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Abstract  7 

Reducing greenhouse gas emissions in the built environment is key to mitigating climate change. This paper 8 

uses Life Cycle Assessment (LCA) to explore whether glue-laminated timber (glulam) has a significantly 9 

lower whole-life embodied carbon (Global Warming Potential; GWP) than functionally-equivalent structural 10 

steel.  Alongside a baseline assessment that follows standard practice, a variety of further sensitivity analyses 11 

establish how differing assumptions affect results. Assessment found that the GWPs were highly dependent 12 

on: (1) the assumed end-of-life scenarios; (2) the approach used to consider biogenic CO2, and; (3) whether 13 

the timing of emissions was considered. In general, glulam had the lowest GWP when incinerated (with energy 14 

recovery) at end-of-life. However, when recycling is modelled according to current standards, glulam GWPs 15 

were in amongst those of steel, giving no clear ranking of materials. Landfilled glulam had a lower GWP than 16 

steel if some biogenic carbon was assumed to be permanently stored. That may be appropriate given recent 17 

guidance from the Intergovernmental Panel on Climate Change, but is not allowed in the updated standards 18 

for LCA of construction products (e.g. EN 15804:2019). Six additional impact categories were also assessed 19 

to give a broader environmental comparison. The relative impact of the two materials depended on the impact 20 

category assessed, with glulam generally having a similar or lower impact than steel. Given the findings of 21 

this paper, further research on end-of-life treatment and LCA methodology is critical to ensure that strategies 22 

aiming to reduce GWP by material selection are effective in practice. 23 

Keywords: Life cycle assessment; embodied carbon; timber; steel; bio-based; glulam 24 
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Abbreviations 1 

GHG – Greenhouse Gas 2 

LCA – Life Cycle Assessment 3 

GWP – Global Warming Potential 4 

ISO – International Organization of Standardization  5 

EPD – Environmental Product Declaration 6 

DOCf – Degradable Organic Carbon fraction 7 

PENRT –Total use of non-renewable primary energy resources 8 

PERT –Total use of renewable primary energy resources 9 

AP– Acidification potential 10 

EP– Eutrophication potential 11 

ADPF – Abiotic depletion potential - fossils 12 

ADPE – Abiotic depletion potential – elements 13 

1 Introduction 14 

1.1  Background   15 

Globally, we are in the midst of a climate crisis. Radical changes to current practices are needed urgently to 16 

avoid irreversible damage to life as we know it. The Paris Agreement aims to limit global greenhouse gas 17 

emissions, and the UK government has set a legislative target to achieve net zero greenhouse gas (GHG) 18 

emissions by 2050 (UK Government, 2019). The built environment has a key role to play in achieving net-19 

zero targets since it is estimated to drive a substantial proportion (around 35%) of GHG emissions within the 20 

European Union (European Communities, 2007). At present, the majority of emissions within this sector are 21 

linked to operational energy use. However, with time, the share of embodied emissions are increasing due to 22 

the move to more energy efficient buildings and decarbonisation of energy supplies (RICS, 2012). 23 

Furthermore, most embodied emissions occur upfront, before a building is occupied, and so given the urgency 24 

of the climate crisis, reducing embodied emissions of construction products is critical. 25 
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 1 

One proposed means of reducing embodied emissions is increasing the use of timber as a primary building 2 

material, in place of other common alternatives such as steel and reinforced concrete (Upton et al., 2008; 3 

Skullestad et al., 2016; Committee on Climate Change, 2019). This is based on the idea that timber avoids the 4 

need for carbon-intensive manufacturing processes such as clinker production and steel smelting and 5 

sequesters carbon dioxide (CO2) from the atmosphere as it grows. Carbon sequestration refers to CO2 that is 6 

removed from the atmosphere during plant growth (via photosynthesis) and is stored within bio-based 7 

materials (e.g. timber) for a period of time. When these materials ultimately decompose or are incinerated, the 8 

stored biogenic carbon  is fully or partially re-emitted to the atmosphere. Thus, the absorption and emission of 9 

biogenic carbon is a cyclical process, which contrasts with the one-way emissions caused by burning fossil 10 

fuels. Carbon sequestration within timber means that, potentially, timber construction products will have a 11 

lower global warming potential than non-bio-based counterparts, or even a temporary negative impact. If so, 12 

increasing their use within the built environment, if done on a large scale, could prove a crucial means of 13 

mitigating climate change (Churkina et al., 2020).  14 

 15 

1.2 Life Cycle Assessment of bio-based materials  16 

Life Cycle Assessment (LCA) is an internationally-recognised method for quantifying the global warming 17 

potential (GWP) and other environmental impacts of construction products.  It can be used to compare a 18 

timber-based product with a functionally-equivalent, non-bio-based counterpart. However, in practice, LCA 19 

of bio-based materials is a complex topic of ongoing debate (Brandão et al., 2013). Two key points of 20 

discussion are whether biogenic CO2 emissions should be included in LCA calculations at all and, if they are, 21 

how any credit might be given for the period of time that biogenic carbon is sequestered. As a result, LCA 22 

methodologies for bio-based materials vary in literature (Røyne et al., 2016), which makes definitive 23 

conclusions difficult to draw. 24 

  25 
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1.2.1 Treatment of biogenic CO2 1 

There is a distinct lack of consensus amongst published methodologies regarding how biogenic CO2 2 

absorptions and emissions should be accounted for in LCA. One suggested approach is to exclude all biogenic 3 

CO2 and adopt the assumption of neutrality. It is thus assumed that the amount of CO2 absorbed during 4 

photosynthesis and sequestered within a product throughout its life cycle is equal to that released at the end-5 

of-life, and thus has no net impact on emissions. Although logical, this approach can be considered a simplified 6 

interpretation of reality, which disregards any potential benefits or disbenefits that may arise through temporary 7 

storage (Pawelzik et al., 2013). Furthermore, CO2 that is released at the end-of-life may be less than that 8 

sequestered and hence assuming neutrality could overestimate emissions and negate any benefits of permanent 9 

storage (Christensen et al., 2009). The biogenic carbon stored in a timber product, which is removed from a 10 

forest upon harvesting, is only part of the total biogenic carbon system which also includes roots, soil, forest 11 

debris, processing waste and unharvested trees. These are typically considered outside the system boundary of 12 

a product’s LCA, but their inclusion has been shown to significantly impact results (Sterman et al. 2018, 13 

Penaloza et al. 2019). Thus, there are many ways in which biogenic carbon can be accounted for.  14 

The approaches recommended by current standards and methodologies (Brandão et al., 2013; Pawelzik et al., 15 

2013; Tellnes et al., 2017) are summarised in Table 1, along with a number of further standards and 16 

methodologies. Of the 101 published LCAs studied by Røyne et al., (2016), approximately 87% consider 17 

biogenic CO2 to be neutral, suggesting this is the most commonly adopted approach. 18 



4 

 

Table 1 Summary of current approaches for accounting for biogenic CO2 and the timing of emissions. This draws upon, and extends, 1 

summaries provided by Brandão et al., (2013), Pawelzik et al., (2013) and  Tellnes et al., (2017). 2 

1.2.2 Timing of emissions 3 

The time-delay created by biogenic storage can temporarily reduce atmospheric CO2 levels, delay radiative 4 

forcing, and potentially contribute to avoiding the exceedance of certain climate ‘tipping points’ (Brandão et 5 

al., 2013). Additionally, temporary carbon storage effectively ‘buys time’ for advancements to be made in 6 

climate mitigation technologies, thus the carbon that is subsequently re-released at a later stage may have a 7 

Approach/methodology Carbon storage 

(treatment of 

biogenic CO2) 

Timing of 

emissions 

considered  

Comment  

ADEME’s Methodology (BIO 

Intelligence Service, 2009) 

Carbon neutral  Not 

recommended 

While biogenic CO2 is considered neutral, 

biogenic methane must still be considered 

Greenhouse Gas Protocol 

(Greenhouse Gas Protocol, 2011) 

Consider all biogenic 

emissions  

Optional Timing of emissions are permitted as additional 

information  

ISO 14067 – carbon footprint of 

products (BSI, 2018) 

Consider all biogenic 

emissions 

Optional  Timing of emissions can be considered if they 

occur over 10 years from product manufacture. 

Must be reported as additional information 

ILCD Handbook (European 

Commission, 2010) 

Consider all biogenic 

emissions 

Optional Methodology for crediting delayed emissions is 

provided although not recommended as default 

PAS 2050 (BSI, 2011a) Consider all biogenic 

emissions 

Optional Methodology for crediting delayed emissions is 

provided although not recommended as default 

BS EN 15804:2012+A2:2019 

(BSI, 2019) 

Consider all biogenic 

emissions 

Not 

recommended 

Delayed emissions shall not be included in the 

calculation of GWP 

Typical LCAs Varied  Not common 

place  

Approaches for considering biogenic carbon 

varies amongst the literature 

The Moura-Costa method (Costa 

and Wilson, 2000) 

Consider all biogenic 

emissions 

Accounted for  Methodology for crediting delayed emissions is 

provided  

The Lashof method (Fearnside et 

al., 2000) 

Consider all biogenic 

emissions 

Accounted for  Methodology for crediting delayed emissions is 

provided  

The dynamic LCA method 

(Levasseur et al., 2010) 

Consider all biogenic 

emissions 

Accounted for Methodology to account for the timing of 

emissions is provided 

https://bsol-bsigroup-com.ezproxy1.bath.ac.uk/Bibliographic/BibliographicInfoData/000000000030367221
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lesser impact than it would have had it been released in present day (Marland et al., 2001; Brandão et al., 1 

2013). On the other hand, delaying emissions may have a net negative effect whereby the atmospheric CO2 2 

concentration levels are momentarily lowered, resulting in a reduced global CO2 absorption rate. Therefore, 3 

when this stored carbon is ultimately re-released, this lower absorption rate may mean that the overall 4 

atmospheric CO2 concentration at this future date may be higher than it would have been if storage had not 5 

occurred (Brandão et al., 2013). 6 

There is no consensus within the literature or published standards on how delayed emissions should be 7 

considered, if at all. Røyne et al., (2016) found that 97% of published LCAs give no consideration for the 8 

effects of temporary carbon storage, meaning emissions that occur at or immediately after production are 9 

deemed to have the same impact as those emitted many years into the future. Alternatively, certain methods 10 

allow consideration to be given to the timing of emissions as an optional assessment e.g. PAS 2050 (BSI, 11 

2011a), or when the specific scope of the LCA requires it to be assessed e.g. ILCD (European Commission, 12 

2010). Finally, some methodologies, e.g. dynamic LCA (Levasseur et al., 2010), give fuller consideration to 13 

the timing of emissions and can quantify the impact of delayed emissions and forest growth rates. The 14 

approaches that varying methodologies take with regards to the timing of emissions is summarised in Table 1. 15 

1.2.3 Existing literature and gaps to be addressed 16 

In general, previous studies have found that timber-based structures have a lower GWP than steel or concrete 17 

alternatives, albeit to varying extents (Lippke et al., 2010; Upton et al., 2008; Zeitz et al., 2019; Sandin et al., 18 

2014; Petersen and Solberg, 2002). However, this conclusion can depend on numerous factors. For example, 19 

Sandin et al., (2014) found that incineration at end-of-life results in timber having a lower GWP than steel, 20 

whereas recycling timber gives a similar GWP to steel. Lippke et al., (2010) found that the inclusion of 21 

sequestered carbon significantly lowered the impact of the timber product, thus enhancing the material’s 22 

benefit over steel and concrete alternatives. Petersen and Solberg, (2002) showed that consideration of 23 

emission timing can affect which of steel and glulam has a lower impact. A number of studies have considered 24 

addtitional environmental impact categories (Sandin et al., 2014; Werner and Schrägle 2008). These have 25 
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found that in some instances a lower GWP for timber materials, compared to steel or reinforced concrete, does 1 

not always translate to lower impacts in other categories.  2 

Although existing studies give an insight into the environmental performance of bio-based materials, current 3 

coverage is incomplete and contains gaps that the present study addresses: 4 

• There is no functional LCA comparison that compares a timber based construction product to a non-5 

bio-based alternative and looks at all possible end-of-life scenarios within one study. Current literature 6 

only considers a selection of differing end-of-life options e.g. Petersen and Solberg (2002) and Sandin 7 

et al., (2014), solely focuses on one likely scenario e.g. Werner and Schrägle (2008), gives no 8 

consideration to waste disposal e.g. Zeitz et al., (2019) or includes all options but does not provide a 9 

functional comparison e.g. Hart and Pomponi (2020). A more complete coverage is needed to clearly 10 

establish whether the potential climate mitigation benefits of timber-based products is dependent on 11 

the waste disposal method or whether the benefits hold irrespective. 12 

 13 

• Existing studies have researched how differing methods of accounting for biogenic carbon and the 14 

timing of such emissions affects the perceived GWP of bio-based materials (Lippke et al., 2010; 15 

Tellnes et al., 2014; Garcia and Freire, 2014; Pawelzik et al., 2013; Petersen and Solberg, 2002). 16 

However, while these studies show how the differing methods can have a clear influence on LCA 17 

results, coverage is incomplete. For example, Petersen and Solberg (2002) assess the effects of 18 

considering the timing of emissions, but the paper was written prior to the release of ISO 14040/14044 19 

and other relevant standards, and the method utilised does not conform to any currently published 20 

approaches (as detailed in Table 1). Garcia and Freire (2014) do not perform functional comparison 21 

and thus the relative impact of considering delayed emissions cannot be assessed. Further, comparison 22 

either does not consider any end-of-life waste disposal options, e.g. Lippke et al., (2010), or does not 23 

consider all options, e.g. Pawelzik et al., (2013). These gaps highlight potential improvements that are 24 

explored within the scope of this paper.  25 

 26 
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• Additional impact categories (beyond GWP) are seldom explored and when consideration is given –  1 

e.g. in Sandin et al., (2014) and Werner and Schrägle (2008) – coverage is incomplete as waste disposal 2 

is not fully considered and a limited selection of impact categories are assessed. A more 3 

comprehensive coverage of impact categories is required to gain a more holistic picture and thus 4 

establish whether selecting a material for lower GWP is detrimental to other impact categories, or 5 

whether GWP is a sufficient indicator of overall environmental impact.  6 

1.3 Aims and objectives 7 

The aim of this study is to evaluate the relative global warming potential of timber and steel when the two are 8 

performing at functionally equivalent levels as structural materials. 9 

The objectives of this study are: 10 

• To perform a life cycle assessment on structurally-equivalent timber and steel beams to assess their 11 

relative GWP and explore the effect of differing end-of-life scenarios. Initial assessment focuses on 12 

comparing the two alternatives using ‘common practice’ standards and methodologies.  This means 13 

including all biogenic absorptions and emissions and giving no consideration to the timing of 14 

emissions or dynamic climate effects.  15 

• To perform a sensitivity analysis to assess how methodological choice affects assessment by: 16 

o excluding biogenic CO2 from analysis; 17 

o considering the timing of emissions; 18 

• To assess a wider range of environmental impact indicators outside of GWP, to gain a broader 19 

understanding of the material’s relative impacts.  20 
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2 Methodology  1 

2.1 Scope of the study  2 

2.1.1 Functional unit 3 

The functional unit is of this study is a load-bearing structural beam sized to simply support 6kN/m of 4 

permanent and 9kN/m of live loading over a 4.5m span. The beam is fully restrained against lateral torsional 5 

buckling and subject to a maximum deflection of span/360 over a 60 year working life. This results in the 6 

following reference flows: 116.6kg of glulam and 99kg of steel. Connection design is not considered in this 7 

study. Sizing calculations for both steel and glulam beams can be found in Appendix A where both beams 8 

have been chosen in standard sizing, widely available for use in construction, e.g. standard hot-rolled sections 9 

for steel. The two alternative beams are considered comparable in accordance with EN 15804 (BSI, 2019, 10 

Section 5.3) as it was assumed that the choice between beam material would have no overall effect on the 11 

choice/environmental impact of any remaining materials within a given structure in which it could be used.  12 

2.1.2 System boundary  13 

A full system boundary includes all modules described in EN15978 (BSI, 2011b), from raw material 14 

extractions (year 0) through to end-of-life waste disposal and any benefits beyond the system boundary (year 15 

60). These are described in Appendix B. In this study, the modules shown in Figure 1 were covered.  It was 16 

assumed that no maintenance would be required for the structural beams, irrespective of material choice, and 17 

no other emissions would arise from its use phase, therefore Module B was omitted from calculations. The 18 

installation (A5) and deconstruction (C1) modules were also excluded, since these typically have a negligible 19 

impact and would be similar for both options (Björklund and Tillman, 1997; Björklund et al., 1996; cited by 20 

Sandin et al., (2014)).  Thus, the system boundary describes the ‘whole-life embodied carbon’ of each product. 21 
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 1 

Figure 1 LCA system boundary  2 

2.1.3 Primary database  3 

The primary sources of data used within this study were environmental product declarations (EPDs). EPDs 4 

summarise the results of attributional LCAs that have been produced according to standardised product 5 

category rules, which aim to ensure consistency of results among similar products (BRE, 2020). Advantages 6 

of EPDs  include that their data can be accessed and interpreted without the requirement of complex software, 7 

and that they are increasingly available, with around 1,000 published per year over the last decade (Anderson, 8 

2019).  This means that EPDs are often available for products that are not covered by conventional life cycle 9 

inventory databases (such as Ecoinvent 2020).  Furthermore, the use of EPDs for building-level LCA and 10 

whole-life carbon analysis is encouraged or even mandated by current standards (RICS, 2017; BSI, 2011b).  11 

However, EPDs also have disadvantages.  They are not always comparable with each other (Simonen et al., 12 

2019) – even though that is an aim of standardisation – and their results are aggregated and relatively opaque, 13 

being less transparent than life cycle inventory (LCI) databases such as Ecoinvent (2020).  A key factor 14 

affecting the comparability of EPDs are whether they have been produced to the same product category rules, 15 

such as EN 15804.  (All EPDs selected for use in this study were produced to EN 15804.)  Comparability may 16 

be further limited by the use of differing background inventory datasets such as Gabi or Ecoinvent (though 17 

recent research by Anderson and Moncaster (2020) found that for cement, this didn’t have a significant affect), 18 
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as well as differing electricity grid mixes (which vary over time and by location).  Work continues to improve 1 

harmonisation of EPD programmes and improve comparability of EPDs (Gelowitz and McArthur, 2017).    2 

The EPD data used in this study was modified in various ways to allow different methodologies, including the 3 

treatment of biogenic carbon and timing of emissions, to be assessed. For transportation (Module A4 and C2), 4 

emissions were re-calculated to make them consistent for this study.  Emissions intensities of appropriate 5 

transport modes were taken from Ecoinvent (2020).  Product sourcing locations were Europe for Glulam and 6 

UK for steel, based on typical industry sourcing.  These were used in combination with default average values 7 

for transport distances for UK projects, which were sourced through a combination of  RICS (2017) and 8 

information from a BRE survey on transport distances to waste disposal sites (BRE, 2013; cited by Wood for 9 

Good, 2013).   10 

2.1.4 Data collection and data quality assessment  11 

The search for EPDs was international in nature due to the limited number of UK based documents currently 12 

available. Only externally reviewed EPDs with a data quality score above 70% (see Appendix C) were included 13 

in this study, resulting in seven EPDs for both glulam and steel. Of the glulam EPDs, two detail all three end-14 

of-life scenarios and the remaining five consider incineration (with energy recovery) only. All the EPDs for 15 

steel consider recycling at end-of-life.  Appendix C summarises the key manufacturing and end-of-life process 16 

steps for each type of material. 17 

2.1.5   End-of-life scenarios  18 

At the end-of-life, glulam is predominantly incinerated with energy recovery (termed ‘incineration’ on results 19 

graphs), and in some cases landfilled or recycled. The EPDs utilised provide different GWP values based on 20 

the assumption that 100% of the material was disposed of solely via one means, as would be the case in practice 21 

for a single beam.   22 

No variation in end-of-life practices were considered for steel, since this is mostly recycled at end of life (94% 23 

average for building demolition) due to its recoverable nature and the high demand for scrap (Tata Steel, 2020). 24 
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The end-of-life practices assumed in EPDs were adopted in this study, all of which consider a recycling rate 1 

of over 85%.  2 

2.1.6 Allocation of end-of-life emissions 3 

Two main approaches can be used to allocate impacts that arise through recycling: the cut-off approach (100-4 

0) and the end-of-life approach (0-100). The cut-off approach adopts the perspective that the benefits of 5 

recycling should solely be credited to the input of recycled material and any benefit from recycling of the 6 

product at the end-of-life are ignored (or ‘cut-off’). In contrast, an end-of-life (substitution) method credits a 7 

product system with avoided emissions if any by-products of the waste disposal process can be used to 8 

substitute primary production within an alternative product system (World Steel, 2017; Jones, 2009).  9 

Under EN 15804, Modules A-C adopt a cut-off approach, while Module D (“benefits and loads beyond the 10 

system boundary”) allow any benefits of substitution to be shown.  All steel EPDs used within this study 11 

utilised the World Steel (2017) ‘value of scrap’ approach (or equivalent) to account for recycling in Module 12 

D, which is the substitution method. Through this approach, when there is a net generation of scrap throughout 13 

the steel’s life cycle (more scrap is created at the end-of-life than that used in production) credit is awarded for 14 

avoided production of virgin steel (World Steel, 2017). A similar method of substitution at the end-of-life is 15 

given in the glulam EPDs whereby the outputs of any end-of-life processes are assumed to offset the production 16 

of some alternative product/process and subsequently are assigned a benefit for avoided emissions that would 17 

have otherwise arisen. 18 

3 Results and discussion 19 

3.1 Baseline assessment  20 

In line with the recommendations of most standards and methodologies (Table 1), the baseline assessment 21 

accounts for all biogenic carbon absorptions and emissions, and timing is not considered. Thus, results are 22 

based directly on EPDs for the respective reference flows of steel and glulam (Section 2.1.1). Cumulative 23 

GWP values are displayed at each lifecycle stage in figures to allow the comparison of alternative materials 24 
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(and waste disposal means) at different points in time. This helps to establish whether the choice of system 1 

boundary affects the material comparison. As modules A5-C1 have been excluded from assessment, these 2 

stages have been aggregated and presented in figures as one point.  The recycled content of each steel data 3 

point is indicated (when provided within the EPD) to enable the significance of this factor to be assessed.  Steel 4 

is considered to have a ‘high’ recycled content if above 80% recycled steel was used in production and ‘low’ 5 

if under 25%.  6 

 7 

Figure 2 Cradle-to-grave GWP - baseline assessment 8 

Figure 2 shows that, when considered on a cradle-to-gate basis (A1-A3) – as has often been done in past studies 9 

– glulam options have substantially lower GWPs than their steel counterpart when biogenic carbon storage is 10 

included, regardless of the specific underlying EPD data and the initial recycled content of the steel. However, 11 

in practice, including carbon sequestration in a cradle-to-gate analysis is misleading if its subsequent re-release 12 

is not also described (in Module C), as doing so gives an incomplete picture (a topic further explored in Section 13 

3.2.1). Consequently, such an analysis is now prohibited in the 2019 rules governing EPDs specified in EN 14 

15804 (BSI, 2019). 15 
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When considered on a cradle-to-grave basis (Modules A to C or A to D) the ranking of glulam and steel is less 1 

clear. Glulam always has a lower GWP than steel when glulam is landfilled (as some biogenic carbon is 2 

modelled as being permanently sequestered).  However, for glulam incineration scenarios (the orange area of 3 

Figure 2), the picture is mixed. Incinerated glulam has a lower GWP than steel with a low recycled content, 4 

but not necessarily if steel has a high recycled content. The worse results for glulam occur when it is recycled, 5 

and in these cases glulam GWP results are in amongst the steel results, giving no clear ranking of materials. 6 

In a society where the desire for a circular economy is increasingly prevalent, the idea that recycling is the 7 

worst method of waste disposal for glulam is counterintuitive, but can be explained by the that way sequestered 8 

carbon is treated by EN15804. In the case of both incineration and recycling, all stored carbon is modelled as 9 

being released in full at end-of-life. For incineration, this reflects reality because all biogenic CO2 will be 10 

released through combustion. However, when recycling occurs, this stored carbon is not actually ‘released’ to 11 

atmosphere but instead passed onto a future product system. Considering stored carbon as being released is an 12 

accounting convention adopted to avoid the benefits of carbon sequestration being double counted across 13 

multiple life cycles (BSI, 2014a). Although logical, this is a conservative approach and, as is shown in Figure 14 

2, causes a perception that recycling has a higher GWP than alternate waste disposal options, which may not 15 

accurately reflect reality. The conservative nature of this approach is highlighted in the work of Hart and 16 

Pomponi (2020), who found that a more realistic model of carbon emissions, can yield, by contrast, net 17 

negative emissions for recycling. These contrasting Module D GWP values are explained by the difference in 18 

credits received for avoided production in future product systems. In the case of incineration, a large credit is 19 

awarded in Module D for assumed substitution of alternative energy production, whereas for recycling the 20 

corresponding credit awarded is substantially lower,  resulting in a higher overall emission. 21 

The perceived benefit of landfilling timber at the end-of-life can be explained by the potential carbon sink that 22 

this creates. When in landfill, the underlying EPD data assumes that most of the sequestered carbon is 23 

permanently stored within the product, due to the low degradable organic carbon fraction (DOCf value) of 24 

wood products. The DOCf value of a product looks at the fraction of organic carbon which can be assumed to 25 

degrade when a product/material is landfilled (IPCC, 2019). Within the newly amended IPCC guidance on 26 
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solid waste disposal, wood is classed as being a “less decomposable waste” and thus, based on research into 1 

the typical decomposition of such materials, is assumed to have a DOCf value of 0.1 (IPCC, 2019, Table 3.0). 2 

As a result, within the landfill scenarios 10% of the organic carbon content is assumed to decompose and be 3 

released to atmosphere, with the remaining carbon effectively considered permanently sequestered.  This 4 

means lower emissions are generated when compared to those that would have occurred had all stored carbon 5 

been released, as is the accounting convention for recycling.1  6 

However, under 2019 amendments to EN 15804 (BSI, 2019), this consideration of permanent biogenic carbon 7 

storage is no longer permissible. Instead, any biogenic carbon that remains within a product following 8 

degradation is required to be “treated as an emission of biogenic CO2 from the technosphere to nature” (BSI 9 

2019, Section 6.3.5.5). This was not the case in the EPDs used for the present study, since they were all 10 

published before the 2019 amendments. Thus, to illustrate the effects that the exclusion of permanent storage 11 

has on GWP results, the baseline scenario was assessed again using modified GWP values; see Figure 3. It is 12 

clear that the perceived GWP of the landfilled glulam substantially increases, causing it to become the highest 13 

impacting of all three waste disposal options for glulam. Furthermore, the recycled content of steel has a 14 

significant impact on comparative results.  Steel with a ‘high’ recycled content is found to have a lower overall 15 

GWP than landfilled glulam in all cases, and thus is the preferential material in this case. Given the 16 

contradiction with the IPPC approach, this 2019 amendment seems overly conservative.  17 

 

1 It should be noted that within the EPD (Wood Solutions, 2017) used to generate results data on landfilling 

data is also provided with a DOCf value of 0.001 (0.1%).  However, as this is not the default value it was not 

used in assessment. 
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 1 

 2 

Figure 3 Cradle-to-grave GWP - baseline assessment excluding the benefits of permanent carbon storage for glulam (landfill), in 3 

accordance with EN 15804:2012+A2:2019 (BSI, 2019) 4 

In Module D, a credit is awarded if the by-product waste disposal can be used to substitute primary production 5 

in a further product system. This manifests as a reduction in cumulative GWP from Module C4 to D, as visible 6 

in Figure 2 and Figure 3.  However, this is not guaranteed to happen. In addition, as this substitution occurs 7 

many years into the future, estimations of future avoided emissions may not be accurate since they are 8 

projections based on today’s technology. Hence, it is important to also consider the relative results when 9 

Module D emissions and their associated uncertainties are excluded from analysis (point C4 in Figure 2 and 10 

Figure 3). From these figures it can be observed that the exclusion of Module D (which must be reported 11 

separately according to EN15804) from analysis has a significant influence on results, particularly in relation 12 

to the initial recycled content. At point C4, the steels with lower initial recycled contents  have much higher 13 

GWPs than all glulam options, regardless of whether the 2019 amendment concerning permanent carbon 14 

storage is considered. By contrast, the same steels at point D can have a lower GWP than recycled glulam 15 



16 

 

(Figure 2) or, when the amendment to EN15804 (BSI, 2019) is adopted, both recycled and landfilled glulam  1 

(Figure 3). 2 

3.2 Sensitivity Analyses 3 

A variety of sensitivity analyses were conducted, which diverge from common practice, to determine how 4 

different approaches affect the relative impacts of the two materials. All results presented within this section 5 

are given in terms of the functional unit and the ‘baseline assessment’ refers to results of Section 3.1. Sensitivity 6 

analysis is undertaken in the following areas: 7 

• Excluding biogenic CO2 from calculations; 8 

• Including biogenic CO2 and accounting for the timing of emissions;  9 

3.2.1 Excluding biogenic CO2 from calculations (assuming carbon neutrality)  10 

Biogenic CO2 was excluded from the analysis to determine: the effect on GWP of each option; the impact of 11 

each glulam end-of-life option relative to one another, and; the impact of these options relative to the steel 12 

functional equivalent. Although biogenic CO2 emissions are excluded from analysis, biogenic methane 13 

emissions were included irrespective of the whether they originated from biogenic CO2.  This is in line with 14 

the ADEME methodology (BIO Intelligence Service, 2009), as detailed in Pawelzik et al., (2013), and similar 15 

calculations that look at the effect of excluding biogenic carbon by Levasseur et al., (2013). Where possible, 16 

values of biogenic CO2 were taken directly from the data provided within EPDs. For EPDs that did not enable 17 

separation of biogenic and fossil GWP, a value of sequestered carbon was calculated using the methodology 18 

provided in EN16449 (BSI, 2014b).  19 
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 1 

Figure 4 Cradle-to-grave GWP - sensitivity analysis excluding biogenic CO2 2 

Figure 4 shows that, when considered on a cradle-to-gate basis, results are sensitive to the treatment of biogenic 3 

CO2 and cases arise where steel and glulam have similar GWPs. The exclusion of biogenic carbon gives a 4 

fairer A1-A3 comparison as some biogenic carbon that is sequestered in glulam will inevitably be re-released 5 

at a later point in a product’s life cycle.  6 

When considered over all Modules (A-D), the relative performance of materials depends on the waste disposal 7 

means. For incineration, GWP is unaffected as carbon sequestered during growth is equal to carbon released 8 

during combustion and hence has no net impact2 (a finding that aligns with the work of Pawelzik et al., (2013) 9 

and Tellnes et al., (2014)). A similar conclusion is drawn when recycling is the assumed waste disposal means.  10 

 

2 This is not the case for one EPD (Wood Solutions, 2017) (that provides two data points) which details biogenic emissions during the 

A1-A3 production phase. This is likely due to residue disposal that contains biogenic carbon (although no explicit explanation is given). 

As a result, biogenic CO2 entering the product system is less than that leaving it, resulting in a small net impact hence GWP results 

obtained when biogenic CO2 is included versus excluded varies slightly. This caveat also applies to glulam with recycling at end-of-

life as the same EPD provides both of the recycling data points (ibid.). As a result, glulam recycled at the end-of-life is also largely 

unchanged by the exclusion of biogenic CO2. 
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In contrast, landfilling results are highly sensitive to the exclusion of biogenic CO2, giving significantly higher 1 

cradle-to-grave values than the baseline assessment. There are two contributing factors to this. Firstly, the 2 

benefit of permanent carbon sequestration is lost, and secondly, the negative impact of biogenic methane 3 

emission is still considered in full. The combination of these two factors not only substantially increases the 4 

end-of-life emissions for landfilling, but also means that it becomes the highest impacting of all three end-of-5 

life scenarios. Furthermore, the inclusion of biogenic CO2 also dictates whether the glulam beam is preferred 6 

(with biogenic CO2) or comparable (without) to the steel alternative. Thus, it can be concluded that the chosen 7 

approach for considering biogenic CO2 may determine whether or not glulam is perceived to have a lower 8 

GWP than steel, if at end-of-life it were to be landfilled. This is a similar finding to that of Garcia and Freire 9 

(2014).  10 

Although landfilling is generally perceived negatively in comparison to recycling by society, this can be 11 

contradicted by LCA results.  When bio-based products are sent to landfill, a large portion of the biogenic 12 

carbon may remain sequestered.  Excluding this potential carbon sink, by ignoring biogenic CO2 can therefore 13 

lead to an overestimation of emissions  (Christensen et al., 2009). The impacts of biogenic CO2 exclusion 14 

largely mimic those of Section 3.1, where the effects of the 2019 amendment to EN 15804 (BSI, 2019) were 15 

assessed. Subsequently, this argument can also be used to suggest that this amendment is unduly conservative. 16 

Both approaches have the potential to deter decision-makers from using bio-based materials, as highlighted by 17 

the amended results in Figures 3 and 4, where two end-of-life options for glulam generate comparable results 18 

to the steel equivalent member meaning they hold no perceived benefits in the long term. 19 

3.2.2   Sensitivity analysis to assess the effects of accounting for the timing of emissions  20 

The ILCD methodology (European Commission, 2010) was adopted here to assess the influence that 21 

accounting for the timing of emissions has on the relative GWPs of the glulam and steel options. Within the 22 

ILCD methodology all delayed emissions are treated analogously, irrespective of their origin (fossil or 23 

biogenic).  A so-called ‘correction flow’ is applied to account for, and credit, the number of years through 24 

which emissions have been delayed (European Commission, 2010, Section 7.4.3.7 VII). In a similar manner 25 

to crediting the system for delayed emissions, the ILCD methodology recognises that credits for avoiding 26 
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primary production in a future product system (Module D) must also account for the delay. When the 1 

aforementioned correction flow is applied to these delayed benefits, it will reduce the benefit of substitution 2 

(European Commission, 2010, Section 7.4.3.7.3). As with other guidance documents, ILCD states that this 3 

methodology should not be applied in LCA by default. The guidance instead states that delayed emissions 4 

should only be considered if it is “explicitly required to meet the need of the goal of the study” (European 5 

Commission, 2010, p.227), as in the case for this sensitivity analysis. 6 

 7 

Figure 5 Cradle-to-grave GWP - sensitivity analysis accounting for the timing of emissions using the ILCD methodology 8 

The whole life GWP results obtained when the timing of emissions are accounted for using the ILCD 9 

methodology are shown in Figure 5. Results include permanent carbon storage, i.e. not considering the new 10 

EN 15804 (BSI, 2019) amendment. It can be observed from Figure 5 that, when the ILCD methodology 11 

(European Commission, 2010) is adopted, the GWP of all glulam end-of-life scenarios is notably reduced with 12 

all but one result producing a net negative emission over the full life cycle (results that align with those 13 

generated in the work of Tellnes et al., (2014) and Garcia and Freire (2014)). These reduced emissions can be 14 

explained by the fact that as sequestration is counted at the beginning of life, the glulam receives full credit for 15 
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the removal of CO2 from the atmosphere. Then, when this biogenic carbon is re-released (either partially or in 1 

full at the end-of-life), as it occurs 60 years into the future the system is awarded a credit for delaying the 2 

radiative impact. Therefore, the negative emission value associated with the initial carbon sequestration is 3 

greater than the positive emissions associated with the subsequent carbon release (and the aggregated emission 4 

in other life cycle stages). This means there is an overall reduction in GWP compared to the base case. It should 5 

be noted that although any credit awarded in Module D is reduced through the ILCD methodology (European 6 

Commission, 2010), the reduction in this credit is never found to be substantial when compared to the credit 7 

that is gained for delaying the release of stored carbon in Module C, meaning glulam always benefits from 8 

accounting for timings.  9 

The GWPs of the steel beams increase when the timing of emissions are considered, in marked contrast to 10 

glulam. This occurs as Module C impacts for steel are negligible compared to the whole life GWP, hence any 11 

credit applied for delaying these emissions is insignificant. Meanwhile, any benefits in Module D are reduced. 12 

As a result, all glulam waste disposal methods now produce significantly lower GWP than the steel counterpart 13 

at all life cycle stages and irrespective of the EPD used to generate results. Similarly, when the 2019 14 

amendment to EN 15804 (BSI, 2019) was applied to the assessment, alongside consideration of emission 15 

timing, all glulam options were preferential over steel. These findings suggest that the timing of emissions has 16 

a significant impact on relative results, more so than other variations in this assessment such as system 17 

boundary and permanent carbon storage. 18 

As previously mentioned, considering to the timing of emissions is rare amongst established methodologies 19 

(Table 1) and is not common practice. Based on the results above, ignoring the timing of emissions – and thus 20 

assuming that present and future emissions have similar impacts  – seems too great a simplification, particularly 21 

for long-lived products such as construction materials. More industry wide research, similar to a 2010 22 

workshop on temporary carbon storage detailed in Brandão et al., (2013), is required to develop consensus on 23 

an appropriate method that could then be consistently applied by standards. There is also ongoing debate 24 

regarding the appropriate timing of biogenic carbon sequestration for timber products, which may alternatively 25 

be considered to coincide with tree growth before harvesting or in the re-growth of trees subsequently replanted 26 
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(Levasseur, 2013). The latter approach appropriately accounts for the impact of growth rates, with faster 1 

growing species accelerating the uptake of carbon compared to slowed ones (Pittau et al. 2018). 2 

3.3 Additional impact categories 3 

Besides GWP, data from a further six core environmental impact indicators were collated from EPDs to explore 4 

the comparative impacts of the materials on a wider scale and establish whether GWP is a reliable indicator of 5 

further environmental impacts. This assessment was carried out using the common requirements standards and 6 

methodologies, i.e. the same approach as the baseline assessment. Of the six indicators, two can be categorised 7 

‘resource use’ parameters (total renewable (PERT) and non-renewable (PENRT) energy use) and four as 8 

‘environmental impacts’ (acidification potential (AP), eutrophication potential (EP), abiotic depletion potential 9 

fossil (ADPF) and element (ADPE)). Although a total of twelve additional core environmental impact 10 

indicators have been analysed, results of only six are presented due to the other indicators having large 11 

numerical disparity between EPDs in the other categories, which would have provided no significant or reliable 12 

conclusions.  13 
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3.3.1 Results  1 

 2 

Figure 6 Cradle-to-grave Total use of non-renewable primary energy resources (PENRT) 3 
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 1 

 2 

Figure 7 Cradle-to-grave Total use of renewable primary energy resources (PERT) 3 

 4 

Figure 8 Cradle-to-grave Acidification potential (AP) 5 
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 1 

 2 

Figure 9 Cradle-to-grave Eutrophication potential (EP) 3 

 4 

Figure 10 Cradle-to-grave Abiotic depletion potential - fossils (ADPF) 5 
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 1 

Figure 11 Cradle-to-grave Abiotic depletion potential - elements (ADPE) 2 

In terms of the wider range of environmental impact indicators assessed, the two alternative materials are found 3 

to have comparable results with regards to AP, EP and ADPE, suggesting that neither material is better than 4 

the other in these categories. With regards to indicators that show varying results between the two materials, 5 

the steel beam shows a greater impact with regards to PERNT and ADPF, suggesting that within these 6 

indicators glulam is preferential. Within these two indicators, it is also worth noting that the relative impact of 7 

each end-of-life scenario is closely aligned to the impacts observed for GWP when biogenic carbon was 8 

excluded from calculations (or when permanent storage was excluded in line with the new EN 15804 (BSI, 9 

2019b) amendments). This suggests that, in these scenarios, GWP is a good indicator of relative impacts. 10 

However, overall GWP does not provide a satisfactory gauge of further indicators, suggesting that a wide range 11 

of indicators are required to be assessed in order to gain an understanding of the broader environmental impact. 12 

Furthermore, it was found that in comparison to GWP, the results obtained for other impact indicators showed 13 

large variation depending on the EPD used to generate results alluding to uncertainty surrounding these 14 

somewhat seldom discussed additional impact indicators. 15 
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Glulam was generally found to have a lower, or comparable impact to the steel equivalent. Results generated 1 

within this section partially align with the those of similar works by Sandin et al., (2014) and Werner and 2 

Schrägle (2008), although contradictory results can be observed within certain impact categories, namely AP 3 

and PERNT. These discrepancies between the work of this study and that of previous literature would seem 4 

unexpected considering the similarity between papers in terms of GWP. However, results amongst the previous 5 

literature are also found to also show variation. From this, it can be concluded that, in contrast to GWP, further 6 

core environmental impact indicators show no clear trend amongst the literature in terms of relative impact at 7 

present and suggest further exploration into these areas is required. 8 

4 Conclusions  9 

This paper has investigated the relative global warming potentials of structural timber and steel, and explored 10 

the influence that methodological choice has on LCA results. It has concluded that any potential benefit that a 11 

bio-based product may hold is sensitive to a number of variables: the end-of-life scenario assumed for timber; 12 

the treatment of biogenic CO2 and; the consideration of emission timing. Recycled content of steel was found 13 

to influence results at times, but to a lesser extent than the aforementioned variables.  14 

In terms of end-of-life scenarios, glulam that is incinerated at the end-of-life (with energy recovery) generally 15 

had a lower GWP than its steel counterparts, regardless of the treatment of biogenic CO2 and emission timings. 16 

For glulam scenarios involving landfill, the relative GWP was significantly influenced by the treatment of 17 

biogenic CO2. Due to the possibility of utilising landfilling as a means of creating a long-term carbon sink, the 18 

results suggest that landfilling has the potential to exhibit significantly lower cradle-to-grave emissions than 19 

the steel counterpart. However, when this storage benefit was ignored (as in the new requirements of EN15804 20 

(BSI, 2019) or through methodological choice), landfilled glulam had a higher GWP than steel with a high 21 

recycled content over Modules A-C.  When Module D was included, landfilled glulam was among the highest 22 

cumulative GWP of all. When the glulam beam was assumed to be recycled at end-of-life, its GWP results 23 

were similar to steel, giving no clear ranking of materials. The only exception was when the timings of 24 
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absorptions and emissions are accounted for, where glulam always had a lower GWP than steel. This is a 1 

significant finding, as timings of emissions are (generally) not included within assessment.  2 

 3 

Concerning the treatment of biogenic CO2, the assumption of carbon neutrality was found to be inadequate in 4 

providing a comprehensive account of the absorptions and emissions that arise through the use of bio-based 5 

materials. This suggests that all emission flows should be included in LCA to accurately reflect reality. 6 

Moreover, with regards to consideration for the timings of emissions, it can be deduced that accounting for 7 

delayed emissions has a notable effect on all results and when the ILCD methodology (European Commission, 8 

2010) was applied, the benefit of glulam was significantly improved in all end-of-life scenarios. However, as 9 

noted, until there is a more standardised approach for considering timing, permitting the wide scale inclusion 10 

of credits for delayed emissions in LCAs at present would lead to further confusion and inconsistency in an 11 

already complex field. Thus, further work in this area is required drawing on recent developments in the field 12 

of dynamic LCA (Head et al., 2020; Breton et al., 2018).   13 

With regards to additional impact categories, it was established that glulam was predominantly found to have 14 

a comparable or lower impact than the steel alternative, suggesting that bio-based materials have potential to 15 

hold further benefits outside of GWP, although again this was somewhat dependent on end-of-life scenario. 16 

Furthermore, it was concluded that, in general, GWP was not a sufficient gauge on the impact of further 17 

indicators and in order to accurately understand the wider environmental impacts of a product, all relevant 18 

impact categories require assessment.    19 

 20 

To conclude, this study has found that there is no ‘black or white’ answer to whether a glulam structure 21 

provides any measurable reductions in emissions when compared to a steel functional equivalent. Although 22 

this assessment has shown glulam to have potential in being used as a means of climate mitigation, it has also 23 

uncovered that this is highly dependent on numerous factors which need to be carefully considered when 24 

deciding on the most suitable material to be used within a built environment project. 25 
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5 Further work  1 

As there are a limited number of EPDs currently published for glulam and steel that detail cradle-to-grave 2 

impacts, it would be beneficial if research of a similar nature to this paper was carried out again when more 3 

data becomes available to establish whether a wider dataset has any influence on the overall outcome. In 4 

particular, future EPDs will hopefully detail cradle-to-grave environmental impacts for a wide range of end-5 

of-life scenarios, as opposed to only detailing a cradle-to-gate system boundary, as is often the case at present. 6 

In addition, assessment of this type which explores a larger scale case study (e.g. an entire structure) would 7 

provide further insight into the relative impacts and would likely be a useful addition to the present literature. 8 

Comparison to a wider range of construction materials, such as reinforced concrete, would also be beneficial.  9 

Finally, this study is based largely on EPDs and thus on attributional life cycle assessment (aLCA).  aLCA 10 

quantifies the current environmental impacts that are attributable to glulam and steel.  It does not assess the 11 

consequential impacts (or savings) that would occur if the production and use of either material increased or 12 

decreased significantly in response to changing market demand.  For this, further work using consequential 13 

LCA would be required (McManus and Taylor, 2015; Weidema et al, 2020). 14 
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Appendices 1 

Appendix A – Beam sizing calculations  2 

Summary of structural beam sizing calculations using Tekla Tedds (Trimble Solutions Corporation, 2020) for 3 

the main functional unit. Tekla Tedds was used as a means of sizing beams as it would enable the most efficient 4 

sized beams to be found for each loading criteria/materials.  5 

GLULAM BEAM ANALYSIS & DESIGN TO EN1995-1-1:2004 6 

In accordance with EN1995-1-1:2004 + A2:2014 and the UK National Annex incorporating National 7 

Amendment No.1 8 

Tedds calculation version 1.7.04 9 

 10 

 11 

  12 

 13 

  14 

 15 

Applied loading 16 

Beam loads 17 

 Permanent full UDL 6.000 kN/m 18 

 Variable full UDL 9.000 kN/m 19 

 Permanent self-weight of beam x 1  20 

Load combinations 21 

 Support A Permanent x 1.35 22 

  Variable x 1.50 23 

Analysis results 24 

Maximum moment; Mmax = 55.5 kNm; Mmin = 0.0 kNm 25 

Design moment; M = max(abs(Mmax),abs(Mmin)) = 55.5 kNm 26 
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Maximum shear; Fmax = 49.3 kN; Fmin = -49.3 kN 1 

Design shear; F = max(abs(Fmax),abs(Fmin)) = 49.3kN 2 

 3 

  4 

 5 

Glulam section details 6 

Breadth of glulam section; b = 180 mm 7 

Depth of glulam section; h = 360 mm 8 

 9 

Glulam properties 10 

Characteristic bending strength;  fm.g.k = 24 N/mm2 11 

Characteristic tensile strength parallel;  ft.0.g.k = 17 N/mm2 12 

Characteristic tensile strength perpendicular;  ft.90.g.k = 0.5 N/mm2 13 

Characteristic compressive strength parallel;  fc.0.g.k = 21.5 N/mm2 14 

Characteristic compressive strength perpendicular; fc.90.g.k = 2.5 N/mm2 15 

Characteristic shear strength;  fv.g.k = 3.5 N/mm2 16 

Mean modulus of elasticity parallel;  E0.g.mean = 11000 N/mm2 17 

5% modulus of elasticity parallel;  E0.g.05 = 9100 N/mm2 18 

Mean modulus of elasticity perpendicular;  E90.g.mean = 300 N/mm2 19 

Mean shear modulus;  Gg.mean = 650 N/mm2 20 

Characteristic density;  g.k = 400 kg/m3 21 

Member details 22 

Load duration - cl.2.3.1.2; Medium-term 23 

Service class of timber - cl.2.3.1.3; 1 24 

Length of span; Ls1 = 4500 mm 25 

 26 

Section properties 27 

Cross sectional area of member; A = b x h = 64800 mm2 28 

Section modulus; Wy = b x h2 / 6 = 3888000 mm3 29 

 Wz = h x b2 / 6 = 1944000 mm3 30 

Second moment of area; Iy = b x h3 / 12 = 699840000 mm4 31 

 Iz = h x (b)3 / 12 = 174960000 mm4 32 
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Partial factor for material properties and resistances 1 

Partial factor for material properties - Table 2.3; M = 1.250 2 

Modification factors 3 

Modification factor for load duration and moisture content - Table 3.1 4 

 kmod = 0.800 5 

Deformation factor for service classes - Table 3.2; kdef = 0.600 6 

Depth factor for bending - exp.3.2; kh.m = min((600 mm / h)0.1, 1.1) = 1.05 7 

Depth factor for tension - exp.3.2; kh.t = min((600 mm / max(b, h))0.1, 1.1) = 1.05 8 

Crack factor for shear resistance - cl.6.1.7(2); kcr = 0.670 9 

System strength factor - cl.6.6; ksys = 1.000 10 

Lateral buckling factor - cl.6.3.3(5); kcrit = 1.000 11 

Bending - cl 6.1.6 12 

Design bending stress; m.d = M / Wy = 14.286 N/mm2 13 

Design bending strength; fm.d = kh.m x kmod x ksys x kcrit x fm.g.k / M = 16.165 N/mm2 14 

 m.d / fm.d = 0.884 15 

PASS - Design bending strength exceeds design bending stress 16 

 17 

Shear - cl.6.1.7 18 

Applied shear stress; d = 3 x F / (2 x kcr x A) = 1.706 N/mm2 19 

Permissible shear stress; fv.d = kmod x ksys x fv.g.k / M = 2.240 N/mm2 20 

 d / fv.d = 0.762 21 

PASS - Design shear strength exceeds design shear stress 22 

Deflection - cl.7.2 23 

Deflection limit; lim = 18.000 mm 24 

Instantaneous deflection due to permanent load; instG = 4.789 mm 25 

Final deflection due to permanent load; finG = instG x (1 + kdef) = 7.662 mm 26 

Instantaneous deflection due to variable load; instQ = 6.891 mm 27 

Factor for quasi-permanent variable action; 2 = 0.3 28 

Final deflection due to variable load; finQ = instQ x (1 + 2 x kdef) = 8.132 mm 29 

Total final deflection; fin = finG + finQ = 15.794 mm 30 

 fin / lim = 0.877 31 

PASS - Total final deflection is less than the deflection limit 32 

 33 

 34 

 35 

 36 
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STEEL BEAM ANALYSIS & DESIGN (EN1993-1-1:2005) 1 

In accordance with EN1993-1-1:2005 incorporating  2 

the UK national annex 3 

TEDDS calculation version 3.0.14 4 

  5 

 6 

  7 

 8 

  9 

 10 

Applied loading 11 

Beam loads Permanent full UDL 6 kN/m 12 

 Variable full UDL 9 kN/m 13 

 Permanent self-weight of beam x 1  14 

Load combinations  Permanent x 1.35 15 

  Variable  1.50 16 

Analysis results 17 

Maximum moment; Mmax = 55.4 kNm; Mmin = 0 kNm 18 

Maximum shear; Vmax = 49.3 kN; Vmin = -49.3 kN 19 

Deflection; max = 8.1 mm; min = 0 mm 20 

Section details 21 

Section type; UB 254x102x22  22 

Steel grade; S275 23 

Nominal thickness of element; t = max(tf, tw) = 6.8 mm 24 

Nominal yield strength; fy = 275 N/mm2 25 

Nominal ultimate tensile strength; fu = 410 N/mm2 26 

Modulus of elasticity; E = 210000 N/mm2 27 

 28 
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  1 

 2 

Partial factors - Section 6.1 3 

Resistance of cross-sections; M0 = 1.00 4 

Resistance of members to instability; M1 = 1.00 5 

Resistance of tensile members to fracture; M2 = 1.10 6 

Lateral restraint 7 

 Span has full lateral restraint 8 

Classification of cross sections - Section 5.5 9 

  = [235 N/mm2 / fy] = 0.92 10 

Internal compression parts subject to bending - Table 5.2 (sheet 1 of 3) 11 

Width of section; c = d = 225.2 mm 12 

 c / tw = 42.7 x  <= 72  ; Class 1 13 

Outstand flanges - Table 5.2 (sheet 2 of 3) 14 

Width of section; c = (b - tw – 2 x r) / 2 = 40.3 mm 15 

 c / tf = 6.4 x  <= 9  ; Class 1 16 

Section is class 1 17 

Check shear - Section 6.2.6 18 

Height of web; hw = h – 2 x tf = 240.4 mm 19 

Shear area factor;  = 1.000 20 

 hw / tw < 72 x  /  21 

Shear buckling resistance can be ignored 22 

Design shear force; VEd = max(abs(Vmax), abs(Vmin)) = 49.3 kN 23 

Shear area - cl 6.2.6(3); Av = max(A – 2 x b x tf + (tw + 2 x r) x tf,  x hw x  tw) = 24 

1562 mm2 25 

Design shear resistance - cl 6.2.6(2); Vc,Rd = Vpl,Rd = Av x (fy / [3]) / M0 = 248 kN 26 

PASS - Design shear resistance exceeds design shear force 27 

Check bending moment major (y-y) axis - Section 6.2.5 28 

Design bending moment; MEd = 55.4 kNm 29 

Design bending resistance moment - eq 6.13; Mc,Rd = Mpl,Rd = Wpl.y x fy / M0 = 71.2 kNm 30 



38 

 

PASS - Design bending resistance moment exceeds design bending moment 1 

Check vertical deflection - Section 7.2.1 2 

Consider deflection due to variable loads 3 

Limiting deflection;; lim = Ls1 / 360 = 12.5 mm 4 

Maximum deflection span 1;  = max(abs(max), abs(min)) = 8.055 mm 5 

PASS - Maximum deflection does not exceed deflection limit 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

  27 
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Appendix B – Life cycle assessment modules 1 

Figure 1 shows all life cycle stages within cradle-to-grave assessment including information on the relevant 2 

codes used to describe each module. Figure 1 is taken from RICS (2017) and it should be noted that the same 3 

modules apply in EN 15804 (BSI, 2019). A breakdown of the individual module’s codes can also be seen in 4 

Figure 1.  5 

 6 

Figure 12 Whole life carbon assessment information (RICS, 2017) 7 

 8 
 9 
 10 

  11 
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Appendix C – EPD data collection, quality check and summary process descriptions 1 

Table 2 shows the data quality criteria utilised to assess the quality of EPDs used within this study and Table 2 

3 shows the EPDs and their corresponding data quality score. Only EPDs with a data quality score of 70% or 3 

above were deemed sufficient for the purpose of this study. A general description of the processing steps for 4 

the manufacture and disposal of glulam and steel are given below.  For more detailed information, see the 5 

underlying EPDs. 6 

Table 2 EPD data quality criteria 7 

 

3 2 1 

Method 

compatibility 

EN 15804 and ISO 14025 Other standardised method 

recognised nationally or 

internationally (or either 

EN15804 or ISO 14025 but not 

both) 

No recognised or standardised 

method 

Assurance External panel review  Internal review No review process stated 

Temporal 

correlation  

<= 3 years <= 5 years <= 10 years 

Geographical 

correlation 

UK and Europe Rest of the world  No location specified 

Completeness In the case of glulam, all end-of-

life options are given. In the case 

of steel, a detailed breakdown of 

recycled content/ recycling rate 

is given  

N/A In the case of glulam, incomplete 

end-of-life options are given. In the 

case of steel, no detailed 

breakdown of recycled content/ 

recycling rate is given  

Transparency Detailed report and breakdown 

of sources of information. 

Breakdown of biogenic carbon 

(glulam)  

Good level of information 

provided but no detailed 

breakdown 

Document is vague in nature with 

no clear breakdown of information 

 8 

Table 3 EPD data collection and data quality score 9 
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Glulam 1 

(Wood 

Solutions, 

2017) 

(provides two 

data points) 

3 3 3 2 3 3 94% Accepted  

Glulam 2 

(Wood for 

Good, 2013) 

2 1 1 3 3 2 67% Rejected 

Glulam 3 

(IBU, 2018a) 

3 3 3 3 1 2 83% Accepted  

Glulam 4 

(IBU, 2018b) 

3 3 3 3 1 2 83% Accepted  

Glulam 5 

(IBU, 2018c) 

3 3 3 3 1 2 83% Accepted  
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 1 

General description of manufacturing and disposal for structural glulam and steel 2 

Building on Section 2.1, a high level description of the major manufacturing and end-of-life processing steps 3 

are provided below, for both glulam and steel.  Further detail is provided in the underlying EPDs. 4 

Glulam  5 

Manufacturing (Module A) 6 

Glulam is an engineered wood product made up of a number of layers of sawn timber bonded together with 7 

adhesives. The raw material of sawn timber is produced by forestry, where the processing steps include 8 

debarking, cutting and drying.  Glulam manufacturing generally uses kiln-dried softwood or hardwood.  The 9 

dried timber is "dressed" (e.g. trimmed and planed) to give exact and uniform thickness, and typically finger-10 

jointed into continuous lengths.  Lengths are then laminated together with adhesive and clamped under constant 11 

pressure until cured. Manufacturers using either phenol resorcinol formaldehyde as the adhesive, which is 12 

cured with heat, or they use polyurethane adhesive and cure the glulam at room temperature.  Preservative can 13 

be applied depending on use. 14 

End of Life (Module C and D) 15 

At the end-of-life, glulam is predominantly incinerated with energy recovery (termed ‘incineration’ on results 16 

graphs), and in some cases landfilled or recycled.  The main body of this paper and the results graphs indicate 17 

the effect of the differing end of life options in Modules C and D.  18 

For landfill, one EPD used in this study (Wood Solutions, 2017) included landfill. It provided two data points 19 

(for softwood and hardwood). As outlined in Section 3.1, and in line with IPCC data, the EPD modelled 10% 20 

of the biogenic carbon as degrading and being released to atmosphere.  The EPD gives references for the 21 

following assumptions: 22 

Glulam 6 (epd-

norge.no, 

2018a) 

3 3 3 3 1 3 89% Accepted  

Glulam 7 (epd-

norge.no, 

2018b) 

3 3 3 3 1 3 89% Accepted  

Glulam 8 

(IBU, 2019a) 

3 3 3 3 1 3 89% Accepted  

Steel 1 (BRE, 

2019) 

3 3 3 2 3 3 94% Accepted  

Steel 2 

(BlueScope, 

2015) 

3 3 2 2 3 3 89% Accepted  

Steel 3 (IBU, 

2019b) 

3 3 3 3 3 2 94% Accepted  

Steel 4 (IBU, 

2018d) 

3 3 3 3 3 2 94% Accepted  

Steel 5 (BRE, 

2018) 

3 3 3 2 3 3 94% Accepted  

Steel 6 (One 

Steel Building 

Possibilities, 

2016a) 

3 3 2 2 1 2 72% Accepted  

Steel 7 (One 

Steel Building 

Possibilities, 

2016b) 

3 3 2 2 1 2 72% Accepted  
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• Of the gases formed from degradataion of wood 50% is assumed to be methane and 50% on carbon 1 

dioxide.    2 

• All carbon dioxide is released to atmosphere 3 

• 36% of methane is captured, of which one quarter (9% of total) is flared and three quarters (27% of 4 

total) is used for energy recovery.  Of the 64% of methane that is not captured, 90% (58% of total) is 5 

released to atmosphere 6 

• In Module D, a credit is given for displacing average electricity from the Australian grid. 7 

For incineration with energy recovery, this involves shredding the glulam and then combusting it with energy 8 

recovery.  This is the approach in all the European EPDs.  For the EPDs that give details, energy recovery is 9 

typically done via combined heat and power plants, with overall efficiencies approximately 55% and electrical 10 

efficiency 18%. The benefits of energy recovery are reported in Module D, based on substitution of country-11 

specific or European average grid electricity, and thermal energy from natural gas.   12 

For recycling, a common assumption within the EPD dataset is shredding (downcycling) into wood chips.  The 13 

net benefits of displacing virgin wood chips by recycled wood chips are accounted for in Module D. 14 

Steel 15 

Manufacturing (Module A) 16 

Module A for steel includes the mining of raw materials which includes, depending on the subsequent 17 

manufacturing route, iron ore, coal, coking coal and lime.  Scrap metal is also used, with proportions varying 18 

by manufacturing route.  Under the cut-off approach adopted by EN 15804, EPDs that include scrap metal 19 

inputs report the impacts associated with turning scrap metal (at its ‘end of waste state’) through to new 20 

products. 21 

There are two primary manufacturing routes for steel:  22 

1. Basic oxygen furnace (BOF).  This generally refers to the manufacture of iron (hot metal) from iron 23 

ore in a blast furnace, which is subsequently processed in a basic oxygen furnace to make steel. 24 

2. Electric arc furnace (EAF).  This involves the melting of scrap steel, or pre-reduced iron ore, followed 25 

by refining (to remove impurities) the addition of additives (to produce required steel properties). 26 

BOF generally involves a higher proportion of ‘primary’ (or virgin) raw material inputs, while EAF generally 27 

involves a higher proportion of scrap metal inputs (WorldSteel Association, 2017).  Once steel has been 28 

produced, processes such as casting, rolling, cutting and welding are employed to produce structural steel in 29 

required forms.  30 

Some EPDs in this study represented average production across multiple sites, including a mixture of BOF 31 

and EAF. 32 

End of Life (Module C and D) 33 

For all the EPDs in this study, the majority of end-of-life steel is modelled as being recycled or reused, with a 34 

small proportion of non-recoverable being sent to landfill.  The impacts of recovery and waste processing to 35 

‘end of waste state’ are reported in Module C, while the benefits and loads of recycling or reusing steel are 36 

reported in Module D. 37 
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