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Mixed‑unit hybrid life cycle assessment 
applied to the recycling of construction 
materials
Soo Huey Teh1*, Thomas Wiedmann1,2 and Stephen Moore1

Abstract 

The construction industry contributes around 18% of greenhouse gas emissions, 40% 
of depletion of natural resources, and 25% of wastes globally. To reduce these impacts, 
construction industries can adopt low-carbon alternatives for construction materials 
and waste minimisation strategies, including the recycling of construction and demoli-
tion waste. However, a comprehensive understanding of the full life cycle carbon 
profile of low-carbon and recyclable construction materials is required to accurately 
assess the efficacy of decarbonisation strategies in the built environment. Despite 
recent progress in hybrid life cycle assessment (hybrid LCA) methods, some weak-
nesses remain with respect to the inherent uncertainty relating to price variations and 
aggregated sectors that are unable to provide detailed waste-specific information in 
hybrid LCA. Furthermore, attributional, hybrid LCA for a functional unit does not reflect 
the actual, economy-wide physical flows of materials in a real economy. In this study, a 
mixed-unit hybrid LCA approach based on a combination of process life cycle inven-
tory, input–output, and material flow data is used to model the economy-wide poten-
tial use of recycled construction materials in Australia. A comparison between methods 
of life cycle emissions of geopolymer concrete revealed that the mixed-unit hybrid LCA 
approach produced a more accurate and Australian-specific result. The usefulness of 
the proposed mixed-unit IO model is demonstrated through quantifying the cradle-to-
gate embodied emissions of recycled construction materials and by-products utilised 
in concrete and steel sectors in Australia. The results yield a 1% reduction when recy-
cled concrete aggregate completely replaces natural aggregate in both ordinary Port-
land cement and geopolymer concrete. Greenhouse gas emissions reduction of 30% is 
quantified for geopolymer concrete using recycled concrete aggregate compared with 
ordinary Portland cement concrete utilising natural aggregate and 43% is estimated 
for electric arc furnace route using iron and steel scrap compared with basic oxygen 
furnace route. The method merges physical and monetary units of industrial systems 
related to low-carbon alternatives and recycled construction materials to enable the 
calculations of embodied carbon with improved accuracy. The results of this study can 
help inform decarbonisation strategies in the built environment sector.

Keywords: Hybrid LCA, Material flow analysis (MFA), Mixed-unit input–output model, 
Concrete, Steel, Recycling, Recycled concrete aggregate
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1  Background
The construction industry is responsible for about 18% of greenhouse gas emissions 
(GHGE), 40% of depletion of natural resources, and 25% of wastes worldwide (Ding 
2014; Yu et al. 2017). Hence, it is important that sustainable alternatives and practices 
are explored in order to reduce the industry’s environmental impacts. Low-carbon alter-
natives for construction materials and waste minimisation strategies, such as recycling 
construction and demolition (C&D) waste, are ways for the construction industry to 
contribute to a more sustainable development in the wider economy. However, only a 
comprehensive quantitative evaluation can assess whether the actual benefits of low-
carbon and recycled construction materials are realised if the whole life cycle of all pro-
cesses is taken into account. One of the main disadvantages of input–output table (IOT) 
is that it does not consider the end-of-life phase, which includes recycling (Nakamura 
and Nansai 2016). Therefore, a suitable method is needed to capture the full, economy-
wide carbon profile of alternative construction materials and practices.

The most widely used method to assess the impacts of construction materials is pro-
cess-based life cycle assessment (LCA). LCA provides material-specific data, but suf-
fers from having an incomplete system boundary, which can lead to an underestimation 
of the impacts assessed (Crawford 2008; Crawford et al. 2018; Wan Omar et al. 2014). 
On the other hand, input–output analysis (IOA) offers economy-wide system boundary 
completeness, based on inter-industry monetary flow data, but has limitations relating 
to price variability, sector aggregation, and the lack of material-specific data (Dixit 2017; 
Säynäjoki et al. 2017).

In a pure monetary input–output table (MIOT), the direct and indirect interdepend-
encies of sectors are captured in monetary units (e.g. dollars), and monetary data are 
readily available. However, as the prices of physical products vary between different sec-
tors, the assumption that the physical quantity transactions between sectors are pro-
portional to their monetary values leads to an erroneous allocation of environmental 
impacts in the standard MIOT model (Lenzen 2000; Vendries Algarin et al. 2016). Fur-
thermore, economies of scale means that the per unit monetary value of production out-
puts vary with their physical quantities (Bullard and Herendeen 1975).

The issue of price variability and heterogeneity can be avoided by replacing monetary 
units with actual material production and consumption flows in physical units. Physi-
cal input–output table (PIOT) is expressed only in physical units, showing the flows 
of physical products across sectors and their interaction with the environment, as well 
as accounting for waste flows (Giljum and Hubacek 2004; Hoekstra and van den Bergh 
2006). PIOT is superior in representing mass flows, but is instead unable to capture 
monetary flows in the economy for service-based sectors. Data to construct PIOT are 
also often scarce, conflicting, and labour-intensive, resulting in a limited number of 
aggregated tables constructed with low resolution (Altimiras-Martin 2014).

In addition to price variation, other reasons for differences in results between MIOT 
and PIOT approaches, as identified by Giljum and Hubacek (2004), Liang and Zhang 
(2013) and Weisz and Duchin (2006), include assumptions relating to unique sector 
prices, level of sector aggregation, the models’ capability of dealing with service sectors, 
accounting for waste, and estimating residential consumption. Hence, the selection of an 
appropriate unit type is an important decision.
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A ‘hybrid’ approach constitutes either the utilisation of both monetary and physical 
units, or the amalgamation of process and input–output (IO) data (Suh et al. 2004). 
With the former, information gaps can be completed with the more suitable data 
type (e.g. unit mass for raw materials, and unit dollar for services). The removal of 
the price conversion step in calculating commodity costs also reduces inaccuracies 
associated with methods of approximation. In terms of data, process-based life cycle 
inventory (LCI) data provide specific sector resolution and physical ingredients for 
the manufacture of a product, whilst economy-wide IO data capture the monetary 
inter-dependencies of industry sectors, and economy-wide material flow analysis 
(MFA) data capture the total quantity of material flow used by an industry sector.

The confluence between combining physical with monetary units and amalgamat-
ing process LCI, IO and material flow data (Fig. 1) leads to the mixed-unit hybrid life 
cycle assessment (MU-hLCA) framework (Hawkins et al. 2007; Hawkins 2007), which 
can be seen as equivalent to the integrated hLCA in Suh (2004). The advantage of 
this method is that it combines the precision of process-based MFA, the detailed sec-
tor resolution of LCI, and the comprehensiveness of IOA. It adds missing upstream 
supply chains to the MFA component, whilst also resolving the price variability issue 
by introducing physical units into the model. By doing so, all phases of the product 
life cycle including the use, disposal, and recycling stages can be examined. To date, 
various mixed-unit input–output table (MUIOT) approaches have been used, includ-
ing extended IO models for energy and emissions (Mayer and Flachmann 2011), 
integrated hLCA to track heavy metals sectors (Hawkins et al. 2007; Hawkins 2007), 
ecological IOA in modelling energy and material flows through an industrial system 
(Bailey et  al. 2004), and multi-layered MUIOT, which utilises the mass, energy, and 
monetary layers (Majeau-Bettez et al. 2016).

Fig. 1 Relationship of methods and proposed methodology of MU-hLCA (EW-MFA economy-wide material 
flow analysis)
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In this study, MU-hLCA is employed in a case study on geopolymer concrete (GPC) 
and compared to published results from process-based and IO-based methods. The use-
fulness of MU-hLCA is demonstrated through its application in modelling an economy-
wide potential use of recycled construction materials in Australia. The proposed model 
merges physical and monetary units of industrial systems related to construction mate-
rials and their recycled substitute products in order to enable the calculations of embod-
ied carbon and the tracking of material flows with improved accuracy. The results of this 
study will help inform decarbonisation strategies in the built environment sector.

This study is the first to model recycled construction materials on an economy-wide 
scale via a MU-hLCA framework that utilises Australian-specific LCI and IO databases. 
The novel features of this study are described in the implementation steps taken as out-
lined below:

1. modelling recycled construction materials in a MU-hLCA framework;
2. economy-wide scale use of specific materials;
3. use of an Australian-specific database (AusLCI 2015) in the MU-hLCA framework; 

and.
4. applying a decomposition method adapted from Wiedmann (2017) for process, 

products and industries.

The concrete case study from Teh et al. (2017) is advanced in this study to quantify 
life cycle embodied emissions of concrete and steel incorporating recycled construction 
materials.

2  Application of MU‑hLCA
2.1  Aim and scope

The goal of this study is primarily to compare the results of the MU-hLCA approach 
with that of input–output-based hybrid life cycle assessment (IO-hLCA) and LCA using 
GPC as a case study. Secondly, the application and the usefulness of the MU-hLCA 
method are demonstrated through modelling the use of recycled materials and by-prod-
ucts in concrete and steel, specifically via comparing the carbon footprint intensity (CFI) 
in the following scenarios:

1. Ordinary Portland cement concrete (with natural aggregate) versus ordinary Port-
land cement concrete (with recycled concrete aggregate);

2. Fly ash-based GPC concrete (with fly ash, slag, and natural aggregate) versus fly ash-
based GPC concrete (with fly ash, slag and recycled concrete aggregate); and

3. Basic oxygen furnace steel versus electric arc furnace steel (with iron and steel scrap).

2.2  Modelling recycling of construction waste

It is vital for the construction industry to recycle C&D waste as the industry consumes a 
large amount of natural resources. C&D waste accounts for approximately 40% (19 Mt) 
of total solid waste in Australia (47 Mt) (Hyder Consulting 2011a, b; Productivity Com-
mission 2006), of which 45% is disposed to the landfill and 55% is recycled (Hyder Con-
sulting 2011a) (in 2008–2009). The C&D waste stream is composed of masonry materials 
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(concrete, bricks, asphalt, etc.), metals (steel, non-ferrous, etc.), organics, paper and 
cardboard, plastics, glass, leather and textiles, tyres and hazardous substances. Masonry 
waste (which includes concrete, bricks, asphalt, etc.) constitutes the greatest proportion 
in the C&D waste stream at 89% (15 Mt), but only 62% (9 Mt) is currently being recycled 
(Hyder Consulting 2011a). In comparison, metal constitutes only around 20% (951 kt) 
of the C&D waste, but has a much higher recycling rate of 87% (831 kt) (Hyder Consult-
ing 2011a). Concrete and steel are chosen as case studies because (1) global aggregate 
production has doubled from 21 to 40 Gt (from 2007 to 2014) leading to a growing issue 
of scarcity in landfill space and aggregates (Tam et al. 2018; Torres et al. 2017), and (2) 
concrete and steel are major contributors to climate change, each accounting for 56 and 
6% of 30 Mt of Australian building products produced annually (Miller et al. 2015).

Impacts of construction materials that incorporate recycled products have been 
assessed with process-based LCA in many studies, for example concrete (Braunschweig 
et al. 2011; Kleijer et al. 2017; Knoeri et al. 2013; Marinković et al. 2010; Shan et al. 2017; 
Tošić et al. 2015) and steel (Burchart-Korol 2013; Norgate et al. 2007; Olmez et al. 2016). 
At the same time, few studies have used IO-based hLCA (Choi et  al. 2011; Kucukvar 
et  al. 2014; Teh et  al. 2017; Wijayasundara et  al. 2017a). Kucukvar et  al. (2014) com-
bined process-based LCA with IOA to assess the onsite impacts and higher order supply 
chain impacts of recycling, incineration and landfilling of C&D waste. Wijayasundara 
et al. (2017a) compared the embodied energy of recycled aggregate concrete and natu-
ral aggregate concrete in Australia using the IO-based hLCA method. Choi et al. (2011) 
analysed the economic impact of localised e-waste recycling using an extended IO 
model by (2) reconstructing the IO table and satellite environmental account to describe 
e-waste recycling sectors, and (2) monetising physical e-waste flows in a consistent man-
ner. So far, no studies have been conducted using MU-hLCA to model an economy-wide 
scale of recycled construction materials.

One of the disadvantages specific to the application of recycled products in the IO 
framework is that waste is an aggregated sector, which is labelled “Waste collection, 
treatment and disposal services” in the Australian IOT, and does not provide detailed, 
waste-specific information. Recycling industries and their accompanying products are 
also not captured in detail and are sometimes represented as part of the main waste sec-
tor (Choi et  al. 2011). Secondly, waste services are rendered in monetary units, i.e. in 
terms of service fees, and do not equate to the actual physical amounts of waste gener-
ated (Liang and Zhang 2013).

A framework known as the waste input–output (WIO) model, which specifically anal-
yses waste types and treatment flows using an extended IOT method, was developed 
by Nakamura and Kondo (2002, 2009). Using the WIO model, Nakamura and Kondo 
(2006) evaluated the economic and environmental impacts of waste treatment meth-
ods and recycling of electrical appliances in Japan. The WIO model was subsequently 
applied to calculate waste multipliers and footprints in Australia (Fry et al. 2016; Lenzen 
and Reynolds 2014; Reynolds et al. 2014). This study offers an alternative approach, by 
using a MU-hLCA framework where waste flows can be represented in physical units, 
and specific products including, but not limited to, by-products and recycled products 
can be distinguished without necessitating the manual disaggregation of IO sectors. This 
is because the process table already contains disaggregated flows with the resolution to 
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represent specific products. The framework is compiled by integrating a comprehensive 
Australian-specific LCI database with a monetary supply-and-use table (SUT) in order 
to draw information regarding the physical input recipe and the associated emissions of 
producing a single unit of waste or recycled product. Physical MFA data (that represent 
the quantity of economy-scale flows of waste or recycled products) replace monetary 
flows in the IOT in the downstream cut-off (Cd) matrix (refer to S3.1.3) that connects the 
IOT with the LCI database, and the missing upstream inputs are filled in the upstream 
cut-off (Cu) matrix (refer to S3.1.4) (Fig. 5).

2.3  Application of MU‑hLCA to recycled construction materials

2.3.1  Recycled concrete aggregate and by‑products used in concrete

In Australia, concrete waste is recycled as recycled aggregate (RA) and is most com-
monly utilised in unbound applications including road sub-base, pavement, drainage 
and landscaping (Net Balance 2012). Concrete waste recycling process involves crush-
ing, sorting and screening that are processed on the construction site itself or trans-
ported to other processing sites to produce RA (Tam 2009; Tam et al. 2018). Recycled 
concrete aggregate (RCA) is RA that is used to replace natural (coarse) aggregate (NA) 
in new concrete. Of the 6 Mt of concrete waste that is recycled in Australia (Net Bal-
ance 2012), only a small amount (0.5 Mt) is used in bound applications as RCA, such 
as in new low-strength, non-structural concretes (CCAA 2008; Tam et  al. 2018). The 
potential of replacing NA with RCA in fly ash-based GPC has also been studied by Gal-
vin and Lloyd (2011) and Limbachiya et al. (2012), who recommended that a 30% RCA 
replacement rate is ideal to avoid adversely impacting the physical properties of fly ash-
based GPC. By-products such as fly ash (FA) and ground granulated blast furnace slag 
(GGBFS) from coal and steel production that would otherwise be sent to the landfill 
can also be reused as ingredients for GPC, which is a low-carbon alternative to ordinary 
Portland cement (OPC) concrete.

Although there are numerous benefits of recycling C&D waste (for instance the 
reduction of waste disposal and thus the need for landfill space, and the conservation 
of natural resources), currently no RCA is used in high-grade structural applications in 
Australia (Wijayasundara et al. 2016) and only 1% is used worldwide (Tošić et al. 2015). 
This is because the utilisation of RCA in structural applications is currently not sup-
ported by existing Australian technical and performance standards (Berndt et al. 2013; 
CSIRO 2002; Tam et al. 2013), and it is known to have lower quality and strength attrib-
utes compared to NA (Senaratne et  al. 2017). Hence, there is potential for increasing 
the use of RCA in concrete applications, such as in the production of different concrete 
types and in various structural applications.

2.3.2  Iron and steel scrap

Metal waste, which is predominantly composed of steel, has a high recycling rate because 
of its profitability. In Australia, more than 50% of metal scrap is exported (ACOR 2015; 
Corder et al. 2015). According to Hyder Consulting (2009), around 89% (2.5 Mt) of steel 
waste is recycled and the rest (0.3 Mt) is landfilled in Australia. A study by Golev and 
Corder (2016) showed that although the reported metal scrap recycling rates are high, 
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i.e. in the range of 80–90%, actual metal recycling rates are estimated to be below 70% 
when losses and end-of-life product dissipation are taken into account.

The recycling of steel involves the processes of collecting, sorting, shredding, and 
separating different types of scrap metals (Björkman and Samuelsson 2014). In the elec-
tric arc furnace (EAF) fabrication of steel products, iron and steel scrap are the primary 
inputs (ACOR 2015), along with pig iron, electricity as the main energy source, coke, 
fluxes, and cryogenic gases. The proportion of scrap utilisation in steel-making is esti-
mated to be around 93% for EAF and around 5% in blast furnace–basic oxygen furnace 
(BF-BOF) production in Australia (Energetics 2012). The production of steel via the 
EAF route increased from 18% in 2003 to 23% in 2012 in Australia (Golev and Corder 
2016) and currently accounts for approximately 30% of global steel output (Yellishetty 
et  al. 2010). A detailed study by Golev and Corder (2016) estimated that currently in 
Australia, crude steel comprises 20–30% of recycled material content. Emissions can be 
reduced by recycling steel, given that it is a versatile material that can be recycled and 
reused efficiently and indefinitely.

3  Method and data
3.1  Construction of MU‑hLCA matrix

The MU-hLCA method connects a top-down IOT matrix with a comprehensive bot-
tom-up LCI process matrix through the Cu and Cd matrices (Fig. 5).

3.1.1  Process matrix and process environmental extension matrix

The process matrix and the process-based environmental extension matrix utilised in 
this study (referred to as the “process system” and indicated by the subscript p) is from 
the Australian Life Cycle Inventory database (AusLCI 2015), which captures 4463 pro-
cesses and four selected environmental extensions, including direct emissions of meth-
ane  (CH4), nitrous oxide  (N2O), carbon dioxide  (CO2), and carbon dioxide equivalents 
 (CO2-eq).

The preparation of the process coefficient matrix (I–Ap) for Eq. 3 comprises a proce-
dure that normalises the LCI database and the associated environmental extension data 
to reflect the physical functional flows and the process emission intensity (fp) for the fab-
rication of one functional unit of product or process. The consumption of inputs is rep-
resented as negative values whilst the production of outputs are represented as positive 
values. Finally, the normalised functional units (represented by a series of 1 s) are placed 
on the diagonal of the process coefficient matrix.

3.1.2  Input–output matrix and associated GHGE extension matrix

The IO matrix and IO environmental extension matrix used for this study (referred 
to as the “IO system” and indicated by the subscript IO) is the same two-region SUT 
framework used in Teh et al. (2017), which in turn is based on data from the Australian 
Industrial Ecology  Virtual Laboratory (IELab) (Lenzen et  al. 2014, 2017). It comprises 
341 industries, 345 products, 26 rest-of-the-world (RoW) sectors, and four environmen-
tal extensions representing direct emissions of  CH4,  N2O,  CO2, and  CO2-eq for the year 
2009. The SUT framework is adopted because of its ability to capture industry and prod-
uct detail that enables the allocation of co-products to an industry.
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The IO sectors listed below have been disaggregated and replaced with specific pro-
cess data in previous studies (Teh et al. 2017; McIlvin 2015) to reflect detailed construc-
tion materials, which are represented as blue lines and dots in Fig. 5:

  • Cement: Selected IO data in the “Cement” sector was replaced with process data for 
OPC (Teh et al. 2017).

  • Concrete: The “Ready-mixed concrete and mortar” sector was disaggregated into six 
types of concrete with varying incorporated proportions of OPC, FA and GGBFS 
as well as FA-based and GGBFS-based GPC (Teh et  al. 2017). The concrete types 
used in this study are “100% OPC 50 MPa concrete” (referred to as OPC concrete) in 
S4.2.1 and “90% FA/10% GGBFS Geopolymer 50 MPa concrete” (referred to as FA-
based GPC) in S4.1 and S4.2.1.

  • Steel: The “Other steel and iron manufacturing” sector was disaggregated into “BOF 
steel manufacturing” and “EAF steel manufacturing” sectors (McIlvin 2015).

The technology coefficient (AIO) matrix is first calculated by dividing each transaction 
 (xij) in the T matrix by the total industry output  (Xj), and then deducted from the iden-
tity (I) matrix to yield the “I–AIO matrix” for Eq. 3. The direct intensity multipliers (fIO) 
vector expressed in kg of GHGE per $ (AUD) is obtained by dividing the IO environ-
mental extension vector  (Ej) by the total industry output  (Xj).

3.1.3  Downstream cut‑off matrix

The Cd matrix captures the physical amount of products produced by the processes that 
are distributed to the IO system (Peters and Hertwich 2006; Suh 2006). The Cd matrix is 
derived by “dividing the annual sales of functional flow—in physical units that are rel-
evant to each functional flow—by the production of each total commodity.” (Suh 2004, 
p. 459)

For instance, this study models the material flow of RCA replacing NA, which is 
labelled “Gravel” in the IO system, in the production of concrete. This is done by allocat-
ing the total annual physical amount of RCA, which is used by the “100% OPC 50 MPa 
concrete” column sector in the background IO system, to the “Recycling brick rubble 
and concrete, at plant/AU U” row in the process system, and then dividing it by the 
annual sales of the concrete sector. This calculation step produces the corresponding cell 
input aC

d

hj  (Eq. 1) and is expressed in kg/$, which represents the technology coefficient of 
RCA (Fig.  2). Subsequently, aIOij  (Eq.  2), which is the sales coefficient of product row 
“Gravel” in the “100% OPC 50 MPa concrete” industry sector column in the use table is 
adjusted (set to zero in this case) to avoid double counting (Fig. 2). Adjustments in the 
final demand vectors need to be made accordingly. However, since there is no final 
demand for RCA or gravel, no further corrections were necessary in this case.

(1)aC
d

hj =
xC

d

hj

X IO

j
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In this example, row h is the product RCA, row i is the product NA, and column j is the 
concrete industry sector: aC

d

hj   = technology coefficient matrix element (a) of row h and 

column j (in the Cd matrix; measured in kg/$); aIOij   =modified sales coefficient matrix 
element (a) of row i and column j (in the IO system; measured in $/$), in a case where a 
virgin material (from the IO system) is completely replaced by a recycled material (from 
the process system); xC

d

hj   = physical amount of product h used by sector j (in the Cd 

matrix; measured in kg); xIOij   = monetary amount of product i purchased by sector j (in 
the IO system; measured in $); X IO

j  = total industry output of sector j (measured in $).
The resolution of the detailed functional flows specified in the process system is 

useful for recycled products (e.g. RCA, iron and steel scrap), by-products (e.g. FA and 
GGBFS), and specific chemicals [e.g. sodium hydroxide (NaOH) and sodium silicate 
 (Na2SiO3)] that are not individually reflected in the aggregated IO system. For this 
study, the Cd matrix is populated with physical economy-wide material flow data of 
the following, which are represented as red dots in Fig. 5:

  • FA, GGBFS, NaOH, and  Na2SiO3 for the “90% FA/10% GGBFS Geopolymer 
50 MPa concrete” sector for S4.1;

  • RCA for the “100% OPC 50 MPa concrete” sector for S4.2.1;
  • RCA, FA, GGBFS, NaOH and  Na2SiO3 for the “90% FA/10% GGBFS Geopolymer 

50 MPa concrete” sector for S4.2.1; and
  • Iron and steel scrap for the “BOF steel manufacturing” and “EAF steel manufac-

turing” sectors for S4.2.2.

(2)aIOij =

(

xIOij − xC
d

hj

)

X IO

j

i

h

j

Ap
(kg/kg)

AIO
($/$)

(kg/$)

($/kg) 

Fig. 2 Technology coefficient matrix elements in the Cd and AIO matrix, in a case where product i is replaced 
by product h in j industry sector (Eqs. 1 and 2)
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Fig. 3 MFA of concrete production in Australia for 2008–2009 in kt/year

Fig. 4 MFA for concrete production types used in this study in kt/year
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The concrete material flow data for Cd matrix is shown in Figs. 3 and 4 using STAN 
(Brunner and Rechberger 2004; Cencic and Rechberger 2008). Steel material flow 
data is based on Energetics (2012, Fig. 5). An example of calculating Cd with a matrix 
of eight processes, three industries, and five product sectors is available in the form 
of an Excel sheet and MATLAB script in supplementary information (SI) provided in 
Teh and Wiedmann (2017).

3.1.4  Upstream cut‑off matrix

The Cu matrix complements the process system by adding any absent higher upstream 
monetary input data from IO flows to the process system (Suh 2004). The full procedure 
to construct the Cu matrix is employed from Wiedmann et  al. (2011, Supplementary 
Information) to completely fill the Cu matrix in this study.

For this study, selected processes in the Cu matrix are replaced with IO sales coeffi-
cients (AIO) of relevant Australian industry sectors from the use table of the IO system, 
which are then adjusted via multiplication with the Australian unit price of a functional 
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Fig. 5 Example graphical representation of MU-hLCA used in this study. (Note: red dots represent material 
flow data of recycled and specific products in Cd, and red columns represent selected IO upstream data in Cu 
as per this study (refer to Additional file 1 for red columns). Blue lines are disaggregated concrete and steel 
sectors, whilst blue dots represent process data introduced in previous work (McIlvin 2015; Teh et al. 2017). 
Numbers in brackets represent numbers of rows and columns.)
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unit of the process inventory employed. This represents the total cost of input process 
required to produce 1  kg functional unit of a process. To avoid double counting, all 
upstream inputs that are already accounted for in the process inventory employed are 
removed from the column vector. The unit price (AUD/kg) of FA, GGBFS, NaOH, and 
 Na2SiO3 from Teh et  al. (2017, Supplementary Information, Table A.3) are applied in 
this study. The prices of RCA and iron and steel scrap are obtained from Tam (2008) and 
ABARES (2010).

If technology coefficients data are absent in the IO system for a particular product, 
price-weighted coefficients need to be assembled from monetary data. For RCA, the 
Australian concrete recycling cost data is sourced from Tam (2008, Table 2), which is 
then assigned to a corresponding IO product sector. The technology coefficients vec-
tor is calculated by dividing each recycling cost in proportion to the total annual cost of 
concrete recycling. The price-weighted coefficient is then computed by multiplying the 
cost of 1 kg of RCA (0.02 AUD/kg from Tam (2008)) with the technology coefficients 
vector. Lastly, inputs that are already accounted for in the “Recycling brick rubble and 
concrete, at plant/AU U” AusLCI process inventory (Grant 2015) are deleted to avoid 
double counting. Selected processes for this study in the Cu matrix are represented as 
red columns in Fig. 5 and described in Additional file 1.

3.2  Methods

Total impact multipliers (mMUH) from MU-hLCA are calculated according to Eq.  3 
(Hawkins et  al. 2007; Suh 2004, 2011), whereby the first row vector (fMUH) represents 
the direct intensity multipliers of the process and IO system, whilst the second matrix 
(I–AMUH)−1 represents the Leontief inverse (Leontief 1970) of the process, Cu, Cd and IO 
system. The total impact multipliers (mMUH) are referred to as CFI in the results and dis-
cussion section. For an example of mMUH calculation, see SI provided in Teh and Wied-
mann (2017).

where mMUH = row vector of CFIs, consisting of [mp mIO] (where mp is measured in 
kg  CO2-eq/kg; dimension: 1 × 4463) and mIO is measured in kg  CO2-eq/$; dimension: 
1 × (341 + 345 + 26)); fp = process system environmental extension vector for GHGE 
(measured in kg  CO2-eq/kg; dimension: 1 × 4463); fIO = direct intensity multiplier vector 
of the IO system for GHGE (measured in kg  CO2-eq/$; dimension: 1 × (341 + 345 + 26)); 
I–Ap = process coefficient matrix (Ap) deducted from the normalised functional unit 
(measured in kg/kg; dimension: 4463 × 4463); –Cd = downstream cut-off matrix (meas-
ured in kg/$; dimension: 4463 × (341 + 345 + 26)), where seven matrix elements are 
introduced in Cd in this study, shown in Fig. 5; –Cu = upstream cut-off matrix (measured 
in $/kg; dimension (341 + 345 + 26) × 4463), where the whole Cu matrix is filled in this 
study, shown in Fig.  5; I–AIO = IO technology coefficient matrix (AIO) deducted from 
the identity matrix (I) (measured in $/$; dimension: (341 + 345 + 26) × (341 + 345 + 26)).

To recognise impacts from LCI processes, IO industries, and IO products, a method 
to decompose total impact multipliers tailored for MU-hLCA was developed based on a 

(3)mMUH = fMUH(I− AMUH)
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method by Wiedmann (2017). “Decomposition of integrated hybrid life cycle inventories 
by final-stage inputs” is applied as per Eq.  4, which distinguishes the contributions of 
direct and indirect emissions from industries, products and processes (Teh and Wied-
mann 2017). This method shows the life cycle impacts originating from specific prod-
ucts used in the Cd matrix (e.g. RCA, FA, NaOH).

where f̂MUH  = diagonalised direct emissions of the process system (fp) (measured in kg 
 CO2-eq/kg) and the IO system (fIO) (measured in kg  CO2-eq/$) shown in Eq. 5;

m̂MUH  = diagonalised total impact multipliers of the process system (mp) (measured 
in kg  CO2-eq/kg) and the IO system (mIO) (measured in kg  CO2-eq/$) shown in Eq. 6; 
equivalent to diagonalised mMUH from Eq. 3;

AMUH = mixed-unit coefficient matrix of the MU-hLCA, calculated by deducting (I − 
AMUH) from the I matrix (measured in kg/kg, kg/$; $/kg, $/$), shown in Eq. 7 (Peters and 
Hertwich 2006).

4  Results and discussion
The results calculated via Eq. 3 are expressed as CFI per unit of construction material, 
and denote the cradle-to-gate life cycle amount of GHGE represented as  CO2-eq (sum 
of  CO2,  CH4 and  N2O). The decomposition of CFI identifies the major sources of GHGE 
originating from industries, products and processes along the supply chain of construc-
tion materials. S4.1 presents the CFI results of MU-hLCA compared with process-based 
LCA (Davidovits 2015; Turner and Collins 2013) and IO-hLCA (Teh et al. 2017) using 
GPC as a case study. S4.2.1 and S4.2.2 are application studies of MU-hLCA for recy-
cled construction materials used in concrete and steel, respectively. The same concrete 
mix-designs for 1 m3 of concrete used in Teh et al. (2017, Supplementary Information, 
Table A.2) are applied in the “100% OPC 50 MPa concrete” industry sector in S4.2.1 and 
in the “90% FA/10% GGBFS Geopolymer 50 MPa concrete” industry sector in S4.1 and 
S4.2.1. For S4.2.2, the same process inputs for steel used by McIlvin (2015, Table 13 and 
20) based on Ecoinvent data are applied in the “BOF steel manufacturing” and the “EAF 
steel manufacturing” industry sectors, which use 5 and 74% of recycled iron and steel 
scrap, respectively. Numerical results for all figures are provided in Additional file 1.

4.1  Method comparison

The process-based LCA methodology presents a CFI of 170  kgCO2-eq/m3 (Davidovits 
2015; Turner and Collins 2013). When other inputs not covered by LCA are included 
from the IO sectors, CFI more than doubles to 345  kgCO2-eq/m3 for IO-hLCA (Teh 
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et al. 2017) and increases to 364 kg  CO2-eq/m3 for MU-hLCA (Fig. 6). The major dispar-
ity can be seen in the allocation of embodied emissions to FA and GGBFS. In the LCA 
study (Turner and Collins 2013), the contribution of FA was 11  kgCO2-eq/m3, because 
only post-production emissions of FA including “capture, milling, grinding, drying and 
transport” were considered, and no GGBFS was used in the LCA study.

In this MU-hLCA study, a higher result of 19 kgCO2-eq/m3 is calculated for GGBFS 
compared to IO-hLCA. This is because by-products are allocated based on physical 
units, and they represent Australian-specific production and emission patterns, which 
have been adopted from AusLCI. In the instance of GGBFS, the main inputs accounted 
for are mixing, energy, plant use and transportation. This is a more accurate analysis 
because it takes into account the international and local transportation of GGBFS, of 
which are 80% imported from Japan (ABS 2013). In the previous IO-hLCA study (Teh 
et al. 2017), GGBFS was calculated to contribute 7  kgCO2-eq/m3, because it was aggre-
gated into the 26-sector RoW table and thus assumed to be entirely produced locally, 
ignoring any impacts associated with importing from abroad.

For FA, a lower result of 26  kgCO2-eq/m3 is calculated in this study compared to IO-
hLCA. In AusLCI, FA is considered as waste and only local transportation is accounted 
for. For a more accurate analysis, missing upstream emissions of electricity genera-
tion are taken into account by allocating the “Electricity generation” IO technology 
coefficient sector to the FA process (detailed procedure described in S3.1.4 and Addi-
tional file  1). The contribution of upstream emissions from electricity generation and 

Fig. 6 Contributions of main GHGEs for FA-based geopolymer concrete production by MU-hLCA, IO-hLCA, 
and LCA methodologies
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other upstream supply chains is given in Fig. 7. The emissions of FA increased from 7 
 kgCO2-eq/m3 (when only the Cd matrix is populated with data) to 26  kgCO2-eq/m3 
(when both the Cu and Cd matrices are populated with data). In contrast, FA contribu-
tion was 109  kgCO2-eq/m3 due to its high average price, with a sensitivity range of − 32 
to + 10% based on variances in FA market prices in the previous IO-hLCA study (Teh 
et  al. 2017). Via economic allocation, emissions were assigned according to monetary 
values between electricity generation and FA based on estimated prices. FA was intro-
duced in the IOT by creating new columns and rows because it was not represented in 
the IOT. Although upstream impacts were accounted for, the IOT sectors were aggre-
gated and the results were sensitive to price variability.

Contributions of  Na2SiO3 and NaOH calculated using MU-hLCA (119 and 61 
 kgCO2-eq/m3) are higher compared to using IO-hLCA (57 and 32  kgCO2-eq/m3) and 
LCA (45 and 34  kgCO2-eq/m3) (shown in Fig. 6). It is noted that consistently across all 
methods,  Na2SiO3 and NaOH are identified as the main contributors of GHGE in the 
production of GPC. Other studies also confirm that either  Na2SiO3 or NaOH is the big-
gest emitter in GPC production (Davidovits 2015; Habert et  al. 2011; McLellan et  al. 
2011). This study has incorporated all modifications involving the conversion of  Na2SiO3 
and NaOH from dry weight into 45% wt solution form for feedstock.

The higher value of MU-hLCA is due to the use of Australian-specific data (e.g. local 
energy mix) and the selection of specific chemical production methods from Aus-
LCI. For  Na2SiO3 production in Australia, the furnace process is used to melt sodium 

Fig. 7 Contributions of upstream and downstream cut-off matrix for FA-based geopolymer concrete 
production using MU-hLCA
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carbonate and silica sand to produce solid  Na2SiO3, which is then dissolved in water to 
produce liquor  Na2SiO3 (Turner and Collins 2013). Production of NaOH is done via the 
chlor-alkali process, whereby electrolysis converts sodium chloride brine solution to 
chlorine and NaOH (Turner and Collins 2013). The membrane cell production method 
is employed by primary NaOH manufacturing companies in Australia (CoogeeChemi-
cals 2016; Orica 2016). Habert and Ouellet-Plamondon (2016) discussed that the energy 
mix employed in the NaOH production influences the environmental impact data more 
than the type of production (e.g. membrane cell). Specific methods for the production 
of “Sodium silicate, furnace liquor, 37% in  H2O, at plant/RER U/AusSD U” and “Sodium 
hydroxide, 50% in  H2O, membrane cell, at plant/RER U/AusSD U” are employed from 
AusLCI in the process system. The previous IO-hLCA study (Teh et al. 2017) has a few 
gaps, namely that chemical types were aggregated in the “Other basic chemical manu-
facturing” industry sector, specific diluted chemical solutions could not be distinguished 
and their conversion to monetary units was problematic. Missing upstream inputs from 
“Other basic chemical manufacturing” and other upstream supply chains to  Na2SiO3 and 
NaOH in the Cu matrix contributed to an increase of 38 and 11  kgCO2-eq/m3, respec-
tively (Fig. 7). It should be noted that the  Na2SiO3 and NaOH processes in AusLCI are 
derived from the “shadow database”, meaning that whilst some significant processes such 
as those relating to energy and transport are Australian data, the remaining inputs are 
from the international Ecoinvent database. Hence, there is room for data improvement 
to achieve more accurate results.

In conclusion, the hLCA methodologies led to a higher GHGE of 100–114% compared 
to the LCA approach due to their system boundary completeness. Although the results 
of the hLCA methods vary only slightly (18  kgCO2-eq/m3), MU-hLCA yields a more 
accurate outcome due to (1) the high resolution and country-specific process and IO 
data available, (2) economy-wide material flow data, (3) the utilisation of physical units 
to represent by-products and specific chemical products, and (4) an economy-wide sys-
tem boundary. The drawbacks of IO-hLCA, including the price variability issue, pro-
portionality and homogeneity assumptions, and aggregated sectors, could be addressed 
with MU-hLCA.

4.2  Application for recycled materials

4.2.1  Recycled concrete aggregate in OPC and GPC

The goal of this study is to assess the hypothetical maximum emission reduction achiev-
able using MU-hLCA if 100% of NA (gravel) is replaced with RCA for both GPC and 
OPC concretes. In this study, concrete types using NA is referred to as “NA concrete,” 
and concrete types using RCA as a replacement for NA is referred to as “RCA concrete”. 
The actual amount of RCA used in Australian concrete is guided by the H155:2002 
guideline (CSIRO 2002).

An environmental impact study of cradle-to-gate embodied emissions of RCA com-
pared with NA concrete using hLCA has not yet been done. LCA studies have reported 
varying CFI of 320–343  kgCO2-eq/m3 for 100% RCA concrete (Marinković et al. 2017) 
and 271  kgCO2-eq/m3 for 30% RCA concrete (Kleijer et al. 2017). From this study, the 
CFI for 100% RCA OPC concrete in the Australian context is higher (516  kgCO2-eq/
m3) as it includes emissions from upstream processes (Fig.  8). However, side-by-side 
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comparisons with LCA studies are difficult because there are too many different vari-
ables to be considered, such as country of study, mix proportions used for concrete, con-
crete strength class, RCA replacement rate, and transportation distance. The only hLCA 
study, of which the authors are aware, by Wijayasundara et  al. (2017a) evaluated the 
embodied energy of RCA compared with NA concrete using IO-hLCA, and concluded 
that the difference is between − 1 and + 2%.

The 100% replacement of RCA for NA for both GPC and OPC concretes yields a 
GHGE reduction of 1%. The differences are only due to NA production, given that the 
compared concrete types are the same, i.e. they use equal amounts of cement. Moreover, 
the contribution of NA is small to begin with (2% in OPC and 4% in GPC) compared to 
that of other processes in the life cycle emissions of concrete production. Previous LCA 
studies evaluating the environmental impacts of RCA concrete compared to NA con-
crete have produced similar or marginally higher results. An LCA study by Kleijer et al. 
(2017), which compared product-specific concretes of the same strength, concluded that 
RCA concrete yields a 2% GHGE reduction. Braunschweig et al. (2011) and Knoeri et al. 
(2013) found that RCA concrete, including higher cement content, has produced similar 
GHGE with NA concrete using LCA. Knoeri et al. (2013) also considered the avoided 
impacts of C&D waste disposal and steel recycling that led to a reduction of other envi-
ronmental impacts, favouring the use of RCA.

A few LCA studies established that RCA transportation types and distances influ-
ence the environmental impact of RCA concrete. Marinković et  al. (2010) concluded 
that environmental impact of 100% RCA concrete (with some additional cement) and 

Fig. 8 CFIs of geopolymer and OPC concrete, with either natural aggregate or 100% recycled concrete 
aggregate
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NA concrete are the same if the transport distance of RCA are less than that of NA, 
but impacts of RCA concrete are larger when their transport distances are the same. An 
LCA study by Shan et al. (2017) recommended the use of local (Singaporean) RCA due 
to the higher environmental impact from the country’s reliance on imported material, 
including NA. For this study, AusLCI physical data for RCA assumes that no transporta-
tion to the recycling plant is included because the end-of-waste phase is considered to 
be at the concrete recycling plant. For NA, the IO system uses an average distance calcu-
lation to account for local road transportation.

The versatility of MU-hLCA is demonstrated in this study by modelling RCA flows 
in physical units. Although GHGE reduction in RCA concrete is relatively small, using 
RCA has other benefits including reducing both waste being landfilled and the depletion 
of natural resources. A maximum potential GHGE reduction of 30% is achieved with 
RCA GPC compared to NA OPC concrete, as cement production is the largest contribu-
tor to environmental impact in OPC concrete. Apart from the environmental indicator, 
Wijayasundara et al. (2017b) and Tošić et al. (2015) conducted combined assessments to 
include other criteria such as social, financial and technical aspects for a more complete 
comparison.

4.2.2  Iron and steel scrap in EAF steel

Embodied emissions of iron and steel scrap used in BOF and EAF steel are modelled 
using MU-hLCA to assess the possible reductions in GHGE. Based on this, the CFI pro-
duced is 1.51  kgCO2-eq per kg of BOF steel (Fig. 9). The largest source of GHGE is from 
the iron and steel manufacturing process, which accounts for 64% of total emissions. For 
EAF steel, the CFI produced is 0.87  kgCO2-eq/kg (Fig.  9). Electricity generation (pre-
dominantly based on coal power in Australia) is the largest emitter in the EAF route, 
contributing to 35% of emissions. It is noted that this represents a cradle-to-gate analysis 
of producing a unit kg of crude steel, and therefore does not account for the processes 
thereafter to produce various finished steel products.

In comparison, CFI in the range of 1.46–1.65  kgCO2-eq/kg was verified by Environ-
mental Product Declarations (EPDs) for Australian-specific steel products manufactured 
by BlueScope (with 25% total recycled content) via the integrated steel-making method 
(BF-BOF route) (Australasian EPD 2015a, b, c). These values are in line with the results 
produced by this study, which does not take into account the last stage of steel process-
ing. BlueScope reported that an increase of end-of-life recycling rate from the current 89 
to 100% can achieve a 12% reduction in global warming potential (GWP), and empha-
sised the significance of reuse and recycling (Australasian EPD 2015a, b, c). WSA (2015) 
reported a GHGE of 1.8–1.9 kg  CO2 per kg of crude steel cast (for 2012–2014), that 
reflects the sustainability performance of more than 50% of global steel production. An 
LCA study by Burchart-Korol (2013) provided a mass allocation breakdown of GHGE 
for crude steel production, and reported emissions of 1.7  kgCO2-eq/kg for BOF steel and 
0.76  kgCO2-eq/kg for EAF steel.

The environmental benefit of scrap usage is evident in the 43% GHGE reduction via 
the EAF route compared with that of the BOF route (Fig. 9). According to WSA (2015), 
steel scrap recycling can conserve approximately 1400 kg of iron ore, 740 kg of coal, and 
120 kg of limestone for every tonne of steel scrap used. In terms of energy, Yellishetty 
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et al. (2011) described the use of iron and scrap steel as beneficial from both economic 
and environmental perspectives because the products have already been refined and 
require minimal energy for additional processing.

The proportion of EAF steel currently stands at 22.8% in Australia and has the poten-
tial to increase, considering that approximately 1.7 Mt of steel scrap is currently exported 
from Australia for external processing (Energetics 2012). However, the EAF route is 
dependent on the availability of iron and steel scrap, which can be limited due to the 
majority of steel remaining in use for long periods of time and some steel products are 
reused directly as new products without recycling or re-melting (Yellishetty et al. 2011). 
It should be noted that the two types of steel are not fully substitutable yet due to their 
difference in physical properties (Warrian 2016). However, the intention of this applica-
tion study is to show that it is possible to assess the potential emission reduction using 
the MU-hLCA method when a recycled component is used.

5  Assumptions and limitations
Factors that influence the accuracy of the results:

  • The MU-hLCA method is useful for modelling recycled and by-products when the 
LCI (process system) contains the recycling unit process information (including 
GHGE in this case), and this recycling information is either aggregated or not repre-
sented in the IO system.

Fig. 9 CFIs of BOF and EAF steel, with the use of iron and steel scrap
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  • Due to the lack of Australian steel industry data, the bottom-up process data 
replaced in the disaggregated steel sectors in the IO system is based on Ecoinvent 
data employed in a study by McIlvin (2015).

  • AusLCI contains verified Australian unit processes, but where data is limited, it is 
populated with the shadow database modified from Ecoinvent data. Whilst some 
energy and transport-related processes are replaced with Australian data, better 
analysis can be conducted when more Australian-specific data are available.

  • This study only assesses GHGE  (CO2-eq) as the single indicator. Other indicators 
are neglected in this study, but it is important to note that other impacts of C&D 
recycling such as the release of other waste and the use of energy, as well as financial, 
social and technical implications are also important.

  • The MU-hLCA method is the most advanced form of hLCA methodology, but is also 
known to be laborious, as well as data and time intensive. To overcome this, Craw-
ford et al. (2017) proposed the automation of integrating IO and process data.

6  Conclusion
Recycling studies are usually assessed using LCA and are not considered in the context 
of the wider economy. There are inherent problems in representing waste and recycled 
material flows in MIOT because they are either aggregated or not included, and the 
market value of waste can be little to none.

In this study, the Australian economy-wide potential use of recycled construction 
materials is modelled via the MU-hLCA method, using a combination of LCI, IO and 
material flow data. By combining physical units of industrial systems representing con-
struction and recycled materials with monetary units of the IO economic sectors, the 
model enables a more precise computation of embodied carbon and improves the accu-
racy of tracking material flows.

Using GPC as a case study, CFI results derived from MU-hLCA are 5 and 114% higher 
than IO-hLCA and LCA. MU-hLCA produces more accurate results as it utilises an 
economy-wide system boundary and Australian process-specific physical flows. Disad-
vantages of IO-hLCA relating to price variability, assumptions of proportionality, and 
homogeneity, and the aggregation of sectors could be addressed using MU-hLCA.

To demonstrate the flexibility and practicality of MU-hLCA, it is applied in case stud-
ies on recycled construction materials and by-products. By using MU-hLCA, all phases 
including the use, disposal and recycling stages can be represented in physical units, 
allowing specific products such as RCA, FA, GGBFS, NaOH,  Na2SiO3, and iron and steel 
scrap to be applied in this study without altering the aggregated IOT sectors. GHGE 
reductions of (1) 1% is observed when 100% of RCA replace NA (gravel) in both GPC 
and OPC concrete, (2) 30% can potentially be achieved with RCA GPC compared to NA 
OPC concrete, and (3) 43% is achieved via the EAF route compared to the BOF route. 
A comprehensive assessment of life cycle emissions of green and alternative materials 
using MU-hLCA is useful to inform the policies and best practices adopted in the Aus-
tralian construction industry, making it an essential tool for the successful implementa-
tion of these principles by policymakers and the government.

A method to capture the physical flows of waste and recycled materials can be done 
with the WIO model, provided that detailed waste data is available. Whilst MU-hLCA 
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does the same, it is not limited to waste and recycled materials. The high resolution of 
LCI processes in the process system of the MU-hLCA framework allows for the flexibil-
ity of other specific products or processes (e.g. specific chemicals) to be assessed.

Another important application of MU-hLCA is in studying circular economy that 
promotes the sustainable concept of make-use-reuse-recycle (Stahel 2016; Weisz 
et  al. 2015), as it enables the modelling of life cycle emissions when virgin materi-
als are substituted by recycled materials in an economy-wide scale. Circular economy 
can bring substantial benefits from the environmental, social, and economic points 
of view, where employment, welfare and gross domestic product could be enhanced 
(Breene 2016; McKinsey and Company 2016). China has recently decided to disal-
low imports of foreign waste from countries including Australia (Lasker et al. 2017). 
To overcome the negative implications of this new policy and to reduce reliance on 
external providers of waste management services, Australia needs to harness the ben-
efits of reusing and recycling, and reinvigorate local recycling initiatives and transi-
tion to a circular economy. MU-hLCA contributes towards the efforts of quantifying 
the environmental benefits of recycled materials, and can potentially analyse the soci-
oeconomic benefits as well, provided suitable satellite data are available.

Recommendations for future research include to further explore the usefulness of 
the downstream cut-off matrix for economy-wide scenario analysis, and for an assess-
ment on potential GHGE reduction in the built environment. Various products not 
limited to construction materials such as recycling glass, paper, plastic and metals 
should be explored.
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silicate; SI: supplementary information; mMUH: total impact multipliers; VA: value added; FD: final demand; EPDs: Environ-
mental Product Declarations; GWP: global warming potential.
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