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A B S T R A C T   

The development of secondary aluminum dross (SAD) has become a hot topic to deal with aluminum resource 
scarcity and landfill risk as hazardous waste. This study first compares the environmental impact, resource 
consumption, and economic performance of four emerging SAD reutilization methods with an integrated hybrid 
life cycle assessment (IHLCA). The results show that IHLCA captures larger environmental and economic impacts 
than process LCA (PLCA), especially for midpoint indicators, such as human toxicity potential, acidification 
potential, freshwater aquatic ecotoxicity. Furthermore, multi-component recovery from SAD is not always the 
best choice. The multi-component recovery scenario of SAD-to-alumina with alkali has the smallest environ-
mental impact and resource consumption, while SAD-to-PAC with acid is the worst due to the massive use of HCl. 
Particularly, SAD-to-calcium aluminate with single-component recovery stands out due to its best economic 
performance. The given results provide new perspective on making a sustainable decision for SAD recovery 
industrialization.   

1. Introduction 

Aluminum, as a major metal, enables transportation, housing, 
communication, and almost infinite array of products and services, the 
demand for which doubles or triples relative to 2010 levels by mid- 
century (Elshkaki et al., 2018). However, the increasing global de-
mand for high-quality bauxite is unlikely to be sustainably met by the 
known reserves (Meyer, 2004) resulting in the rapid development of the 
global secondary aluminum production sector, which has grown steadily 
more than three times in the period of 1980–2007 (Maung et al., 2017). 
China, the world’s largest primary aluminum producer and consumer 
country, accounting for 59.6% of the world’s total primary aluminum 
production (Li et al., 2020), begins to enter the era of scrap aluminum 
recycling. During 2007–2019, the output of secondary aluminum rose 
tenfold in China (Ding et al., 2021). Aluminum dross, a waste rich in 
metallic content generated during industry processes, is also an impor-
tant raw material in secondary aluminum production sector for recy-
cling aluminum and other valuable products (Meshram and Singh, 2018; 

Padamata et al., 2021). However, the metal recycling flows from 
currently available secondary aluminum recovery technologies meet 
only a modest fraction of metal demand. 

The secondary aluminum dross (SAD) left after the aluminum re-
covery from primary aluminum dross has attracted attention from the 
secondary aluminum production industry in China with its generation of 
around 6 million tons in 2021 (Zhang, 2021). According to the National 
Catalogue of Hazardous Wastes (2021 Edition), SAD has been classified 
as a hazardous waste due to its hazardous properties of releasing 
ammonia by reacting with water (Li et al., 2012; Meyer, 2004; Zhao 
et al., 2022) and its high leaching toxicity caused by fluorides and 
chlorides (Hazar et al., 2005; Mahinroosta and Allahverdi, 2018). 
Nonetheless, SAD is a potential available resource with composition of 
α-Al2O3 (30–50%), AlN (2–10%), Al (2–10%) (Dash et al., 2008). The 
aluminum in SAD can be recycled as alumina by pyrometallurgical 
(Tenorio and Espinosa, 2002) and hydrometallurgical processes 
(Meshram and Singh, 2018; Ünlü and Drouet, 2002), and 
SAD-to-alumina with alkali is reported as promising hydrometallurgical 
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processes (Zhu and Jin, 2021). Furthermore, considering the abundant 
α-Al2O3 in SAD with good chemical stability, SAD has been used to 
generate building materials such as non-fired bricks and concrete bricks 
(Kuo Cheng et al., 2013; Ni et al., 2021). With the development and wide 
application of flocculants, using SAD through hydrochloric acid leaching 
and calcium aluminate addition to produce flocculants such as poly 
aluminum chloride (PAC) has also been studied by many researchers (Li 
et al., 2010; Yang et al., 2010; Zarchi et al., 2013). Besides, calcium 
aluminate preparation approach were investigated by calcining a 
mixture of SAD and lime (Hu et al., 2021), while the technology for the 
distillation of aluminum isopropoxide from the solid-liquid reaction 
between aluminum metal and isopropyl alcohol was also developed 
(Yoo et al., 2006). 

It is well known that the recycling of SAD could not only fulfill the 
gap in aluminum metal demand but also reduce the environmental 
threat caused by landfills (Padamata et al., 2021). Furthermore, the 
environmental and economic superiority of producing alumina from 
SAD over the traditional bauxite process has been reported, with 32.16% 
lower environmental impacts and 50.45% lower economic costs (Zhu 
et al., 2020). However, life cycle assessment (LCA) has been used to 
assess the environmental and economic performance of SAD reutiliza-
tion technologies, but not to a great extent. Hong et al. (2010) and 
Hiraki et al. (2005) quantified the energy consumption and carbon di-
oxide emissions of SAD deactivation and alumina extraction which only 
focus on the high temperature processing methods and limited impact 
categories. Zhu and Jin (2021) found that the ball milling scenario had 
the smallest environmental impacts, and the alkali scenario had the 
highest economic profit, both of which focus on alumina recovery with 
other reutilization methods ignored, such as Al-containing chemical 
products or bricks. Notably, these studies are limited to traditional 
process-based LCA, which excludes many upstream processes due to 
difficulties in collecting inventory data on all inputs (e.g., technical and 
financial services) at the process level (Li et al., 2020). As a result, 
traditional process-based LCA suffers from system truncations, and the 
environmental impacts are underestimated. In contrast, the integrated 
hybrid life cycle assessment (IHLCA) has been proven to avoid system 
truncation by constructing upstream and downstream matrices to 
expand the system boundary to the whole economy (Palma-Rojas et al., 
2015; Suh and Huppes, 2005; Wiedmann et al., 2011). Zheng et al. 
(2022) found that the neglected impact in global warming, primary 
energy demand and human toxicity from the economic input-output 
(EIO) system of municipal solid waste incineration fly ash reutilization 
scenarios account for 15–53%, 26–65%, and 93 – 96% of total impacts, 
respectively. Additionally, a significant role of the EIO systems, which 
contribute about 60% of the life cycle energy consumption throughout 
the shale gas supply chain, was also observed (Gao and You, 2017). 
Therefore, it is of great concern to determine the environmental and 
economic superiority of SAD reutilization scenarios covering different 
types of recycled products with the IHLCA model. 

Consequently, the main goal of this study was to compare the envi-
ronmental impact, resource consumption and economic performance of 
various SAD reutilization methods using IHLCA model. Four emerging 
SAD reutilization scenarios that are widely used in China were evaluated 
in this study: SAD-to-calcium aluminate, SAD-to-concrete brick, SAD-to- 
PAC with acid, and SAD-to-alumina with alkali. Then global sensitivity 
analysis and uncertainty analysis based on Monte Carlo simulation was 
conducted to identify the reliability of the results and key parameters for 
SAD reutilization technology improvements. 

2. Materials and methods 

2.1. Goal and scope 

In this work, we conduct IHLCA studies of four SAD reutilization 
scenarios, namely SAD-to-calcium aluminate, SAD-to-concrete brick, 
SAD-to-PAC with acid and SAD-to-alumina with alkali. Due to various 

products generated by each SAD reutilization technology, the function 
unit is set as the reutilization of 1 t SAD. All materials, energy con-
sumption, emissions, waste disposal, and economic costs were based on 
this functional unit. 

Fig. 1 depicts the structure of IHLCA model for SAD reutilization, 
including process systems, EIO systems, downstream cutoff flows, and 
upstream cutoff flows. For process systems (Figure A1.1.), the system 
boundary is set based on "grave-to-cradle" thinking, which starts with 
the generated SAD being transported to a reutilization plant, and ends in 
final products leave factory. Since the metal aluminum recovery from 
SAD until 1 w.t% left is similar in four SAD reutilization scenarios (Zhu 
and Jin, 2021), this process was not included in this study. For EIO-LCA 
part, this study adopts the China Input-Output Table 2012. To avoid errors 
due to allocation, the products, including calcium aluminate powder, 
concrete bricks, PAC, alumina, etc., are deducted from the original 
system as an offset considered equivalent to traditional products (Viau 
et al., 2020). 

The four SAD scenarios can be classified according to the chemical 
components recycled. 

• S1 (SAD-to-calcium aluminate) is a single-component recovery sce-
nario in which the active aluminum components in SAD react with 
calcite through calcination in rotary kilns to produce calcium 
aluminate.  

• S2 (SAD-to-concrete brick) is a two-component recovery scenario 
that separates aluminum and nitrogen elements by catalytic hydro-
lysis and produces concrete brick and ammonium sulfate, 
respectively.  

• S3 (SAD-to-PAC with acid) is a multi-component recovery scenario 
that includes the recycling of aluminum, nitrogen, and fluorine. In 
this scenario, acid is used to dissolve alumina in SAD for PAC pro-
duction, while generating CaF2 and ammonia water as by-products. 

• S4 (SAD-to-alumina with alkali) is another multi-component recov-
ery scenario with aluminum, nitrogen, and fluorine elements reu-
tilized. In this scenario, alkali is used to extract alumina from SAD, 
and meanwhile, it generates CaF2, ammonium sulfate, NaCl, and KCl 
as by-products. 

2.2. Life cycle inventory analysis 

To conduct the IHLCA of SAD reutilization, both bottom-up process 
data and Chinese Environmentally Extended Input-Output (CEEIO) data 
are required. Firstly, the zero burden of SAD assumption is used for life 
cycle inventory data collection (Huber and Fellner, 2018), and we 
selected the year 2012 as the baseline in this study. Then, to obtain the 
input-output data of four SAD reutilization technologies, we conducted a 
field tracking survey of four long-term operating enterprises, which are 
located in Henan Gongyi (SAD-to-calcium aluminate, SAD-to-alumina 
with alkali), Zhejiang Dongyang (SAD-to-concrete brick), and Zhejiang 
Changxing (SAD-to-PAC with acid). Notably, the collected industrial 
data are basically consistent with the existing literatures (Zhu and Jin, 
2021; Zhu et al., 2020). Thirdly, to track the destination of recyclable 
elements and pollutants, a transfer coefficient model was established 
according to the original mass balance in the collected inventory data. 
Furthermore, the methods outlined in Appendix 2 were used to sup-
plement the ignored pollutants emissions by enterprise monitoring, such 
as CO2, natural gas combustion emissions, and steam loss. The 
input-output inventory of four SAD reutilization scenarios was finally 
established (Appendix 1, Table A1.1). Notably, the CEEIO database 
2012 developed by Liang et al. (2017) was used to construct IHLCA 
model, which consist of 139 industry sectors and 139 commodity sectors 
following the form of the China Input-Output Table 2012. 

2.3. Integrated hybrid LCA model 

In the IHLCA model, detailed process analysis is conducted to esti-
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mate the environmental impacts of key life cycle processes, and the 
process system is complemented by the macroeconomic system. The 
process systems and the macroeconomic systems are integrated sys-
tematically by the upstream and downstream cutoff matrices (Zhao and 
You, 2019). According to Suh (2004), the environmental impact 
assessment based on IHLCA model can be expressed in Eq. (1): 

E = [BP BIO]

[
AP − Cd
− Cu I − AIO

]− 1

f (1)  

where E is the total environmental impact vector from process-based and 
EIO-based system. BP denotes the direct environmental stressors per 
physical units in process system, and the coefficients of all input flows (e. 
g. kg CO2/kWh electricity) were obtained from Ecoinvent database v3.6 
(Ecoinvent-Center, 2019). BIO represents the environmental stressors by 
input-output commodities (e.g. kg CO2 producing 10,000 CNY value of a 

commodity), which is calculated by the CEEIO database (Liang et al., 
2017). The structure of IHLCA model is shown in Fig. 1(a). AP symbol-
izes the technology coefficient matrix for physical flows in process-based 
system (e.g., physical amount of electricity per ton of SAD reutilization). 
AIO is established according to the China Input-Output Table 2012 
denoting the commodity-by-commodity direct requirement coefficient 
matrix that excludes the portion of commodity flows already covered by 
process-based system. Cu represents the upstream cut-off flows in which 
a negative sign represents flow from input-output system to process 
system while Cd includes downstream cut-off flow from process system 
to input-output system (e.g., kg NaCl consuming per unit of monetary 
value of output). f is the final demand column indicating the amount of 
final product that is produced per functional unit. 

A Five-step approach proposed by (Wiedmann et al., 2011) were 
used to construct Cu, which has been widely used in studies (Gao and 
You, 2017; Li et al., 2020). Notably, all bottom-up data were converted 

Fig. 1. (a) Structure of IHLCA model for SAD reutilization, including process systems, EIO systems, downstream cutoff flows, and upstream cutoff flows. (b) The 
system boundary and technological process of four SAD reutilization scenarios. 
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into monetary unit in 2012 constant producers’ price following the ratio 
of producers’ price to purchasers’ price (Table A3.1.) for Cu construc-
tion. Since the economic scale of the SAD reutilization system is negli-
gible compared to the EIO system for China, Cd in this study was set as 
zero (Peters and Hertwich, 2006). 

2.4. .Impact assessment 

CML 2001 was chosen to assess environmental impact of SAD 
reutilization, considering Global Warming potential (GWP), Human 
toxicity potential (HTP), Freshwater aquatic ecotoxicity (FAETP), Ma-
rine aquatic ecotoxicity (MAETP), Terrestrial ecotoxicity (TETP), 
Photochemical oxidation (POCP), Acidification potential (AP), Eutro-
phication (EP), Abiotic depletion (ADP) (Guinée, 2001). Besides, the 
Primary energy demand (PED) and Water use (WU) were used to 
investigate the energy and water consumption. The former includes 
consumption of all renewable and nonrenewable energy, and the latter 
indicates the use of freshwater resources (Ding et al., 2022). 

The production cost assessment was conducted to compare the eco-
nomic performances of SAD reutilization scenarios, which can be 
calculated by Eq. (2) (Liao et al., 2019; Zheng et al., 2022): 

TC = C ∗ X = C ∗

[

I −
(

AP − Cd
− Cu I − AIO

)]− 1

∗ f (2) 

Where TC is the total production cost, C = (c1, c2,…,ck, ck+1…ck+n), 
where the first (k − 1) elements represent the unit of the processes, and 
the ck is the cost of main production factors, including depreciation, 
labor and tax subsidies (Nakamura and Kondo, 2006), and remaining 
elements corresponding to n economic sectors is unity, because the input 
and output of these sectors were defined in monetary units. Therefore, 
the direct production cost can be calculated by Eq (3): 

DCk = (c1, c2,…ck− 1) ∗

⎛

⎜
⎜
⎝

a1,k

a2,k

⋮

ak− 1,k

⎞

⎟
⎟
⎠+

∑k+n

l=k+1
al,k + ck (3)  

where DCk is the direct production cost, and ai,k, i ∈ (1, k+n) is the el-
ements in Ahybrid. 

2.5. Uncertainty and sensitivity analysis 

Uncertainty in LCA can be classified into parameter uncertainty, 
scenario uncertainty, and model uncertainty (Gregory et al., 2016). In 
this study, we considered the uncertainty of four types of parameters 
(Table 1): (1) Input of energy and materials, including electricity, nat-
ural gas, water, chemicals, etc.; (2) transportation distance of raw ma-
terials, including SAD and other raw and auxiliary materials; (3) the unit 

price of products generated in SAD reutilization scenarios; and (4) 
Environmental emissions and resource consumption per physical unit. 

The sensitivity analysis aims to describe the contribution of param-
eters to the uncertainty of the results. Global Sensitivity Analysis (GSA) 
explores the effects of the overall range of variation of input variables on 
the uncertainty of the results (Patouillard et al., 2019). In this study, we 
selected the standard regression coefficient method (Groen et al., 2016). 
All types of parameters in this study are independent. The variance 
explained by each of the parameter can be given by Eq (4): 

Sj =
var

(
E
(
g
⃒
⃒pj

))

var(g)
(4)  

where the ratio Sj is the sensitivity index, the var(E(g
⃒
⃒
⃒pj)) is the condi-

tional variance, which means “the expected reduction in variance that 
would be obtained if parameter pj could be fixed” (Saltelli et al., 2010). 

And when the parameter and output are linear, var(E(g
⃒
⃒
⃒pj)) = var(cp +

c0) = c2var(p), where c, p are regression coefficient of g that are ob-
tained by fitting. The var(g) is the variance of output result. 

3. Results and discussion 

3.1. Environmental impact 

Fig. 2(a) presents the midpoint results of four SAD reutilization 
scenarios with the IHLCA model, with the environmental impact of the 
offsetting system subtracted. The environmental impacts of the SAD-to- 
alumina with alkali scenario (S4) with multi-component recovery were 
the smallest in most categories except for HTP, ADP and AP. In contrast, 
the SAD-to-PAC with acid scenario (S3), which is also a multi- 
component recycling method, has the worst environmental impact 
except for FAETP and MAETP. However, the environmental perfor-
mances of single-component (S1) and two-component recovery (S2) 
scenarios in most categories were between S4 and S3. In addition, the 
total environmental impacts obtained by the normalization of all 
midpoint indicators illustrated in Table A4.1 is similar with the com-
parison of each indictor. The SAD-to-alumina with alkali scenario (S4) 
has the lowest environmental impact, followed by SAD-to-calcium 
aluminate (S1), SAD-to-concrete brick (S2), and SAD-to-PAC with acid 
(S3). 

Particularly, IHLCA captures larger environmental impacts when 
compared to PLCA. The significant contributions from EIO-based sys-
tems were observed in categories including HTP, AP, and FAETP, ac-
counting for 68.62–97.00%, 1.65–32.51%, and 7.74–98.09%, 
respectively. Furthermore, the contribution of EIO systems varies in 
each SAD scenario, for example, the midpoint results of S1 and S4 have 
relatively larger contributions from EIO-based systems. Nevertheless, for 
this SAD reutilization comparison study, the environmental impact 
comparison ranking results obtained by the IHLCA system are consistent 
with those just captured by the process-based system, except for the HTP 
indicator. But the significance of the EIO system’s contribution cannot 
be ignored, which helps decision-makers identify the potential influence 
of these SAD reutilization scenarios on the entire economy. 

Fig. 2(b) depicts the sectoral contributions of four hotspot indicators 
(EP, POCP, MAETP, and GWP) in SAD reutilization scenarios. POCP and 
EP were the two midpoint indicators with the highest normalized re-
sults, while GWP and MAETP had the highest impact values before 
normalization. For POCP and EP indicator, the sector "chemical prod-
ucts" was the largest contributor to SAD reutilization, except for S1 with 
single-component recovery, which only accounted for 0.5 and 1.4%, 
respectively. For S2 and S4, the chemical products sector brings signif-
icant offsetting effects in POCP and EP with the 44.38–55.75% and 
48.1–38.03% respectively, resulting from avoided traditional by- 
product production. In addition to Al recovery like in S1, S2 recovers 
element N to produce ammonium sulfide, and S4 recycles elements N 

Table 1 
Parametric probability distributions of parameters.  

Parameters Description Distribution Bound/ 
coefficient of 
variation 

Reference 

I Input of energy 
and material 

Triangular 
distribution 

[0.8i, i, 1.2i] Enterprise 
interview 

D Transportation 
distance of raw 
materials 

Uniform 
distribution 

[50, 250] (km) Enterprise 
interview 

P Product price Triangular 
distribution 

[0.5p, p, 1.5p] (Li et al., 
2020) 

B Environmental 
emissions and 
resource 
consumption per 
physical unit 

Normal 
distribution 

Coefficient 
variation=10% 

(Ciroth 
et al., 
2013)  
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and F to produce four by-products (calcium fluoride, potassium chloride, 
sodium chloride, and ammonium sulfide). Although S3 has recovered 
the similar components as S4, avoiding conventional production of by- 
products such as CaF2 and ammonia water is not enough to offset the 
huge environmental impact due to the large amount of hydrochloric acid 
required for PAC production. In addition, remarkable contributions 
from the construction sector, non-metallic products sector and water 
conservation, environment, and public facilities management sector 
were also observed in EP and POCP. In the SAD-to-concrete brick sce-
nario (S2), the contribution of the construction sector accounts for 
44.25% of the EP indicator due to the production of concrete bricks. 
Owing to the by-products of calcium aluminate and alumina in S1 and 
S4, the impact contribution of the sector "non-metallic products in-
dustry" to POCP was 31.42% and 41.36%, respectively. Additionally, the 
sector "water conservation, environment, and public facilities 

management" contributes almost half of the impact offsets due to the 
avoidance of red mud disposal in traditional alumina production for EP 
of S4. 

Fig. 2(b) shows that the GWP contribution of the SAD reutilization 
sector was significant for each scenario, particularly for S1 and S4 with 
the high temperature calcination process, which emitted 620 kg and 
330.37 kg CO2 eq., respectively. Furthermore, the chemicals sector 
brings significant offsets for S2 and S4 (S2: − 620.20 kg CO2 eq.; S4: 
− 1153.29 kg CO2 eq.) caused by traditional product substitution, while 
increases the GWP value for S3 (347.36 kg CO2 eq.) due to hydrochloric 
acid consumption. As a result of offsets from the chemicals sector, the S4 
has the lowest GWP value (− 1443.87 kg CO2 eq.). Reciprocally, the 
chemicals products sector saw a significant MAETP offset for S3 
(− 347,261.8 kg DCB eq.) while S2 (4315.3 kg DCB eq.) and S4 
(66,718.04 kg DCB eq.) increased. The differential is mainly due to the 

Fig. 2. (a): Midpoint results of integrated hybrid life cycle assessment for SAD reutilization. S1 (SAD-to-calcium aluminate); S2 (SAD-to-concrete brick); S3 (SAD-to- 
PAC with acid); S4 (SAD-to-alumina with alkali). (b): Sectoral contribution of EP, POCP, GWP and MAETP in SAD reutilization scenarios. 

Fig.. 3. Resource consumption, production costs, and sectoral contributions to SAD reutilization scenarios.  
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avoidance of the extremely high marine toxicity effects brought by the 
traditional PAC production process in S3.  Meanwhile, the avoided 
MAETP impacts provided by products in S2 and S4 are not large enough 
to offset the impact caused by sulfuric acid and other chemical product 
consumption for SAD recovery. 

3.2. The resource consumption and production cost of SAD reutilization 

Fig. 3(a) shows that the lowest resource consumption of PED and WU 
was observed in the SAD-to-alumina with alkali scenario (S4) with 
multi-component recovery, while the SAD-to-PAC with acid scenario 
(S3), which is also a multi-component recycling method, has the worst 
performance. In scenarios S2, S3, S4, precess-based system captured 
most of the resource consumption, while the contribution of EIO-based 
system is just in the ranged of 2.40–13.31% and 0.02–0.68% for PED, 
and WU respectively. However, for the single component recovery sce-
nario (S1), the EIO-based system makes a dominant contribution to PED 
with 95.14% owing to the limited inputs of materials and offsetting 
impact of calcium aluminate. As shown in Fig. 3(c), the sector "chemical 
products" accounts for a significant offsetting of S4, since the by-product 
ammonium sulfate avoids the resource required during the traditional 
manufacturing process. Particularly, the WU of S3 is as high as 505.61 
m3, whereas that of other scenarios ranges from − 24.34 to 3.08 m3, with 
absolute values less than one twentieth of S3. The huge differences are 
caused by HCl consumption, whose production requires a large amount 
of water. 

As shown in Fig. 3(b), the single-component recovery scenario S1 is 
the optimal scenario to be recommended, with the lowest production 
cost of − 271.36 yuan. Although only aluminum was recovered in this 
simple process, the highly valued by-product of calcium aluminate 
contributed a large part of the production cost offset. As for the multi- 
component recovery scenarios, S4 has a lower production cost of 

− 254.10 yuan due to the high-valued by-products, whereas S3 with low- 
valued PAC recycled has the highest production cost of 96.64 yuan. 
Therefore, when considering the economic dimension, decision-makers 
should not blindly pursue more component recovery but pay attention to 
the improvement of the quality and value of the recycled products. In 
addition, EIO-based systems have a significant impact on indirect pro-
duction costs that cannot be ignored (Fig. 3b) (38.23–99.99%). The cost 
offsetting of S1 and S4 is primarily due to reduced consumption of fossil 
fuels and bauxite because of calcium aluminate and alumina recycling. 
Correspondingly, the contribution of offsetting in the sectors "exploita-
tion, processing, and supply of fossil fuels" and "metal ore mining and 
dressing industry" was observed at 34.58% and 50.38%, respectively. 

3.3. Uncertainty and sensitivity analysis 

The probability distributions of all indicators for four scenarios are 
represented in Fig. 4, with the median and quartile values displayed in 
the box plot inside the violin. The thickness of the violin shape can be 
used to calculate the frequency of sample points. In particular, because 
x-axis units are corresponding physical units of indicators (e.g., kg SO2 
eq. AP), we cannot compare y-axis position among categories (Li et al., 
2020). All indicators exhibit a bell-shaped curve, indicating that the 
outcome of IHLCA is stable and reliable. The huge span of sample points 
indicates the variability of indicators and accordingly provides oppor-
tunities for reducing environmental impact or cost. The results show that 
the span of each indicator in different schemes is basically similar. For 
example, in four scenarios, the ADP spans are 0.59 – 1.39, 0.68 – 1.36, 
0.32 – 1.76, and 0.46 – 1.69 times the determined value, respectively. 
It’s worth noting that the GWP, FAETP, and POCP of S1 and the ADP, EP, 
and HTP of S2 have a larger fluctuation range due to more parameter 
uncertainty sources. Consequently, these indicators have a greater po-
tential to be mitigated and should be given more attention. 

Fig. 4. A violin plot of environmental impact, resource consumption, and production cost for SAD reutilization scenarios with the Monte Carlo simulation (10,000 
runs). a), b), c), and d) are the environmental impact results of S1, S2, S3, and S4, respectively; e) and f) are the simulation results of resource consumption and 
production cost, respectively. 
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The global sensitivity indexes are illustrated in Fig. 5, which repre-
sents how much the output variance is explained by key parameters 
(Patouillard et al., 2019). For indicators belonging to environmental 
impact and resource consumption, the variance in direct emissions and 
resource consumption for unit processes has a dominant sensitivity 
impact with a range of 46.90%–99.99% and 62.6%–94.3%, respectively. 
In addition, fluctuations in input parameters (energy and material 
consumption) should be noted. For S2, the parameter "input of energy 
and material" has sensitivity impacts of 38.39% and 21.45% on MAETP 
and AP, which may be due to high consumption of sulfuric acid and 
cement. Meanwhile, the sensitivity indexes for "energy and material 
input" for all indicators in S3 range from 10.54% to 41.59%. 

The price fluctuations of the by-product caused by market accep-
tance uncertainty have been proven to have a significant impact on the 
LCA results (Russo et al., 2019; Wang et al., 2022). Notably, the varia-
tion in "price of by-product" has a larger impact on production costs, 
with a sensitivity index of 53.42–90.98%. Of the four possible 
by-products of the four technologies, NaCl and PAC prices are the most 
affected by the market and they remain depressed due to overcapacity. 
In S3, "input of energy and material" contributes 39.08% and 43.04% of 
the sensitivity indexes for direct and indirect cost, respectively, due to 
the high consumption of hydrochloric acid, calcium chloride, and other 
reagents. Hence, adding more value to the by-products generated in SAD 
reutilization process is the first priority to maximize economic benefits. 
Furthermore, changes in parameters like emission and resource con-
sumption per physical unit have no impact on production costs. Since 
the production cost mentioned in this study is an internal cost, it does 
not include the external cost caused by environmental emissions. 

Additionally, "transportation distance" has little effect on all in-
dicators of environmental impacts, resource consumption, and produc-
tion cost. The direct emission from transportation is relatively low in a 
process-based system (e.g., for S2 scenario, 1 t of cement production 
releases 736 kg of CO2 equivalent GWP, which is approximately 8205 
times that of 1 t⋅km of raw material transportation, 0.897 kg CO2 eq.). 

Moreover, the transportation cost in the SAD reutilization scenario is 
about 0.6 yuan/t⋅km, while the by-product, such as calcium aluminate, 
is worth about 1800 yuan/t. As a result of such a large cost disparity, the 
influence of transportation distance change is limited. 

3.4. Implications 

IHLCA captures larger impacts than PLCA. In comparative SAD 
reutilization studies, significant contributions from EIO-based systems 
were observed, indicating that IHLCA can avoid system truncation by 
constructing upstream and downstream matrices to expand the system 
boundary to the entire economy. For SAD reutilization, the contribution 
of the EIO-based system cannot be ignored, especially for the HTP, 
FAETP, and AP indicators, with contribution rates of 68.62–97.00%, 
1.65–32.51%, and 7.74–98.09%, respectively. Additionally, the EIO- 
based systems also have a significant impact on production costs, with 
a contribution rate of 38.23–99.99%. 

Whether multi-component recovery from SAD is the best choice or 
not depends on the added value of by-products and the market demand. 
In this work, the multi-component recovery scenario, SAD-to-PAC with 
acid, was the worst option in terms of environmental impact, resource 
consumption, and production cost due to the massive use of hydro-
chloric acid. In contrast, SAD-to-calcium aluminate with single- 
component recovery stands out due to its best economic performance 
and suboptimal environmental performance, followed by the two- 
component recovery scenario (SAD-to-concrete brick). Notably, S1, S2, 
and S3 have not considered the chlorine salt recovery due to the low 
market acceptability of industrial salt. However, if a market shortage of 
these by-products occurs and the resulting by-product price rises enough 
to offset the cost of other raw materials in the production process, the 
finer component separation and utilization of SAD will form a new in-
vestment hotspot. Therefore, further analysis of multi-component re-
covery scenarios is required in the case of positive market acceptability. 

Fig. 5. The sensitivity analysis of four SAD reutilization scenarios.  
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4. Conclusions 

This is the first comparative study of four emerging SAD reutilization 
technologies by the IHLCA model from the multiple perspectives of 
environmental impact, resource consumption, and economic perfor-
mance. In this study, the trade-offs between multi-component recovery 
and multi-dimension impact assessment for SAD reutilization were 
revealed. SAD-to-alumina with alkali was found to have the smallest 
environmental impact and resource consumption, while SAD-to-calcium 
aluminate was considered to achieve the highest economic profit. The 
SAD-to-PAC with acid process was the worst option due to the massive 
use of hydrochloric acid, although three by-products (PAC, CaF2, and 
ammonia) were generated. Furthermore, combining the results of the 
sensitivity analysis, the production costs is most sensitive to the fluc-
tuation in market price of by-products. Therefore, it is suggested to 
choose the recycling path which generates by-products with high added 
value and market acceptance. Moreover, the industrial salts and PAC 
generated from SAD reutilization process need more attention due to 
their low market acceptance and narrow application scenarios. 

Although the current study provides a new perspective and specific 
technical selection advice for the industrialization of SAD reutilization, 
limitations still exist. The data for the life cycle inventory were gathered 
from a field survey of specific enterprises, which may have differences in 
actual industrial production in different regions. Given regional differ-
ences in SAD disposal, energy consumption structure, and Al-products 
demand, more research on region-specific suggestions in the selection 
of suitable SAD reutilization pathways and national policy-making to 
promote interprovincial collaboration to reduce secondary aluminum 
industry-related environmental impacts is required. 
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