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Detailed characterization of physical and fuel properties of construction and demolition waste (CDW) can support research and commercial efforts to develop sustainable aviation fuels. The current study reports time-series data for bulk density, mineral composition, reactivity, and fuel properties (proximate analysis, ultimate analysis, heating value and ash fusibility) of the combustible material fraction of samples mined from an active CDW landfill on the island of Oʻahu, Hawaiʻi. The fuel properties are in ranges comparable to other reference solid wastes such as demolition wood, municipal solid wastes, and landfilled materials. Ash fusion temperatures (from initial deformation to fluid deformation) among the samples were found to lie in a narrow range from 1,117 to 1,247°C. Despite higher ash contents, the CDW derived feedstock samples had comparable heating values to reference biomass and construction wood samples, indicating the presence of higher energy content materials (e.g., plastics, roofing material, etc.) in addition to wood. The waste samples show lower reactivity peaks in the devolatilization stage, but higher reactivity peaks (located at lower temperatures) in the gasification and combustion stage, compared with those of reference biomass and construction woods. Mineral elemental analysis revealed that materials from various sources (gypsum, plastic, rust, paint, paint additives, and soils) were present in the samples. Soil recovered from the landfill contained higher Ca, Cu, Fe, K, Mn, Pb, and Zn levels than soil samples from elsewhere on the island. Results from this study can provide insight on variations in the physical and fuel properties of the CDW derived feedstocks, and support the design of conversion systems.
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INTRODUCTION
Construction and demolition waste (CDW), one of the major wastes associated with population growth and rapid industrial development, is generated during the construction, renovation, and demolition of buildings and civil-engineering structures. In the United States, about 569 million tons of CDW materials were generated in 2017 (US EPA, 2017). More than 90% of CDW is generated by demolition and renovation activities, while construction waste accounts for the rest (US EPA, 2017). In the European Union, CDW is the most voluminous component, accounting for 25–30% of the total waste (Cristelo et al., 2018). The composition of CDW strongly depends on the activities and the sources that generate the debris. Depending on location, CDW may also be mixed with other municipal wastes and/or hazardous materials. Concrete, asphalt, bricks, metals (ferrous and non-ferrous), wood, gypsum, glass, plastics, fibers, and soils are major components of CDW. They may also contain potentially hazardous elements and chemicals at trace concentration levels (Clark et al., 2006), e.g., arsenic (in termite treated wood), cadmium (in paints and batteries), lead (in paints and batteries), mercury (in electrical switches and thermostats), asbestos insulations, polycyclic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs). While some inert materials (concrete, asphalt) are believed to have minimal environmental impacts (Wu et al., 2014) and may be beneficial for reuse, e.g., recycled concrete production (Sadek, 2012; Safiuddin et al., 2013), the other fractions of CDW are normally disposed in landfills. Improper disposal or management of CDW may cause negative impacts on human health and the surrounding environment, therefore, regulations and standards have been promulgated and enforced to reduce unsafe management and utilization (Clark et al., 2006).
To reduce the disposal of wastes in landfills and dependency on fossil fuels, organic fractions (construction wood, tree parts, paper, cardboard, and plastics) of CDW can be utilized for sustainable aviation fuel (SAF) production (Shahabuddin et al., 2020). Implementation, however, requires insight and management of the variability in composition and fuel properties resulting from the inherent heterogeneity of CDW streams (Edo et al., 2018). Varied composition and fuel properties of CDW are known to contribute to conversion facility operating problems and require additional attention placed on emission controls and ash disposal.
Recently, SAF from waste materials, such as municipal solid waste (MSW) and CDW (Yilmaz and Atmanli, 2017; Shahabuddin et al., 2020), has received great interest. By May 2021, seven conversion pathways have been approved by ASTM for incorporation into ASTM D7566-20c (ASTM, 2020). Detailed fuel properties of CDW feedstocks are required to select appropriate technologies and system designs for these thermochemical conversion processes (Ragland et al., 1991; Bosmans et al., 2013). CDW can be extremely heterogeneous with composition that varies from sample to sample, making fuel characterization more challenging. Although some researchers investigated the composition of the CDW or similar wastes (e.g., MSW), these works mainly focused on the classification and characterization of individual components/materials (Rodríguez-Robles et al., 2015; Ansah et al., 2016; Nordi et al., 2017) rather than composite CDW materials. In addition, most of the studies considered CDW as debris rather than fuel-production feedstock, so their findings were helpful for waste management (Douglas et al., 2001; Roussat et al., 2008; Wu et al., 2014; Song et al., 2017; Bassani et al., 2019) but may not be useful for utilization of CDW as feedstock. Attention has been also paid to landfill-mined materials (van der Zee et al., 2004; Krook et al., 2012; Jain et al., 2013; Powell et al., 2016; Jagodzińska et al., 2021). Reclamation, material recycling, pollution control, and market opportunities of landfill mining have been discussed in recent publications (van der Zee et al., 2004; Krook et al., 2012; Jain et al., 2013; Jagodzińska et al., 2021). In addition, Powell et al. (Powell et al., 2016) estimated that a gross energy of 338 billion MJ per year can be produced from a total municipal waste stock of 8.5 billion Mg available in 1,232 landfills in U.S. from 1960 to 2013. Currently, there are only a few studies (Littlejohns et al., 2020; Passos et al., 2020; Peres et al., 2020) examining the fuel properties of CDW or landfilled materials and their potential for energy conversion via gasification. However, none of these works characterized the composite CDW materials in detail. Peres et al. (Peres et al., 2020) classified the biomass at a construction site into four sub-groups: mixed wood, pine (Pinus elliotti), plastic-coated plywood, and resin-coated plywood. Littlejohns et al. (Littlejohns et al., 2020) subdivided landfill diverted wood waste into CDW, discarded pallets and oriented strand board (OSB). García-López et al. (García-López et al., 2019) segregated waste directly excavated from a landfill into several types of materials including glass, inert, non-ferric metals, ferric metals, plastics, textile, paper, wood and fine particles. In addition, these studies employed single sampling events, which may not reflect the compositional variation of the CDW materials.
The present study characterizes the fuel properties of the combustible fraction of CDW derived feedstock necessary for its use for SAF production via thermochemical pathways. The analyses include non-combustible fraction, bulk density, proximate analysis, ultimate analysis, heating value, mineral composition, ash fusion temperatures, and reactivity. The CDW derived feedstock (CDWDF) samples reported in this study were collected from a construction and demolition landfill on the island of Oʻahu (Hawaiʻi) over the course of several months to characterize the variation in composition and fuel properties. Material collection, preparation, and analysis were guided by ASTM standards. For perspective, three different types of construction timbers and two woody biomass samples were also characterized.
MATERIAL COLLECTION AND CHARACTERIZATION METHODS
Material Collection and Preparation
The CDWDF samples were collected at the PVT Land Company Ltd. (approximate location: 21°24′07.9″N, 158°08′39.3″W), located in Nānākuli in the Wai'anae district of Oʻahu (Hawaiʻi). Climate characteristics relevant to landfill conditions include the mean annual rainfall 667 mm (Giambelluca et al., 2013), mean annual temperature 23.64°C (Giambelluca et al., 2014), and mean annual Priestley-Taylor potential evapotranspiration of 1,625 mm. CDWDF material was generated either directly from trucks entering the landfill or from material mined from the landfill. CDWDF (Figure 1A and blue arrow in Figure 1B) was processed by PVT to remove recyclable material and noncombustible material. Feedstock for energy conversion exited the process line from an outfall conveyor (red arrow in Figure 1B) and was collected and stored in a dedicated cell in the landfill to be reclaimed for future use. One sample was collected from processed material that originated from incoming trucks in 2018. All the other samples were collected from processed material that had been mined from the existing landfill (11 samples). These materials were landfilled for ∼25 years. During the 2019 sampling campaign, the process line operated exclusively on mined material. The samples were identified by processing day, i.e., #yymmdd. The total amount of collected materials ranged from 35 to 55 kg per batch. It is worth noting that big inert objects, such as concrete and stones, were removed by the company prior to the sample collection in this study. The CDWDF samples obtained from the outfall conveyor were further hand sorted into combustible and non-combustible fractions. The non-combustible fraction includes small stones, ceramic, glass, and metal pieces (e.g., nails extracted from wood). After the removal of the non-combustible fraction, the weight of remaining combustible material ranged from 24 to 46 kg. These materials were primarily composed of construction wood, tree parts, plastics, rubber, paper, textiles, and roofing material. Of these, wood-based materials were abundant. This remaining combustible fraction of CDWDF, which can be employed as feedstock for energy and fuel production, is termed “combustible construction and demolition waste derived feedstock” (CCDWDF). The entire CCDWDF sample was ground to pass a 6 mm screen (SM400 XL Cutting Mill, Retsch, Haan, Germany). Subsequently, the 6 mm CCDWDF samples were riffled repeatedly, following ASTM E1757 (ASTM, 2015b), until four riffled subsamples of 200–400 g remained. To confirm the reproducibility of the characterization and analyses, one sample batch (#190213) was subdivided from the initial 25+ kg CCDWDF sample to a nominal 200 g sample four times. After producing a 200 g sample, the remaining material (∼25 kg) was remixed and the riffling process repeated to produce four identical sub-samples (∼200 g each) for analysis and comparison. This reproducibility assessment was conducted early in the sampling campaign to provide an estimate of error.
[image: Figure 1]FIGURE 1 | CDWDF materials (A) mining and (B) processing at PVT Land Company (blue arrow: CDWDF intake, red arrow: CDWDF sampling position).
Three construction wood and two woody biomass samples were included in this study and serve as reference woods for comparison with the CCDWDF materials. Two Douglas Fir construction wood samples purchased from local stores were not termite treated and were labeled “Constr. Wood 1” and “Constr. Wood 2.” The third sample (labeled “CCA Wood”) was removed from a home constructed in Honolulu in 1973 when construction wood was commonly treated with chromated copper arsenate (CCA) as a termite preventative. The two woody biomass are Douglas Fir and Eucalyptus. These reference woods were also ground to pass a 6 mm screen. However, they were not riffled due to their high homogeneity.
Characterization Methods
After riffling and subsampling were complete, the bulk density of the CCDWDF materials reduced to <6 mm particle size was determined according to ASTM E873 (ASTM, 2013b). Moisture content of the CCDWDF subsamples was determined using ASTM E871 (ASTM, 2013a). After measuring the moisture content, the remainder of the ∼250 g CCDWDF sample was dried at 105 ± 1°C (Lindberg MO-1440A Blue M Mechanical Oven, Asheville, NC, United States) for 16 h prior to size reduction. The dried CCDWDF materials were ground using a ball mill (Retsch PM100, Düsseldorf, Germany). Milled material was hand screened to pass a 70-mesh sieve (opening size of 0.21 mm). A small fraction of the CCDWDF material could not be adequately pulverized to pass the 70-mesh sieve after repeated ball milling and typically consisted of flexible polymeric materials, such as plastics, rubbers, and textiles. A cryogenic ball mill (Retsch Cryomill, Düsseldorf, Germany) using liquid nitrogen was employed to grind the recalcitrant materials to pass a 70-mesh sieve. The cryogenic and ambient ball milled materials were recombined and thoroughly mixed by a shaker and stored in a sealed bag for further analyses.
Proximate analysis of the ∼0.2 mm particle size CCDWDF samples was conducted using a LECO Macro TGA-801 (LECO Corporation, St. Joseph, MI, United States) according to ASTM D7582 (ASTM, 2015a). The moisture content reflected the moisture that CCDWDF materials adsorbed during fine grinding, handling, and storage. The moisture and ash contents from this test were used to convert subsequent measured quantities to dry basis (db) or dry and ash-free basis (daf), following the calculations provided in ASTM E791 (ASTM, 2016b).
Ultimate analysis (including C, H, N, and S contents) of the CCDWDF samples was measured using a LECO CHN-628 with a sulfur module S-628 (LECO Corporation, St. Joseph, MI, United States) according to ASTM D5373 (ASTM, 2016a) and ASTM D4239 (ASTM, 2018a), respectively. Higher heating values (HHVs) of the CCDWDF samples were measured using a Parr 6200 bomb calorimeter (Parr Instrument Company, Moline, IL, United States), according to the ASTM D4809 (ASTM, 2018b). Mineral compositions of CCDWDF materials were determined by X-ray fluorescence (XRF) (Bruker S8 Tiger, Bruker Corporation, Karlsruhe, Germany). The elemental concentration determined by XRF was calculated using a C6H10O5 matrix representing lignocellulosic biomass. The detailed XRF sample preparation and measurement procedure were described by Morgan et al. (Morgan et al., 2017).
Because most CCDWDF samples were mined from the landfill and were in contact with soil present in the landfill, analysis of soil samples was included in the study to provide context. Samples were collected from 1) screened soil recovered as part of PVT landfill mining operations and used internally on site (sample identification PVT); 2) an undisturbed land parcel upwind and upslope from the PVT landfill and across Lualualei Naval Road from the PVT landfill site (sample identification AR); and 3) screened recycled soil product offered for sale by the West Oʻahu Aggregate Co. Inc., located on an adjacent land parcel ∼1 km from the landfill mining activities (sample identification WOA). The PVT soil sample is representative of material adherent upon the CCDWDF samples. The AR soil sample serves as a reference soil indicative of the environment surrounding the landfill. West Oʻahu Aggregate’s recycling services takes in material from across Oʻahu and the WOA soil sample represents a composite for the island. At each of the three locations, five sub-samples were collected. The soil samples were sent to the Agricultural Diagnostic Service Center (ADSC) at the University of Hawaiʻi at Mānoa to analyze their loss-on-ignition and metal content following ASTM D7348 (ASTM, 2008) and EPA Method 3050B (US EPA, 1996), respectively.
Selected CCDWDF samples (#181227, #190116, #190213, #19312, #190405, #190718, and #19815) were also sent to a commercial laboratory (Hazen Research Inc., Golden, CO, United States) for additional analyses. The analyses, including proximate analysis, ultimate analysis, heating value, and elemental composition, were performed to provide comparative data to University of Hawaiʻi (UH) measurements. Hazen employed an inductively coupled plasma, optical emission spectrometry (ICP-OES) for determination of CCDWDF mineral composition, while the UH analysis employed XRF. Prior to ICP analysis, the samples were oxidized at 600°C and the resulting ash was microwave digested in a mixture of four acids. For the volatile elements As, Br, Hg, and Se, a parallel ICP-OES analysis was performed that acid digested fuel samples directly (i.e., no ashing step). The acid HF was not used in this parallel analysis to allow F quantification. Ash fusion temperatures of the selected samples were determined by Hazen according to ASTM E953 (ASTM, 2016c) to characterize ash deformation behavior.
Reactivity of the CCDWDF samples in reducing and oxidizing atmospheres was determined using a thermogravimetric analyzer Mettler Toledo TGA/SDTA851e (Schwerzenbach, Switzerland). The CCDWDF sample was loaded into a crucible, which was heated from room temperature to a final temperature set point at a heating rate of 10°C/min under a gas flow rate of 100 ml/min. For reducing reactivity tests, a ∼10 mg sample was heated to 1,100°C under a CO2 atmosphere, whereas a ∼1 mg sample and final temperature of 900°C was used for oxidizing reactivity tests in synthetic air. An initial 30 min isothermal period was performed at 105°C for all tests to remove moisture absorbed during storage and handling.
Similar sample preparation processes and fuel analyses were applied to the reference wood samples. However, non-combustible fraction, bulk density, and ash fusion temperatures of the reference wood samples were not determined due to limited sample amounts. In addition, at least three replicates were conducted for all measurements to provide an error estimate for the experimental data (i.e., measurement uncertainties). Data variations in the four sub-samples from the batch #190213 are reported as sampling uncertainties. A list of characterizations conducted in the current study is presented in Supplementary Table S1.
RESULTS AND DISCUSSION
The following section presents the analytical results from the sampling campaign and the reference materials.
Material Fractions of CDWDF
Figure 2 illustrates the material fractions of CDWDF samples. Note that the mined samples were normally coupled with soil, dust and adventitious materials; some materials were also degraded or deformed, making material separation and identification more challenging. The CDWDF samples at PVT were classified into four general fractions: non-combustible material, moisture, combustible non-wood material and woody material. Non-combustible material, combustible non-wood material and woody material were hand sorted and weighed. Moisture content was calculated after drying at 105°C until constant weight. The non-combustible fraction of CDWDF spans a wide range from 8.8 to 35.4 wt% across sampling events and reflects the effectiveness of the PVT processing line. Moisture accounts for 10.1–19.8 wt% of the CDWDF materials. The lowest fraction (1.2–13.6 wt%) in CDWDF belongs to the non-wood material, which may include rubber, plastics, paper, and textile. Woody material is the largest fraction with 50.6–70.8 wt%. The CDWDF in this study contains more woody materials (>50 wt%) than García-López et al. (García-López et al., 2019) reported for material excavated from a landfill and directly characterized (<4.1 wt%). Removal of non-combustible and recyclable materials by the PVT Land Co. processing line prior to the sample collection point was largely responsible for this difference. The fraction of mined material removed by the process line was not quantified. García-López et al. characterized all the mined materials (García-López et al., 2019). In addition, the landfill studied by García-López et al. (García-López et al., 2019) accepted MSW, which would result in a lower wood fraction than CDWDF.
[image: Figure 2]FIGURE 2 | Material fractions of CDWDF from PVT Land Co.
Moisture Content and Bulk Density of CCDWDF Materials
From this point forward, the results pertain only to the combustible fraction of construction and demolition waste derived feedstock (CCDWDF).
Table 1 presents data for the wet bulk density, moisture content and dry bulk density for the <6 mm CCDWDF materials. The wet bulk density of seven batches of the CCDWDF materials (<6 mm) ranged from 220 to 269 kg/m3, with an average of 241 kg/m3 and a standard deviation of ±18 kg/m3. The range of moisture content of the <6 mm CCDWDF materials was 14.88–25.35 wt%, and was higher than the reference wood samples (10.12–14.21 wt%); the latter indicative of equilibrium moisture content at ambient conditions. The mean annual rainfall, temperature, and evapotranspiration rates at the site contribute to the relatively low moisture content of samples; wood recovered in samples was notably well preserved. Apart from the inherent moisture of the CCDWDF materials, water was actively sprayed on the CDWDF materials for dust control by PVT personnel during mining operations and at the inlet and outlet of the processing line (Figure 1B). This added water contributed to the moisture content of the CCDWDF materials, partially explaining their elevated moisture content compared to the reference wood samples. The moisture data in this study are in good agreement with that of Littlejohns (Littlejohns et al., 2020), a CDWDF moisture content (as-received) of 20 wt%, and in a common moisture content range (6.16–38.70 wt%) of other solid waste samples (Table 2). The dry bulk density, calculated from the wet bulk density and moisture content, varied from 171 to 229 kg/m3. The bulk densities (both wet and dry) are relatively consistent across sampling days and are close to the bulk densities of other wood chips reported in the literature (Eisenbies et al., 2019), indicating that the handling, transporting, and feeding requirements for CCDWDF and wood chip fuels may be similar. It is worth noting that the particle size of the CCDWDFs in this study is less than 6 mm, but data for the wood chips in (Eisenbies et al., 2019) were not reported.
TABLE 1 | Physical properties of CCDWDF materials (<6 mm) and reference woods.
[image: Table 1]TABLE 2 | Summary of higher heating values, proximate and ultimate analyses of solid waste samples from the literature.
[image: Table 2]Proximate Analysis
The proximate analysis results of the CCDWDF materials and the reference woods are listed in Table 3. The ash content of the CCDWDF varies in a wide range from 6.20 to 18.21 wt% because of the heterogeneity of these materials, collected from different sources and containing varied components. Compared with the ash contents of the reference wood samples (0.05–0.89 wt%), those of the CCDWDF are significantly higher, implying that the CCDWDF includes materials with elevated ash content that may include wood adulterated with inorganic material such as wood treatment chemicals, wall plaster, paint additives, rust, soil, and dust particles. Cardboard, paper, PVC, low density polyethylene, rubber, textiles and roofing materials, present in varying amounts in the CCDWDF samples, each has higher ash content (Cui and Turn, 2018) and would contribute to elevated ash in the composite sample. Management of high ash fuels is often necessary in thermochemical energy conversion facilities to mitigate negative impacts on operations, working surface materials, and emissions.
TABLE 3 | Proximate analysis of CCDWDF materials and reference woods (on dry basis).
[image: Table 3]The volatile matter contents of the CCDWDF materials (67.77–74.13 wt%) are all lower than those of the reference wood samples (76.41–82.11 wt%). The fixed carbon contents of the CCDWDF samples vary from 12.38 to 21.11 wt%, which are lower than those of the two construction wood samples (21.90 and 23.07 wt%). The fixed carbon contents of the CCA wood (19.12 wt%) and two woody biomass (17.88 and 17.29 wt%) are in the bottom range of the CCDWDF values. These data indicate that the more labile components of the CCDWDF materials that are measured as volatile matter have been preferentially degraded during their time in the landfill. The PVT landfill opened in 1985 and the portion under active mining during the project period was estimated to date to the mid to late 1990s. PVT’s location falls between 525 and 800 mm annual rainfall isohyets (Giambelluca et al., 2013) so low degradation rates are not unexpected.
Proximate analysis values reported from other high-ash biomass such as rice husk (Ma et al., 2015) and macroalgae (Bach et al., 2014), are comparable to the CCDWDF materials. The volatile matter contents of the CCDWDF materials (67.77–74.13 wt%) are in the range spanned by those summarized in Table 2 (62.93–78.83 wt%), while the CCDWDF materials fixed carbon (12.38–21.11 wt%) and the ash (6.20–18.21 wt%) contents trend higher (5.62–18.90 wt%) and lower (3.99–27.72 wt%, except value in Littlejohns et al., 2020) respectively, than those in the literature. The ash content of CCDWDF measured in this study is much higher than the 0.8 wt% (air dry basis) value reported by Littlejohns et al. (Littlejohns et al., 2020). Although they did not clearly describe the location and processing of the CDW, it appears that the waste was relatively clean. The sample unloaded from incoming trucks (#181227) has higher ash content but lower fixed carbon content than the samples mined from the landfill. Nevertheless, more data are needed for material from incoming trucks to establish trends.
Ultimate Analysis
Results from the ultimate analysis (i.e., average C, H, N, S and O contents) of the CCDWDF materials and reference woods on dry basis are tabulated in Table 4. Carbon and hydrogen contents of the CCDWDF materials are similar to those of the reference woods. The carbon contents of the CCDWDF materials and reference wood samples are respectively 42.77–49.85 wt% and 49.12–53.21 wt%, while the hydrogen contents of the CCDWDF materials and reference woods are 5.16–5.81 wt% and 5.88–6.06 wt%, respectively. Conversely, the nitrogen contents of the CCDWDF materials (0.25–0.41 wt%) are higher than those of the reference wood samples (0.13–0.19 wt%). The sulfur contents of the CCDWDF materials vary from 0.33 to 2.04 wt%, while those of the reference woods are below the detection limits. Consequently, the oxygen contents (calculated by difference) of the CCDWDF materials (31.41–38.52 wt%) are lower than those of the reference woods (40.26–44.04 wt%).
TABLE 4 | Ultimate analysis of CCDWDF materials and reference woods (on dry basis).
[image: Table 4]Compare with other solid wastes in Table 2, the carbon, nitrogen and oxygen contents of the CCDWDF materials are well-fitted in the ranges of those of the solid wastes. The hydrogen contents of the CCDWDF materials are in the lower range but the sulfur contents of the CCDWDF materials are in the higher range, compared with those of the solid wastes. Overall, the ultimate analysis data of the CCDWDF materials are in good agreement with those of the solid wastes.
The atomic H/C and O/C ratios were calculated based on the ultimate analysis data and plotted in a van Krevelen diagram (Figure 3). The diagram show that the positions of the CCDWDF materials and the construction woods (Constr. Wood 1, Constr. Wood 2, and CCA Wood) are all in the biomass area. The O/C and H/C ratios of these materials are in the range of 0.56–0.72 and 1.47–1.70, respectively, whereas those of the woody biomass (Douglas fir and Eucalyptus) are 0.72–0.80 and 1.61–1.74.
[image: Figure 3]FIGURE 3 | Van Krevelen diagram for CCDWDF materials and reference woods.
Higher Heating Value
Higher heating values (HHVs) of the CCDWDF materials and reference woods on dry basis are presented in Figure 4. Sampling uncertainty of this analysis is ±0.35 MJ/kg as determined from the #190213 replicates. On dry basis, the HHV averages of the CCDWDF materials vary from 17.22 to 20.22 MJ/kg, and are similar to those of the CCA treated wood (19.87 MJ/kg) and the two woody biomass (18.74 and 18.88 MJ/kg). However, the CCDWDF materials have lower HHVs than the untreated construction woods (21.04–21.08 MJ/kg). The CCDWDF sample having the highest ash contents (#181227) also possessed the lowest HHV whereas the CCDWDF sample with the lowest ash contents (#190312) has the highest HHV. Nevertheless, there is no correlation between the ash content and the HHV of the CCDWDF materials. The HHVs of the CCDWDF materials in this study are in good agreement with the reported values for other solid wastes (17.67–20.93 MJ/kg) in Table 2 (Canova and Bushnell, 1992; Skrifvars et al., 1999; Dunnu et al., 2010; Littlejohns et al., 2020).
[image: Figure 4]FIGURE 4 | Higher heating values of CCDWDF materials and reference woods.
Mineral Analysis
This section presents results from the mineral analysis of all CCDWDF materials by XRF and selected samples by ICP-OES. Soil sample analyses by ICP-OES are also presented.
Soil Analysis
The composition of the soil samples serves as background data useful in tracing the origin of the mineral elements present in CCDWDF materials. Figure 5 shows that the AR and WOA soils have comparable concentrations of K, Zn, Mn, Cu, V, Ca, and Fe. The PVT sample has significantly higher contents of K, Zn, Cu, Pb, As, Cd, Ca and Na than the AR and WOA soils, indicating that these elements originated from the CCDWDF materials. Naturally occurring As concentration in Hawaiʻi soils are <20 ppmw (USDA-NRCS, 2011).
[image: Figure 5]FIGURE 5 | Element concentrations in different soil samples.
The loss on ignition data (12.44, 23.22 and 13.39 wt% for AR, PVT, and WOA samples, respectively) indicates that the samples from PVT had higher organic matter than the other locations and that the PVT sample was a mixture of soil and CCDWDF. Certain elements (i.e., Mn, Cr, Ni, and V) are present at lower concentrations in the PVT soil, compared with the AR soils, indicating that the soil contributions have been diluted by inorganic matter originating from the PVT CDW. Fe in the three soil samples is the second highest in abundance and has comparable concentrations among the samples. This is expected as Hawaiʻi’s volcanic soils are normally high in Fe (Thompson et al., 2011). Most trace element concentrations are in typical ranges for soils (Pais and Jones, 1997), with the exception of Zn levels in the PVT sample.
CCDWDF Analysis
The values reported are the average of 6 measurement (3 pellets and 2 sides for batches with a single sub-sample) or 24 measurements (3 pellets and 2 sides for batches with 4 sub-samples). Detected elements divided into three ranges are presented in Figures 6A–C, based on their average concentrations: >1,000 ppm, 100–1,000 ppm, and <100 ppm, respectively. In total, 68 elements were scanned by the XRF. Elements concentrations below the detection limits were excluded from Figure 6.
[image: Figure 6]FIGURE 6 | Concentration of elements from individual measurements in CCDWDF materials and reference woods for (A) abundant elements, (B) minor elements, and (C) trace elements.
The limit of detection (LoD) for each element slightly varies due to differences in element concentration from sample to sample. The reported LoDs, tabulated in Supplementary Table S2, for the CCDWDF materials and the reference wood samples are the maximum individual LoD values for each element in the two material groups. In addition, a full list of all scanned elements is tabulated in Supplementary Table S3 for the CCDWDF materials and Supplementary Table S4 for the reference wood samples.
CCDWDF Analysis: Abundant Elements (>1,000 ppm)
Figure 6A presents the measured concentrations of the major elements (>1,000 ppm) in the CCDWDF materials, including Ca, Si, Fe, S, Al, Cl, Mg, Na, and Ti, listed here in order of generally decreasing concentration. The concentrations of these elements in the CCDWDF materials are much higher than those in all reference wood samples, indicating that the wood fraction of CCDWDF would not be expected to be their source.
The most abundant mineral element in the CCDWDF materials is calcium (12,078–42,485 ppm) Samples with higher calcium content also have higher sulfur and silicon contents, and vice versa. Although construction wood, the main component of CCDWDFs, also contains calcium, its concentration is much lower. The potential sources of calcium in the CCDWDF samples are from gypsum (CaSO4·2H2O) as wall plaster and surrounding soils (e.g., in form of calcite CaCO3). It is easy to understand the presence of gypsum in the CCDWDF materials because sheetrock or drywall is one of the most common substances for house construction. The second highest concentration is silicon (6,790–19,010 ppm), which may originate as caulking present as a material of construction or be present as adherent soil from activities prior to landfill entry or within the landfill after delivery. Iron, in third highest concentration (5,053–15,960 ppm), may originate from corroded fasteners, steel, and other iron-based materials. Adherent soil may also contribute to high concentrations of iron in CCDWDF samples (Figure 5). The range of concentration of sulfur in the CCDWDF materials, 4,501–18,837 ppm, is associated with the presence of calcium. This is supported by the Ca to S molar ratios ranging from 1.64 to 2.94 (Supplementary Table S5), indicating a positive correlation between the two elements. The fifth most abundant element is aluminum (1,384–10,590 ppm) that may be derived from household aluminum-based materials, paint additives, and soil. The next most abundant element is chlorine (2,477–8,879 ppm), commonly found in polyvinyl chloride (PVC), one of the most widely produced polymer in the world, and other chlorine-containing polymers such as polychloroprene (Neoprene) and chlorinated butyl rubber. Magnesium (1,489–2,978 ppm) and sodium (1,780–2,680 ppm) concentrations are slightly lower than chlorine. They are present at much higher concentrations in the CCDWDF materials in comparison with the reference woods. Presumably the source of the two elements are soil impurities although only magnesium was detected in the soil analysis in the previous section. The lowest concentration in this group is titanium (917–2,595 ppm). Considering lower titanium concentrations in the reference woods, this elements might be derived from TiO2 present in soils and additives for surface coating materials and paints.
Note that the CCDWDF sample from trucks (#181227) has significantly higher concentrations of calcium and sulfur than other CCDWDF samples, indicating that the sample from trucks may have much higher amount of gypsum than the others. Another possible explanation is that the gypsum (CaSO4·2H2O) in landfilled samples was leached and mobilized in the landfill over time (Palha et al., 2012; Aldaood et al., 2015), resulting in lower concentrations of calcium and sulfur in the landfilled CCDWDF samples and higher calcium concentration in the soil.
CCDWDF Analysis: Minor Elements (100–1,000 ppm)
Figure 6B presents the concentrations of minor elements in the CCDWDF materials, including As, Br, Cr, Cu, K, Mn, P, Pb, Sr, and Zn. Among the reference wood samples, the CCA wood has much higher concentrations of chromium, copper, and arsenic. Also, the concentrations of these three elements in the CCA wood are higher than those in the CCDWDF materials, with the exception of the chromium content of sample #181227. The higher Cr, Cu, and As concentrations in the CCA wood sample resulted from the CCA treatment used as a wood preservative and to repel termites. The lower concentrations of the three elements in the CCDWDF materials may be because the wood-based materials in the CCDWDFs were not all CCA treated, or were treated at lower concentrations. Mobilization of CCA within the landfill over time could also result in reduced concentrations.
Concentrations of potassium and phosphorus in eucalyptus are higher than the other wood and CCDWDF materials. These two elements are plant macronutrients and it might be presumed that eucalyptus absorbed them from fertilizers applied to the plantation or from the surrounding soils during growth. The potassium and phosphorus concentrations of the CCDWDF materials are much higher than those of other reference woods (noting the exception of eucalyptus). Referring to the soil analysis, the PVT soil has significantly higher potassium content than the other soils indicating that potassium was present in the CCDWDF materials and mixed with surrounding soil at PVT. On the other hand, the source of phosphorus in the CCDWDF materials appears to be from the soil impurities.
For the remaining elements, Br, Mn, Pb, Sr, and Zn, the CCDWDF materials overall have higher concentrations than the reference wood samples. In addition, the concentrations of chromium and zinc in the CCDWDF sample from trucks (#181227) was significantly higher than the other CCDWDF samples. These elements were likely present in paint additives rather than in woody materials. This observation is coupled with the highest concentrations of calcium and sulfur in this sample. Because paints were used to cover the surface of gypsum, the sample with a higher amount of gypsum is also associated with more elements present in paint additives. Zinc is also used to galvanize metal that may be present in water pipes and roofing materials of older homes in Hawaiʻi. Among the elements, bromine in the CCDWDF materials varies in a very wide range from 45 to 1,437 ppm, and was not detected in any reference wood samples. These concentrations are consistent with its presence in plastics and its use as a flame retardant in consumer products and building materials (Vainikka and Hupa, 2012). Bromine stands at the fourth position in average concentration in this group, the top three concentrations are potassium (493–9,580 ppm), zinc (394–2,096 ppm), and chromium (184–784 ppm). The following elements are copper (104–345 ppm), manganese (92–250 ppm), phosphorous (115–215), and lead (81–171 ppm).
These elements (except lead) are present in the reference woods at lower concentrations, which indicate that their main sources were not from wood-based materials. Among those, copper may come from electric wires and water pipes besides wood treated chemicals; manganese can be found at a small concentration in steel and aluminum household items, phosphorous might be present in soil impurities, while lead is normally used in paints. Arsenic (81–229 ppm) and strontium (68–185 ppm) have the lowest concentrations among the minor elements. The former is likely from CCA treated wood and the latter can occasionally be found in Hawaiʻi soil (Chadwick et al., 2009).
CCDWDF Analysis: Trace Elements (<100 ppm)
Elements that were detected by the XRF in individual scans of CCDWDF samples are presented in Figure 6C and include Ag, Ba, Ce, Co, Mo, Ni, Pd, Rb, Ru, Sb, Tb, V, W, and Zr. However, most of these elements have the average concentrations lower than the LoDs, except nickel and molybdenum, indicating that the presences of these elements in the CCDWDF materials have high uncertainties. Moreover, most of these elements were not detected in the reference woods, recognizing that their LoDs for the reference woods were lower than those of the CCDWDF materials as indicated in Supplementary Table S1. With the exception of nickel, most of the trace elements in the CCDWDF materials do not appear to be derived from wood components and thus are sourced from adherent soil or other construction materials.
Comparison of XRF and ICP-OES Data
Seven CCDWDF samples were sent to an external commercial laboratory for independent analyses to provide comparative measurements. For the proximate, ultimate, and heating value analyses, both the UH and Hazen teams followed the same ASTM standards and their results are in good agreement, see Supplementary Figure S1. The XRF and ICP-OES datasets are presented in Supplementary Tables S3, S6, respectively, and compared in Figure 7. Note that the concentrations of elements S and Cl in Figure 7 used the total chlorine and sulfur contents from the Hazen analysis result rather than ICP-OES data. Overall, the elemental concentrations acquired from the two techniques are consistent with a few exceptions. The elements fluorine, mercury, bismuth, cadmium, lanthanum, rhenium, antimony, and yttrium were detected only by ICP-OES (see Supplementary Table S5 for values). Cobalt and molybdenum were identified only by XRF. The ICP-OES data show higher concentrations in vanadium, zirconium, and barium than the XRF data, whereas the XRF analysis report higher content of nickel, bromine, lead, zinc, chlorine, and calcium.
[image: Figure 7]FIGURE 7 | Comparison of mineral element data from UH XRF and Hazen ICP analyses across two concentration ranges, (A) >1,000 ppm and (B) <1,000 ppm (ICP data do not include chlorine and sulfur).
The comparison in Figure 7 reveals that the ICP-OES may be more sensitive and can detect more elements at low concentrations, while the element concentrations from the XRF are mostly greater than those from the ICP-OES for elements present in higher concentrations. Lower LoDs for ICP-OES compared to XRF have been reported elsewhere (McComb et al., 2014; Chojnacka et al., 2018). The differences may come from the principles of the analytical methods. In the XRF method, the X-ray scans the surface of the sample pellets within a few micrometers to millimeters depth, depending on the matrix. This scanning principle makes trace elements at low concentrations difficult to detect. Sample preparation to produce a homogeneous mixture in the pellet thus plays an important role for XRF. For ICP-OES, acid digestion is employed to prepare the sample prior to detection by the ICP-OES. Elements such as silicon may resist acid digestion resulting in measured element concentrations lower than actual. Samples subjected to either ICP or XRF were dried and ground (<0.2 mm) prior to analysis, but the ICP samples were ashed and acid digested. These additional steps provide opportunities for loss of elemental mass prior to analysis and could contribute to the generally lower values determined by ICP-OES. In addition, spectral interferences and matrix effects may occur and reduce the precision of the ICP-OES method in detecting elements with high concentration (Olesik, 1991).
Comparison With Other Data
Table 5 compares heavy metal concentrations in other MSW and landfilled materials (Esakku et al., 2005; Jain et al., 2005; García-López et al., 2018; Littlejohns et al., 2020) reported in common with CCDWDF data. Among the elements, the CCDWDF materials have higher Al, As, and Ba levels than other wastes. Cr, Cu, Fe, Mn, Ni, Pb, and Zn contents in the CCDWDF materials are comparable. Cd, Co, Hg, Se, and V concentrations in the CCDWDF materials were lower than their LoDs, but were occasionally detected in the samples from the literature.
TABLE 5 | Heavy metal contents in other MSW and landfill materials (in ppm).
[image: Table 5]The mineral composition in the CCDWDF samples (from both XRF and ICP measurements) are calculated and illustrated in Figure 8 in the chemical classification system of inorganic matter in biomass adopted from (Vassilev et al., 2012), note that Si content from XRF was also used for ICP data because the ICP analysis did not report it. Data for other solid wastes (in Tables 2, 8) are also included for comparison. The ternary diagram shows that the CCDWDF materials are located in the shaded biomass area and surrounded by MB (mixture of biomass), AVB (all varieties biomass) and HAS (herbaceous and agricultural straw). The variation between XRF and ICP analyses is visible but not unexpected, because the ICP measured the element concentrations in the ashes prepared at 600°C while the XRF was employed without an ashing step. In both analysis methods, the truck sample (#181227) is located lower in the diagram and distant from the other samples due to its significantly high calcium content. On the other hand, most referenced solid wastes are positioned in the coal area, except the demolition wood (Dunnu et al., 2010), locating outside of either coal or biomass area. This may result from its very high Mg and Ca in ash.
[image: Figure 8]FIGURE 8 | Position areas of CCDWDF samples and referenced solid wastes in the chemical classification system of inorganic matter in biomass based on (Vassilev et al., 2012). Reprinted from Fuel, 94, Vassilev, S. V., D. Baxter, L. K. Andersen, C. G. Vassileva, and T. J. Morgan. An overview of the organic and inorganic phase composition of biomass. pp 1-33, Copyright 2012, with permission from Elsevier.
Ash Fusion Temperature
Table 6 presents ash fusion temperatures of selected CCDWDF materials under reducing and oxidizing atmospheres. After initial fuel characterization (proximate, ultimate, and XRF analyses), samples were chosen to represent a range of collection dates and variation in ash contents and compositions. The CCDWDF ash samples started their initial deformation at 1,117–1,245 and 1,184–1,205°C in reducing and oxidizing atmospheres, respectively. Fluid deformation occurred at temperatures ranging from 1,138 to 1,248°C in a reducing atmosphere and 1,191–1,210°C in an oxidizing atmosphere. Although the elemental and mineral compositions of the CCDWDF materials are varied, their ash fusion temperatures show marginal variation among these samples. In addition, the temperature ranges from the initial deformation to fluid temperature of most samples are relatively narrow, only 3–9°C, with a few exceptions for the samples #190116, #190405, #190815 in the reducing atmosphere, in which the differences between the initial deformation and fluid temperatures are 21–38°C.
TABLE 6 | Ash fusion temperature of selected CCDWDF materials.
[image: Table 6]Table 7 presents ash composition and deformation (oxidizing atmosphere) data for biomass with ash fusion temperature ranges comparable to the CCDWDF materials (Fernández Llorente and Carrasco García, 2005; Skrifvars et al., 2005; Du et al., 2014; Chen et al., 2015). Their initial and fluid deformation temperatures ranged from 1,088 to 1,200 and 1,206–1,280°C, respectively. The data reveal that the ash initial deformation temperatures of the CCDWDF are in the higher range of those of the selected biomass, while the fluid temperature of the CCDWDF ashes are in the lower range of those of the selected biomass ashes. In addition, the temperature ranges from the initial deformation to fluid temperature of the biomass samples are 70–118°C, which is much wider than those of the CCDWDF materials. Although full ash composition data of Table 7 biomass samples were not reported, their ash tended to have significantly higher concentrations of CaO (13–52 wt%) and SiO2 (26–52 wt%, excluding eucalyptus bark in (Skrifvars et al., 2005), only 0.1 wt%) than other oxides, indicating higher concentrations of Ca and Si than other elements. These two elements are also the most abundant in CCDWDF materials in this study.
TABLE 7 | Ash composition and fusibility of a selection of biomass comparable to CCDWDF materials.
[image: Table 7]Ash composition and deformation (oxidizing atmosphere) data from demolition wood, waste plastic and paper, MSW, and refuse derived fuel (RDF) are presented in Table 8. Initial and fluid deformation temperatures of these wastes ranged from 1,090 to 1,180 and from 1,210 to 1,277°C, respectively. The demolition wood (Dunnu et al., 2010) has exceptional high initial and fluid deformation temperatures of 1,335 and >1,500°C, respectively, noting that this material does not belong to either coal or biomass in the ternary inorganic matter plot (Figure 8). The data indicate that the CCDWDF materials in this study have ash fusion temperatures in the range of other solid wastes reported in the literature.
TABLE 8 | Ash composition and fusibility of selected solid wastes.
[image: Table 8]Reactivity
Thermogravimetric data were differentiated, smoothed, and normalized by the reactive sample mass to produce comparable conversion rates. Figure 9 shows the conversion rate curves of three CCDWDF samples, one construction wood, CCA wood, and Douglas fir under reducing (Figure 9A) and oxidizing (Figure 9B) atmospheres (isothermal drying at 105°C is not included in the figure). The CCDWDF samples selected in this experiment are #190312, #190815, and #181227, which have the lowest, medium, and highest ash contents, respectively.
[image: Figure 9]FIGURE 9 | Reactivity of CCDWDF materials in (A) reducing and (B) oxidizing atmospheres.
The initial devolatilization of the samples peaked at 340–360°C in reducing atmosphere and 315–330°C in oxidizing atmosphere. Note the reactivity of the sample groups are different in this stage: the CCDWDF materials always have lower reactivity than the reference woods in both atmospheres, stemming from their lower volatile matter contents (see Table 3). As expected, the conversion rates of the samples in reducing atmosphere are lower than those in oxidizing atmosphere.
The conversion at 400–500°C in Figure 9A shows a broader and protracted peak for the CCDWDF materials that may indicate higher lignin content resulting from biodegradation while landfilled or the presence of non-biomass polymer content.
The char gasification of the CCDWDFs occurred earlier (initiated at approximately 600°C, peaking at 740–810°C, and ending at ∼950°C) than that of the reference wood samples (initiated at approximately 700°C, peaking at 950–1,010°C, ending at ∼1,080°C) (Figure 9A). The reactivity of the CCDWDF samples during the gasification stage is higher than that of reference wood samples.
The conversion of the CCDWDF samples immediately following devolatilization, peaked at 380–390°C, and ended at ∼550°C. The combustion of the reference woods occurred at higher temperatures than that of the CCDWDFs, peaked at 450–480°C, and also ended at ∼550°C. The lower reaction temperatures and higher combustion rates of the CCDWDFs compared to those of reference wood samples may indicate catalytic activity of the elements (e.g., K) present in the elevated ash content.
Besides the main gasification and combustion peaks, the CCDWDFs also have small peaks at 895–915°C (in reducing atmosphere) and 595–615°C (in oxidizing atmosphere), which do not exist in the curves of the reference woods. These peaks likely result from reactions of ash elements at high temperatures, considering the significantly high ash contents of CCDWDF samples.
The thermogravimetric analysis reveals that the CCDWDFs are not reactive at temperatures higher than 950°C in reducing atmosphere and 650°C in oxidizing atmosphere because only ash remains at this temperature. Initial ash deformation temperatures for all CCDWDF samples are higher than 1,100°C (Table 6) under both reducing and oxidizing environments indicating that ash-related problems (e.g., agglomeration and slagging) associated with the thermochemical conversions of CCDWDFs may be reduced.
CONCLUSION
Results from the fuel analyses indicate that the CDWDF materials have a wide range of non-combustible fractions that should be removed prior to thermochemical applications. The appearance of the CCDWDF materials and their physical properties are similar to those of woody biomass and wood chip fuels. The bulk density of CCDWDF materials are in the same common range as other wood chips. Similarly, the CCDWDF materials have the proximate and ultimate compositions comparable to other reference woods. However, the ash contents of the CCDWDFs are significantly higher than those of the reference woods. On the van Krevelen diagram, the CCDWDF materials lie closer to the coal region than Douglas fir and eucalyptus. The HHVs (on dry basis) of CCDWDFs are comparable to woody biomass (Douglas fir and eucalyptus) but lower than those of the reference construction wood samples.
The ash fusion temperatures of the selected CCDWDF materials show a marginal variation among the samples. The CCDWDFs have lower reactivity than the reference woods in the devolatilization stage (in both reducing and oxidizing atmospheres), but higher reactivity in the gasification and combustion stages. In addition, the gasification and combustion of the CCDWDF samples occurred earlier, at lower temperatures, than the reference wood samples. The thermogravimetric analysis shows that the CCDWDF materials are reduced to ash and have virtually no reactivity at temperatures higher than 950°C in reducing atmosphere and 650°C in oxidizing atmosphere. Ash melting begins at temperatures higher than 1,100°C. These characteristics may reduce the ash-related problems of these CCDWDFs in thermochemical conversion systems.
Mineral elemental analysis reveals that the CCDWDF includes material from various sources; gypsum, plastic, rust, paint, paint additives, and soils. In addition, the CCDWDF sample collected from trucks had much higher concentrations of calcium, sulfur, chromium, and zinc which may come from gypsum, paint, and paint additives. Analysis reveals that certain elements (Ca, Cu, Fe, K, Mn, Pb, and Zn) were present in soil recovered from the landfill. A comparison of elemental data confirms that the ICP-OES can quantify trace elements at lower concentrations than the XRF. Measured concentrations of abundant elements in the XRF data are higher (with few exceptions) than those from the ICP-OES measurement. The reduced sample preparation required for XRF analysis compared to ICP can reduce analysis time making XRF a potential screening tool for fuels management.
In summary, CCDWDF has potential use in the production of SAF, other bio-based fuels, or electric power. Nevertheless, more study is recommended to understand the fates of mineral elements during thermochemical conversion of CCDWDF materials. In addition, a better understanding of the relationship between the mineral composition and the ash fusion temperatures of the CCDWDF materials warrant further analysis.
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Sample Carbon (wt%) Hydrogen (wt%) Nitrogen (wt%) Sulfur (wt%) Oxygen® (wt%)

#181227 42.77 £ 035 5.16 +0.24 0.41 £ 001 2041008 31.41
#190116 49.30 + 0.51 5.53 +0.14 0.30 + 0.00 0.60 + 0.01 36.07
#190213 49.85 + 0.60 5.60 + 0.04 0.29 + 0.01 0.33 +0.02 37.47
#190305 4845 + 0.53 579 + 0.21 0.36 + 0.01 064 + 0.02 36.56
#190312 48.70 £ 0.77 5.81+0.19 0.25 + 0.01 0.52 + 0.02 38.52
#190328 47.72 £ 0.56 5.58 + 0.13 0.40 + 0.08 095 + 0.02 32.78
#190405 46.67 £ 0.34 5.50 + 0.08 0.34 + 001 095 + 0.03 31.67
#190718 47.74 £ 0.14 5.77 £ 0.09 0.29 + 0.01 061+ 0.01 36.98
#190725 46.32 £ 023 5.62 + 003 0.28 + 0.00 0.76 + 0.01 36.57
#190801 4733 £0.10 5.64 +0.02 0.28 + 0.01 0.78 + 0.01 36.99
#190808 4715 £ 0.05 5.59 + 0.02 0.30 + 0.01 0.74 + 0.01 36.31
#190815 46.87 £ 0.11 5.66 + 0.01 0.36 + 0.02 0.75 + 0.02 35.17
Constr. wood 1 5262 £ 0.20 5.98 + 0.02 0.13 + 0.01 <LoD 40.99
Constr. wood 2 5321 +£0.18 5.88 + 0.03 0.13 £ 0.01 <LoD 40.26
CCA wood 51.34 £ 0.22 5.92 + 0.02 0.13 + 0.00 <LoD 41.72
Doug Fir 51.35 £ 0.11 6.06 + 0.04 0.18 + 0.01 <LoD 42.36
Eucalyptus 49.12 £ 0.20 6.05 + 0.07 0.19 + 0.00 <LoD 44.04

Sampling uncertainties: C (£0.25 wi%), H (+0.02 wt%), N (+0.01 wt%), S (+0.01 wt%).
aCalculated by difference.
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Sample Volatile matter (wt%) Fixed carbon (wt%) Ash (wt%)

#181227 69.41 + 0.61 12.38 + 0.27 18.21 + 0.60
#190116 74.13 £ 0.42 17.67 + 053 820+ 0.11
#190213 73.74 + 0.54 19.80 + 0.66 6.46 + 0.14
#190305 7252 + 0.1 19.28 + 0.26 820+0.16
#190312 7365 + 0.23 20.16 £ 0.21 6.20 + 0.14
#190328 69.69 + 0.33 17.74 £ 031 12.57 +0.18
#190405 67.77 £ 0.42 17.36 + 0.19 14.87 + 0.42
#190718 72.82 + 0.08 18.56 + 0.07 861+ 001
#190725 69.75 + 0.15 19.80 + 0.12 1045 + 0.03
#190801 69.91 + 0.25 2111+ 024 898+ 0.01
#190808 70.65 + 0.08 19.43 + 0.12 991+ 0.04
#190815 7037 + 0.21 18.44 + 0.21 11.19 £ 0.08
Constr. wood 1 77.82 £ 0.15 21.90 +0.13 0.28 + 0.08
Constr. wood 2 76.41 + 0.09 23.07 + 0.07 0.52 + 0.02
CCA wood 80.00 + 0.22 19.12 + 0.24 0.89 +0.08
Doug Fir 8207 +0.13 17.88 + 0.15 0.05 +0.08
Eucalyptus 82.11 + 0.02 17.29 + 0.01 060+ 0.01

Sampling uncertainties: volatile matter (+0.57 wt%), fixed carbon (+0.71 wt%), ash (+0.15 wt%).
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Ash fusion
temperature

Reducing atmosphere
Ti(C)
Ts (0
Tu (C)
T (C)
Oxidizing atmosphere
Ti(C)
Ts (0
Tu ()
Te (C)

Sample
#181227 #190116 #190213 #190312 #190405 #190718 #190815
1,244.44 1,175.56 1,188.33 1,215.56 1,117.78 1,210.00 1,186.11
1,246.11 1,186.11 1,189.44 1,217.78 1,133.33 1,212.22 1,159.44
1,247.22 1,195.00 1,191.11 1,219.44 1,187.78 1,213.33 1,177.22
1,247.78 1,208.33 1,192.22 1,221.11 1,138.89 1,215.00 1,193.89
1,198.89 1,185.00 1,195.56 1,204.44 1,200.00 1,205.00 1,184.44
1,201.67 1,187.78 1,197.78 1,206.11 1,204.44 1,206.11 1,188.89
1,204.44 1,189.44 1,199.44 1,207.78 1,206.11 1.207.22 1,191.11
1,206.67 1,191.67 1,201.67 1,210.00 1,208.33 1,207.78 1,193.33

initial temperature: Te: soflening femperature; T hemisoherical tamperature: T fuid tempenaiure.
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Al

As
Ba
Cd
Co

Cr
Cu
Fe
Hg
Mn
Ni

Pb
Se
v

zn

Reclaimed MSW,
Florida, United States
(3-8 year old)
Jain et al.
(2005)

6.6+ 0.0
2718
290+13
09+24
13106
19.1+15
409 £ 2.1
59+00
02+20
86.1 +2.0
94+19
132+24
3.0+00
4911
246219

NA: not avaiiahie in the reference.

Reclaimed MSW,
Chennai, India
(10 year old)
Esakku et al.
(2005)

NA
NA
NA
1.14 £0.08
NA
394.7 £22.1
466.8 +31.4
20,239 + 883
NA
361.7 + 55
1442 + 6.1
196.9 + 120
NA
NA
487.0 +234

Excavated landfill
material, Halbenrain,
Austria (~15 year
old) Garcia-Lépez
etal. (2018)

NA
605 + 0.0
NA
319+ 00
NA
1911 £ 26
5,564 + 2424

NA

NA
3909 + 132
1,357 + 649

NA

NA
5,978 + 689

Landfill material,
Ottawa, Canada
(unknown age)
Littlejohns et al.
(2020)

NA
002
11.5-20.9
0.11-0.35
0.04-0.09
0-03
08-1.3
28-87
NA
441-818
0.13-0.54
0.38-0.48
NA
NA
15-27

CCDW Hawai,
United States (20-25 year
old) current
study

1,384-10,590
81-229
<92-171
<LoD
<LoD
184-784
104-345
5,063-15,960
<LoD
92-250
20-44
81-171
<LoD
<LoD
394-2,006
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Solid
wastes

cow
Discarded pallets
0SB

Demolition wood

MSW (Germany)

Plastic and paper
RDF (Sweden)

RDF Fal
(United States)
RDF Winter
(United States)
RDF Spring
(United States)
RDF Sumrmer
(United States)
RDF mix
(United States)

"Calculated from LHV.

bCalculated from ultimate analysis.

Proximate analysis (wt%, db except

Ultimate analysis (wt%, db)

moisture)
Moisture Volatile ~Fixed ~Ash Carbon Hydrogen Nitrogen Oxygen Sulfur Chlorine
matter  carbon
20 745 189 08 420 7.2 008 508 003 -
17 753 160 08 424 67 004 508 009 -
7 748 176 06 417 73 026 507 004 -
1160 7983 1618 399 5415 860 069 3255 002 -
6.16 7260 1057 1683 4923 815 182 2872 025 -
683 6774 562 2664 4903 825 087 1500 012 -
387 - - 164 431 57 07 339 - -
- 7845 1091 1064 4695 655 - 3486 026 024
= 6640 1049 2341 3099 555 052 2077 033 043
2 6596 1020 2375 3023 533 079 3011 027 082
- 6293 935 27.72 3869 561 070 2603 071 054
- 6844 1018 21.38 4122 576 050 3032 039 043

HHV
(MJ/kg,
db)

183
188
185

1921°

2030°
2036°
17.90°
2093
17.75
17.73
17.67

18.52

Ref.

Littlejohns et al.
(2020)
Littlejons et al.
(2020)
Littlejons et al.
(2020)

Dunnu et al
(2010)

Dunnu et al
(2010)

Dunnu et al.
(2010)
Skiifvars et al.
(1999)

Canova and
Bushnell (1992)
Canova and
Bushnell (1992)
Canova and
Bushnell (1992)
Canova and
Bushnell (1992)
Canova and
Bushnell (1992)
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Sample Wet bulk density (kg/m?) Moisture content (wt%) Dry bulk density (kg/m?)

#181227 NA 16.34 +0.22 NA
#190116 NA 17.14 £0.31 NA
#190213 NA 1907 +1.24 NA
#190305 NA 1949 + 0.23 NA
#190812 NA 1651 +£0.14 NA
#190328 220+ 13 2219 +£0.36 17
#190405 2402 2535+ 0.48 179
#190718 223+4 19.88 + 0.10 179
#190725 2413 20.13+0.14 192
#190801 269+5 14.88 + 0.12 229
#190808 2613 19.96 + 0.12 209
#190815 232+7 2288 +0.11 179
Constr. wood 1 NA 1012 +£0.04 NA
Constr. wood 2 NA 14.21 + 0.06 NA
CCA wood NA 1074 +0.06 NA
Doug Fir NA 1381 £0.04 NA
Eucalyptus NA NA NA

NA: not available.
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Solid
wastes

Demoliion wood
MSW (Germany)

Pastc and paper

ROF (Sweden)

ROF Fal (United States)

ROF Winter (United States)
ROF Spring (United States)
ROF Summer

(United States)

ROF mix (United States)
Mined CCOWF, min

Mined CCOWF, average
Mined CCOWF, max

Ash
content
(wt%)

399
1683
2664
16.4
1064
2341
275
on72
21.38
620

926
1487

Ash composition (wt%)

Ash deformation, oxidizing

atmosphere (C)

ALO; Cad Fe,05 KO MgO MnO Na0 PO; SO, SO, ToO, C T, Ts Ty o Te
498 1265 205 220 4588 NA 197 065 1855 375 398 NA 1335 1340 >1500 >1500
1118 2541 288 234 368 NA 418 118 3812 450 233 NA 1180 1180 1,195 1210
1618 2180 394 282 250 NA 480 170 3607 250 131 NA 1170 1130 1,190 1220
202 131 44 25 16 NA 27 21 347 10 NA 28 1090 1190 1220 1240
2151 1451 377 096 185 NA 670 117 4212 328 292 NA 1143 1171 1182 1260
1357 1123 998 181 176 NA 020 139 4986 322 193 NA 1138 1171 1,182 1260
1461 1242 428 242 181 NA 500 162 5455 180 148 NA 1154 1204 1221 1277
1123 1257 249 177 152 NA 792 128 5741 196 152 NA 1154 1204 1221 1277
1523 1268 513 174 174 NA 496 137 5091 255 196 NA 1138 1166 1,182 1260
493 21.00° 347° 076° 237° 006 204° 047 1774° 1372° 235° 064° 1,184 1,188 1189 1192
930° 2403° 1145° 100° 378" 018 282° 033 2825° 1814° 253° 1.41° 1,196 1,199 1200 1202
1128° 2096° 1500° 125° 535" 024 377" 044° 4968° 2442° 292° 219° 1205 1206 1208 1210

Ty intal temperature; T sofening temperature; Ty hamispherical temperature; T: uid temperature.

NA: not avaiable n the roferance.
“Calculte from ICP data.
Desatoudated frorn XRF clata:

Ref.

Dunny et a. (2010)
Dunnu et al. (2010)
Dunnu et al. (2010)
Shaifvars et al. (1999)
Ganova and Bushnell
(1992)

Canova and Bushnell
(1992)

Ganova and Bushnell
(1992)

Canova and Bushnell
(1992)

Ganova and Bushnell
(1992)

Current study
Gurrent study
Current study
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content
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13
36
31
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81
45
13
620
926

1487

Ash composition (wt%) Ash deformation, oxidizing
atmosphere ()

ALO, CaO Fe0, K0 MgO MnO NaO PO, SO SO, TO, Gl T T T
69 348 38 82 41 NA 07 7 268 55 NA 15 1088 1184 1,194 1206
975 1320 682 1120 9638 NA 201 NA 4050 NA 067 NA 1181 1201 1225 1236
NA 18 NA 79 45 NA 19 NA 52 NA NA NA 1,190 1200 1220 1280
NA 18 NA 87 42 NA 19 NA 41 NA NA NA 1,160 1,170 1190 1280
NA 22 NA 47 29 NA 12 NA 41 NA NA NA 1150 1280 1240 1260
NA 8 NA 51 14 NA 07 NA 20 NA NA NA 1190 1200 1220 1280
02 524 03 60 80 16 05 15 01 NA NA NA 1200 - 1250 1275
493 21.00° 347" 076" 237 006' 204" 017 1774 1372 235° 064" 1,184 1,188 1,189 1,92
930° 2403° 1145° 100° 873 018 282° 033 2825° 1814° 253° 1.41° 1,196 1,199 1200 1202
11.28° 2096° 1500° 125° 536" 024° B77° 044° 49.68° 24.42° 292° 219° 1205 1206 1,208 1210

T intal temperature; Ts: sofening temperature; Ty hemispherical tamperature; Tr: id temperature.
NA: nol avaible n the roference.

“Calcubte from ICP data.

Braioudated o XEF clate:

Ref.

Duetal (2014)

Chen et al. (2015)

Femnéndez Liorente and Carrasco
Garcia (2005)

Feméndez Liorente and Carrasco
Garcia (2005)

Fernéndez Liorente and Carrasco
Garcia (2005)

Femnandez Liorente and Carrasco
Garcia (2005)

Skrifvars et al. (2005)

Current study

Current study

Current study





