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Abstract
Purpose In order to reach a more circular economy, materials previously classified as waste can be upgraded and turned into 
valuable co-products, with associated environmental benefits. The generation of co-products raises many questions around 
the multifunctionality issue from a life cycle perspective. This article explores the attribution of Global Warming Potential 
(GWP) impacts for an ironmaking process, HIsarna, which additionally produces two co-products: zinc-rich process dust 
and slag, suitable for the zinc and cement sectors, respectively.
Methods A wide range of LCA allocation methodologies are applied to attribute impacts between the main product, hot 
metal, and the two co-products. These include system expansion, physical allocation, economic allocation and zero burden 
allocation. Each method attributes a different GWP to each co-product. Additionally, different perspectives are explored to 
consider the most suitable methods according to the co-product user and the co-product producer. For instance, it might be 
in the co-product user’s interest that the co-product GWP was minimised, and lower than other material inputs performing a 
similar function. Conversely, the co-product producer may be incentivised to lower its primary product’s GWP by attributing 
the greatest possible burden to the co-products.
Results and discussion The GWP impacts for zinc-rich process dust range from 0 to 3.71 kg  CO2 eq. per kg. At the higher 
end, the GWP of zinc-rich dust would be higher than that of primary zinc concentrate. A similarly wide range is applicable 
for slag, 0 to 1.27 kg  CO2 eq. per kg. This impacts the final GWP applied to HIsarna hot metal, which has an initial GWP of 
1.72 kg  CO2 eq. per kg but could decrease to 1.17 kg  CO2 eq. per kg depending on the allocation methods employed. This 
would be a substantial reduction of over 30%, larger than many decarbonisation options that are predicted to provide. This 
scenario would also heavily burden the co-products and could be in conflict with interests of a co-product user seeking to 
utilise low emissions feedstocks as part of a decarbonisation strategy.
Conclusions The reduction in GWP impact attributed to hot metal with the different approaches highlights the relevance 
of harmonizing the allocation methods used for co-products. The appropriateness of each of the approaches for attributing 
GWP impacts has been explored, offering insights as to how the benefits of such systems could be assessed and attributed 
in the future as circularity strategies and valuable co-products become more prevalent.

Keywords Life cycle assessment · Multifunctionality · Multi-functionality · Steel · Co-products · Allocation ·  
System expansion · Circular economy · Zinc

1 Introduction

The design and manufacture of goods according to circular 
economy principles would avoid generating waste in the first 
place and lead to “closing the loop” by recirculating prod-
ucts and materials so they can become new materials. This 
could contribute to the supply security of materials, such 
as metals, in the foreseeable future. Materials previously 
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considered wastes can be upgraded and turned into valu-
able co-products, with associated environmental benefits. 
Recycling waste materials generates new products and this 
raises many questions around the multifunctionality issue 
from a life cycle perspective.

Steel is well placed to be part of the circular economy. 
Steel is reusable and recyclable, the recycling technologies are 
proven and well established. Due to the value of steel scrap, 
it is widely recovered currently. Although figures differ, the 
overall steel recycling rate in the USA was 71% in 2019, with 
higher rates depending on the sectors (AISI and SMA 2021). 
The recycling rate for structural steel in the USA is 97%, and 
96% from the automotive sector. Similar values are observed 
in Europe (Tata Steel 2022; EuRIC AISBL 2022; APEAL 
2023). Slag, the main co-product of steelmaking, can be used 
to make cement, where it can reduce the  CO2 emissions by 
50% (UKCSMA 2023). It is also used in road-making and as 
a fertilizer. Other co-products include dust and sludge, which 
are rich in iron and other metals and can be recycled back 
through the process (ArcelorMittal, 2022). The steelmaking 
process can be adjusted to maximise recovery of metals in the 
process dust, such as zinc, so it can become a secondary input 
in the production of zinc.

The recovery of zinc is a key issue. China is the largest 
producer of zinc globally, accounting for 32% of the zinc 
mine production in 2022 (ILZSG 2022). Australia is another 
major zinc supplier, accounting for 11% of the global zinc 
mine production (TDi and RMI 2022; USGS 2023). While 
there are enough extractable resources to ensure the long-
term availability of zinc, there may be a short-term supply 
risk due to very limited exploration efforts in recent years. 
Zinc prices can be volatile and heavily depend on events 
in China. For instance, concerns over Chinese refined zinc 
output were one factor that contributed to prices reach-
ing a multi-year high in June 2021 (Luke Nickels 2021). 
Similarly, prices rose over 2020 as lockdowns in various 
countries slowed production. In addition, the World Bank 
indicates that the growth of zinc mines and refineries in 
China is at risk due to safety and environmental concerns, 
suggesting that supplies may struggle to keep pace with 
increased demands (World Bank Group 2021). At national 
and regional level, critical or strategical raw materials and 
their availability from local sources for green transition 
technologies move into focus. Increasing zinc recycling is 
a meaningful and increasingly important additional source 
in supplying future zinc demand at global, regional and 
national level (Grund et al. 2019). On average, 13% of all 
refined special high grade (SHG) zinc produced in 2019 
came from secondary sources, mostly from zinc-rich steel 
mill dusts (IZA 2022a). An additional 6 million tonnes 
of zinc were recycled by remelting zinc from zinc metal 
scrap and zinc containing industrial residues (Rostek et al. 
2022). Zinc produced from secondary materials has a lower 

environmental impact in terms of land-use, water consump-
tion and resource depletion. Remelting zinc metal scrap has 
a much lower carbon footprint than primary zinc produced 
from ore. However, the recycling of zinc from its main use 
— galvanized steel — increases the Global Warming Poten-
tial of the product (SHG zinc) (IZA 2022a).

When recycling galvanised steel, the scrap is usually 
remelted in electric arc furnaces (EAF) for steel recovery. 
In this process, zinc is found in the flue dust, the so-called 
EAF dust is too low in zinc concentration for direct use as 
a raw material for zinc production. The availability of zinc-
free scrap is decreasing; as a result, the zinc content of dusts 
and sludges is increasing (Ma 2016; Stewart et al. 2022). A 
consequence is that larger amounts of these residues must be 
sent to landfill. The tightening of legislation around landfill-
ing of these materials makes landfilling less attractive and 
potentially impossible in the future (Jalkanen et al. 2005). 
EAF dust, rich in iron, zinc, and other metals, is classified as 
hazardous waste in Europe and the USA. Landfilling of EAF 
dust is strictly regulated (Suetens et al. 2014), and alternative 
uses would be beneficial to the steel and the zinc smelting 
industries. The standard method for enriching zinc in EAF 
dust and thus making it a suitable raw material for primary 
zinc production is the Waelz process. It is considered the 
best available technology for recycling EAF dust (Grudinsky 
et al. 2019; Genderen et al. 2021). However, the final prod-
uct has a relatively high content of impurities, such as hal-
ides (e.g., chlorides and fluorides) which are removed in an 
additional washing step (Antrekowitsch et al. 2015). Another 
limitation is the loss of iron to the slag during recovery (Lin 
et al. 2017). To increase profitability of the Waelz process, 
the minimum zinc content of the feed materials (mainly EAF 
dust) should be above 15%, limiting the feedstocks that can 
be input into the kiln. Other low zinc containing dusts arise 
in today’s steel production, such as basic oxygen steelmak-
ing dust. Mostly the zinc concentration in these dusts is too 
low to allow for a financially viable zinc recycling.

The HIsarna process is an innovative smelting reduction 
technology developed by Tata Steel as a low carbon smelt-
ing reduction technology (ULCOS 2010). Innovative smelt-
ing reduction technologies have been identified as (near-) 
zero-emissions technologies when combined with Carbon 
Capture Storage and Utilisation (CCUS) (MPP 2021). It 
is an alternative to the blast furnace process and removes 
several pre-processing steps, such as sintering and pelletis-
ing (Fig. 1). As the process gases from HIsarna are more 
suited for CCUS applications, this technology can be an 
important option for near-zero emissions steelmaking. In 
the HIsarna process, the injected iron ore melts and is con-
verted into liquid hot metal. Hot metal can be used as an 
input in Basic Oxygen Steelmaking (BOS) to produce crude 
steel. The main product from HIsarna is hot metal; however, 
slag is also produced alongside it. Additionally, zinc-bearing 



875The International Journal of Life Cycle Assessment (2024) 29:873–889 

residues can be injected into the HIsarna reactor. The zinc 
evaporates and is removed with the exhaust gas. HIsarna is a 
promising alternative for the treatment of zinc-bearing resi-
dues as it allows for the recovery of zinc from both high and 
low zinc residues, as well as galvanised zinc-coated steel, 

and the recovery of iron from those inputs into hot metal. 
However, this configuration makes the HIsarna process mul-
tifunctional. Understanding the environmental impacts of 
the hot metal, slag and zinc-rich dust in this multifunctional 
system is not straightforward.

This study builds on the findings of the ReclaMet pro-
ject (EIT RawMaterials 2018), a project that explored the 
recovery of zinc and iron from zinc-containing residues with 
HIsarna. Earlier tests indicated the possibility of concentrat-
ing zinc into the HIsarna process dust (Kerry et al. 2022). 
This recycling promotes a more circular economy and closes 
the waste material loops from the zinc and automotive indus-
tries (Kerry et al. 2022). The flow of products and secondary 
materials can be seen in Fig. 2. Slag is also produced as a 
co-product from HIsarna and can be used as an input in the 
cement and concrete industry. Currently, no co-products or 
waste streams from the cement industry have been tested in 
HIsarna and this represents an open material loop.

Many institutions have created emissions trajectories and 
climate mitigation targets for each sector to reach net zero. 
This includes the steel sector (ArcelorMittal et al. 2021). 
When considering the different co-products in a system, 
understanding their GWP impact becomes key to ensuring 
that the current and future sectoral emission targets are accu-
rate. Additionally, it supports monitoring and setting realistic 
science-based targets (SBTs). Life Cycle Assessment (LCA) 
has become the most commonly used method for assess-
ing the environmental impact of a product or process. The 

Fig. 1  The HIsarna plant consists of a cyclone converter furnace 
(upper part) and a HIsmelt vessel (lower part)

Fig. 2  HIsarna and the circular economy
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allocation method used to share emissions between the prod-
uct and co-products may have a significant impact on their 
respective GWP. Depending on the method used to attribute 
emissions to the co-product, the co-product GWP impact 
may be different, which could affect the GWP impact of the 
main product (e.g., hot metal). While many published LCAs 
focus on systems with one product, other studies fail to 
address this multifunctionality issue (Cherubini et al. 2018). 
This provides an incomplete picture of the system, and the 
full picture including the different co-products has to be con-
sidered. This paper will assess the effect of several alloca-
tion and system expansion methods on the Global Warming 
Potential (GWP) of the multifunctional HIsarna process by 
assessing the issue of two co-products, zinc-rich process dust 
and HIsarna slag. This supports a more complete and accu-
rate picture of the GWP impacts of various industries, by 
understanding the GWP of each co-product. The addressed 
audience of the paper is the steel industry, zinc industry, 
and LCA practitioners interested in the broader discussion 
concerning the attribution of environmental impacts in mul-
tifunctional and multi-sectoral systems.

2  Methodology

Different LCA allocation methods exist to address the 
issue of multifunctionality. To deal with multifunctional-
ity, the ISO 14044 recommends the following hierarchy 
(ISO 2006a, b): (1) Subdivision, (2) System expansion, (3) 
Allocation (physical relationship) and (4) Allocation (by 
other relationships). A summary of the main methods rel-
evant to this study is shown in Table 1, with their strengths 
and limitations. Aside from this hierarchy, there is little 
guidance for LCA practitioners to deal with the issue of 
multifunctionality. Some authors have published recom-
mendations for dealing with co-products from specific 
sectors such as the metals industry (Santero and Hendry 
2016) and zinc in particular (IZA 2022b), with variations of 
the hierarchy provided by the ISO standard. Other authors 
have developed an allocation method decision tree to aid 
in the decision of allocation method depending on the goal 
of the study (Ijassi et al. 2021). However, these publica-
tions focus on one co-product at a time, without consid-
ering the interactions between co-products and the need 
for a consistent approach across the full system. This gen-
eral lack of guidance leads to inconsistencies and different 
approaches for similar multifunctionality problems in LCA, 
producing divergent results. Furthermore, justifications for 
the choice of approach are not commonly provided (Kyttä 
et al. 2022). This issue is further complicated as the ISO 
standard makes no distinction between different modelling 
approaches such as attributional and consequential LCA 
(Pelletier et al. 2015).

The choice of allocation method can create significant 
uncertainty on the results of LCA studies (Cherubini et al. 
2018). This uncertainty can mislead decision-makers in 
comparing scenarios (Geisler et al. 2005). An uncertainty 
analysis is not always included in LCA studies. It would 
support the interpretation of LCA results, and it could verify 
that the results for each scenario are different (Huijbregts 
et al. 2001). Other authors have previously studied the uncer-
tainty due to allocation methods (Mendoza Beltran et al. 
2016, 2018; AzariJafari et al. 2018; Cherubini et al. 2018). 
A sensitivity analysis should be performed for multifunc-
tional systems to assess the uncertainty created by the dif-
ferent allocation methods. This study is the first in which the 
choice of allocation method has been evaluated for HIsarna 
and its application for zinc recovery, enabling the assessment 
of uncertainty when different allocation methods are used.

One of the key issues from an LCA perspective is that 
the production of hot metal, slag and zinc-rich dust can-
not be divided into sub-processes. The main product and 
co-products are produced simultaneously. For this reason, 
subdivision has not been considered any further in this study 
(Step 1:1 of the allocation procedure in ISO 14044:2006). 
The current worldsteel methodology on Life Cycle Inventory 
Methodology (Worldsteel Association 2017) proposes using 
system expansion to deal with multifunctional systems. This 
method “expands” the system boundaries beyond the steel-
making process to incorporate those processes avoided due 
to the production of co-products in the multifunctional sys-
tem. Other standards, e.g. ISO 20915, provide more specific 
substitution options for different co-products.

The function of the system is defined as the production of 
1 kg of hot metal from HIsarna. For this study, GWP (over 
100 years) has been assessed. The CML2001 (Aug. 2016) 
method is used to assess the GWP impacts of the inventory 
data, as a means to explore the issues of attribution in multi-
functional systems CML was developed at Leiden University 
and followed guidelines established by ISO 14044 (2006b) 
and by the International Life Cycle Data System (ILCD), 
developed by the European Commission Joint Research 
Centre (2011). The LCA is a cradle-to-gate study, includ-
ing in the system boundary the raw material inputs into the 
HIsarna process and the zinc-rich feedstocks up until the 
production of the hot metal, slag, and zinc-rich process dust 
from HIsarna. The system boundary is depicted in Fig. 3.

2.1  Co‑products under study

2.1.1  Zinc‑rich process dust

In order to assess the recovery of zinc in HIsarna process 
dust, EAF dust has been considered as an input. The zinc 
content in EAF dust depends on the composition of scrap 
used in specific furnaces. It can vary from 2 to 43 wt% 
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(Abdel-Latif 2002; Doronin and Svyazhin 2011; Lin et al. 
2017; Genderen et al. 2021). For this study, EAF dust with a 
zinc concentration of 20 wt% is assumed. When the zinc-rich 
residues are input into HIsarna, the zinc is vaporised, and 
the zinc concentration in the HIsarna off-gas can be signifi-
cantly increased. The concentration of zinc in the process 
dust is 69 wt% zinc oxide (56 wt% zinc) in this study, similar 
to that of Waelz kiln oxide. On the other hand, the primary 
zinc ores contain 5–15 wt% of zinc (IZA 2022a) which is 
concentrated in the beneficiation process to primary zinc 
concentrate containing 53–55 wt% zinc. The difference in 
concentration with the primary zinc ore illustrates the high 
potential of the zinc-rich dust in being used as secondary raw 
material for zinc production.

2.1.2  Slag

The second co-product of the HIsarna process is slag, which 
has similarities to blast furnace slag. There have been sev-
eral studies considering the allocation methods for blast 
furnace slag (Lee and Park 2005; Chen et al. 2010; Crossin 
2015; Li et al. 2016). Traditionally, blast furnace slag has 
been used by the cement and concrete industry. It can be 
used as a substitute for Portland cement clinker in cement 
production. This replacement reduces the need for clinker 
from limestone in the cement sector and reduces the sector’s 
emissions. It is also used as a direct replacement of Portland 

cement in ready mixed concrete. HIsarna slag is considered 
functionally equivalent to blast furnace slag for this study.

2.2  LCA data and model

Process data from a HIsarna full-scale model simulation has 
been used in this study to assess the operation of full-scale 
HIsarna when recovering zinc from zinc-rich reverts. This 
process model was developed in-house by Tata Steel Nether-
lands to assess the technical and economic feasibility of full 
scale HIsarna. It considers the chemical reactions and kinet-
ics inside the furnace to calculate accurately the mass and 
energy balances of the process. As the process model con-
tains commercially sensitive information, a summary only 
of the input and output data is shown in Table 2. These fore-
ground inventory data have been input into a GaBi model to 
assess the GWP of HIsarna as referred to 1 kg of hot metal, 
using GaBi 10.6 (2022) and Ecoinvent 3.8 inventory data. 
The datasets used in the model are shown in Table 3. The 
list of allocation methods and details about the assumptions 
are included in Table 4.

3  Results and discussion

The GWP of HIsarna hot metal with the HIsarna full scale 
model data is 1.72 kg CO2 eq./kg hot metal. This is the 
impact of baseline HIsarna, when no zinc-rich feedstocks 

Fig. 3  System boundaries for the LCA
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are added and zinc is not recovered in the dust. In baseline 
HIsarna, some co-products/by-products receive a system 
expansion GWP credit according to common practice. The 
co-products/by-products that receive a credit are gypsum, 
beach iron and slag. These co-products and their credits 
are reflected in Table 3. Different allocation methods were 
considered for zinc-rich process dust and slag. The GWP 
results for each co-product, according to each allocation 
method are shown in Table 4.

3.1  Attribution of GWP impacts with one 
co‑product: zinc‑rich process dust

The results for each multifunctionality approach are rep-
resented in Fig. 4 when considering only one co-product, 
zinc-rich dust. The Y-axis shows the GWP impact of the 
zinc-rich dust according to the different approaches. The 
range of GWP impact on zinc-rich process dust with the 
methods explored starts at 0 and increases to 3.71 kg  CO2 
eq./kg zinc-rich dust. The X-axis shows the GWP impact of 
hot metal. When HIsarna zinc-rich dust is not attributed a 
burden or impact, all the emissions stay with the main prod-
uct, the hot metal. In this case, the GWP of the hot metal 
remains 1.72 kg  CO2 eq. per kg. As a higher GWP impact 
is attributed to the zinc-rich dust, the GWP impact of hot 
metal is reduced to 1.57 kg  CO2 eq. per kg. The reduction 
in GWP of hot metal is relatively small with any approach 
due to the difference in hot metal and zinc-rich dust out-
puts, with a maximum reduction in the GWP of hot metal 
of 8%. Although the economic allocation shown here has 
illustrative figures, this approach burdens the zinc-rich dust 
the most. Mass allocation gives the zinc-rich dust a GWP 
impact of 1.65 kg  CO2 eq./kg dust, which falls in the middle 
of the range. Functionally, Waelz kiln oxide would be the 
most similar to HIsarna zinc-rich dust, based on a 69 wt% 

Table 2  Summary of the main input and output data from the 
HIsarna full scale model

Main inputs Main outputs

Iron ore 271 tonne/h Slag 56 tonne/h
Coal 118 tonne/h Hot Metal 180 tonne/h
Limestone 12 tonne/h Zinc-rich process dust 7 tonne/h 

(69% wt 
ZnO)

Oxygen 133  kNm3/h Flue gas 337 tonne/h
Nitrogen 6  kNm3/h
Net power export 62 MWh
Zinc-rich reverts:
EAF dust 6 tonne/h

Table 3  Summary of datasets used

Item Dataset Year Source

Datasets used for HIsarna LCA model
Electricity NL: Electricity grid mix 2017 GaBi
Iron ore GLO: Iron ore mining and processing – region variable 2018 GaBi
Limestone DE: Limestone (CaCO3, washed) 2020 GaBi
Compressed air EU-28: Compressed air, 10 bar, low efficiency 2017 GaBi
Coal EU-28: Hard coal mix 2017 GaBi
Nitrogen NL: nitrogen (gaseous) 2020 GaBi
Quicklime NL: lime (CaO, quicklime, lumpy) 2020 GaBi
Oxygen NL: oxygen (gaseous) 2020 GaBi
Gypsum (Credit used for gypsum) EU-28: Gypsum (CaSO4 alpha hemihydrate from FGD gypsum) (EN15804 A1-A3) 2020 GaBi
Slag (Credit used for slag) EU-28: Cement (CEM | 42.5) (burden free binders) (EN15804 A1-A3) 2020 GaBi
Sludge bleed to disposal EU-28: Hazardous waste (statistical average) (C rich, worst case scenario incl. 

landfill)
2020 GaBi

Beach iron (Credit used for beach iron) GLO: Hot metal 2018 – 1 kg weighted average v3 18–12-13 worldsteel [2018] 2018 Worldsteel
Waste water treatment EU-28: Municipal waste water treatment (sludge treatment mix) 2020 GaBi
Datasets used for upstream impacts of zinc-rich reverts
Special high-grade zinc GLO: special high-grade zinc IZA 2018 GaBi
Datasets used for the Waelz kiln model (not listed before)
Coke NL: PET coke at refinery TS 2014 GaBi
Silica DE: Silica sand (flour) ts 2019 GaBi
Lime EU-27: Hydrated lime 2015 GaBi
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ZnO (56 wt% zinc) content and the input point in the zinc 
smelting process. With this system expansion approach, the 
zinc-rich dust would have a GWP impact of 2.74 kg  CO2 eq./
kg dust, in the middle of the range.

These results show that attributing a GWP impact to the 
zinc-rich dust affects the GWP impact of the hot metal. 
Because the zinc-rich dust output considered in this study 
is relatively small compared to the mass of hot metal, the 
GWP reduction for hot metal is small. However, the range of 
GWP impacts considered for the zinc-rich dust is significant. 
Applying a higher environmental impact to the co-product 
would directly influence the assessed GWP impacts of zinc 
smelting products using the dust as a feedstock.

3.2  Attribution of GWP impacts with two 
co‑products

The results were then expanded to consider the influence of 
including a second co-product in the model. In this case, the 
GWP impact of slag with the methods considered ranges from 
0 to 1.27 kg  CO2 eq./kg slag. The GWP impact on the main 
product, hot metal, and the two co-products is shown in Fig. 5. 
These results illustrate how the attribution of impacts to the 
different co-products affects the impact attributed to hot metal.

In the field of LCA, there is a tendency towards standardi-
sation and harmonization. Any guidelines developed regard-
ing circular economy and co-products may advise using the 
same methodology for all co-products from a single process. 
In alignment with this philosophy, only the combinations 
of GWP impacts calculated with the same method for both 
co-products have been plotted in Fig. 5, these combinations 
are shown with the markers on the graph. With mass alloca-
tion (white triangle), the GWP impact is divided between 
the hot metal, slag and zinc-rich dust according to their 

mass outputs, with the same GWP of 1.27 kg  CO2 eq. per 
kg attributed to each kg of material output from the process. 
With this allocation method, the GWP impact of zinc-rich 
dust would be higher than that of primary zinc concentrate 
(0.44 kg  CO2 e/kg) but lower than that of the secondary 
zinc source, Waelz kiln oxide (2.74 kg  CO2 e/kg). However, 
the GWP attributed to slag would be the highest from the 
options considered. From the hot metal perspective, applying 
mass allocation would reduce the assessed GWP, reflecting 
the changes in the process needed to recover zinc in the dust.

When the highest GWP impact is attributed to the zinc-
rich dust (with economic allocation, option c, an impact of 
3.71 kg  CO2 eq. per kg dust) and to slag (with mass alloca-
tion, an impact of 1.27 kg  CO2 eq. per kg slag), the GWP 
impact attributed to the hot metal would be reduced signifi-
cantly, to 1.17 kg  CO2 eq. per kg hot metal. This is a substan-
tial reduction in assessed emissions of over 30%, in context 
a reduction larger than many steel decarbonisation options 
are predicted to provide. According to the IEA, the largest 
cumulative emission reductions in the iron and steel sector 
during 2020–2050 are delivered by material efficiency, tech-
nology performance improvements and CCUS (40%, 21% 
and 16%, respectively) (IEA 2020). These are followed by 
fuel switching to hydrogen, bioenergy, and other fuel shifts 
(8%, 6% and 5% respectively). The scale of this impact on 
assessed GWP for the hot metal highlights the importance of 
improving material efficiency across sectors, as considered 
here for closed-loop recycling between the steel, automotive, 
and zinc industries, and open-loop recycling with the cement 
and concrete industry. The variability of attributed GWP 
due to the selected allocation method highlights the need for 
consistent reporting of the GWP of a process’s main product 
and its co-products, and the transparent use of allocation 
methods within LCA studies.

Fig. 4  GWP results of different allocation methodologies for solving multifunctionality issues applied to zinc-rich dust
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In sectoral level reporting, the emissions of certain co-
products are reported within the steel sector, while others 
are reported in the co-product user sector. This highlights the 
need to agree on the emissions associated with a co-product, 
especially those crossing the sectoral boundaries. This is the 
case for zinc-rich dust and slag. Both sectors, those of the 
co-product users and the co-product producer, should agree 
on the methodology used to burden co-products. This is rele-
vant for both product and organizational LCA, as the burden 
attributed to the co-product will affect the main product’s 
GWP in product LCA, and the upstream scope 3 emissions 
of the co-product user in organizational LCA. It is vital that 
the reporting of emissions is accurate from both sides.

Although the ISO 14044 standard provides a hierarchy of 
allocation methods, the standard still leaves many decisions 
to the LCA practitioner. The issue of inconsistent alloca-
tion methods for the same co-product highlights this issue. 
The LCA methodological preferences might differ between 
the co-product users and the co-product producer. To aid 
this discussion, different perspectives have been considered. 
They include the co-product producer (e.g., steelmaker) and 
the co-product users (e.g., cement and concrete industry, 
zinc smelting industry). A summary of these perspectives 
for different co-products is shown in Table 5.

As there is an increasing number of cases in which the 
utilisation of co-products may be regarded as an important 

lever for environmental or resource use improvement, 
including as part of a more circular economy or as alterna-
tive low carbon emission feedstocks into downstream or 
cross-sectoral processes, it becomes increasingly important 
to attribute an appropriate burden to each co-product in 
such cases. While co-product utilisation facilitating a cir-
cular economy and the recovery of waste materials would 
be beneficial for resource depletion, in cases where co-
product utilisation is focused on decarbonisation strategies, 
there is a clear incentive that the GWP burden attributed 
to the co-product should be lower than alternative (e.g. 
primary) feedstocks. If the burdens associated with the 
co-products are higher than those of the alternatives, the 
co-product could be seen as undesirable in the market, and 
the use of these co-products may be disincentivised, at the 
potential detriment to other circular economy focused ben-
efits. For example, in the case of zinc, this value could be 
the GWP impact of primary zinc concentrate for zinc-rich 
dust (0.44 kg  CO2 eq. per kg of zinc-rich dust). However, 
such a unique substitution value is not obvious for slag, as 
its applications are multiple.

In line with this notion, a co-product user would be 
incentivised if a low environmental (GWP) footprint 
were assigned to the co-product. A possible upper limit 
would be the environmental (GWP) footprint of cur-
rent feedstocks being used. For similar reasons, the 

Fig. 5  Allocation of GWP impacts with two co-products, utilising the 
same method for both co-products. The acronyms used in the legend 
are HM for hot metal, SE for system expansion, EA for economic 
allocation and MA for mass allocation. The letters A–C and a-c 
reflect the different allocation methods chosen for each co-product, as 

shown in Table 4.The system expansion values for slag for option B 
and C as very similar, 0.875 and 0.871  kg  CO2 eq./kg slag respec-
tively, so only the returns for option B are shown to avoid an overlap 
of the markers
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co-product producer would likely be incentivised to 
lower its main product’s environmental footprint by 
assigning a higher GWP to the co-products. This tension 
is of importance as no methodological choice or combi-
nation explored would likely be considered favourable 
by all stakeholders. The decision of allocation approach 
would become less connected to a particular methodol-
ogy and more centred on a discussion and agreement 
between all involved parties.

Given the variety of predominant approaches shown in 
Table 5, if no agreement between stakeholders is reached, 
this would potentially lead to a mismatch in accounting for 
the benefit of the use of co-products between the co-product  
user and producer. A new allocation method could be a 
hybrid between two existing methods. For example, for 
energy products with little or no mass, and mass products 
carrying no energy, a novel hybrid mass-energy alloca-
tion method has already been developed (Njakou Djomo 
et al. 2017). However, these hybrid approaches are likely 
to have a limited scope in application. On the other hand, 
existing methods have the potential to solve the multi-
functionality issue if applied consistently across sectors. 

The results in this paper emphasise the need for continued 
discussion between co-product users and producers to find 
common ground when attributing environmental impacts 
to co-products.

4  Conclusions

This study has evaluated the effect of different allocation 
methods on the GHG emissions attributed to hot metal 
and two co-products (zinc-rich dust and slag) within the 
steel industry. This case study reflects a common chal-
lenge in LCA, where there is a need to ensure consistency 
of allocation approaches but also to retain relevance for 
each product system in all circumstances. In the current 
analysis, GHG emissions of the main hot metal product 
were found to vary from 1.72 to 1.17 kg  CO2 eq. per kg 
hot metal depending on the allocation method employed. 
This represents a substantial reduction of over 30%, a 
reduction larger than many decarbonisation options are 
predicted to provide. Each method attributes each co-
product a different GWP value. The GWP impacts for 

Table 5  Industry perspectives for each co-product

Perspective Input/output co-product Predominant approach

Steelmaker Slag There is general agreement within the steel sector on using system expansion for 
accounting for the slag emissions according to the application of slag (World 
Steel Association 2017). This attributes emissions to the slag similar to clinker. 
However, the approach from the cement industry differs

Zinc-rich dust The ISO 20915 standard includes zinc-rich dust as a co-product and recommends 
using a hybrid system expansion method where 1 kg of zinc-rich dust substitutes 
0.5 kg of special high-grade zinc to calculate the zinc-rich dust GWP impact

However, this attributes a relatively high impact to the dust, much higher than the 
GWP of the zinc concentrate being used now. This approach is unlikely to be 
used by the zinc smelting industry

Cement and concrete industry Slag Economic allocation is used by the concrete and cement industry, which represents 
the main destination for slag, resulting in a very low GWP impact on slag com-
pared to materials it substitutes. Additionally, it is still the case that slag is con-
sidered a burden-free input for ETS purposes. While this approach helps cement 
products present a lower product GWP profile (reflected and captured in their 
Environmental Product Declarations) it fails to recognise the value and economic 
savings provided when using slag instead of clinker (Competition and Markets 
Authority 2014) and contrasts with the approach taken by the steel industry

Mining industry Metallic zinc For base metals, such as zinc, the recommended approach by Santero et al. (2016) 
is to use mass allocation when base metals are mined together. This allows for 
geographic and temporal consistency. The market value of many base metals is 
similar, so this is considered an appropriate methodology over economic alloca-
tion

Zinc smelting industry Zinc-rich dust No recommended methodology was found for zinc-rich dust when used as an input 
to the zinc smelting process. The International Zinc Association recommends 
using subdivision, system expansion and mass allocation for valuable products 
from metallurgical mining and refining (IZA 2022b). However, there is no men-
tion of how to approach the issue for secondary materials. If the attributed GWP 
burden of zinc-rich dust is higher than other sources, this may not be desirable 
for producers. Under the assumptions in this study, economic allocation would 
attribute a relatively large burden to the zinc-rich dust



887The International Journal of Life Cycle Assessment (2024) 29:873–889 

zinc-rich process dust range from 0 to 3.71 kg  CO2 eq. 
per kg zinc-rich dust. A similarly wide range is applicable 
for slag, 0 to 1.27 kg  CO2 eq. per kg slag. This highlights 
the relevance of harmonizing the allocation methods for 
co-products. Several allocation combinations have been 
explored; however, no allocation method or combination 
of methods was identified as likely to be preferable for 
all stakeholders. No combination was highlighted as a 
good compromise for both the co-product producer and 
co-product users.

The relation between the GWP attributed to the main prod-
uct and two co-products has been explored. No single meth-
odology recognizes the complexities of both co-products, and 
the attribution of impacts from the steel production process 
may require approaches unique to each co-product. At pre-
sent, there are inconsistencies in how impacts are attributed 
to the same co-product between the participating industries, 
which risks underreporting of the overall impact of associ-
ated production processes. Engagement of stakeholders, 
alongside consideration of additional allocation options, 
existing or hybrid, is needed to create a standardized alloca-
tion approach with consensus of the involved industries and 
credible to external stakeholders.

Governments, regulators and society have made increas-
ing efforts in recognising the importance of lifecycle-based 
assessments. This has highlighted the need for a consist-
ent approach regarding the attribution of impacts. In this 
study, the same allocation methods have been applied to both 
co-products. Further research is suggested to explore other 
methods, existing or hybrid, that might be suitable for mul-
tifunctional systems involving co-products and that could 
identify the preferred option for future guidance.
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