bookmark: _Toc16086860][bookmark: _Toc16087390][bookmark: _Toc16087647][bookmark: _Toc16089064][bookmark: _Toc16089577][bookmark: _Toc16090010][bookmark: _Toc16090176][bookmark: _Toc16090435][bookmark: _Toc20365124][bookmark: _Toc22332144]Figure S2: Features of the Image Interpretation and analysis of remote sensing imagery for classifying building footprints in Antigua & Barbuda.   

2. Accuracy in building identification and use-type classification- in absence of local knowledge of the study area and relying solely on the OSM as the main tool in assisting to identify and label buildings presents some accuracy issues. OSM is open source which means it is readily available for public use where users can edit the map, and place locations tags/identifier on buildings, without actually visiting the study area or knowing if location tags are correct.   
3. Missing building footprints- there were a few cases where building footprints within the DOE data layers, and on google satellite maps were not present on the OSM layer. In addition to the OSM layer representing the building footprints valid for A&B for 2019 and the DOE data footprint layer was valid for 2004. 
4. An overlay analysis of the unclassified building layer and that from the 2018 building footprint provided by Open Street Map assisted in capturing (or distinguishing) buildings that were not present in 2004, to prevent an inaccurate assignment of building-use type categories. It is important to note that the remote sensing images on the mapping services platform were restricted to aerial views of the buildings/landscape.  

Empirical Evaluation and Data Collection 

The empirical evaluations were conducted over a one-week time span in Antigua & Barbuda, January 2019. The goals of the onsite visits are as follows: 

1) Visiting as many buildings as possible present in the 2004 DOE building footprint layer with the assistance of a handheld GPS unit. The GPS unit would have been updated with the building footprint layer prior departure for easier access and navigation on the field. The GPS helped with ground truthing and positive identification of the building footprints present on the 2004 data layer to what was actually present on the ground. 
2) A qualitative database of observed findings was developed through recording data from each site-visit, in order to capture as much descriptive data as possible. Information on the number of stories, outer wall materials, roof coverings, garage present, paved driveway, hurricane shutters present were noted.     
3) Field verification consisted of pictures taken at each building site, which were subsequently added to the database to capture the condition and features of the superstructure. The building use-type of these buildings were also recorded to verify with the image interpretation and overall classification system. 
4) A total of 303 building footprints were visited by the researcher on the island where the spatial distribution of sites visited is shown in Figure S3. The sample size of building footprints visited, provided a foundational basis in assigning average height (story number) for each building use-type class (especially focusing on the residential class) shown in Table S1. 
5) After data collection, a local civil engineer focused within the construction field was consulted to establish the material intensity typologies based on site observation and professional expertise.    
6) [bookmark: _Toc16086863][bookmark: _Toc16087393][bookmark: _Toc16087650][bookmark: _Ref16088281][bookmark: _Toc16090524][bookmark: _Toc16090604][bookmark: _Toc16887483][bookmark: _Toc20365064][bookmark: _Toc22331374][bookmark: _Toc22332609]Information was collected from local government agencies such as the Developmental Control Authority (DCA) on building permits for institutional and commercial buildings from 2006-2017.   

Table S1: A breakdown of the building footprints (BF) visited on the field based on the buildings-use type categories and average number of stories observed.
	Building Class
	Building Typology-1
	Average Number of Floors
	Standard Deviation 
	Minimum Number of Floors 
	Maximum Number of Floors
	Sum Number of Floors
	Total Number of BF Visited
	Percentage (%) Count of BF 

	Institutional
	100
	1.60
	0.49
	1
	2
	16
	10
	3.30

	Tourism
	300
	1.97
	0.91
	1
	6
	59
	30
	9.90

	Commercial 
	500
	1.75
	0.84
	1
	5
	128
	73
	24.09

	Sports& Recreation
	600
	3.00
	0.00
	3
	3
	3
	1
	0.33

	Historical Site
	700
	2.00
	0.00
	2
	2
	2
	1
	0.33

	Residential 
	800
	1.43
	0.51
	1
	3
	264
	184
	60.73

	Other
	1000
	1.75
	0.42
	1
	2
	7
	4
	1.32

	Total
	 
	 
	 
	 
	 
	479
	303
	100



[bookmark: _Toc20365127][bookmark: _Toc22332147][image: ]Figure S3: Spatial Distribution of the data collection points of each building footprint visited in Antigua & Barbuda.

Building use-type Classes and Height Assumption  
[bookmark: _Toc16086861][bookmark: _Toc16087391][bookmark: _Toc16087648][bookmark: _Ref16088275][bookmark: _Toc16090522][bookmark: _Toc16090602][bookmark: _Toc16887481][bookmark: _Toc20365062][bookmark: _Toc22331373][bookmark: _Toc22332608]
The second step in calculating the MS was to establish the building use-type classes based on the image interpretation analysis of the building footprint layer. The classification system of the buildings follows a hierarchal system consisting of three levels. The first level, Building-Typology-1 is the main building class, the second level, Building Typology-2 is the groups and Building Typology-3 is the sub-groups. The building use type classes can be found in Table S2.



Table S2: The classification codes and building use-type classes for Antigua & Barbuda.
	Code 
	Building Typology-1 
(Building Class)
	Building Typology-2
(Groups)
	Building Typology-3
(Sub-groups)
	Number of Floors

	100
	Institutional 
	110-Church 
111- Cathedral
	
	1 
2

	
	
	120-Government Offices
	
	2

	
	
	130- School
	131-Primary 
132-Secondary 
133-Primary& Secondary  
134-Teritary
135-Special Needs
	2
2
2

2
2

	
	
	140- Medical Facilities
	141- Hospitals 
	3

	
	
	
	142-Health Clinics 
	1

	
	
	150-Correctional Facilities 
	151-Police Station/Military 
	2

	
	
	160-Fire Station 
	
	2

	200
	Transport
	210-Bus Station
	
	1

	
	
	220-Seaport 
	
	2

	
	
	230-Airport 
	
	2

	300
	Tourism
	310-Large-scale multi building hotels
	
	3

	
	
	320- Small-scale villas and condos
	
	2

	
	
	330-Tours & Excursion
	
	1

	400
	Protected Areas
	(National Parks)
	
	1

	500
	Commercial
	510-Restaurant/Fast Food 
	
	1

	
	
	520-Banks 
	
	2

	
	
	530- Businesses
	
	1

	
	
	540-Shopping Mall/Complex
	
	1

	
	
	550-Commercial Mixed Use
	
	2

	600
	Sports and Recreation 
	610-Community Centre
	
	1

	
	
	620-Stadium
	
	2

	
	
	630-Sports Complex
	
	1

	
	
	640- Entertainment/Cinemas
	
	
3

	700
	Historical Sites
	701- Museum 
	
	2

	
	
	702-Historical Landmarks
	
	1

	800
	Residential 
	810-Rural-area single family dwelling 
	
	1

	
	
	820-Urban area single family dwelling 
	
	1

	
	
	830-Rural Residential area family dwelling 
	
	2

	
	
	840- Townhouse dwelling unit
	
	1

	
	
	850-Business and Dwelling
	
	2

	
	
	
	
	

	900
	Industrial
	901-West Indies Oil Company (WIOC)- 901 
902-Antigua Public Utility Authority (APUA)

	
	1

1

	1000
	Other
	1000-Costruction
	
	

	
	
	1001- Not-in use
	
	



Material Intensity Typology 

Material intensities (MIs) are reported as the weight of construction material measured in kilogram per gross floor area (GFA) (kg/m2) [5]. These two parameters reflect the material composition and the size of buildings in the country, which are necessary components in estimating the building MS [3]. Information on the material composition was based on data from housing statistics presented in the national census, field work, and on-site observations, and expert consultations with local civil engineers. The material intensities were described through eight main material intensity typologies which reflected the local construction styles practiced in A&B, outlined in the main text (Table 1). The material intensity typologies are separated by different structural components within the superstructure including the floors, walls, roof, roof coverings as well as the foundation. Buildings in A&B are not built with basements, and therefore not accounted for in the material typologies and the research. Building plans, architectural drawings, and additional technical information were collected on local building structures to develop the corresponding material intensities. 

Residential Material Intensity- Monte Carlo Simulation  

[bookmark: _Toc16086865][bookmark: _Toc16087395][bookmark: _Toc16087652][bookmark: _Ref16088285][bookmark: _Toc16090525][bookmark: _Toc16090605][bookmark: _Toc16887484][bookmark: _Toc20365065][bookmark: _Toc22331375][bookmark: _Toc22332610]The ratios used to distribute the material intensities in the Monte Carlo simulation was based on housing statistics in the 2001 national census [6] for A&B. This data outlined the outer wall materials of household dwellings and was matched to the correlating material intensity typologies and the respective percentage share of the material intensities distributed amongst the residential sector. The residential sector accounted for 90% of the building footprints classified as residential dwellings. Based on the housing statistics 50% of the houses were observed as wood structures, 30% as concrete structures and the remaining 20% as concrete/timber mix (Table S3). The percentage of households were rounded to the nearest 5% as a consequence of two other existing typologies that were observed within the residential building class in Antigua & Barbuda. The two additional material typologies were categorized as Manufactured Materials 1 and Manufactured Materials 2, representing less than 1% of the residential buildings on the islands. However, there was insufficient information available to determine their intensities, with the predominant type of materials in two above mentioned material intensity typologies consisted of polyvinyl (a synthetic plastic polymer used within these structures). The scope of this study only focused on aggregates, wood, steel, and concrete and did not include plastics.

Table S3: The distribution of the material intensity typologies within the residential building class based on the outer wall materials of household dwellings.
	2001 Census Outer Wall Material 
	Number of Households 
	Percentage of Households
	Material Intensity Typology 
	Nearest 5% 

	Concrete & Blocks
	6,412
	32.2
	Concrete Structure 1. -13%
Concrete Structure 2. – 15%
Concrete Structure 3. –
2%    
	30

	Wood
	8,965
	45.0
	Timber Structure 100%
	50.0

	Wood and other material 
	4,410
	22.1
	Concrete/Timber Mix Structure.  
	20

	Other
	154
	0.8
	
	0

	Total
	19941
	100
	 
	100



In the absence of on-site field visits to accurately assign the specific material typologies to their respective building footprint on the ground, the material intensities were randomly assigned respective of the 0.5, 0.3, and 0.2 probabilities in Table S3. To evaluate the uncertainty of the random assignment, the MIT were assigned by a Monte Carlo simulation which was completed through R-code.  
Results 
Height Assumption

The building height assumptions were based from a sample population or story levels recorded during field work in absence of the actual measured height of buildings. A total of 303 building footprints were visited by the researcher functioned as the sample size and provided a foundational basis in assigning average height (story number) for each building use-type class (especially focusing on the residential class).
[bookmark: _Toc22331378][bookmark: _Toc22332165][bookmark: _Toc22332613]Table S4 shows a sensitivity analysis of the height assumptions including the percentage change observed in the total MS as result of a (+/-) floor change in each building use-type class. The greatest MS changes are observed within residential family dwellings at 84%, rural family dwellings (45%), and large-scale hotels at 43%. The sensitivity analysis shows that inaccurately assigning the number of floors to each building use-type category can have a significant impact on the MS estimate. The results test the assumptions of the role that height data plays within the MSA and illustrates where possible improvement is the methodology can be considered for future research.




[bookmark: _Toc20362365][bookmark: _Toc20362623][bookmark: _Toc20362813][bookmark: _Toc20365143]Table S4: The percentage change in the total estimated material stock for each building-use type under a (+/-) floor change.
	Building Code 
	Building Typology- 1, 2 & 3 (Class, Groups & Subgroups)  
	Original Number of Floors Estimation 
	Percentage Change (%) in Total MS

	110
	Church 
	1
	2.47%

	111
	Cathedral
	2
	0.14%

	120
	Government Offices
	2
	4.73%

	130
	School 
	2
	13.49%

	141
	Hospitals
	3
	2.82%

	142
	Health Clinics 
	1
	0.71%

	151
	Police Station Military
	2
	4.69%

	160
	Fire Station 
	2
	0.21%

	210
	Bus station 
	1
	0.02%

	220
	Seaport 
	2
	0.06%

	230
	Airport
	2
	2.70%

	310
	Large-scale multi building hotels
	3
	42.51%

	320
	Small-scale villas and condos
	2
	22.77%

	330
	Tours & Excursion
	1
	0.07%

	400
	Protected Areas
	1
	0.45%

	510
	Restaurant/Fast Food
	1
	0.82%

	520
	Bank 
	2
	0.09%

	530
	Businesses
	1
	9.75%

	540
	Shopping Mall/Complex
	1
	2.15%

	550
	Commercial Mix Use
	2
	31.98%

	610
	Community Centre
	1
	0.12%

	620
	Stadium 
	2
	0.16%

	630
	Sports Complex
	1
	0.11%

	640
	Entertainment
	3
	0.06%

	701
	Museum 
	2
	0.27%

	702
	Historical Landmarks
	1
	0.50%

	810
	Rural area single family dwelling
	1
	45.37%

	820
	Urban area single family dwelling 
	1
	3.42%

	830
	Residential are single dwelling area 
	2
	84.37%

	840
	Townhouse
	1
	0.003%

	850
	Business & Dwelling
	2
	0.53%

	900
	Industrial 
	1
	0.60%



[bookmark: _Toc22501927]Monte Carlo -Residential Material Intensity Distribution
The code was applied under seven different parameters, and the greatest variation within the total residential MS estimates resulted after running a low number of iterations in contrast to a higher number of iterations, which resulted in a lower range of variations in the MS estimates. The uncertainty within the upper and lower levels decreases, as the number of iterations increases. Thus, indicating the mean estimates of MS falls within a smaller margin of error.  


Figure S4: Box plot showing results from Monte Carlo simulations using the criteria distributions given in Table S3. The dark line indicates median net flow. The colored boxes represent 25th and 75th percentiles, respectively. 

The median of the residential MS approaches a more stable rate after 10,000 iterations. The final number used to represent the residential building class based on the Monte Carlo simulation estimated at 2.5 million tonnes (mt).    
[bookmark: _Toc22501962] 
Code used in the Monte Carlo Simulations for the Random Assignment of Material Intensity Typologies within the Residential Sector  

# Set the workspace directory- to specify the pathway for access to the desired work folder for R-studio.

setwd("N:/New folder")

#Import the csv file containing the residential building footprints. This csv file should include headings with the Gross Floor Area (GFA), Index, Material Intensities (MI) and Material Stocks (MS) separated by the individual material category (Aggregates, Concrete, Timber, Steel) and the sum of the Material Stocks.

df <- read.csv("ResiMIJB.csv", header = TRUE, dec = ".")

#Create a separate results table to capture the results components that are of interest. In this scenario, this included the Material Stocks separated by material category and the sum of Material Stocks. 

results <- data.frame()
x <- c("MSAggSum", "MSTimberSum", "MSConcSum", "MSSteelSum", "TotalMSSum")
##LOOP START##
counter <- 10
# repeat{ 
for (i in 1:counter){
  
#Distribute the material intensities through creating an index compromising of “A, B, C, D, E”, which reflects the probability used to assign the MI to the individual building footprints. The distribution of the material typologies was defined beforehand based on census data to be implemented in the code. 

  y<- sample(LETTERS [1:5],51406,replace=TRUE, prob =c(0.13,0.15,0.02,0.50,0.20))
  df$Index <-y
  #letters <- c("A", "B", "C","D","E")
  #Define df$Index and corresponding material stock values
  df$MIAgg12 <- ifelse(df$Index =="A", 0.18619, ifelse(df$Index == "B", 0.2199, ifelse(df$Index == "C", 0.10995, ifelse(df$Index == "D", 0.10995, 0.2216))))
  df$MITimber <- ifelse(df$Index == "A", 0.02399, ifelse(df$Index == "B", 0.02467, ifelse(df$Index == "C", 0.02425, ifelse(df$Index == "D", 0.02771, 0.02086))))
  df$MIConc12 <- ifelse(df$Index == "A", 0.61082, ifelse(df$Index == "B", 0.64515, ifelse(df$Index == "C", 0.67195, ifelse(df$Index == "D", 0.11744, 0.40935))))
  df$MISteel1 <- ifelse(df$Index == "A", 0.06751, ifelse(df$Index == "B", 0.08237, ifelse(df$Index == "C", 0.06711, ifelse(df$Index== "D", 0.04998, 0.06709))))

#Calculate the MS with respect to the individual material categories: for each building footprint. The material stock of material i is calculated as follows: MI i    X GFA l ; l is the GFA of a residential building footprint.

  df$MSAgg <- df$MIAgg12 * df$GFA
  df$MSTimber<- df$MITimber * df$GFA
  df$MSConc <- df$MIConc12* df$GFA 
  df$MSSteel<- df$MISteel1* df$GFA 

  #Calculate the total MS for the individual Building footprint
  df$TotalMS = df$MSAgg + df$MSTimber + df$MSConc + df$MSSteel 

#Calculate the sum of all columns (MS of Aggregates, Timber, Concrete, Steel and the Total MS) in each iteration out of the total number of iterations being run in the code. One iteration contains 51,406 building footprints.  
  dfout <- data.frame(ncol=5,nrow=counter)
  colnames <- x
  
  dfout$MSAggSum <- sum(df$MSAgg)
  dfout$MSTimberSum <- sum(df$MSTimber)
  dfout$MSConcSum <- sum(df$MSConc)
  dfout$MSSteelSum <- sum(df$MSSteel)
  dfout$TotalMSSum <- sum(df$TotalMS)
  
  results <- rbind(results, dfout)
##LOOP END##
}
write.csv(results, "Results.csv").    

Material Stock Share: Material Category   

In Figure S5, the highest percentage share of concrete was seen in Tourism at 69%, indicating it as a heavily reliant concrete industry as opposed to Industrial buildings which are the most steel intensive building use-type category and historical buildings which are the highest timber intensive building use-type. This trend illustrates the difference in material intensities based on the building use-type categories.

[bookmark: _Toc16086887] 
[bookmark: _Toc16087417][bookmark: _Toc16087674][bookmark: _Toc16089085][bookmark: _Toc16089599][bookmark: _Toc16090032][bookmark: _Toc16090198][bookmark: _Toc16090456][bookmark: _Toc20365147][bookmark: _Toc22332170] Figure S5: Building Material Stock broken down by material category (percentage%) in Antigua & Barbuda for 2004.
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