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“What is the use of a house 

if you haven't got a tolerable planet to put it on?” 

 
— Henry David Thoreau, 1860 
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Abstract 

Forests can be an important element of an overall strategy to limit the 

atmospheric concentration of carbon dioxide (CO2) that contributes to climate 

change. As an integral part of the global carbon cycle, forests remove CO2 from the 

atmosphere as they grow, and accumulate carbon in tree biomass. Using wood 

products made from sustainably managed forests can reduce net CO2 emission by 

substituting in place of fossil fuels and energy-intensive materials. In this thesis the 

mechanisms by which wood product substitution can affect energy and carbon 

balances are studied. These include: the energy needed to manufacture wood 

products compared with alternative materials; the avoidance of industrial process 

carbon emission from e.g. cement manufacture; the use of wood by-products as 

biofuel to replace fossil fuels; and the physical storage of carbon in forests and 

wood materials. 

A methodological framework is first developed by integrating knowledge 

from the fields of forestry, industry, construction, and energy. A life cycle 

perspective is employed encompassing the entire product chain from natural 

resource acquisition to material disposal or reuse. Analytical challenges that are 

addressed include the functional unit of comparison, the fossil reference system, 

land use issues of wood vs. non-wood materials, and the diverse phases of the 

product life cycle. The methodology is then applied to two multi-storey wood-

framed buildings in Sweden and Finland, compared with two functionally 

equivalent buildings with reinforced concrete structural frames. The results show 

that less primary energy is needed to produce the wood-framed buildings than the 

concrete-frame buildings. CO2 emission is significantly lower for the wood-frame 

buildings, due to reductions in both fossil fuel use and cement calcination process 

emission. The most important single factor affecting the energy and carbon 

balances is the use of biomass by-products from the wood product chain as biofuel 

to replace fossil fuels. Over the life cycle of the wood-framed buildings, the energy 

of biomass residues from forest operations, wood processing, construction and 

demolition is greater than the energy inputs to produce the materials in the 

buildings. Realisation of this benefit is facilitated by integrating and optimising the 
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biomass and energy flows within the forestry, industrial, construction, energy, and 

waste management sectors. 

Different forest management regimes are studied in an integrated carbon 

analysis to quantify the carbon flows and stocks associated with tree biomass, soils, 

and forest products. Intensified forest management that produces greater 

quantities of biomass leads to net CO2 emission benefits by augmenting the 

potential to substitute for fossil fuels and non-wood materials. The increased 

energy use and carbon emission required for the more intensive forest 

management, as well as the slight reduction in soil carbon accumulation due to 

greater removal of forest residues, are more than compensated for by the emission 

reduction due to product substitution. Carbon stock changes in forests and wood 

materials can be temporarily significant, but over the building life cycle and forest 

rotation period the stock change becomes insignificant. In the long term, the active 

and sustainable management of forests, including their use as a source for wood 

products and biofuels, allows the greatest potential for reducing net CO2 emission. 

Implementation issues related to the wider use of wood-based materials to 

reduce energy use and carbon emission are also explored. An analysis of the effects 

of energy and taxation costs on the economic competitiveness of materials shows 

that the cost of energy for material processing, as a percentage of the total cost of 

finished material, is lower for wood products than for other common non-wood 

building materials. Energy and carbon taxation affects the cost of wood products 

less than other materials. The economic benefit of using biomass residues to 

substitute for fossil fuels also increases as tax rates increase. In general, higher 

taxation of fossil fuels and carbon emission increases the economic competitiveness 

of wood construction. An analysis of added value in forest product industries 

shows that greater economic value is added in the production of structural 

building materials than in other uses of forest biomass. Co-production of multiple 

wood-based products increases the total value that is added to the biomass 

produced on an area of forest land. The results show that production of wood-

based building material is favoured economically by climate change mitigation 

policies, and creates high added value within forest product industries.
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Sammanfattning 

Skogsresurser kan utgöra en viktig del i en strategi för att begränsa 

koncentrationen av koldioxid (CO2) i atmosfären och därmed begränsa 

klimatförändringarna. Skog tar upp CO2 från atmosfären när den växer och kolet 

lagras i trädens biomassa. Trädprodukter från hållbart brukade skogar kan minska 

nettoutsläppen av CO2 genom att de kan ersätta fossilt bränsle och energiintensiva 

material. I denna avhandling studeras faktorer som påverkar energi- och 

kolbalanser när träprodukter ersätter alternativa produkter. Signifikanta faktorer 

är den energi som behövs för att framställa träprodukter jämfört med alternativa 

produkter, utsläpp av CO2 från industriella processer som vid cementproduktion, 

ersättning av fossilt bränsle med trärester samt lagring av kol i skog och 

träprodukter. En metodik har utvecklats för att studera dessa faktorer genom att 

integrera ämneskunskaper från byggkonstruktion, energi, industri och det skogliga 

området. Den bygger på ett livscykelperspektiv och innefattar hela material- och 

produktkedjor från naturresurs till avfall eller återanvändning av material eller 

produkter. De metodikfrågor som varit i fokus är den funktionella enheten för 

jämförelser, det fossila referenssystemet, utnyttjande av skogmark vid produktion 

av träprodukter samt produktens olika faser under en livscykel. Metodiken har 

sedan använts för att jämföra ett svenskt och ett finskt flervåningshus i trä med två 

funktionellt likvärdiga hus med betongstomme. Resultaten visade att det behövs 

mindre primärenergi för att tillverka trähuset än betonghuset. Energin som kan 

utvinnas från biprodukter under en träbyggnads livscykel – från skogsskötsel, 

förädling, konstruktion och rivning – är större än den energi som krävs för att 

tillverka byggnadsmaterialet i byggnaden. Nettoutsläppen av CO2 från både fossil 

primärenergi och cementkalcinering är också väsentligt lägre för trähuset, men 

användningen av biprodukter från skogsavverkning, träförädlingskedjan och 

rivningsvirke för att ersätta fossilt bränsle har störst påverkan på kolbalansen. För 

att fullt ut tillgodogöra sig biprodukters potentiella fördelar krävs att de olika 

sektorerna för skogsbruk, industri, konstruktion, energi och avfallshantering 

integreras och optimeras med avseende på energi- och materialflöden. 
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Olika skogsskötselmetoder har analyserats för att kvantifiera de flöden och 

den lagring av kol som sker i biomassa, mark och träprodukter. Intensifierat 

skogsbruk gav mindre utsläpp av CO2 per ha skogsmark, eftersom potentialen 

ökade för att ersätta fossila bränslen och energiintensiva material. Denna 

substitutionseffekt kompenserade mer än väl för den ökning i energianvändning 

och de utsläpp av CO2 som den intensivare skogsskötseln medförde, inklusive för 

den minskning av lagrat kol i marken som uttaget av skogsrester medförde. 

Lagring av kol i skogar och träprodukter kan vara intressant i ett kort 

tidsperspektiv, men under en byggnads livscykel och ett skogsbestånds 

rotationsperiod har den liten betydelse. I längden uppnås den största minskningen 

av CO2-utsläpp genom en aktiv och hållbar skogsskötsel med uttag av 

skogsresurser för användning till träprodukter och energi. 

I denna avhandling studerades också hur användningen av träprodukter 

påverkas av energi- och miljöskatter. En analys av energi- och skattekostnadernas 

effekt på konkurrenskraften för trämaterial visade att energikostnaden är lägre för 

trämaterial än för andra vanliga byggmaterial. Energi- och koldioxidskatter 

påverkar träprodukter i mindre utsträckning än produkter i andra material. De 

ekonomiska fördelarna av att använda biomassa som ersättning för fossila 

bränslen ökar också med höjda skatter. Konkurrensfördelarna för 

träkonstruktioner ökar därför generellt i takt med högre skatt på fossila bränslen 

och CO2-utsläpp. En analys av förädlingsvärdet hos skogsprodukter visade på en 

större värdeökning vid produktion av byggnadsmaterial än för andra 

biomassebaserade produkter. Samproduktion av flera träprodukter ökade det 

totala värdet hos biomassan per skogsareal. Resultaten visade att produktion av 

träbaserade byggnadsmaterial får ekonomiska fördelar av klimatpolitiska åtgärder 

och att sådan produktion har ett högt förädlingsvärde för industrierna i 

träbranschen. 
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1  Introduction 
1.1  Forestry and climate change mitigation 

A scientific consensus has emerged that human activities are altering the 

global climate system (IPCC 2007a). Emissions of greenhouse gases (GHGs) into 

the atmosphere are affecting the Earth’s balance of radiative energy, increasing the 

mean surface temperature and causing more frequent extreme weather events. 

Carbon dioxide (CO2) is the most significant anthropogenic GHG, its atmospheric 

concentration having increased by about 35% since the beginning of the industrial 

revolution and continuing to increase by at least 0.4% per year (IPCC 2007a). The 

main source of CO2 is the combustion of fossil fuels, which was responsible for 

about 57% of all anthropogenic GHG emission in 2004 (IPCC 2007c). Globally, 

fossil fuels are the dominant source of energy, providing over 80% of the world’s 

primary energy (IEA 2006). Figure 1 shows a breakdown of fossil fuel uses in 

Sweden, the European Union (EU-25 countries), and the world. 

 

 
Figure 1. Global, EU-25, and Swedish fossil fuel use in different sectors in 2003, as percent 
of total fossil-fuel use. Absolute numbers (PJ) are shown above each bar, and totals (EJ) are 
given in the inset box. (Source: Gustavsson et al. 2007) 
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Unless timely and appropriate mitigation actions are taken, climate change is 

likely to cause significant negative impacts to ecological, social, and technological 

systems (IPCC 2007b). Strategies to mitigate climate change include reducing 

carbon emissions and increasing carbon sinks. Forests and forest products can play 

important roles both in reducing emissions and increasing sinks. Forests take CO2 

from the atmosphere as they grow, fixing the carbon in tree biomass through the 

process of photosynthesis. About 50% of the dry weight of wood is carbon. The 

carbon is released again to the atmosphere when the biomass decays or burns. 

Thus, sustainably managed forestry systems recycle carbon that is taken in by 

photosynthesis, used as wood products or fuels, and returns again to the 

atmosphere during combustion or decay. 

Forests play an important role in the global biogeochemical carbon cycle. 

Forests are estimated to hold a carbon stock of about 280 Gt C in living biomass 

(IPCC 2007c). However, carbon sequestration in forest biomass can reduce the net 

CO2 emission only as long as the forest carbon stock is increasing. The capacity of 

forests to store increasing amounts of carbon is limited, as forests eventually reach 

a dynamic equilibrium, with the amount of carbon taken up by new growth 

balanced by the carbon released by respiration in living trees and decay of dead 

trees. Furthermore, the carbon stock in forests can be released to the atmosphere if 

the forest is disturbed by e.g. fire or disease. Thus, while the current stock of 

carbon in forests is significant, biological carbon sequestration is not a long-term 

option for mitigating the carbon emission of fossil fuels released from geological 

storage. 

Using forest biomass to substitute in place of fossil fuels, on the other hand, 

provides permanent and cumulative reduction of carbon emission (Gustavsson et 

al. 1995, Schlamadinger and Marland 1996). Fossil fuel combustion is a linear flow 

of carbon, from its long-term geological storage underground, through the 

technological apparatus, and into the atmosphere in the form of CO2. In contrast, 

the burning of biomass grown in sustainably managed forests is part of a cyclical 

flow, as the carbon emitted during combustion will be absorbed by regrowth of the 

harvested forest stand. The net effect is that solar energy is used to provide energy 
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services, with trees providing energy concentration and storage in chemical bonds. 

Biofuels from sustainably managed forests are thus carbon neutral, with the 

exception of small carbon stock changes and emissions from fossil fuels that are 

used to operate the biomass system. 

An increasingly attractive option for using forest biomass to mitigate climate 

change is to substitute wood products in place of more carbon-intensive materials 

like steel, aluminium and concrete (Schlamadinger and Marland 1996; Gustavsson 

et al. 2006). Using wood materials can reduce net CO2 emission in several ways: 

less energy may be needed to manufacture wood products compared with 

alternative materials; non-energy process emissions associated with the alternative 

materials can be avoided; carbon is stored in the wood materials; and biomass by-

products of the wood production chain can be used as biofuel to replace fossil 

fuels. Although fossil CO2 emission also occurs during the life cycle of wood 

materials, substituting wood in place of other materials reduces emissions 

compared to the baseline of using other materials. The wood product itself can also 

be burned as biofuel at the end of its useful life, in a cascade chain that increases 

the efficiency of the biomass use (Sirken and ten Houten 1994). Cascading is the 

sequential use of a resource for different purposes over time. Thus, the wood 

product life cycle optimised for mitigating climate change would entail the use, 

and possible reuse, of the product in place of more carbon-intensive materials, and 

finally be burned in place of fossil fuel at the end of its life cycle. 

 

1.2  Wood use in past, present and future 

It is not a coincidence that GHG emissions have increased significantly since 

the beginning of the industrial revolution. Until recent centuries, wood had been 

the primary source of energy and material for human society (Perlin 1989). Wood 

was the most important fuel for cooking, heating and industry, and an important 

raw material for construction, agriculture, crafts, shipbuilding etc. The renewable 

nature of wood, and its integral place in the global carbon cycle, allowed its 

continuing use without perturbing the stability of the climate system. Sustainable 

forest management practices were developed in some regions of the world, 
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ensuring a continuing supply of wood for energy and material uses. In other 

regions, the use of wood outstripped locally available supply, in some cases due to 

a lack of attention paid to forest regeneration activities. The local scarcity of wood 

in several areas of western Europe provided an impetus to develop innovative 

technologies to use coal (Clow and Clow 1956), eventually leading to fossil-

dependent economies of scale that gave preference to fossil fuels even in cases 

where wood was abundant (Flinn 1959). Over the last several centuries, many 

previous uses of wood have been replaced by non-renewable fossil fuels such as 

coal, oil and natural gas, and materials such as concrete, metals and plastics 

(Gustavsson et al. 2006). 

Schulz (1993) suggested that the substitution of wood by other materials and 

energy sources, which is continuing even today, will be reversed and a new phase 

of increased wood use will begin due to environmental reasons and the exhaustion 

of certain non-renewable raw materials and fuels (Figure 2). The future 

development of wood use is difficult to predict, but the realisation of the 

importance of climate change mitigation, coupled with the implementation of 

suitable policy instruments, could motivate a significant increase in the use of 

wood use (Gustavsson et al. 2006). Hoogwijk et al. (2003) suggested that the 

demand for biomaterials may increase by 2½ times during the coming 50 years, 

and the demand for biomass fuel is also expected to increase strongly (EC 2005). 

Forest products will undoubtedly play an important role in the material 

economy of Sweden as it transitions toward sustainability. Biofuels currently 

provide about 18% of Sweden’s energy supply, a percentage that is expected to 

increase (Swedish Energy Agency 2006). Wood material is widely used for 

constructing single-family homes in Sweden, and there is growing interest in 

increasing the use of wood construction material in other types of buildings such 

as apartments and industrial structures (Näringsdepartementet 2004). Although it 

is possible to increase the production rates of forests and plantations through more 

intensive management, wood resources are nevertheless finite. It is 
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Figure 2. Three Phases Theory of the history of wood utilisation. (Source: Gustavsson et al. 

2006, from Schulz 1993). 

 

thus necessary that the available wood resources are used wisely and efficiently. 

Because issues of energy security and climate stability are essential aspects of 

sustainable development, it is important that we better understand the effects of 

forestry and wood use on energy use and net carbon emission. 

 

1.3  Previous studies and existing knowledge 

Interest in, and recognition of, the potential for using wood-based products to 

reduce energy use and mitigate climate change has gradually emerged over the 

past several decades. Various authors have explored different aspects of the 

energetic and climatic implications of using wood products and construction. 

 

1.3.1  Energy analysis of wood products 

Concerns over energy use for building material production surfaced in the 

1970s, in response to the energy cost adjustments at the time. A standard 

methodology for energy analysis was advanced in 1974 to provide consistency and 

comparability among studies (IFIAS 1974). The same year, the US National 

Academy of Sciences established the Committee on Renewable Resources for 

Industrial Materials (CORRIM) to study the potential of wood as a feedstock for 
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industrial production. Panel II of the committee concentrated on wood used for 

structural and architectural purposes. The resulting report focused specifically on 

the energy impacts associated with using various wood-based building materials 

(Boyd et al. 1976). The committee found that wood-based materials are less energy 

intensive than other structural materials that fulfil the same function. The study 

noted that wood manufacturing industries are, or could be, largely energy self-

sufficient, in part because of the use of biomass residues as fuel. 

Boustead and Hancock (1979) further elaborated on methodological aspects of 

energy analysis, and calculated the energy inputs for manufacturing various 

industrial materials in the US, including building materials such as lumber, 

concrete, bricks and steel. Baird and Chan (1983) estimated the energy 

requirements for producing principal building materials in New Zealand, as well 

as the energy needed for house construction. Worrell et al. (1994), following the 

methodology of IFIAS (1974), calculated energy requirement figures for the 

industrial production of materials including some wood products, applied to 

western Europe and particularly The Netherlands. Fossdal (1995) provided a 

detailed inventory of energy use and several environmental emissions resulting 

from the production of selected building materials in Norway. This study also 

included accounts of energy and emissions for the production of materials for 

entire buildings, though the various buildings analysed in the study are not 

directly comparable, as their size and function are different. 

Cole and Kernan (1996), using data from Forintek (1993), calculated the total 

life cycle energy use of a multi-storey office building in Canada, constructed with a 

wood, steel, or concrete structural frame. They found that the production of the 

concrete building used 6% more energy, and the steel building used 14% more 

energy, than the wood building. The energy used for operating the building was 

identical for all three materials, and was the dominant part of the total life cycle 

energy use. Cole (1999) studied the energy used and GHG emission due to the on-

site construction activities of buildings made with structural frames of wood, steel 

or concrete. The energy and GHG emission for the construction work (not 

including the production of the materials themselves) was lowest for the steel-
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framed building, slightly higher for the wood-framed building, and significantly 

higher for the concrete-framed building. 

Adalberth (2000) investigated the energy use and environmental impact of 

seven residential buildings built in Sweden in the 1990s. The buildings were 

analysed over their life cycles including manufacture of building materials, 

transport of building materials and components to the building site, assembly and 

erection of the building, occupancy, maintenance and renovation, and finally 

demolition and removal of debris. The results show that the energy used to 

manufacture building materials constitutes approximately 15% of the total life 

cycle energy use. The author pointed out that as energy efficiency measures are 

undertaken to reduce building operating energy, the significance of the energy 

used for material production would increase. 

Jungmeier et al. (2003) discussed the treatment of energy issues in life cycle 

assessments of forest products. They observed that auxiliary energy needed within 

the forest product chain is low (<10%) compared to the heat value of the biomass 

flows, that the substitution ratio between bioenergy and fossil fuel might be lower 

than 100% depending on the technical systems available, and that the most 

important benefit of bioenergy is GHG emission reduction by substituting for fossil 

energy. 

 

1.3.2  Climate change mitigation potential of wood products 

Several studies have used earlier energy analyses as a basis to compare 

carbon emissions of wood and non-wood material production. Koch, a co-author 

of an earlier study on energy aspects of wood product use (Boyd et al. 1976), used 

energy data from the earlier study to calculate the carbon balance implications of a 

proposed reduction in timber harvest from US forests (Koch 1992). He concluded 

that if non-renewable materials like steel, aluminium, concrete and brick were used 

instead of structural wood products, net carbon dioxide emission would increase 

substantially. Sedjo (2002) used data from Boyd et al. (1976), Koch (1992) and 

Kunniger and Richter (1995) to determine the GHG emission impact of the choice 

of material for utility poles in the US. He estimated that the emission reduction if 
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all utility poles in the US were made of wood instead of steel would be on the 

order of 2.8% of total annual US emissions. 

Buchanan and Honey (1994), using energy intensity data from Baird and 

Chan (1983), calculated the CO2 emissions from fossil fuel combustion and process 

emissions from the production of building materials in New Zealand. They 

compared wood-framed versions to steel or reinforced concrete versions of several 

different types of buildings, and found that in all cases the wood buildings emitted 

less fossil and process emissions during material production. Buchanan and Levine 

(1999) later used building emission data from Buchanan and Honey (1994) in a 

scenario analysis of the carbon balance implications of an increased use of wood-

based building materials. They calculated that a 17% increase in the use of wood in 

New Zealand buildings would reduce by 20% both the fossil fuel use and CO2 

emission from building material manufacture. They found that the effect of 

increased carbon storage in wood products is very minor compared to the effect of 

reduced fossil carbon emission. 

The conceptual basis for using wood material to mitigate climate change was 

advanced by Schlamadinger and Marland (1996), who provided a comprehensive 

theoretical analysis of the role of wood products in the global carbon cycle. Based 

on computer modelling of carbon flows associated with various land use 

strategies, they concluded that using biomass for direct substitution of fossil fuels 

or fossil fuel-intensive materials is an important means of reducing net carbon 

emission because it provides permanent and cumulative emission reduction, 

whereas sequestration or conservation of carbon is typically limited or temporary. 

They made an estimate of the “displacement factor” of wood products, defined as 

the amount of fossil carbon not oxidised because wood products are used instead 

of more energy-intensive materials, and acknowledged that additional research is 

needed to better quantify the displacement factor and its variability. 

Schlamadinger et al. (1997) developed a standard methodology to compare 

the greenhouse gas balances of fossil fuel and biofuel energy systems. Many of the 

methodological issues examined by these authors are equally relevant to the 

comparison of wood-based and non-wood-based material use. There are strong 
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parallels between the cyclical flow of carbon in sustainably produced biofuels and 

wood building materials, versus the linear flows associated with fossil fuels and 

energy-intensive mineral materials. Furthermore, the life cycle of wood-based 

materials is linked to biofuel availability and its impact on fossil carbon flows. 

A comprehensive study by Börjesson and Gustavsson (2000) brought together 

issues of land use, biofuel supply, and end-of-life alternatives of building materials 

in Sweden. The authors compared a multi-storey building built with either a wood 

frame or a concrete frame, and found that the primary energy used for the 

production of building materials was about 60–80% higher for the concrete 

construction than for the wood construction. This study considered the use of 

forest and processing residues as well as wood-based demolition waste as 

substitutes for fossil fuel, and considered alternative land uses and their effect on 

carbon balances. The net GHG emission, while generally more favourable for the 

wood-framed building, depended strongly on how the wood was handled after 

demolition of the building. The study highlighted the complexity of comparing 

different alternatives for utilising forest biomass for climate change mitigation, and 

the effect that the time perspective has on the results. 

Pingoud and Perälä (2000) estimated the maximum wood substitution 

potential in new building construction in Finland. The total amount of materials 

used during one year in various building parts in new construction of different 

building types was estimated, and the commercial potential for increased wood 

use in each building part was assessed. The results indicated that nearly twice as 

much wood material could have been used in Finland in 1990 compared to the 

amount that was actually used. It was estimated that each kilogram of additional 

wood material used could result in 3.6 kg of reduced masonry material usage and 

0.1 kg of reduced metals usage. In a study of fossil carbon emissions associated 

with carbon flows of wood products, Pingoud and Lehtilä (2002) found that sawn 

wood typically requires less processing energy than other wood products such as 

panels and paper products. This suggests that not only the choice of wood vs. non-

wood product is important from a climate change mitigation perspective, but also 

the type of wood-based product that is used. Scharai-Rad and Welling (2002) 
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analysed single-family houses constructed in central Europe made with either 

wood or brick. They considered the utilisation of processing and demolition 

residues to replace fossil fuels, and found that net GHG emission decreased as the 

volume of recovered wood increased. 

In a series of articles, Petersen and Solberg (2002, 2003, 2004) analysed the use 

of various wood materials in place of non-wood materials in Norway. They 

employed a methodology that discounted emissions and costs that occur at 

different times during the material life cycles, and calculated an index of the cost-

efficiency of material substitution. They also linked the analyses to the carbon 

fixation dynamics of forests. Petersen and Solberg (2002) compared the GHG 

emission of using either glue-laminated wood beams or steel beams for the roof 

structure at the Gardermoen Airport in Norway. For the base scenario, the study 

found that energy consumption in manufacturing the steel beams is 2 to 3 times 

higher, and the use of fossil fuels 6 to 12 times higher, than in the manufacture of 

wood-based beams. Assumptions regarding manufacturing and waste handling 

had a significant impact on the results. Assumptions regarding carbon 

sequestration on the forest land regenerated after harvesting, whether the steel 

production is ore-based or scrap-based, and the type of energy resources used for 

producing electricity for the steel industry also affected the results substantially. 

Petersen and Solberg (2003) showed that floor covering made of solid oak wood 

resulted in lower GHG emissions than alternative floor coverings of natural stone, 

if the wood is burned for energy purposes at the end of its life cycle. Petersen and 

Solberg (2004) analysed GHG emissions and costs of using wood in place of other 

floor covering materials including wool carpet, polyamide carpet, vinyl and 

linoleum. They found that wood flooring resulted in lower life cycle GHG emission 

than the alternative floor coverings, but that the economic incentive to use wood 

instead of other materials depended on discount rates, carbon fixation on forest 

land, and other variables. Peterson and Solberg (2005) conducted a review of 

Swedish and Norwegian studies of economic and environmental impacts of wood 

substitution. They found wood construction to consistently result in lower GHG 
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emission than non-wood material, with the amount depending largely on waste 

material management and how forest carbon flows are considered. 

Lippke et al. (2004) reported results from the Consortium for Research on 

Renewable Industrial Materials (CORRIM), established to update and expand 

upon the results of the 1970s committee with the same acronym. The consortium 

conducted primary research into all stages of the wood-based building materials 

chain, from forest production, harvest, processing, construction, use, and 

demolition. They found concrete- and steel-framed houses to use 16 and 17% more 

total energy, respectively, than equivalent wood-framed houses. Because much of 

the energy for producing wood-based materials is produced internally during 

wood processing, the concrete- and steel-framed houses used 2.5 and 2.8 times 

more non-bioenergy, respectively. CO2 emission was lower for the wood-framed 

houses due to carbon storage in wood products and reduced use of fossil fuels. 

Additional articles by various CORRIM member scientists confirmed and 

expanded upon the initial 2004 results, in a special issue of Wood and Fiber Science 

(Johnson et al. 2005; Kline 2005; Lippke et al. 2005; Milota et al. 2005; Perez-Garcia 

et al. 2005a, 2005b; Puettmann and Wilson 2005a, 2005b; Wilson and Dancer 2005a, 

2005b; Wilson and Sakimoto 2005; Winistorfer et al. 2005) and in Lippke and 

Edmonds (2006) and Meil et al. (2007). 

Werner et al. (2005) conducted a scenario analysis of the GHG emission 

impact of a 12.5% increase in wood product use in Switzerland through the year 

2130. They estimated substitution potentials for 12 wood-based materials used in 

construction and interior finishing, and calculated changes in carbon stock and 

GHG emissions if these wood materials were used instead of non-wood materials. 

They distinguished between the effects occurring within the Swiss border and 

those in other countries, and concluded that GHG emissions within Switzerland 

would be most reduced by using wood in place of energy-intensive, locally 

produced products such as concrete and bricks. Rivela et al. (2006) compared using 

wood waste as either an energy source or a raw material for particleboard 

production, and found a slight climate benefit to material recycling. Using a top-

down model based on specific emissions per unit of economic value of materials, 
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Gerilla et al. (2007) compared houses in Japan made of wood and of reinforced 

concrete. Over the buildings’ life cycles, the authors found that the concrete house 

used 19% more energy and emitted 23% more carbon than the wooden house. 

 

1.3.3  IPCC reports: evolving perspective on wood products 

The Intergovernmental Panel on Climate Change (IPCC) was established in 

1988 to assess the scientific, technical and socio-economic information relevant to 

understanding the risk of human-induced climate change, its potential impacts, 

and options for adaptation and mitigation. The IPCC does not carry out research, 

but instead bases its assessment on a synthesis of published, peer-reviewed 

scientific/technical literature. As such, the series of reports issued by the IPCC 

records the evolving interest in, and knowledge of, the potential role of wood 

products in mitigating climate change. 

The first report of the IPCC Working Group III, responsible for formulating 

and evaluating mitigation strategies, was published in 1991 (IPCC 1991). It 

conceptually recognised the potential of wood material substitution for mitigating 

climate change. The report stated that: 

“It is also vital to make a contribution to the reduction of the man-

made increase in the greenhouse effect by making greater use of 

wood…Wood in competition with building material and other 

material whose production requires many times more energy 

contributes to energy savings and to maintaining carbon sinks…If 

timber could be utilised more effectively and a larger percentage of 

timber products recycled, less wood would need to be cut from forests 

without resulting in a decrease in industrial production…Materials 

such as concrete, steel, and aluminium could often be replaced by 

wood, which would have the added advantage of saving on the 

energy required in the production of these materials and on the 

consequent carbon emission” (IPCC 1991, p.88-89). 
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Beyond this general recognition, the report offered no quantitative estimate of the 

mitigation potential of forest products, nor did it attempt to evaluate material 

substitution within an overall framework of mitigation options. 

Five years later, the second IPCC assessment report included forest products 

in two of the three recognised forest management strategies for climate change 

mitigation (IPCC 1996). The three strategies were: conservation management to 

preserve existing stocks of biological carbon (by e.g. controlling deforestation); 

storage management to expand the carbon storage in forests and wood products; 

and substitution management to use forest biomass to replace fossil fuels and 

energy intensive products. The report recognised that substitution management 

has the greatest mitigation potential in the long term, as the other two strategies 

are inherently limited by the amount of carbon they can conserve or store. The 

report clearly distinguished between the effects of carbon stored in wood products, 

and the fossil emissions avoided through wood product use: 

“When forests are used to produce sawtimber, plywood, or other 

industrial wood products, C can be sequestered for long periods. The 

length of time depends on how the timber is treated and used. The 

production of wood products often requires much less energy than 

does production of alternative products like steel, aluminium, and 

concrete, and there can be a large energy return on investment in 

wood products. For example, the substitution of composite solid-

wood products with load-bearing capacities for steel and concrete can 

save large amounts of fossil fuel. However, an analysis of the full life 

cycles of wood products is required to appreciate the impact on net C 

storage and net C emissions. Over long time periods, the displacement 

of fossil fuels either directly or through production of low-energy-

intensive wood products is likely to be more effective in reducing C 

emissions than physical storage of C in forests or forest products” 

(IPCC 1995, p.782). 

Thus the mechanisms through which forests can maximally contribute to long-

term mitigation efforts were beginning to be clarified, and the need for life cycle 
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analysis of wood products was recognised, yet still no quantitative assessment was 

available. 

In the third IPCC assessment report, initial life cycle analyses of wood 

products called for in the previous report were described (IPCC 2001b). These 

analyses reinforced the earlier supposition that substitution effects provide 

cumulative and permanent avoidance of fossil carbon emissions, while 

conservation and storage provide limited, and possibly transient, emission 

avoidance. The report highlighted three roles played by wood products in the 

carbon cycle: a physical reservoir of carbon; a substitute for more energy-intensive 

materials; and a fuel to generate energy. A range of estimates of the global stock of 

wood products was offered (4.2 to 20 GtC), as well as estimates of the net sink into 

wood products, which is the difference between the production of new wood 

products and the release of the carbon stock in existing products (0.026 to 

0.139GtC/yr). The report offered an estimate of the substitution impact of 0.28 

tC/m3 of final wood product, resulting from the reduced energy needed to 

produce wood products compared to non-wood products, and stated that 

“(a)lthough this estimate is highly uncertain, it is possible that for wood products 

the substitution impact is larger than the sequestration impact” (IPCC 2001b, 

p.324).  

The fourth and latest IPCC assessment report considered material 

substitution as an integral part of a forest sector mitigation portfolio (Figure 3) 

(IPCC 2007c). The report stated that “(i)n the long term, a sustainable forest 

management strategy aimed at maintaining or increasing forest carbon stocks, 

while producing an annual sustained yield of timber, fibre or energy from the 

forest, will generate the largest sustained mitigation benefit” (IPCC 2007c, chpt.9, 

p.3). The report included references (including Papers I and II from this study) 

documenting the significance of substituting wood products to reduce net carbon 

emission to the atmosphere. Based on this understanding of the necessity of an 

integrated forest sector strategy, the report focused on policy measures to 

encourage the wider implementation of sustainable forest management and forest 

product use to minimise net carbon emission. 
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Figure 3. Linkages between the forest sector and other sectors, with the overall goal of 

minimising net GHG emission to the atmosphere. (Source: IPCC 2007c) 

 

1.4  Knowledge gaps and study objectives 

The present doctoral study began in 2003, within the context of a firm 

conceptual basis for the use of wood-based products to mitigate climate change, 

yet at a time of substantial uncertainty regarding the quantitative extent of the 

potential mitigation effect. Furthermore, the development of robust 

methodological procedures to conduct analyses over the life cycle of wood 

products was incomplete, particularly in terms of integrating diverse aspects of 

forestry operations, industrial processes, and construction practices. In response to 

these challenges, the present study seeks to deepen our understanding of the 

potential contribution of wood-based products toward climate change mitigation 

and sustainable development. Using bottom-up analyses of natural and 

technological processes, this study endeavours to: 

• Develop a methodology to determine the life cycle energy and carbon balances 

of building materials, by integrating knowledge from the fields of forestry, 

industry and construction; 

• Compare the energy and carbon balances of wood-based materials to those of 

non-wood materials, at both the level of individual products and the 

aggregated building level; 
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• Determine which factors have the greatest influence on the energy and carbon 

balances of wood-based products, and quantify how variation of those factors 

affects the energy and carbon balances; 

• Explore the effects of economic and policy measures as they relate to the 

implementation of building methods with lower energy and carbon balances. 
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2  Methodological framework 

A major aspect of this study is the development of appropriate analytical 

methodologies to compare energy and carbon balances of wood-based and non-

wood-based materials. Although sophisticated tools for the analysis of life cycle 

environmental impacts of many goods and services have been developed over the 

last several decades (e.g. ISO 2006), there are additional challenges in analysing 

forest products (Perez-Garcia et al. 2005a) and buildings (Kotaji et al. 2003). There 

are several reasons for the increased complexity of the environmental analysis of 

forest products compared to that of most other products: a much longer time frame 

is involved, including the time for forest growth and the long lifespan of some 

wooden products; a range of useful products are obtained at different points in 

time, including forest thinnings during the time of forest growth, primary products 

and by-products at the time of forest harvest, and combustible residues at the end 

of the product lifespan; a broad array of joint products can be obtained from a tree 

(e.g. saw, veneer, and pulp logs) and a stand (e.g. different uses from different 

species in a mixed forest stand); and the unique relationship between forest 

development and environmental services, including climate stability (Perez-Garcia 

et al. 2005a). Furthermore, the life cycle analysis of buildings is also more complex 

than that of many other products due to: the long lifespan of most buildings, with 

impacts occurring at different times during the life cycle; the possible changes in 

form or function during the lifespan of the building; the multitude of different 

actors, including designers, builders and users, that influence the life cycle impacts 

of the building; and the lack of standardisation of building design and 

construction, making each building unique (Kotaji et al. 2003). 

This section examines general issues that are crucial to an effective 

comparative analysis over the life cycle of wood building materials, and how these 

issues have been treated in this study. More specific methodological procedures 

are discussed in Sections 3 and 4. 
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2.1  Model formulation 

This analysis uses models of energy and material flows to draw conclusions 

about natural and technological systems. Models are useful not because they 

duplicate reality but because they aid our understanding of the interactions and 

outcomes of the modelled systems, and give us insight into potential 

improvements in the physical systems upon which the models are based. Two 

different, but complementary, modelling approaches to system analysis are 

bottom-up and top-down methods.  

Bottom-up models, such as the ones developed in this study, start from a 

detailed understanding of the fundamental elements and processes of the system, 

and then generate aggregate system behaviour by simulating the relations between 

the individual entities of the system. A process-based analysis, for example, begins 

with mass and energy balances of the final production process, and works 

backward to determine the energy and material needs of each contributing input. 

As the analysis expands to include higher-order indirect inputs, the contribution of 

additional factors becomes less significant and more cumbersome to determine. 

System boundaries of the analysis are drawn at an appropriate level, beyond 

which the energy and material flows are ignored. While giving detailed 

information on the particular process studied, this method allows truncation error 

outside of the system boundaries. 

Top-down models, on the other hand, begin with an overall description of 

aggregate performance of the system, and proceed to subdivide the system to 

understand its functioning. An input-output analysis, for example, uses macro-

economic data on monetary transactions between industrial sectors, including 

flows of commercial energy. Data on energy and material purchases by particular 

industrial sectors are coupled with information on physical production, yielding 

average values for the energy and material balances of the materials produced. 

Truncation error is avoided because contributions from the entire economy are 

considered, by definition accounting for 100% of commercial material and energy 

flows. However, this method has limited detail of particular processes because the 

data are highly aggregated. It does not account for non-commercial energy sources 
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such as biomass residue used internally in wood production processes. 

Furthermore, because it is based on statistical data of historical or current 

production, it has limited relevance to innovative technologies that are now being 

developed for future implementation. 

Bottom-up models have the advantage of greater detail in system parameters, 

but may lack completeness if some parts of the system are excluded from the 

model. Top-down models include the entire system, but may suffer from 

limitations in understanding the relations between the elements in the system and 

how they can be modified to achieve desired objectives. Top-down models appear 

particularly unsuited for energy and carbon balance analysis of forest industries, 

where a large part of the energy and carbon flows occur outside the realm of 

macro-level statistical compilations. For example, a significant part of the energy 

used in forest product industries is derived from biomass residues generated 

internally, and the dynamics of biological carbon stocks and flows, and their 

complex interactions with fossil carbon emission, are inadequately described from 

the top down. 

In this study, we develop and use bottom-up models of building material 

production and use. This approach allows us to focus on specific industrial 

products and processes, and facilitates comparison of the energy and carbon 

balances of individual materials and techniques. Moreover, this approach fosters a 

detailed understanding of the causes and effects of variations within the modelled 

systems, indicating critical system functions and potential improvements.  

 

2.2  Comparative analysis 

2.2.1  Functional unit 

A major part of this study is the comparative analysis of wood-based building 

materials relative to non-wood materials. Such an analysis requires a defined 

“functional unit” or “reference entity” to allow objective comparison of the energy 

and carbon balances of alternative materials. In Paper V, carbon balances are 

calculated per unit mass of individual materials, as an illustrative introduction to a 

more comprehensive analysis. As pointed out in that paper, the comparison of 
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individual materials on a mass basis, while informative, is incomplete because the 

function of different materials cannot be directly compared. One tonne of lumber, 

for example, does not fulfil the same function as one tonne of steel. In Paper III, 

therefore, we compare energy and carbon balances on the basis of the function 

provided by building components. That is, building components that provide the 

same function (e.g. structural support, or wall sheathing), made of either wood-

based or non-wood materials, are compared. This analysis provides a more 

accurate basis of comparison than material mass. 

Nevertheless, buildings are made of many different materials each having 

complex functions. A particular material may fulfil more than one function (e.g. 

structural support and thermal insulation), and a given building function may be 

fulfilled by a combination of materials. Because different materials fulfil various 

architectural and engineering requirements to differing degrees, studies of the 

energy and carbon balances of material use must examine the functional unit from 

a system perspective. Thus, a more comprehensive analysis is to compare complete 

buildings, made alternately with wood-based materials or with non-wood 

materials. In Papers I, II, IV and V we conduct comparative case studies of multi-

storey apartment buildings. We compare a wood-framed building to a hypothetical 

building of identical size and functionality constructed with a reinforced-concrete 

frame. The functional unit is the physical enclosure provided by the building over 

its lifespan. We define the baseline as the energy and carbon balances of the 

concrete-framed version of the building. 

 

2.2.2  Case study building 

The case study building analysed in Papers I, II, IV and V is the Wälludden 

building constructed in Växjö, Sweden. This is a 4-storey building containing 16 

apartments and a total usable floor area of 1190 m2. It is one of the first multi-storey 

buildings constructed in Sweden after the building code was changed in 1994 to 

allow wooden-framed buildings higher than two floors (Bengtson 2003). The 

foundation consists of concrete slabs. Two-thirds of the facade is plastered with 

stucco, while the facades of the stairwells and the window surrounds consist of 
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wood panelling. The outer walls consist of three layers, including plaster-

compatible mineral wool panels, 120 mm lumber studs with mineral wool between 

the studs, and a wiring and plumbing installation layer consisting of 70 mm 

lumber studs and mineral wool. The floor frame is made of light timber joists, 

consisting of several layers to provide a total thickness of 420 mm. All rooms 

except the bathrooms have parquet floors. The building was constructed of 

prefabricated elements produced in a temporary “field factory” erected adjacent to 

the building site (Persson 1998). The amount of construction materials in the 

finished wood-frame building, and in the functionally equivalent concrete-frame 

building, based on data from Adalberth (2000), is shown in Table 1. An additional 

case study building, built in the Viikki district of Helsinki, Finland, is also included 

in the analysis in Paper I. 

 

Table 1. Comparison of material quantities (tonnes of air-dry material) contained in the case 

study building. (Paper I) 

Material Wood-framed version Concrete-framed version
Lumber 59 33 
Particleboard 18 17 
Plywood 21 20 
Concrete 223 1,352 
Blocks 4 4 
Mortar 24 23 
Plasterboard 89 25 
Steel 16 25 
Copper/Zinc 0.6 0.6 
Insulation 21 10 
Macadam 315 315 
Glass 4 4 
Paper 2 2 
Plastic 2 2 
Putty/Fillers 4 4 
Paint 1 1 
Ceramic tiles 1 1 
Porcelain 0.6 0.6 
Appliances 3 3 
 



 22

When distinguishing between buildings with frames made of wood and 

concrete, it must be recognised that a structural frame of a certain material does not 

imply that the entire building is constructed of that material. Wood-framed 

buildings contain substantial amounts of concrete (e.g. in foundations), and 

concrete-framed buildings contain substantial amounts of wood (e.g. in roof 

framing, doors and windows). In addition, wood-framed buildings may require 

large amounts of plasterboard to cover the wooden framing. The objective of 

material substitution is not therefore to completely replace one material with 

another, but to favour the use of one material over another in cases where either 

material could practically be used.  

 

2.2.3  Building life cycle 

There are several distinct temporal phases in the life cycle of a building. These 

include the extraction of raw materials; the processing of raw materials into 

prepared building materials; the assembly of diverse materials into a ready 

building; the occupation or use of the building; maintenance of the building; and 

the demolition of the building and the disposal or re-use of the demolition 

material. Transport of materials may be involved in all phases.  

The life cycle of wood-based building material is shown schematically in 

Figure 4. The biomass originates in the forest, and is then processed into usable 

materials and is assembled into a finished building. Biomass residues from all 

stages of the life cycle can be recovered for use in energy systems. Residues from 

wood processing can also be co-produced into additional materials, and residues 

from demolished buildings can also be cascaded, or re-processed into other wood-

based materials. 

In this study, Papers I, II, III and IV analyse the building over the entire life 

cycle. Paper III in particular follows materials over multiple life cycles, through 

material cascading. Papers V and VI focus on the early stages of a building life 

cycle, particularly the production of building materials. Co-production of materials 

is included in all the Papers, and is a particular focus of Paper VI. 
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Figure 4. Schematic diagram of forest biomass flows over the life cycle of a wood-based 

building material. 

 

This study focuses on the life cycle energy and carbon balances of building 

materials. The energy used for operating the buildings, and the related carbon 

emission, are of interest only to the extent that they are affected by the choice of 

material. As described below (Operation phase), Adalberth (2000) calculated the 

difference in building operation energy to be less than 1% between the case study 

building constructed with a wood frame and a concrete frame. We consider this 

difference in operating energy to be negligible and therefore do not include 

operational energy use in our energy balance calculations. In the future, this 

methodology could be expanded to explicitly include building operation energy in 

the energy balance calculations (Section 7). This would allow the integrated 

analysis of the linkage between construction energy input and operational energy 

input, permitting the “optimisation” of energy use over the building life cycle. 

 

Material acquisition 

The first stage of a building material life cycle is the acquisition of materials. 

Raw materials are extracted from their natural state (e.g. by mining of minerals or 

harvesting of primary forests) or are cultivated (e.g. timber production in managed 

forests). The materials may then go through one or several stages of processing and 

re-processing. Processing operations may involve resizing, separation of different 
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components, combining with other materials, changing of chemical structure and 

other operations. Primary and secondary processing may occur at the same 

location, or may require transport from one processing facility to another. 

Materials are commonly resized at the location of their extraction to facilitate 

transport, for example crushing of mineral raw materials or bucking to length of 

logs.  

For those materials extracted directly from natural deposits, for example 

mineral ores, the system boundary for the calculation of energy and carbon 

balances begins at the point and time of extraction. For biological materials that are 

cultivated for sustainable use, for example wood from managed forests, the energy 

balance calculations include the technological (i.e. human-directed) energy used 

for cultivation. By convention, gross solar energy intercepted by the plants for 

photosynthesis and growth is not included in the energy balance (IFIAS 1974). 

Carbon balances of biological materials include the carbon fluxes that occur during 

the life cycle of the plants. This carbon flux is time-dependent, as the plants grow 

and accumulate carbon in their tissues, and affects soil carbon content due to the 

root development and detritus-fall of the plants. This requires an analytical 

approach that captures the time dynamics of the plant growth, with explicit 

consideration of temporal scope of the analysis (Schlamadinger et al. 1997). 

The harvesting of trees, and their processing into wood products, generates 

considerable biomass residues that can be used as biofuel. Some residues from 

wood processing can also be used as a raw material for particleboard or other 

composite wood products. In this study we explicitly consider the recovery and 

use of such biomass residues from harvest and primary wood processing. 

Additional residue can also be produced at secondary material processing 

industries that provide manufactured products to the building site, such as doors, 

windows and glue-laminated beams. In general, this study does not address the 

use of by-products of secondary wood processing, although Paper VI does 

consider such residues in some forest product industries. 
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Analysis of the use or disposal of by-products of non-wood building 

materials is not included in this study, although the use of fly ash and blast furnace 

slag in blended cement is considered in Paper II. 

 

Construction phase 

In the construction phase, the diverse materials are assembled into a complete 

building. The assembly can occur completely at the building site, or some assembly 

of pre-fabricated elements can occur at specialised facilities. Adalberth (2000) 

found that building assembly activities of the case study building used only a 

minor proportion of the energy needed to manufacture the building materials, and 

that assembly of the concrete-frame version required slightly more energy than 

that of the wood-frame version. Cole (1999) found the contribution of the on-site 

construction phase of a Canadian building to be small in relation to a building's life 

cycle energy use and CO2 emission, and found the energy use and emissions of the 

on-site construction to be slightly higher for concrete-framed than for wood-

framed buildings, both in absolute terms and as a percentage of material process 

and transport energy. 

In this study, we assume that the energy requirement for the on-site 

construction does not differ significantly between the concrete- and wood-framed 

versions of the case study buildings. Although previous studies suggest that 

construction using concrete is slightly more energy intensive than construction 

with wood, to simplify the analysis we assume that equal construction energy is 

used for both building types. Thus, the construction energy is assumed to not 

affect the relative energy and carbon balance differences between the buildings, and 

we therefore do not include it in the analysis. 

To account for waste material generated during construction of the buildings, 

the material quantities in the finished buildings were increased on a percentage 

basis. The waste percentages we assume are representative of material waste 

generated on the building site during construction. The amount of building waste 

typically varies between materials, and also varies between construction sites. 

Björklund and Tillman (1997) provide a survey of building waste percentages 
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typical of Swedish construction sites. We base our waste percentage values on their 

figures, assuming 1.5% concrete waste, 7% insulation waste, 10% plasterboard and 

wood waste, and 15% steel reinforcement waste. For all other materials we assume 

5% waste, except macadam and sanitary ware for which we assume 0% waste. Our 

analysis considers the recovery of wood waste for use as a substitute for fossil 

fuels. Transport, disposal or recycling of non-wood construction site waste 

materials is not considered in this study.  

 

Operation phase 

Typical buildings constructed today use most of the life cycle energy use 

during the operation phase. Adalberth (2000), assuming a building lifespan of 50 

years, calculated that the operation phase consumed 88% and 87% of the life cycle 

energy use of the wooden and concrete versions of the case study building, 

respectively. The energy use for space heating and ventilation during the operation 

phase of the buildings was estimated by computer modelling using Enorm 

software (Munther 1996). This program is commonly used by consultants, 

contractors and authorities in Sweden. The Enorm program computes the energy 

and average power demand over a twelve-month period based on outdoor 

temperature and average solar radiation on a 24-hour basis. The indoor air 

temperature was assumed to be 20° C. The program accounts for factors including 

the thermal transmittances and the areas of the building envelope, i.e. foundations, 

external walls, windows, doors and roof. The thermal transmittances are calculated 

according to the Swedish building code. The orientation of the windows in 

different directions is considered in the program. 

Adalberth (2000) calculated the difference in building operation energy 

between buildings constructed with a wood frame and a concrete frame to be less 

than 1% for the case study building. Cole and Kernan (1996) found the difference 

in operating energy between wood and concrete framed office buildings in Canada 

to be negligible. Lippke et al. (2004) compared wood houses with steel and 

concrete houses having identical thermal properties, and found no difference in 

operation energy. As stated above, we consider the difference in operating energy 
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between the wood- and concrete-framed versions of the case-study building to be 

negligible, and therefore do not include operational energy use in our energy 

balance calculations. 

The energy use in operating the building is clearly dominant over the energy 

used for production of building materials, hence lowering the operating energy is 

important for overall life cycle building efficiency. The case study building was 

constructed according to the Swedish building code, which requires energy-

efficient buildings. Still, the energy used to operate the building could be reduced 

by e.g. heat recovery of exhaust air and improved thermal performance of walls 

and windows (Adalberth 2000). Much research is currently ongoing to reduce 

primary energy use for building operation. As the operating energy use is reduced 

through changes in energy supply systems and end-use efficiency improvements, 

the energy used for constructing the buildings will increase in relative importance. 

Efficiency improvements in industrial processes (Paper II) and in energy supply 

systems to the industrial and construction sectors could, however, result in 

reduced energy use in all phases of the building life cycle. 

The useful lifespan of the case study building is assumed to be 100 years in 

Papers I, II and IV, based on typical Swedish conditions. The length of the building 

lifespan is not crucial to the analysis, and the results would not differ significantly 

if a longer or shorter lifespan were assumed instead. The lifespan has no impact on 

the energy used or carbon emitted during the production of the building. A longer 

lifespan will result in proportionally greater life cycle impacts during the operation 

phase, though this should not differentially affect the wood- or concrete-framed 

buildings. The primary energy use in maintenance and renovation is assumed to 

be the same regardless of the building frame material used (Cole and Kernan 1996). 

In Papers I and II the building lifespan is assumed to coincide with the forest 

rotation period, resulting in zero net carbon stock change in building materials or 

tree biomass over the complete life cycle. In Paper IV the forest rotation period is 

shown to vary with the forest management regime, and a slight one-time carbon 

stock change occurs when the building lifespan differs from the rotation period. In 
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the longer term, the carbon balance is dominated by the cumulative substitution 

effect, and the one-time carbon stock change becomes insignificant.  

 

Demolition and disposal 

The final stage in the life cycle of a building is the demolition or disassembly 

of the building, followed by the disposal, recycling, or reuse of the materials. We 

do not explicitly consider the energy used for demolition of the case study 

buildings, as this energy use is expected to be very small (1-3%) in relation to the 

energy used for material production and building assembly (Cole and Kernan 

1996). In general, we assume that 100% of the wood-based demolition materials are 

recovered and used as biofuel. However, in Paper I we assume that only 90% of 

demolition wood is recovered, to explore the significance of practical limitations on 

demolition material recovery in the absence of building design features that 

facilitate material recovery. The impact on energy and carbon balances of using 

demolition wood as biofuel is explicitly studied in Paper II. 

In Paper III, we consider the effects on energy and carbon balances of 

cascading wood materials at the end of the building life cycle. Various alternative 

uses for recovered wood lumber are analysed, including re-use as lumber, and re-

processing into particleboard or pulp. Such optimisation of end-of-life product 

recovery and recycling systems may become increasingly important in the future, 

to gain additional value from the wood as a material, before it is burned to recover 

its feedstock energy. In such a future scenario, the “design for disassembly” of 

buildings would become more prevalent to facilitate the removal of wood products 

with minimal damage, to maintain their potential for further re-use as a material 

(Kibert et al. 2002; Kibert 2003). 

Energy for recovery, transport or disposal of non-wood demolition materials 

is not considered in this study, except for the effect of using recycled steel that is 

analysed in Paper II. Building materials made of plastic and paper could also be 

recovered and used for energy purposes, but they are not considered in this study 

because the quantities of these materials are small, and do not differ between the 

wood- and concrete-framed buildings. In addition, these materials are often used 
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in composite products manufactured or installed using adhesives, making their 

physical separation from the demolition residue potentially difficult. 

 

2.3  Fossil and biomass energy systems 

2.3.1  Fossil fuel supply 

In this study we calculate the total quantities of fossil fuels used for 

extracting, processing, and transporting various building materials, as well as total 

fossil fuel use avoided through substitution by biofuels. Calculation of total fossil 

fuel use begins with data on material quantities, and specific end-use energy for 

various production processes, broken down by energy carrier. Based on this total 

end-use energy, we calculate the total primary energy used, taking into account 

“upstream” energy used over the entire fuel cycle, including extraction, 

transportation, processing, conversion and distribution of the energy carriers 

(IFIAS 1974). This additional energy input is expressed as a percentage of the 

amount of energy that is available for end use. In this study we use values of 5%, 

10% and 5% for oil, coal and natural gas, respectively. These values are broadly 

similar to those calculated by Hall et al. (1992) and Wilting (1996), who both point 

out the variability of fuel cycle input energy over time as well as place. 

Combustion of fossil fuels produces CO2 emission in quantities that depend 

on the carbon intensity and fuel-cycle characteristics of the fuel. Specific carbon 

emission values used in this study are applied to end-use quantities of fossil fuels, 

and include emissions over the entire fuel cycle. The values used are 30 kg C/GJ 

coal, 22 kg C/GJ oil, and 18 kg C/GJ natural gas, and include emissions from the 

end-use combustion of the fuels as well as from fuel extraction, conversion and 

distribution (Gustavsson et al. 1995). In cases where the type of fossil fuel is 

known, e.g. end-use fuels used for material production (Section 3.2), the carbon 

intensity of that fuel is used in carbon balance calculations. In cases where there is 

some uncertainty as to the appropriate choice of fossil fuel, e.g. the fossil fuel that 

is replaced by biomass residues (Section 2.3.2) or that is used to produce marginal 

electricity (Section 2.3.3), we employ the concept of “reference fossil fuel” that can 

be varied in the analysis to determine the significance of the carbon intensity of the 
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fossil fuel that is used. Coal and natural gas are the two reference fossil fuels used 

in this study, representing the high and low ends, respectively, of the range of 

carbon intensity of fossil fuels, which currently provide over 80% of global primary 

energy (IEA 2006). 

 

2.3.2  Replacement of fossil fuels by biofuels 

Biomass by-products from the wood product chain can be recovered and 

used as biofuel to replace fossil fuels. Recoverable by-products include thinnings 

during the forest growth period, harvest residues from the final felling, residues 

from wood processing and building construction activities, and wood from the 

demolished building at the end of its life cycle (see Figure 4). 

Residues from the harvesting of trees, such as branches, foliage and treetops, 

are commonly left in the forest, but are increasingly viewed as a valuable energy 

source. Utilisation of logging residue is subject to ecological constraints involving 

nutrient cycling and organic matter content of soils, but can make a potentially 

significantly contribution to energy supply (Börjesson et al. 1997; Lundborg 1998). 

It also requires the logistical capability to efficiently collect and transport the 

residue, which is currently being developed in Sweden and elsewhere (e.g. 

Gustavsson and Näslund 2007).  

Conversion of harvested logs to finished wood products results in processing 

by-products such as bark, slabs and sawdust. Traditionally this was regarded as a 

waste product that was dumped and allowed to decay naturally, or was burned 

without energy recovery. In Sweden this resource is now commonly used as fuel 

for sawmill process energy or for other energy purposes such as district heating. 

Some types of sawmill residue can also be used as raw material for particleboard 

and other composite wood products. In the case study buildings analysed here, 

particleboard is produced from sawmill residue and comprises 18% and 22% by 

dry weight of all wood products used in the wood-frame and concrete-frame 

buildings, respectively. Some processing residue is also burned internally in the 

production facility for kiln-drying of lumber and particleboard process heat. After 

subtracting processing residue used as raw material for particleboard production 
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and as fuel for internal process heat, there still remains significant additional 

processing residue available for external use as biofuel. 

Wood waste is generated at the construction site as standard-sized boards 

and panels are cut into smaller sizes required in the building. The amount of 

construction waste depends on a variety of factors including the design of the 

building, the characteristics of the materials supplied to the construction site, and 

the craftsmanship of the construction personnel. Additional waste material can be 

produced by secondary wood processing industries that provide manufactured 

wood products to the building site.  

Recovery of wood from demolished buildings is becoming increasingly 

common. Reasons for this practice include the value of recovered wood for 

material or energy purposes, and ordinances against landfilling of organic material 

that are entering into force in Sweden and the European Union. A high recovery 

percentage of demolition wood is likely to be achieved in the future as the value of 

wood as an energy source is more widely recognised, and as more buildings 

become designed and constructed in ways that facilitate deconstruction to allow 

greater recycling and reuse of building materials (Kibert 2003).  

Schlamadinger et al. (1997) developed a standard methodology for comparing 

GHG balances of fossil fuel and biofuel energy systems. In the present study we 

have generally followed this methodology to analyse biomass energy flows. We 

assume that forest and processing residues and wood-based construction and 

demolition waste are used to replace fossil fuels. Several issues concerned with 

methodology and assumptions arise when comparing fossil- and bioenergy-based 

systems, such as the type of fossil system to be replaced and the type of bioenergy 

system used to replace it (Gustavsson et al. 2000). The choice of systems influences 

the results and must therefore be made bearing in mind the geographical 

boundaries and time perspective of the study, which determine the prerequisites 

for the technologies that should be included in the analysis. Using an existing, old 

fossil fuel-based system as the reference system may favour biofuel-based systems, 

while the optimal solution might be a combination of modern fossil and biofuel-

based energy systems. When considering new investments in supply systems, for 
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example as a result of increasing energy demands or the need to replace existing 

supply systems, a resource- and cost-efficient supply system with low GHG 

emission might be the logical fossil fuel-based reference system (Schlamadinger et 

al. 1997).  

In this study we calculate the net carbon emission reduction of fossil fuel 

substitution based on the full fuel cycle emission of the avoided fossil fuel, the 

difference in energy conversion efficiency between the fossil fuel and the biofuel, 

and the emission from the fossil fuel (diesel) used for recovery and transport of the 

biofuel. Details are provided in Section 4.4. 

 

2.3.3  Marginal electricity 

The primary energy use and CO2 emission during a building life cycle are 

affected by the supply system used to provide electrical energy for the various 

processes. Several types of electrical energy production systems exist, with 

significant variations in associated primary energy use and GHG emission. Values 

for average primary energy efficiency and CO2 emission from electricity production 

could be used in this analysis, but this would inadequately capture the effect of 

changes to the system brought about by an increased use of wood in construction. 

This is because changes in electricity supply do not occur at the average level, but 

at the marginal level (Sjödin and Grönkvist 2004). A decrease in electricity use in 

Sweden, for example through reduced energy use in building material industry 

plants, will effect a decrease in production of electricity from marginal sources. 

Likewise, an increase in electricity supply in Sweden, for example from increased 

use of biomass-fired combined heat and power plants using residues from the 

forest products industry, will also decrease marginal electricity production. It is 

thus appropriate to use data on this marginal production that will be influenced by 

increased wood use in construction, rather than data on average electricity 

production. 

The geographical scale of analysis is important in determining the marginal 

producer, because national electricity markets in Europe are integrated and the 

electricity production systems vary between countries. In Sweden in 2005, about 
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45% of electricity production was based on nuclear power and 47% on hydropower 

(Swedish Energy Agency 2006). Sweden is part of an integrated Nordic electricity 

system that includes Norway, Denmark and Finland. The integrated system 

includes production from hydropower, nuclear, coal, biomass, oil, gas and wind 

driven sources. The Nordic system also trades electricity with producers in 

neighbouring countries including Russia, Poland and Germany, and thus 

indirectly with the entire European network. In the European Union (EU-27 

countries) in 2005, about 57% of electricity production was based on fossil fuels, 

31% on nuclear power, and 11% on hydropower (Eurostat 2007). The electrical 

supply systems, in Sweden and in Europe as a whole, continue to evolve over time.  

In the years and decades to come, the marginal electricity production will be 

shaped by the evolution and development of the energy system as a whole (Sjödin 

and Grönkvist 2004). New investments in electricity production will be largely 

determined by relative costs and policy incentives. Coal-fired condensing plants, 

which are currently the dominant marginal electricity production method in 

northern Europe, will eventually be replaced. The energy plants that are currently 

being constructed will likely be used until 2040 or even longer. Decarbonisation 

and CO2 sequestration in large-scale, fossil fuel-fired plants may become important 

over this time period, driven by the need for GHG emission reduction (IPCC 2005). 

The production capacity of biomass, wind power and other renewable sources is 

likely to increase in the future. As a marginal power source, however, natural gas-

fired plants using Norwegian gas may eventually become important (Swedish 

Energy Agency 2002). Their high conversion efficiency, in combination with the 

lower carbon content of the fuel, means that such plants have significantly lower 

CO2 emission than coal-fired plants. Nevertheless, from an energy diversity and 

security point of view, coal may continue to be a marginal fuel well into the future. 

Thus depending on numerous factors including the timeframe of analysis, the 

future development of technology, the need for and incentives to reduce carbon 

emission, and the development of alternative sources such as nuclear and 

renewables, either coal- or natural gas-fired power plants could be considered as 

marginal electricity production in Sweden in the coming decades. This longer-term 
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marginal production is appropriate for the present analysis, because it is over this 

time scale that structural changes in the forestry and construction sectors will 

impact on Swedish electricity supply and demand. 

Hence, in this study we consider either coal-fired or natural gas-fired 

condensing plants to realistically reflect the Swedish marginal electricity 

production, at present and into the future. Coal and natural gas are the two 

reference fossil fuels used to determine the significance of the type of fossil fuel 

used (Section 2.3.1). The coal-fired plant is generally our base scenario and 

represents current marginal production in northern Europe, while the effect if 

natural gas-fired plants are the marginal supply is studied as an alternative 

scenario in Papers I, II and IV. The conversion efficiencies of coal-fired and natural 

gas-fired condensing plants are assumed to be 40% and 50%, respectively. 

 

2.4  Land use issues 

2.4.1  Land use and material production 

Unlike metals and mineral products, the use of wood products is inherently 

linked to the issue of land use. Although trees can be unsustainably extracted from 

a forest in a one-time action similar to the extraction of mineral products and ores 

from a mine, the sustainable use of forest products demands a long-term view of 

land as a productive agent. A fundamental difference between biomaterials and 

fossil materials is the regenerative ability of land, subject to appropriate 

management, to continue to produce the biomaterials during successive rotation 

periods, via biological processes. Although some materials like metals can be 

recycled successively, and all materials are naturally recycled over geological time 

spans, only biomaterials can be indefinitely regenerated on a time scale of use to 

society. This regeneration is driven by the energy of the sun through the process of 

photosynthesis, which accumulates the “flow resource” of solar energy into the 

replenishable “fund resource” of plant biomass (Swan 1998). Land area for the 

capture of extensive solar radiation is essential to this process, thus a consideration 

of the use of land and its productive capacity is an essential element of a 

comprehensive analysis of wood-based material use. 
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Quantities of biomass production depend in large part on the intensity of 

forest management (Paper IV). This comprehends activities such as species 

selection, soil preparation, stand establishment, planting density, thinning, 

fertilisation and rotation period. Forest management requires an input of 

technological energy, but is rewarded by increased solar energy capture in tree 

biomass. The energy multiplicative effect of different management activities can 

differ over several orders of magnitude (Mead and Pimentel 2006). Additionally, 

there is an inherent variability in the quality of forest biomass. The different types 

of biomass (e.g. sawlogs, pulpwood, forest residues) are not completely 

comparable or substitutable (Papers III, VI). The higher input qualities such as 

sawlogs can be used for a full range of production processes, but the lower input 

qualities, such as forest residues, can be used for some but not all applications. For 

example, any biomass can be burned to produce heat, but not all biomass can be 

made into structural lumber. Similarly, the characteristics of wood (durability, 

dimensional stability, bending properties, grain structure, colour etc.) determine 

the range of appropriate uses, e.g. for building construction, furniture 

manufacturing, pulp and paper. Thus, in an analysis involving forest production, it 

is important to distinguish between various qualities of forest biomass. 

The use of land for production or extraction of industrial raw materials causes 

diverse effects, including effects on the biodiversity of flora and fauna, the 

hydrologic cycle, and the aesthetic and recreational use of the land (Lindeijer 2000; 

Wessman et al. 2003). These effects influence both the ecological sustainability of 

the production process, as well as the overall net benefit enjoyed by society due to 

the production. As such, land use decisions should be based on a comprehensive 

evaluation of land use options (Swan 1998). This study focuses on the energy and 

carbon balances of the production and use of building materials, and we do not 

specifically address other impacts of land use beyond energy and carbon flows. 

Nevertheless, a fundamental basis upon which this study rests is that the forest 

land must be managed sustainably, in such a way that the land use can be 

continued indefinitely. Essential elements of sustainable land use include the 

maintenance of levels of soil nutrients and organic matter, the efficient use of 
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available water supplies, and the protection of natural biotic diversity (Reijnders 

2006).  

The way in which land is used has a strong influence on the energy and 

carbon flows of the land area (IPCC 2000). In this study, we consider forest 

processes to be an integral and essential part of the energy and carbon balance 

analysis of wood products. The life cycle of a wood product begins with the 

germination of the tree seed, and continues through the growth and harvest of the 

tree and the manufacture and use of the resulting product. Modelling of carbon 

flows associated with wood-based building materials begins with the carbon 

accumulated in the tree biomass (and forest soils, in Paper IV). This accumulated 

carbon stock is tracked through the life of the tree, and through the life cycle of the 

wood product, until the carbon is eventually released again to the atmosphere 

through combustion or decay. Energy flows are also modelled beginning with the 

accumulation of solar energy in tree biomass, through to its eventual release when 

the biomass is burned or decomposes. Energy and carbon flows of fossil fuels used 

for the management of forest land, and for the transport and processing of wood 

materials, are also accounted for. 

 

2.4.2  Approaches to comparing land use 

A major challenge when comparing wood-based materials with non-wood 

materials is to objectively compare the differences in land use needs between the 

two materials. Our case study wood-framed building uses greater quantities of 

biomass than the concrete-framed building, requiring the use of more land area to 

grow the biomass. In this study we explore four different analytical approaches to 

treat this issue. The first is to assume that an equal area of land is available to both 

the wood-based and non-wood-based building production, and analyse the energy 

and carbon balance impacts of various usage options for any land not used for 

building material production (Papers I, II, III). The second approach is to model the 

biomass production from a unit area of land under different management options, 

and analyse the energy and carbon balance impacts of using the produced biomass 

for various purposes (Paper IV). The third approach is to assume that the 
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incremental wood material is produced though more intensive use of forest land, 

or from land that was not heretofore used for wood production (Paper V). The final 

approach is to increase the intensity of use of the biomass resources through 

material cascading, in effect gaining more functional service from the output of a 

given land area, or alternatively getting the same function from a smaller land area 

(Paper III). 

In the first approach (Papers I, II, III), both buildings are assumed to have an 

equal area of land available for use. That area of land is equal to the forest area 

required to grow the trees needed to produce materials for the wood-framed 

building. Because the concrete-framed building uses less wood, less of the land is 

needed for wood production and some amount of “surplus forest” is available for 

other uses. Three different uses can be envisioned for the surplus forest land: it 

could be used to produce wood raw material for additional forest products; it 

could be harvested and used as biofuel; or it could be left untouched. The first of 

these uses, the production of additional forest products, violates the necessity that 

the functional unit of the two systems be equal. The original functional unit in 

terms of which the two systems are compared is the production of a building of a 

specified size and function. Production of additional products with the surplus 

forest would require enlarging the system boundary to include the production of 

the additional products, which would make the analysis unnecessarily complex. 

Thus this possible use for the surplus forest is not pursued. The other two uses, 

harvesting the surplus forest for use as biofuel or leaving the land untouched, are 

considered. The energy and carbon balances of the two options are calculated, and 

both are compared against the energy and carbon balances of using the entire 

forest to construct a wood-frame building.  

The second approach (Paper IV) begins with a detailed forest growth model 

to determine the biomass production of a unit area of forest land under different 

management scenarios. The quantity and quality (type) of biomass outputs are 

calculated assuming different forest management intensities and harvest regimes. 

Based on this biomass output, the energy and carbon balance implications of 

various uses for the forest production are calculated. One of the analysed uses for 
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the timber harvest is the construction of wood-framed buildings instead of concrete-

framed buildings, such that the energy and carbon balance implications of the 

incremental use of wood for making wood-framed buildings can be determined. 

The third approach (Paper V) is related to the previous one, in that it 

considers the energy and carbon balance implications of the incremental use of 

wood for constructing wood-framed buildings instead of concrete-framed ones. 

However, it does not focus on the output from a specific unit area of forest land, 

but instead recognises the strong potential for increasing the forest harvest in 

Europe. Wood harvested in Europe in the mid 1990s was about 60% of the net 

growth of European forests, leaving an unused increment of about 300 Mm3/yr 

over bark (UNECE/FAO 2000). In Sweden the figures are 71% and 28.1 Mm3/yr. If 

current harvesting levels continue, the age class structure would change towards 

older age classes and the growth would decline in the long run (Nabuurs et al. 

2002). If harvesting levels are increased, age class structure would change towards 

younger age classes and growth would increase, further augmenting the potential 

for increasing wood-based building material use. 

The fourth approach (Paper III) analyses the potential for using the biomass 

resources more intensively through material cascading, so that the relative need for 

new biomass production from forest land is reduced. By gaining additional 

function from a unit of biomaterial, cascading allows a given function to be 

satisfied by the harvest from a smaller area of land. Alternative uses for the unused 

land area include biofuel production or biological carbon sequestration, both of 

which affect the energy and carbon balances of the system.  

 

2.5  Quality of data 

A variety of factors can affect the energy and carbon balances associated with 

a building material over its life cycle. Some of these can be described as 

uncertainties, resulting from stochastic variation or from our lack of knowledge of 

precise parameter values. Examples of sources of uncertainty in carbon balance 

related to building materials include the growth rate of a particular forest stand 

and the decomposition dynamics of the roots of harvested trees. Uncertainty in 
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energy balance can be caused, for example, by natural differences in physical 

properties of raw materials such as wood or stone, requiring different amounts of 

processing energy. Other factors that influence energy and carbon balances can be 

described as variability, determined by human decisions and management 

methods. Examples include the process technology used to manufacture cement, 

the fuel used to drive production processes, and the choice of using primary or 

recycled steel. Combinations of uncertainty and variability that may be difficult to 

separate can also affect energy and carbon balances. For example, different 

factories may produce identical products using physical processes of different 

efficiency (i.e. with variability), but when aggregated in the marketplace or 

building stock the differences may be impossible to distinguish (i.e. uncertainty is 

present). 

Pears (1996) discussed the possible causes of variation in energy used to 

produce a building material, and pointed out the inappropriateness of assigning a 

single “correct” value for the required energy. Different physical processes can be 

used to produce the same material, each with unique requirements and effects on 

the environment. The efficiency of industrial technologies has generally improved 

over time resulting in differences in energy requirements and emissions between 

materials processed by state-of-the-art technologies and those made in older 

factories. Variation is also seen geographically, as technological innovations diffuse 

across countries and regions. For example, Richter (1998) has shown a large 

variability in cumulative energy demand for wood-based products in different 

studies, and Josa et al. (2004) have shown a large range of energy use and CO2 

emission in cement production in the European Union. 

Data on industrial energy use can also vary depending on the methodology 

used to obtain the data. System boundaries of an energy analysis can range from a 

restrictive analysis of direct energy and material flows of a particular process, to an 

expansive analysis including energy and material flows of entire industrial chains 

and society as a whole. Analyses can consider only purchased fossil fuel energy 

inputs, or may include renewable sources or combustible process by-products. 
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Data may be direct measurements of a particular machine or factory, or may be 

aggregated for an entire industrial sector. 

In this study, we obtain data on energy used for building material production 

from three European process analyses. These are: Worrell et al. (1994) from The 

Netherlands, Fossdal (1995) from Norway, and Björklund and Tillman (1997) from 

Sweden. Significant differences between the analyses include the supply source for 

steel production (ore-based or scrap-based) and the use of biofuels for drying of 

wood products. These three analyses were compared and contrasted by 

Gustavsson and Sathre (2004), and the significance of the variability between the 

analyses to the overall energy and carbon balances of the case study building is 

described in Section 3.5.1. Data from these three analyses are supplemented by 

data from Björklund et al. (1996), FAO (1990), Worrell and Galitsky (2004), Berg 

and Lindholm (2005), and Worrell et al. (1997). A goal of this study is to determine 

the range of variability of energy and carbon balances of wood product use, given 

the diversity of natural and technological processes involved. In particular, Paper 

II analyses a range of technological process variation, Paper III studies various end-

of-life management options, and Paper IV covers variation in forest management 

intensity. The result of this variability on energy balances is described in Section 

3.5, and on carbon balances in Section 4.8.  

 

2.6  Temporal aspects 

The time at which carbon flows occur can affect the outcome of climate 

change mitigation analyses, depending on the system boundaries and assumptions 

used. Such temporal aspects include the dynamics of forest growth including 

regeneration and saturation, the availability of residue biofuels at different times, 

and the duration of carbon storage in products. 

The harvest of forest biomass is a discrete event, but it occurs in the context of 

a dynamic process of forest growth and regrowth (Papers I, II, III, IV). The rotation 

period of forest stands in Sweden is on the order of a century, during which time 

the trees gradually accumulate carbon in their tissues. Following harvest of the 

forest stand, the regeneration of the trees initiates another cycle of carbon 
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accumulation. If the forest stand is not harvested it will eventually reach a dynamic 

equilibrium, in which the amount of carbon that is taken up by new growth is 

balanced by the carbon released by respiration of living trees and decay of dead 

trees. However, the carbon stock in forests could be released to the atmosphere if 

the forest is disturbed by e.g. fire or disease. Carbon storage in forest soils changes 

at a slower rate, thus buffering the changes in total forest ecosystem carbon stock 

(Paper IV). 

Over the life cycle of a wood-based material, biomass residues will become 

available at different times (Papers I, II, III, IV). Thinning residues may be 

generated at different times during the growth phase of the forest (Paper IV). 

Later, forest residues are created when the forest stand is harvested, processing 

residues are available when the roundwood is transformed into wood products, 

and construction site residues are left when the building is assembled. Later still, 

demolition residues are produced at the end of the building life cycle. The use of 

these residues to replace fossil fuel results in reduced fossil carbon emissions at 

different times in the life cycle of the material. 

The longer a particular wood fibre is (re)used in a building or cascade chain, 

the longer those particular carbon atoms will remain out of the atmosphere (Papers 

I, II, III, IV). Eventually, however, and in the absence of long-term sequestration in 

e.g. landfills (see Micales and Skog 1997), all the carbon will be emitted through 

combustion or decomposition. As part of a dynamic biogeochemical cycle, carbon 

storage in wood products is an inherently transient phenomenon, though some 

long-lived wood products may store carbon for many centuries.  

There has been much discussion in the scientific literature about the 

significance of the temporal variation of carbon emission (e.g. Herzog et al. 2003; 

Kirschbaum 2006; Dornburg and Marland 2007), and various proposals have been 

made for the analytical and political treatment of such variation (e.g. Korhonen et 

al. 2002; Marland and Marland 2003; Harvey 2004). In this study we identify the 

temporal differences between emissions occurring during the material life cycle, 

but do not differentiate the significance of carbon emissions occurring at different 

times. We calculate carbon balances, i.e. the summation of positive and negative 
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carbon flows, but we refrain from assigning greater or lesser importance to carbon 

flows depending on their temporal occurrence. The purpose of this study is to 

contribute to the theoretical basis of an eventual society with carbon-neutral 

energy and material systems, in which the temporal patterns of emission and 

uptake are insignificant in the long term. 
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3  Energy Balance 
3.1  Definition 

An energy balance is a summation of energy flows into and out of a system. 

By convention, processes that use energy (i.e. available energy in the system is 

decreased) are denoted using positive numbers, while energy gains (i.e. available 

energy in the system is increased) are denoted using negative numbers (Boustead 

and Hancock 1979). Subject to our assumption that there is no significant difference 

between the wood- and concrete-framed building materials in terms of the energy 

used for on-site construction, building operation, maintenance, and demolition (see 

Section 2.2.3), we define the energy balance of the material life cycle as the primary 

energy expended to extract, process and transport the materials, minus the net 

energy of biomass by-products that can be recovered and made available for 

external use throughout the material life cycle. This can be expressed as 

 

byproductsproduction EEEB −=  

 

where EB is the primary energy balance; 

Eproduction is the primary energy used to extract, process and transport the materials; 

Ebyproducts is the lower heating value of recovered biomass residues from forestry, 

processing, construction and demolition, less the primary energy used for their 

recovery. 

The energy balance is calculated in this study on the basis of energy usable in 

technological systems, not in terms of total energy flows. Thus the first law of 

thermodynamics (energy cannot be created or destroyed) is of less significance in 

this study than the second law expression that when energy is converted from one 

form to another, some of the energy becomes unavailable for further use. By 

focusing on technically usable energy, we are e.g. not concerned with the gross 

solar energy striking a forest stand, but rather the fraction of that energy converted 

by photosynthesis into usable chemical energy stored in tree biomass (although 

forest management activities that increase the usable fraction are of interest). 
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Likewise, the energy dissipated as waste heat during an industrial process is not 

counted in our energy balance calculations, although process improvements that 

reduce such losses are of interest in this study. Energy in the form of human labour 

is not included in the energy balance (IFIAS 1974). 

 

3.2  Energy for material production 

3.2.1  Methods 

The energy used for producing the materials in the buildings is calculated as: 
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where Eproduction is the total primary energy use for material production (GJ); 

i are the individual types of materials in the building; 

F is the end-use fossil fuel energy used to extract, process, and transport the 

materials (GJ); 

k are the fossil fuels: coal, oil, and natural gas; 

α is the fuel cycle energy requirement of the fossil fuel; 

L is the end-use electricity to extract, process, and transport the materials (GJe); 

η is the conversion efficiency for electricity production; 

B is the heat content (lower heating value) of the biofuels used in material 

processing (GJ). 

The energy-use parameters F, L and B are calculated for each material by 

multiplying the quantity of material in tonnes by the specific end-use production 

energy of each material in GJ of the various energy carriers per tonne of material. 

Table 2 shows representative values for specific energy use, although specific 

energy values used in this study are not constant but vary depending on the 

specific objectives and geographical scope of each Paper and on the evolving 

knowledge of the authors. In Paper V, oil use is further broken down into heavy 

fuel oil use and diesel fuel use. As described in Section 2.5, the principle sources for 
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data on specific energy use in this study are Worrell et al. (1994), Fossdal (1995), 

and Björklund and Tillman (1997). These sources are supplemented by data from 

Björklund et al. (1996), FAO (1990), Worrell and Galitsky (2004), Berg and 

Lindholm (2005), and Worrell et al. (1997). 

 

Table 2. Representative values of specific end-use energy (GJend use/tonne) for production of 

selected building materials. 

 Coal Oil Natural Gas Biomass Electricity 

Lumber (kiln-dried) -- 0.62 -- 1.5 0.58 

Particleboard -- 2.9 -- 1.7 1.4 

Concrete (crushed aggregate) 0.36 0.47 -- -- 0.12 

Steel (50% ore-based, 50% scrap) 6.2 1.2 2.5 -- 2.4 

Plasterboard -- 3.7 -- -- 0.55 

Insulation 7.9 1.4 0.08 -- 1.3 

 

3.2.2  Results 

Based on total material mass inputs for the buildings (including construction 

waste), and specific energy demand data for the manufacture and transportation of 

each material, we calculate the total final-use energy needed to provide the 

building materials. We then calculate total primary energy use for the building 

materials by taking into account efficiencies of fuel cycle, conversion and 

distribution systems. The primary energy for producing the materials in the wood-

framed and concrete-framed buildings is shown in Figure 5, broken down by 

energy carriers. Biofuels shown are those used internally in wood products 

production for process heat. 
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Figure 5. Total primary energy (GJ) for material production for wood-frame and concrete-

frame versions of the case study building. (Paper V) 

 

3.3  Energy recovery from biomass residues 

3.3.1  Methods 

The energy available from biomass residues is calculated as: 

 

( )[ ]{ }∑ +×−××=
j

dieseljjjbyproducts HME αβ 11  

where E byproducts is the net energy from recovered biomass residues (GJ); 

j are the different types of residues: forest, processing, construction and 

demolition; 

M is the mass of the recovered residue (oven dry tonnes); 

H is the lower heating value of the residue (GJ/oven dry tonne); 

β is the diesel fuel energy required to recover and transport the residue, expressed 

as a proportion of the heat energy contained in the residue; 

α is the fuel cycle energy requirement of the diesel fuel. 

The sources of biomass residues are described in Section 2.3.2. To quantify the 

various types of biomass residues made available by the use of wood-based 

building materials, we develop a relation based on tree growth characteristics and 
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the material conversion efficiencies of harvesting and processing practices. 

Beginning with the quantities of materials in the finished buildings, we back-

calculate up the production chain to determine the quantities of standing tree 

biomass needed, and the residues generated at different processing stages. First, 

the masses of the different wood-based products used in the finished buildings 

(lumber, plywood and particleboard) are adjusted to include the waste generated 

during construction, here assumed to be 10% for all wood products (Section 2.2.3). 

Wood losses that may occur between the primary wood processor and the 

construction site, e.g. in secondary wood processing industries that manufacture 

doors and windows, are not included in this analysis. Next, the wood product 

masses are adjusted for their assumed water content (15%) and the proportion of 

wood fibre in the finished product (100% for lumber, 90% for plywood and 

particleboard). In Paper VI, more refined values for non-wood components of 

several forest products are used. Then, the amount of roundwood under bark 

needed to produce these amounts of products is calculated, based on a breakdown 

between end product and mill residue of 49% end product, 51% chips and 

sawdust. Our base analysis assumes that particleboard is produced from residue 

from lumber production. We explore alternatives to this in Paper III where 

particleboard is produced from demolition wood, and Paper VI where it is 

produced from roundwood. 

The amount of living tree biomass corresponding to the required roundwood 

volume is calculated using biomass expansion factors (BEFs) that distribute total 

tree biomass between stem, bark, foliage, stump and roots (Lehtonen et al. 2004). 

The BEFs for 100-year old trees of the two most prevalent Nordic softwood trees, 

Scots pine and Norway spruce, are averaged to yield 53% of the tree biomass in 

stemwood under bark, 5% in bark, 20% in foliage and branches, and 22% in the 

stumps and roots. In Paper IV, a forest growth model is used to provide a more 

detailed breakdown of tree biomass production. 

Of the total amount of biomass, part can be practically recovered for energy 

generation. The recovery percentages and the assumed moisture content and heat 

values of the various types of biofuels are shown in Table 3. The available 
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bioenergy is obtained by multiplying the quantity of recoverable biomass by its 

respective heat value. The recovery and transportation of biomass fuels require 

energy inputs. We assume this is diesel fuel, quantified as a percentage of the heat 

energy content of the recovered biomass, also shown in Table 3. 

 

Table 3. Amounts and properties of recovered biofuels. Energy for recovery and transport is 

expressed as a percentage of the heat value of the recovered biofuel. 

Source 

Recovery 

(%) 

Moisture 

Content 

(%) 

Heat Value 

(MJ/kg dry 

biomass) 

Recovery/transport 

energy 

(% of heat value) 

Stumps and course roots a 70 60 15.3 9 

Branches, foliage, tops 70 b 60 15.3 5 

Bark 100 60 15.3 1 c 

Processing residues 100 d 50 16.6 1c 

Construction waste 100 15 18.6 1 

Demolition wood 100 e 15 18.6 1 

Stemwood used for biofuel f 100 60 15.3 3 g 
a In Paper IV only. 
b In Paper IV: 75% of branches and tops, and 25% of foliage. 
c Energy used to harvest and transport logs to sawmill is accounted for in lumber production energy. 
d 100% of processing residues not used internally for process heat or particleboard raw material. 
e In Paper I: 90% of demolition wood. 
f In Papers I, II, III and IV: used for comparison of energy and carbon balances when stemwood is used 

for biofuel production instead of building material production. 
g Includes chipping. 

 

3.3.2  Results 

The flow of wood products, and sources of biofuels, are quantified for the 

wood- and concrete-frame buildings in Table 4. 

The heat value of recovered biomass residues derived from forest harvesting, 

wood-product manufacture, building construction and the later demolition of the 

buildings is shown in Figure 6. Net energy values of the biofuels are shown, 

calculated as the heating value of the biomass minus the fossil energy used for its 

recovery and transport. More biofuels are available from residues of the wood- 

framed building materials than from the concrete-framed building materials. The 
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Table 4. Flows of biomass (oven-dry tonnes, and percent of biomass removed from forest) 

from forest to processing facilities to case study building to demolition (90% recovery of 

wood-based demolition residue). Biomass left in forest includes stumps, roots and non-

recovered branches of harvested trees. (Paper I) 

Wood-frame Concrete-frame 
 

tonnes percent tonnes percent 

Total tree biomass 288.5 139.0% 186.2 139.0% 

Biomass removed from forest 207.5 100.0% 133.9 100.0% 

Harvested roundwood 166.8 80.4% 107.6 80.4% 

Recovered forest residue 40.7 19.6% 26.3 19.6% 

Sawmill residue burned internally 8.2 4.0% 6.2 4.6% 

Sawmill residue used for particleboard 13.7 6.6% 13.3 9.9% 

Sawmill residue available externally 69.1 33.3% 38.7 28.9% 

Recovered construction waste 8.9 4.3% 6.3 4.7% 

Wood material in building 80.5 38.8% 56.4 42.1% 

Recovered demolition wood 72.5 34.9% 50.8 37.9% 
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Figure 6. Production and use of biomass residues (including 90% recovery of wood-based 

demolition residues). (Paper I) 
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heat values of the processing residues used internally for process heat, and of those 

used to make particleboard, are also shown. The amount of wood processing 

residue used internally is small in relation to the total amount of biomass residues 

recovered. 

 

3.4  Energy balance results 

The calculated energy balances for the production of steel, concrete, 

plasterboard, particleboard and lumber construction materials are shown in Figure 

7. The energy balances are broken down by end-use fossil fuels and electricity used 

in manufacturing, and net biofuel use. The net biofuel use is calculated as the 

biofuel used in the manufacturing process, minus the total biofuel residues 

recovered. Lumber has the lowest energy balance, due to low energy use during 

manufacture and high biofuel production. Particleboard has higher energy use for 

manufacture, and less biofuel production from processing residues. The  
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Figure 7. Energy balances (GJ primary/tonne material) of five common construction materials. 

Net biofuel use is the biofuel used for material processing minus the total biofuel recovered 

as forest, processing and construction residues. The error bars show additional biofuel 

recovered from demolition material. (Adapted from Paper V) 
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manufacture of steel, concrete or plasterboard involves no biomass, hence no 

biofuel is produced during their life cycles. Steel manufacture has high energy use 

per tonne of product, while concrete has lower energy use per tonne. The negative 

total energy balance of the lumber means that more usable energy is produced in 

the form of biofuel than is consumed in the production process. When the energy 

content of the demolition material is included, particleboard also has a negative 

energy balance. 

The energy balance for the entire case study building includes energy used 

for producing all the materials in the building, as well as biomass residues 

recovered from the wood product chain. At the year of construction, thus not 

including the heat energy in the wood building materials themselves, the energy 

balances of the wood-frame and concrete-frame buildings are 240 GJ and 1640, 

respectively. Over the entire life cycle, including the recovered energy of 90% of 

the wood-based demolition residue, the energy balance of the wood-frame and 

concrete-frame buildings become –1100 GJ and 710, respectively. The energy 

balance over the life cycle of the wood-framed building is negative, meaning that 

the wood product chain provides more usable energy than is used in the 

production of all the materials in the building.  

 

3.5  Variation of energy balances 

The energy balance will depend largely on the energy used for processing the 

materials, the energy recovered in the form of biomass residues, and the energy 

returns on forest management. These are discussed in turn. 

 

3.5.1  Material processing energy 

This study uses three different process energy analyses as source data for 

specific energy use in material production processes (see Section 2.5). Gustavsson 

and Sathre (2004) studied the variation between these analyses due to such factors 

as differences in systems boundaries and input material sources. Figure 8 shows 

primary energy use for the production of materials for the wood- and concrete-

framed versions of the case study building, based on specific energy use data from 
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the three analyses. There are general differences between the analyses, such that 

Fossdal (1995) gives the lowest values for primary energy use, Worrell (1994) gives 

intermediate values, and Björklund and Tillman (1997) gives the highest values. It 

is noteworthy, however, that using data from each analysis, the wood-frame 

construction uses less primary energy than the concrete-frame construction. 
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Figure 8. Primary energy used for production of materials for wood- and concrete-framed 

versions of the case study building, using specific energy use data from three European 

process analyses. (Source: adapted from Gustavsson and Sathre 2004) 

 

These results suggest that in spite of absolute differences between the 

analyses (due to varying system boundaries, regional differences, etc.), the relative 

energy use of wood-frame vs. concrete-frame construction is consistent. 

Gustavsson and Sathre (2004) compared the specific energy use of lumber and 

concrete production in the three studies, and calculated the lumber/concrete ratios 

shown in Table 5. Substantial variation exists between the lumber production 

energy reported in the three studies, with the largest being 58% greater than the 

smallest. Similarly, a 53% difference in concrete production energy exists between 

the three studies. However, the ratios of the lumber and concrete production 
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energies showed a smaller difference, with the largest being 7% greater than the 

smallest. Thus, although results of absolute production energy vary depending on 

the assumptions and methodologies of a particular analysis, the production energy 

values of different materials can be quite consistently compared within a given 

analysis using consistent assumptions and methodology. 

 

Table 5. Specific primary energy use for production of lumber and concrete, and ratio of 

lumber/concrete energy use, based on three European process analyses. (Source: 

Gustavsson and Sathre 2004) 

Reference 
Lumber 

(MJ/kg) 

Concrete 

(MJ/kg) 

Ratio 

(L/C) 

Fossdal (1995) 3.8 0.82 4.6 

Worrell et al. (1994) 2.7 0.57 4.8 

Björklund and Tillman (1997) 4.3 0.87 4.9 

 

Paper II analyses several of the factors that cause variation in the specific 

energy use for material production, including clinker production efficiency, 

blending of cement, crushing of aggregate, recycling of steel, lumber drying 

efficiency, and material transportation distance. The first three parameters are 

specific to concrete production, and have greater impact on the concrete-frame 

building than the wood-frame building, due to its higher use of concrete. These 

three parameters taken together affect the energy balance by 130 GJ and 840 GJ in 

the wood- and concrete-frame buildings, respectively. Recycling of steel has a 

considerable effect on both buildings, but more so on the concrete-frame building 

due to its greater use of steel for concrete reinforcement. This parameter affects the 

energy balance by 160 GJ and 260 GJ in the wood- and concrete-frame buildings, 

respectively. The efficiency of kiln-drying of lumber impacts the wood-frame 

building more due to its greater wood material content, affecting the energy 

balance by 140 GJ and 110 GJ in the wood- and concrete-frame buildings, 

respectively. Material transportation distance has a substantial impact on the 

energy balances of both buildings, affecting the energy balance by 340 GJ and 620 

GJ in the wood- and concrete-frame buildings, respectively.   
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3.5.2  Biomass residues for fossil fuel substitution 

The energy balance will vary depending on the percentage of total biomass 

residue that is recovered and used as fuel. Sources of biofuels include forest, 

processing, construction and demolition residues. Paper II finds that the recovery 

of demolition wood is the parameter with the single greatest effect on the energy 

balance. If demolition residue is not recovered and used as fuel, the energy balance 

increases by 1450 GJ and 1000 GJ in the wood- and concrete-frame buildings, 

respectively. Non-recovery of demolition residue is the only single parameter 

variation that makes the energy balance of the wood-frame building to be positive. 

Recovery of other biomass residues also significantly affects the energy balance. If 

wood-processing residue is not recovered and used as fuel, the energy balance 

increases by 1110 GJ and 620 GJ in the wood- and concrete-frame buildings, 

respectively. Logging residue is next most important, and if it is not recovered and 

used the energy balance increases by 590 GJ and 370 GJ in the wood- and concrete-

frame buildings, respectively. Construction waste is less important but not 

insignificant, with an energy balance increase of 160 GJ and 110 GJ in the wood- 

and concrete-frame buildings, respectively, if it is not recovered. 

Recovery and utilisation of forest residue is becoming more common in 

Sweden and some other countries. In particular, residue from clear-cut areas is 

increasingly recovered, with efficient logistical systems to collect and transport the 

residue currently being developed (Gustavsson and Näslund 2007). Recovery of 

forest thinning residue is less common, due to its dispersed nature making efficient 

and economic collection more problematic. Recovery of stumps is a potentially 

significant source of biofuel (Paper IV). The use of wood processing residue is 

quite widespread, and our assumption of 100% utilisation of bark, chips and 

sawdust is commonly realised in wood processing industries in Scandinavia. The 

recovery of wood-based construction waste for use as biofuel is becoming more 

widespread, with source separation of different types of construction wastes 

occurring on many construction sites. Utilisation of wood-based demolition waste, 

shown in this study to have a significant impact on the energy balance of wood 

construction, has the potential to increase (Thormark 2001). Policy measures 
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including landfill dumping fees and regulations affect the amount of wood that is 

recovered from building demolition sites. Greater reuse and recycling of materials 

is possible, particularly if more attention is paid during building design and 

construction to facilitate disassembly (Kibert et al. 2002). Material cascading of 

recovered wood has potential energy balance advantages (Paper III), though 

recovery of energy from non-reusable wood should take place because it is not 

resource-efficient to landfill combustible wood while at the same time extracting 

and burning fossil fuels.  

 

3.5.3  Forest management intensity 

Forest trees convert solar radiative energy into the chemical bonds of plant 

tissues. The exploitation of a primary, unmanaged forest requires only the energy 

inputs of harvest activities to receive as output the energy accumulated naturally 

during forest growth. Such exploitation cannot be sustained, however, hence the 

need for forest management activities to ensure forest regrowth. Forest 

management can be carried out at varying intensity levels, with more intense 

management effort resulting in more efficient solar energy capture by the forest 

stand, resulting in greater biomass energy output. Thus, forest management 

produces a multiplicative effect whereby energy inputs used for forest 

management are leveraged into a greater energetic output in terms of biomass 

harvest. 

Figure 9 shows the energy inputs and outputs associated with the three forest 

management regimes described in Paper IV. The fertilised management results in 

the greatest output, but also requires more energy input. Without recovery of 

forest residues, the traditional management regime uses 1.03 GJ/ha-yr energy 

input to produce an output of 34.8 GJ/ha-yr, or a net yield of 33.7 GJ/ha-yr. The 

intensive management has a net yield of 35.0 GJ/ha-yr, and the fertilised 

management has a higher net yield of 47.9 GJ/ha-yr in spite of the relatively large 

energy requirement to produce fertiliser. Additional biomass output is produced 

by using energy inputs to recover thinning and harvesting residues. Including the 

recovery of thinnings, slash and stumps, the net yield becomes 51.8, 53.5 and 73.3 
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GJ/ha-yr for the traditional, intensive and fertilised management, respectively. 

This type of energy analysis applies to the heat value of forest biomass for use as 

biofuel, but does not adequately describe the varying qualities of forest biomass 

(e.g. sawlogs, pulpwood, forest residues) that have different utility values for the 

production of forest products (Paper VI). 
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Figure 9. Primary energy inputs (negative values), and heat energy of biomass outputs 

(positive values), under three different forest management regimes. (Based on data from 

Paper IV) 
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4  Carbon Balance 
4.1  Definition 

A carbon balance is a summation of carbon flows into and out of a system. In 

this analysis we have followed the general convention of using positive numbers to 

denote carbon flows into the atmosphere (carbon emissions or sources), and 

negative numbers to denote carbon flows out of the atmosphere (carbon sinks). 

This convention is used by Working Group I of the IPCC (IPCC 2001a, 2007a) and 

most other authors when quantifying carbon balances. However, it should be 

noted that some authors have used negative numbers for carbon emissions and 

positive numbers for carbon uptake, particularly when focusing on biological 

carbon stocks. Examples of this include IPCC Working Group III (IPCC 2007c) and 

IPCC (2000). 

We define the carbon balance of the material life cycle as CO2 emission to the 

atmosphere due to fossil fuel combustion and industrial process reactions from 

material production, minus CO2 emission avoided by replacing fossil fuel with 

recovered biofuels, minus increased (or plus decreased) carbon stock in materials 

and forests. The carbon balance is calculated as: 

 

SCCCCB avoidedprocessfossil Δ−−+=  

 

where CB is the carbon balance (kg C); 

Cfossil is CO2 due to fossil fuel combustion for material production (kg C); 

Cprocess is CO2 emission from industrial process reactions (kg C); 

Cavoided is net avoided CO2 emission due to replacing fossil fuel with recovered 

biofuel (kg C); 

ΔS is increased carbon stock in wood products and forest ecosystems (kg C). 

We calculate carbon balances using mass units of carbon (kg C or tC). Based 

on stoichiometric mass relations, a mass unit of carbon (C) is equal to 12/44 of a 

unit of carbon dioxide (CO2). 
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4.2  Fossil fuel emission from material production 

The energy demands of building material production, and the characteristics 

of the system used to supply the required energy, largely influence the CO2 

emission from the production of the material. Various amounts of fossil fuels are 

used in the production of different building materials (see Section 3.2). The carbon 

emission due to fossil fuel use for material production is calculated as: 

 

[ ]∑ ×+×=
k

Lkkfossil
LCFCC
η

 

 

where Cfossil is CO2 emission to the atmosphere due to fossil fuel combustion for 

material production (kg C); 

k are the fossil fuels: coal, oil, and natural gas; 

C is the fuel-cycle carbon intensity of the fossil fuel (kg C/GJ end-use fuel); 

F is the end-use fossil fuel energy used to extract, process, and transport the 

materials (GJ); 

CL is the fuel-cycle carbon intensity of the reference fossil fuel used to produce 

electricity (kg C/GJ fuel); 

L is the end-use electricity to extract, process, and transport the materials (GJe); 

η is the conversion efficiency for electricity production. 

 

4.3  Process emission from material production 

Process emission is CO2 emission that is not due to fossil fuel combustion, but 

instead is caused by chemical reactions inherent to the production process. In the 

building materials industry, the two most significant process emissions are from 

cement manufacture and iron smelting. 

CO2 is released during the manufacture of cement due to the calcination 

reaction, when calcium carbonate is heated and broken down into calcium oxide 

and CO2. Cement production is the largest source of non-energy-related industrial 

carbon emission. Approximately 0.5 tonne of CO2 is released for each tonne of 

cement produced (IPCC 1996). A part of the CO2 emitted in the calcination reaction 
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during cement manufacture is later taken up again by the cement over a time scale 

of years to centuries due to carbonation. In this chemical reaction, calcium 

hydroxide in the hydrated cement reacts with atmospheric CO2 to form calcium 

carbonate and water (Illston and Domone 2001). Carbonation is generally 

considered to be an undesirable effect, because it lowers the pH of the cement 

matrix, which may lead to corrosion of the steel reinforcement and spalling of the 

concrete. It is, however, not entirely detrimental, because the carbonation process 

increases the strength and reduces the porosity of the concrete in the carbonated 

zone. In this study, the amount of carbonation uptake is based on data from Gajda 

(2001) showing that 8% of the calcination release is re-fixed by carbonation of the 

concrete material over a 100-year span. A report published in December 2005 

asserts that up to 57% of the calcination emission can be taken up by carbonation 

reactions, assuming a 70-year service life after which the concrete is crushed, 

followed by 30 years of additional absorption by the crushed concrete (Kjellsen et 

al. 2005). The significance of this uncertainty is discussed in Section 4.8.1. 

Accounting of cement process emission includes CO2 emission from the 

calcination reaction during manufacture, and CO2 uptake due to the carbonation 

reaction during the building life cycle. The life cycle carbon emission due to 

industrial process reactions of material production is calculated as: 

 

( )[ ]λ−××= 1cementcementprocess PWC  

 

where Cprocess is the net CO2 emission from industrial process reactions (kg C); 

Wcement is the mass of cement used to construct the building (kg); 

Pcement is the CO2 emission due to calcination reaction during manufacture of the 

cement (kg C/kg cement); 

λ is the proportion of calcination emission that is re-absorbed by the cement over 

the building life cycle. 

One way to reduce the process carbon emission of cement production is to 

blend the cement with reactive by-products from other industrial processes. 
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Normal Portland cement contains 95% ground clinker, made by heating mineral 

raw materials in a kiln, mixed with 5% gypsum. Other materials whose reactivity 

has been increased through thermal processing, such as fossil fuel fly ash and blast 

furnace slag, can be used to partially replace the clinker. Construction cement 

made of a blend of clinker and other additives is becoming more commonly used 

(Gartner 2004). Making cement with a blend of clinker and by-products of other 

industrial processes reduces energy use because less clinker must be produced. 

CO2 emission is reduced because less fossil energy is used, and because less 

process emission occurs from the calcination reaction. In this study we assume the 

use of standard Portland cement. In Paper II we analyse the effect of blended 

cement, by comparing Portland cement to a blended cement containing 65% 

clinker.  

Process CO2 emission also occurs during the smelting of iron from ore. The 

iron ore is mixed with a solid, combustible, carbonaceous material that performs 

three functions: the combustion of the material raises the temperature of the ore; 

the refractory strength of the material provides voids that allow gas permeability 

during smelting; and carbon from the material strips oxygen from the iron oxide 

ore to yield elemental iron plus carbon dioxide (Gupta 2003). Coke, made from 

coal, is normally used for this purpose in modern iron production, although 

charcoal made from biomass is also suitable. Charcoal was long used to smelt iron, 

but was gradually displaced by coke during recent centuries. In 1948, 31% of 

Swedish pig iron was made using charcoal (FAO 1964). No charcoal is used in 

Swedish iron and steel production now. The European Steel Technology Platform 

is currently studying the feasibility of using biomass-based charcoal to reduce net 

CO2 emissions from the iron and steel industry (Birat 2005). Because coke is 

currently used in iron production, and because it serves as a fuel as well as a 

process reactant, in this study we account for emission from iron smelting as a 

fossil emission (Section 4.2), not a process emission. 
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4.4  Fossil fuel substitution by biomass residues 

Using biomass for direct substitution of fossil fuels provides permanent and 

cumulative reduction in CO2 emission (Schlamadinger and Marland 1996; 

Schlamadinger et al. 1997). In this study we calculate the net carbon emission 

reduction of fossil fuels substitution based on the full fuel-cycle emissions of the 

avoided fossil fuel, the difference in energy conversion efficiency between the 

fossil fuel and the biofuel, and the emission of the fossil fuel (diesel) used for 

recovery and transport of the biofuel. The actual combustion of biofuel obtained 

from sustainably managed forests is assumed to have zero net emission. Biofuel is 

assumed to replace fossil fuel that otherwise would have been used. The two 

reference fossil fuels we consider for replacement by recovered biofuels are coal 

and natural gas (Section 2.3.1). Appropriate combustion efficiency conversion 

factors are used to relate the heat value of the biofuel to the avoided fossil 

emission. The energy conversion efficiency is assumed to be unchanged when coal 

is replaced by biomass, and 4% lower when natural gas is replaced by biomass. 

These are average values for various conversion technologies, and we make no 

distinction between thermal, electrical and cogeneration use of fuels (Gustavsson 

and Johansson 1994). The CO2 that would have been emitted by the replaced fossil 

fuel is then calculated for the entire fossil fuel cycle, including end-use emission as 

well as from energy used for fuel extraction, conversion and distribution. The 

avoided carbon emission is credited as a negative carbon emission in the carbon 

balance calculations. The recovery and transport of biomass fuels require an 

energy input, calculated as a percentage of the heat energy content of the biomass 

recovered, as shown in Table 3 in Section 3.3.1. Emission from this energy input, 

assumed to be diesel fuel, is included in the carbon accounting. 

We calculate the carbon emission avoided due to replacing fossil fuel with 

recovered biofuel as: 

 

[ ] [ ]residuesdiesel
j

ffjjavoided DCCHMC ×−×××= ∑ ψ  
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where Cavoided is the net avoided CO2 emission due to replacing fossil fuel with 

recovered biofuel (kg C); 

j are the different types of biomass residues: forest, processing, construction and 

demolition; 

M is the mass of the recovered residue (oven dry tonnes); 

H is the lower heating value of the residue (GJ/oven dry tonne); 

Cf is the fuel-cycle carbon intensity of the reference fossil fuel replaced by the 

residues (kg C/GJ end-use fuel); 

ψf  is the relative conversion efficiency of biofuel versus reference fossil fuel; 

Cdiesel is the fuel-cycle carbon intensity of diesel fuel (kg C/GJ diesel); 

Ddiesel is the quantity of diesel fuel used to recover and transport the biomass 

residues (GJ). 

 

4.5  Carbon storage in wood products 

A part of the carbon that is taken from the atmosphere during the growth of a 

forest stand remains sequestered during the service life of a wood product. The 

carbon content in biomass varies within and between species (Thörnqvist 1985), 

but 50% of the dry weight of wood is a reasonable average value that is used in this 

study.  

Over the full life cycle of a building, there is no change in carbon stock in 

wood-based building materials. Before the building is built there is no carbon stock 

in wood materials; after the building is demolished and the materials are oxidised, 

there is no carbon stock in wood product. Hence, there is no permanent carbon 

stock change associated with the construction of an individual wood building, and 

no net effect on atmospheric carbon balance. In this study we quantify the carbon 

stock in the wood-based materials of the case study buildings, but account for this 

stock only as long as the buildings remain in service. When the buildings are 

demolished, we assume 100% of the carbon stock is oxidised and enters the 

atmosphere as CO2. 

On a larger scale, a carbon sequestration effect could occur if the entire stock 

of wood products is increasing. This could occur as a result of general economic 
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growth, whereby more products of all kinds are produced and possessed, or 

through a societal transition from non-wood to wood-based products. If the total 

stock of carbon in wood products is increasing, carbon storage in products can 

contribute to reducing atmospheric CO2 concentration. The carbon stock in wood 

products would increase if a permanent change were made from e.g. concrete- to 

wood-framed construction. This would occur if concrete buildings, representing 

the baseline, are replaced by wood-framed ones, which after demolition are always 

replaced by new wood-framed buildings with a similar carbon stock. This would 

result in a step change in carbon stock (i.e. carbon sequestration) compared to the 

baseline, at the point in time when concrete is replaced by wood. The permanence 

of the carbon stock in buildings depends on the difference between the amount of 

wood added to new construction and the amount of wood removed from 

demolished buildings (Paper I). Eventually, as the stock of wood products 

stabilises, the rate of newly harvested wood entering the wood products reservoir 

will equal the rate at which used wood is oxidised and releases its stored carbon to 

the atmosphere. At this point, the storage of carbon in wood products has no net 

effect on the atmospheric CO2 concentration. 

In Papers II, III and IV we assume that 100% of demolition wood is burned for 

energy recovery. In Paper I we assume that 10% of the demolition wood is not 

recovered and instead is deposited in a landfill. For simplicity we assume that this 

landfilled wood is naturally oxidised to CO2, but the rate and type of 

decomposition of unburned biomass, and the effect on GHG balances, are 

influenced by many factors and cannot be precisely modelled (IPCC 2000; Micales 

and Skog 1997). Some wood biomass deposited in landfills may form a permanent 

carbon stock, for example the lignin fraction of wood under anaerobic conditions. 

Other wood fractions under the same conditions can produce methane, a GHG 

with higher radiative efficiency but shorter lifetime than carbon dioxide. However, 

as the percentage of demolition wood that is recovered for energy increases, and 

the amount of landfilled wood decreases, this uncertainty becomes less significant 

(Sathre et al. 2004). 
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4.6  Carbon storage in forest biomass and soil 

Forest ecosystems hold significant carbon stocks, and globally contain about 

280 Gt C in living biomass (IPCC 2007c). An individual forest stand is either a 

carbon sink or carbon source, depending on its stage of development. A forest 

stand is a net carbon sink during much of its development, as the atmospheric 

carbon taken in through photosynthesis is greater than that released through 

respiration. As a forest stand matures, its carbon stock will reach a dynamic 

equilibrium or will increase very slowly as dead organic matter accumulates as soil 

carbon. In the years following a major disturbance, the stand is often a carbon 

source as the decay of dead organic matter releases CO2 at a greater rate than CO2 

is taken up by regrowth.  

The carbon stocks of forest biomass and soil are affected by forest 

management regimes, including rotation length, thinning, fertilisation, and harvest 

(e.g. Liski et al. 2001; Eriksson 2006). Harvesting generally causes a decline in soil 

carbon stock, due to decreasing litter input and possibly an increased 

decomposition rate (Yanai et al. 2003). However, the soil carbon stock may increase 

following harvesting, depending on management practices such as rotation length 

and thinning strategy (Johnson and Curtis 2001). Non-management of the forest, or 

increasing the amount of protected land, could increase the carbon stock in 

biomass and soil but would decrease the potential for using biomass to substitute 

for fossil fuel and energy-intensive material. 

In Papers I and II, changes of carbon stock in tree biomass are determined 

based on biomass expansion factors that relate the mass of the tree stem (harvested 

and used to produce wood-based building materials) to the mass of other parts of 

the tree that are either recovered for use as biofuel, or are left in the forest to decay. 

The decomposition dynamics of unrecovered biomass is subject to uncertainty. 

Roots and stumps remaining in the forest after harvesting comprise 22% of the 

total tree biomass modelled in Papers I and II, and we assume that they oxidise 

promptly and enter the atmosphere as CO2. Their possible effect on soil carbon 

stock is not considered in Papers I and II. 
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Paper IV specifically analyses the carbon stock in forest biomass and soil, in 

an integrated analysis of carbon stocks and flows associated with wood product 

use. A forest growth model estimates biomass production under three forest 

management strategies (traditional, intensive, and fertilised), and a forest soil 

model estimates carbon accumulation in the soil resulting from litter, slash, stumps 

and roots that are not recovered. The carbon stock in living tree biomass increases 

during forest growth periods, and decreases to zero at harvests. Over a complete 

rotation period there is no carbon stock change in living tree biomass. The carbon 

stock in forest soil increases quickly during the first rotation period; thereafter the 

rate of increase declines substantially (Figure 10). The fertilised management 

regime increases soil carbon stock by the greatest amount, followed by the 

intensive management and traditional management. The pre-existing soil carbon 

stock is not included in this study, since the carbon stock is assumed to develop 

similarly for all management regimes. 
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Figure 10. Running mean soil carbon stock for the traditional, intensive, and fertilised forest 

management regimes. Time period for mean calculations is one rotation period. (Paper IV) 
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4.7  Carbon balance results 

4.7.1  Carbon balance at year of construction 

The carbon balance at the time the building is constructed takes into account 

emissions from fossil fuel used for the production of the materials; process 

reactions from cement manufacture; substitution of fossil fuel by forest, processing 

and construction residues; and carbon stock changes due to the harvest of the 

forest and construction of the building (Figure 11). The carbon balance is positive 

for both buildings, mainly because of the large emission from forest harvesting and 

fossil fuel use in material production. The balance is greater for the concrete-frame 

building than for the wood-frame building.  
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Figure 11. Contributions to the carbon balance of the wood-frame and concrete-frame 

buildings at the year of construction. The reference fossil fuel is coal. (Paper I) 

 

4.7.2  Carbon balance over building life cycle 

The carbon balance for the complete life cycle of the building includes all the 

emissions from the time of construction, plus other emissions and carbon stock 

changes occurring during the rest of the building life cycle (Figure 12). This 
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includes re-growth of the forest, uptake of CO2 by cement carbonation reactions, 

demolition of the building, and substitution of fossil fuel by wood-based 

demolition waste. As explained in Section 2.2.3, emissions due to building 

operation are not expected to differ between the wood-frame and concrete-frame 

buildings, and are therefore not included in the carbon balance calculations. The 

carbon balance of the wood-framed building is significantly lower than that of the 

concrete-frame building. When electricity is generated by coal-fired condensing 

plants and recovered biofuels replace coal, the wood-frame and concrete-frame 

buildings have carbon balances of –41.4 tC and +25.8 tC, respectively. When 

natural gas is the reference fossil fuel, the two buildings have carbon balances of –

12.2 tC and 36.6 tC. The reduction in life cycle net carbon emission if wood material 

is used instead of concrete is 67.2 tC or 48.8 tC when coal or natural gas, 

respectively, is the reference fossil fuel. 
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Figure 12. Contributions to the carbon balance of the wood-frame and concrete-frame 

buildings over the complete building life cycle. The reference fossil fuel is coal. (Paper I) 
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The net CO2 emission differences between the wood-framed and concrete-

frame buildings are shown in Figure 13. The differences are due to fossil fuel use, 

fossil fuel replacement by biofuel, cement process reactions and carbon stock 

changes in wood-based building materials. The temporary nature of the stock 

change of building materials is represented by the dashed lines. The carbon stock 

change is 18% of the substitution impacts from fossil fuel and cement reaction, 

assuming coal is used for electricity generation for material production and if 

recovered biofuels replace coal. The corresponding figure when natural gas is the 

reference fossil fuel is 25%. 
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Figure 13. Differences in life cycle net CO2 emission between the wood- and concrete-

framed buildings, when either coal or natural gas is the reference fossil fuel that is replaced 

by recovered biofuels and that is used to generate electricity for material production. 

 

4.8  Variation of carbon balances 

The causes and extent of variability of the carbon balance over the life cycle of 

building materials is a major focus of this study. In Paper I we analyse the effects of 

changes in reference fossil fuels and use of surplus land not used for building 

material production. These factors are also studied in Paper II, as well as the effects 

of variation of production system parameters including cement clinker production 
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efficiency, the use of blended cement, crushing of aggregate, recycling of steel, 

lumber drying efficiency, material transportation distance, and the recovery of 

forest, processing, construction and demolition residues for biofuel. In Paper III we 

study the effect on carbon balance of reusing wood-based materials in cascade 

chains. In Paper IV, we analyse the effects of forest management intensity, 

including silvicultural actions and the recovery of different types of forest residues 

for use as biofuel. 

 

4.8.1  Material production efficiency 

The carbon balance effect of material production efficiency variation is closely 

related to, but not identical too, the energy balance variation of material 

production (see Section 3.5.1). Energy efficiency improvements that result in lower 

fossil fuel use will also result in lower fossil carbon emission. Improvements that 

reduce internal biofuel use (e.g. more efficient lumber drying kilns) will lead to 

greater quantities of biofuel available to replace fossil fuels (Section 4.8.2). In 

addition to fossil fuel carbon emission, cement production improvement (e.g. 

blended cements) can reduce process reaction emission (Section 4.3). 

Concrete-related production factors including the clinker production 

efficiency, the blending of cement, and the source of concrete aggregate have 

greater impact on the concrete-frame building than the wood-frame building, due 

to its higher use of concrete. The first two parameters taken together affect the 

carbon balance by 4.2 tC and 24.8 tC in the wood- and concrete-frame buildings, 

respectively. The use of high efficiency clinker production and blended cement is 

expected to continue increasing in the future. The use of crushed stone instead of 

natural gravel for concrete aggregate increases the carbon balance by 1.0 tC and 6.3 

tC in the wood- and concrete-frame buildings, respectively. It is expected that the 

use of crushed stone for concrete aggregate will increase. In Sweden, the use of 

natural sand and gravel decreased from 70 to 23 million tonnes/yr during the 

period 1990-2002, while the use of crushed stone increased during the same period 

from 25 to 38 million tonnes/yr (Bergstedt and Linder 1999; Swedish 

Environmental Objectives Council 2004). Total aggregate use declined during the 
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period because of decreased activity in the construction sector. The Swedish 

Parliament has established, as an interim target of an environmental quality 

objective, a limit of 12 million tonnes of natural gravel extraction per year, to be 

achieved by 2010. Policy measures implemented to reach this target include 

licensing of gravel pits and taxation of natural gravel extraction.  

Recycling of steel has a considerable effect on both buildings, but more so on 

the concrete-frame building due to its greater use of steel for concrete reinforcing. 

This parameter affects the carbon balance by 4.8 tC and 7.7 tC in the wood- and 

concrete-frame buildings, respectively. The efficiency of kiln-drying of lumber 

impacts the wood-frame building more due to its greater wood material content, 

affecting the carbon balance by 2.2 tC and 1.6 tC in the wood- and concrete-frame 

buildings, respectively. Material transportation distance affects the carbon balance 

by 7.5 tC and 13.7 tC in the wood- and concrete-frame buildings, respectively. The 

material transportation distance has a substantial impact on the energy and carbon 

balances of both buildings, due to the fossil energy used to transport raw materials 

(logs, aggregate, etc.) to processing facilities, and finished building materials from 

the factories to the construction sites. The effect is greater for the concrete-frame 

building, due to the heavier materials involved. The exact values obtained in the 

study depend on the assumptions made of transport distances of the various 

materials, but the implication is clear that local sourcing of materials can help to 

reduce energy use and CO2 emission. 

The carbon intensity of the fossil fuels used has a significant impact on the 

carbon balance. This applies to end-use fossil fuels used in industrial processes, as 

well as fossil fuels generating marginal electricity used in production processes. A 

shift in the process fuels used in material production (Section 3.2), from carbon-

intense fuels such as coal and oil toward natural gas or biofuels, would reduce the 

carbon balance. If natural gas is used instead of coal for electricity generation, the 

energy balance decreases due to higher conversion efficiency in electricity 

generation as well as differences in fuel-cycle emissions between the fuels.  

As discussed in Section 4.3, there is uncertainty regarding the extent of CO2 

uptake due to the carbonation reaction during the life cycle of concrete. In this 
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study we assume that 8% of the original calcination release is taken up over a 100-

year period, based on a study of carbonation in over 1000 concrete samples (Gajda 

2001). The rate of carbonation depends on the porosity of the concrete, the 

conditions of the surrounding environment, and the exposed surface area of the 

concrete. Kjellsen et al. (2005) asserts that up to 57% of the calcination emission 

may be taken up by carbonation reaction. The difference in carbonation rates is 

largely due to varying assumptions about the fate of concrete at the end of its life 

cycle. If concrete is crushed, its surface area will be increased, allowing greater 

carbonation. However, if the crushed concrete is then reused as e.g. roadbed 

material or concrete aggregate, its exposure to the atmosphere will be limited and 

the rate of carbonation will decrease. The more carbon that is removed from the 

atmosphere due to carbonation uptake, the lower will be the life cycle carbon 

balance. If the higher carbonation estimate of 57% (Kjellsen et al. 2005) occurs 

instead of the 8% (Gajda 2001) assumed in this study, the life cycle carbon balance 

of the wood-frame building decreases from –41.4 tC to –43.6 tC, and that of the 

concrete-frame building decreases from 25.8 tC to 14.6 tC. The life cycle carbon 

benefit of the wood-framed building decreases from 67.2 tC to 58.2 tC. 

 

4.8.2  Fossil fuel substitution by biomass residues 

Using biomass residues from the wood product chain to replace fossil fuels 

has a very significant impact on the life cycle carbon balance. Recovery of 

demolition wood has the single greatest effect on the carbon balance of both the 

wood- and concrete-framed buildings (Paper II). If demolition residue is not 

recovered and used to replace coal, but instead is burned without energy recovery 

or decomposes aerobically, the carbon balance would increase by 43.8 tC and 30.8 

tC in the wood- and concrete-frame buildings, respectively. Landfilling of 

demolition wood will likely result in a GHG balance substantially higher than that 

of burning for energy (Sathre et al. 2004). Recovery of forest, wood processing, and 

construction residues also makes a large impact on the carbon balance of the 

constructions. If these residues are not recovered and used to replace coal, the 

carbon balance would increase by 56.4 tC and 33.9 tC in the wood- and concrete-
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frame buildings, respectively. Taken together, these parameters have a greater 

impact than recovery of demolition wood. Substitution of fossil fuels by forest, 

processing, and construction residues takes place at the time of building 

construction, while fuel substitution by demolition residue occurs at the end of the 

building life cycle. 

In Paper IV, three management practices regarding forest residue recovery 

are compared. These practices are: no recovery of forest residues, recovery of 

thinning and harvest residues, and recovery of thinning and harvest residues and 

stumps. Although more fossil energy is required to conduct the more intensive 

residue recovery practices, and less organic matter is left on the forest floor to enter 

the soil carbon reservoir, the net carbon balance result shows that the increased 

availability of biomass residues to replace fossil fuels produces lower net carbon 

emissions when residue recovery is intensified (Section 4.8.3).  

The carbon intensity of the fossil fuel that is replaced by the recovered 

residues has a significant impact on the carbon balance. In contrast to fossil fuels 

used in the production process, where fuels of lower carbon intensity lead to lower 

carbon balances (Section 4.8.1), fossil fuel substitution will lead to lower carbon 

balances when higher carbon intensity fuels are replaced. This is because the higher 

fossil emissions are avoided when the fuels are replaced by biomass residues. In 

this study, we use the “reference fossil fuel” concept to analyse the significance of 

the carbon intensity of both the marginal electricity used for material production 

and the fossil fuel replaced by biomass residues (Section 2.3.1). When the reference 

fossil fuel is coal instead of natural gas, the emission from marginal electricity 

production is increased, but the avoided emission from replaced fossil fuels is also 

increased. Paper II shows that the additional emission avoided due to replacing a 

carbon-intense reference fossil fuel is more significant than the additional emission 

caused by using the carbon-intense fuel for marginal electricity production. Thus, 

the overall carbon balance is lower when the reference fossil fuel is coal, and 

higher when it is natural gas. 
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4.8.3  Land use aspects 

The intensity of land management can have a significant effect on the carbon 

balance of forests and forest products. This is analysed in Paper IV in an integrated 

carbon analysis considering the carbon fluxes and stocks associated with tree 

biomass, soils, and forest products. We simulated three forest management 

regimes: traditional, intensive management with emphasis on stand establishment 

and thinnings, and fertilisation. The largest net CO2 emission reduction per unit of 

land occurs when the forest production is increased through fertilisation, 

providing greater quantities of wood for use as construction material to replace 

concrete construction (Figure 14). The differences in the average carbon stock in 

biomass and accumulation of soil carbon between the management regimes are 

less than the differences in carbon balances associated with forest product usage. 

The increased energy use and carbon emission required for the more intensive 

forest management, and the slight reduction in soil carbon accumulation due to 

increased biomass removal, are more than compensated for by the reduction in 

emissions due to the substitution effect. With coal as the reference fossil fuel, the  
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Figure 14. Average annual reduction of atmospheric carbon emission due to soil carbon 

sequestration (grey part of bars) and due to product substitution (white part of bars), 

resulting from different forest management, slash and stump usage, and wood product 

usage. The reference fossil fuel is coal. (Paper IV) 
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emission reduction due to material and fuel substitution is about 8 to 13 times 

greater than the emission increase due to management intensification and soil 

carbon accumulation. When natural gas is the reference fuel, the substitution 

emission reduction is about 4 to 7 times greater than the corresponding emission 

increase. 

An analysis of avoided carbon emissions over multiple forest rotations shows 

that the carbon stock in forest biomass rises and falls over the rotation periods, the 

carbon stock in soil reaches a stable plateau, but the substitution effects continue to 

rise over time (Figure 15). The substitution effects depend on the use of the 

biomass and the reference fossil fuel that is avoided, but also depends strongly on 
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Figure 15. Development over time of carbon stocks and accumulated emission reduction 

due to product substitution. The upper panel shows the combination of parameters giving 

the lowest reduction in net carbon emission, and the lower panel shows the highest 

reduction. (Paper IV) 
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the forest productivity. Forest management regimes that produce greater 

quantities of biomass provide more possibilities for avoiding the use of fossil fuels 

and energy-intensive non-wood materials.  

In Papers I and II, land use issues were considered by assuming a constant 

forest land area available for both the wood-frame and concrete-frame buildings 

(Section 2.4.2). The growth or utilisation of the surplus forest, not needed for 

production of building materials for the concrete-framed building, has a significant 

impact on the energy and carbon balances. If the surplus forest remains standing 

and continues to grow, carbon will be removed from the atmosphere and fixed in 

the growing tree biomass. Growth of surplus forest has no effect on energy 

balance, unless it is harvested and used as biofuel. However, surplus forest will not 

continue to grow indefinitely, and will eventually reach a dynamic equilibrium in 

terms of carbon content. Forest stands increase in biomass at different rates over 

time, depending on tree species, climatic conditions and many other factors. Under 

Nordic conditions, forest rotation periods of around 100 years are common. Trees 

older than 100 years grow only slowly, and if left unharvested will eventually die 

and decompose naturally, releasing the energy and CO2 accumulated through 

photosynthesis during their lifetimes. 

If the surplus forest is not left standing at the time of building construction, 

but instead harvested and used for bioenergy to replace fossil fuel, the energy 

balance of the concrete-frame building would decrease substantially due to the 

greater supply of biofuel, and the carbon balance would decrease due to the 

substitution of fossil fuels. Harvesting the surplus forest may be beneficial from an 

energy and carbon balance point of view, although the burning of timber-grade 

trees as biofuel is an inappropriate use of a high quality economic resource (Paper 

VI). In general, cascading of forest products may be a more efficient way to use 

trees and the forestland on which they grow (Paper III).  
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5  Implementation Issues 
5.1  Factors affecting the use of wood-based materials 

A further objective of this study is to explore implementation issues related to 

the wider use of wood-based building materials to lower energy use and carbon 

emission. In the Swedish construction sector, various obstacles exist to the 

increased use of wood-based materials in construction. The use of wood frames in 

multi-storey buildings was prohibited by Swedish law for over 100 years, until 

building regulations were changed in 1994 (Bengtson 2003). During that time a 

path dependency favouring concrete construction developed, due to the 

accumulated experience of architects and engineers, the skills of construction 

workers, the established network of actors involved in major construction projects, 

the standardisation of products and processes used in concrete construction, and 

the capital-intensive acquisition of equipment for concrete construction 

(Mahapatra and Gustavsson 2007). 

Although wood-framed buildings are economically competitive with 

apartment buildings (Persson 1998) and single family houses (Lippke 2004) made 

with concrete frames, there are hindrances to increased wood use including socio-

economic and cultural aspects, entrenched traditions, price and scale dynamics, 

and complexities of structural and technical change (Gustavsson et al. 2006). 

Criteria for the eventual emergence of wood-frame multi-storey building 

construction in Sweden include investments in knowledge creation, incentives for 

entry of new firms, and the formation of actor networks (Mahapatra and 

Gustavsson 2007).  

The use of economic instruments to internalise the external costs of 

construction materials is another important means to encourage the adoption of 

wood-based materials with lower energy and carbon balances, as investment 

decisions are largely based on economic calculations (Rosenburg 1994). Taxation of 

fossil fuel use and/or carbon emission acts as an economic incentive to overcome 

organisational inertia, encouraging firms to adopt innovations that result in both 

lower environmental impact and increased economic benefits (Porter and van der 

Linde 1995). Within the context of market choice by construction firms and end 
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consumers, climate change mitigation instruments can alter competitiveness of the 

wood products sector due to relative changes in cost compared with competitors 

(Reinaud 2005). Economic competitiveness is defined in this context as the ability 

to maintain or expand market position based on cost structure. The issue of 

sectoral competitiveness is of great interest, because it is through this means that 

carbon and energy taxes could stimulate structural changes in production and 

consumption patterns that mitigate climate change, a raison d'être of the 

imposition of the taxes. 

Another important issue concerning the expanded use of wood-based 

products is the economic value created by the production of goods. The European 

forest industries have recognised the importance of developing innovative forest-

based products with higher added value that meet societal demands for materials, 

energy, employment, and environmental protection (FTP 2006). The National 

Research Agenda for the Swedish forest-based sector states that developing and 

producing forest products with higher added value is an important strategic goal 

(NRA 2006). It is generally understood that shifting from the high-volume 

production of low-value goods to the selective production of higher-value goods 

will increase the efficiency of using the limited resources of forest land and 

sustainably-harvested forest biomass to contribute to local and national economies. 

To better understand the mechanisms affecting the diffusion and 

implementation of wood-based building material use, we investigate several 

economic issues related to wood product manufacture and use. Paper V studies the 

monetary costs for energy used to produce various building materials, the 

economic advantages of using biomass residues from the building material life 

cycle, and the effects of policy measures to encourage efficient energy use and 

reduced carbon emission. Paper VI explores the economic value added during the 

production of wood-based building materials and other forest industry products, 

to help determine whether wood-based construction is an appropriate use for 

forest resources. 
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5.2  Cost of energy for material production 

5.2.1  Individual materials 

The cost of energy inputs to the material production process, as a percent of 

finished material cost, is calculated in Paper V. Five different energy taxation 

scenarios are considered to determine the effect of economic policy instruments. 

One scenario considers the base prices for fuels and electricity, with zero taxes. 

Another scenario uses the taxation rates for Swedish industrial energy users in 

effect on 1 January 2005, including a carbon tax of 78 €/tC on end-use fossil fuels, 

and energy taxes on diesel fuel and electricity use (Swedish Energy Agency 2005). 

A third scenario uses the higher taxation rates for Swedish residential energy users 

as of 1 January 2005, including a carbon tax of 371 €/tC on end-use fossil fuels, the 

same energy tax on diesel fuel as in the industrial tax scenario, and an energy tax 

on electricity use that is substantially higher than the industrial rate (Swedish 

Energy Agency 2005). The final two scenarios include no energy tax but instead 

impose low and high uniform carbon taxes of 78 €/tC and 371 €/tC, respectively, 

applied on all emissions regardless of the source. These hypothetical instruments 

tax carbon emission at the same rate as the industrial and residential scenarios, 

respectively, but are applied also to cement process emission and fossil fuels used 

for electricity generation.  

Results are shown in Figure 16. Lumber has the lowest proportion of energy 

cost, at less than 5% of the cost of the finished material. This proportion does not 

vary greatly under the different taxation scenarios, because much of the energy 

used in lumber production is biofuel, which is not subject to energy and carbon 

taxation. Particleboard has a higher energy cost under the zero tax scenario, about 

11%, due to the higher use of electricity and bioenergy. However, because the 

biofuel is less sensitive to energy taxation, the proportion rises only modestly 

under the other taxation scenarios. Concrete and steel, on the other hand, have 

energy cost proportions of 13% and 14% under the zero tax scenario. Because the 

fuels used to manufacture these materials are more carbon intensive, the 

proportional energy cost of these materials increases significantly under the more  
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Figure 16. Cost of energy inputs and carbon emissions of material production, expressed as 

a percentage of finished material cost, under different tax regimes. The main bars for 

uniform carbon taxes assume electricity produced by natural gas-fired condensing plants; 

the smaller error bars show the increased tax if coal-fired plants are used instead. (Paper V) 

 

rigorous climate protection taxation scenarios. Concrete is affected more by the 

uniform carbon taxes than the other materials, because process emission from 

cement calcination reactions is subject to taxation. The tax on process emission is 

2% and 9% of the final cost of concrete, under the low and high uniform carbon 

taxes, respectively. 

 

5.2.2  Entire building 

Based on costs of various energy carriers under the different taxation 

scenarios, and total energy used for material production of the wood- and 

concrete-framed buildings (Section 3.2), the total cost of energy used for material 

production for the case study buildings is calculated in Paper V. The total energy 

and tax cost for material manufacture, expressed as a percentage of total building 

cost, is shown in Figure 17. It ranges from 1.0% to 2.7% of the construction cost for 

the wood-frame building, and from 1.3% to 4.0% for the concrete-frame building. It 
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is higher for the concrete building than for the wood building in all energy tax 

scenarios. Although the low and high uniform carbon taxes are based on the same 

rate of emission taxation as the industrial and residential taxes, respectively, the 

uniform carbon taxes result in higher tax loads for the concrete-frame building, 

because the cement process emission is also subject to taxation. 
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Figure 17. Cost of energy inputs and carbon emissions of material production, expressed as 

a percentage of total construction cost, under different tax regimes. The main bars for 

uniform carbon taxes assume electricity produced with natural gas-fired condensing plants; 

the smaller error bars show the increased tax if coal-fired plants are used instead. (Paper V) 

 

5.3  Economic value of fossil fuel substitution 

Energy and carbon taxes, by changing the costs of biofuels and fossil fuels, 

can influence the relative competitiveness of materials that produce biofuels as by-

products of their manufacture. The economic value of fossil fuel substitution does 

not directly affect the cost of the wood construction material, but indirectly affects 

it by adding value to the by-products of the wood production chain. The difference 

in cost between avoided fossil fuel and the biofuel used to replace the fossil fuel is 

calculated in Paper V for the wood-frame and concrete-frame buildings, and 
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shown in Figure 18. The recovered biofuels include the forest, processing and 

construction residues from the year of construction. Demolition residues are not 

included here, as this analysis pertains to economic issues at the time of 

construction. The cost of diesel fuel used to recover and transport the biofuel is 

included in the biofuel cost. 

 

-0.2%

0.0%

0.2%

0.4%

0.6%

0.8%

1.0%

1.2%

1.4%

Zero tax rate Industrial tax
rate

Residential tax
rate

Uniform C tax
(low)

Uniform C tax
(high)

Wood-frame
Concrete-frame

C
os

t d
iff

er
en

ce
, a

vo
id

ed
 c

oa
l m

in
us

 b
io

fu
el

(%
 o

f t
ot

al
 c

on
str

uc
tio

n 
co

st)
C

os
t b

en
ef

it 
of

 b
io

fu
el

 su
bs

tit
ut

io
n

-0.2%

0.0%

0.2%

0.4%

0.6%

0.8%

1.0%

1.2%

1.4%

Zero tax rate Industrial tax
rate

Residential tax
rate

Uniform C tax
(low)

Uniform C tax
(high)

Wood-frame
Concrete-frame

C
os

t d
iff

er
en

ce
, a

vo
id

ed
 c

oa
l m

in
us

 b
io

fu
el

(%
 o

f t
ot

al
 c

on
str

uc
tio

n 
co

st)
C

os
t b

en
ef

it 
of

 b
io

fu
el

 su
bs

tit
ut

io
n

 
Figure 18. Cost benefit of using recovered biofuels to replace coal, expressed as a 

percentage of total construction cost, under different tax regimes. (Paper V) 

 

With no energy or carbon taxes, the cost of the biofuels is greater than that of 

coal. This would discourage the use of biofuel residues for substituting fossil fuels, 

leading to increased net carbon emission (Bohlin 1998). In all scenarios that include 

energy or carbon taxes, the total cost of the recovered biofuel is less than that of the 

coal it replaces. The cost difference increases under higher taxation rates, further 

encouraging substitution of fossil fuels by biofuels. The differences between the 

industrial tax and the low uniform carbon tax, and between the residential tax and 

the high uniform carbon tax, are small and are caused by different taxation of 

diesel used for biofuel recovery.  
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The results of Paper V show that higher taxation rates on carbon emission and 

fossil fuel use increase the economic competitiveness of wood-based construction 

materials, due to the relative costs for energy and emission from material 

production (Section 5.2) and the cost benefits of using biofuel residues to replace 

fossil fuels (Section 5.3). Sathre and Gustavsson (2007) extended this analysis to 

consider the social cost of carbon, which is the net present value of climate change 

impacts over an extended time period caused by an additional unit of carbon 

emitted into the atmosphere today. The Stern Review on the economics of climate 

change estimated the social cost of carbon emitted under a “business as usual” 

(BAU) trajectory at about 260 €/tC, and about 92 €/tC if the atmospheric GHG 

concentration is stabilised at 550ppm CO2e (Stern 2006). Comparing these 

estimates to current taxation regimes, Sathre and Gustavsson (2007) found that the 

energy and carbon taxes currently applied to industries in Sweden do not fully 

cover the full estimated social cost resulting from fossil energy use and industrial 

process emission. The full inclusion of climate-related externalities in the cost of 

industrial production would further improve the economic standing of wood 

construction vis-à-vis concrete construction (Figure 19). Policy instruments that 

internalise the external costs of carbon emission could thus encourage a structural 

change toward the increased use of sustainably produced wood products. Sathre 

and Gustavsson (2007) pointed out that policymakers developing economic 

instruments to mitigate climate change, while needing to be sensitive to issues of 

international competitiveness of domestic industries, should not overlook that the 

fundamental goal of such instruments is to bring about long-term structural 

change toward a low-carbon economy. 
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Figure 19. Cost advantage of wood-frame construction relative to concrete-frame 

construction, under different carbon emission cost regimes. Biofuel residues from the entire 

life cycle, including demolition residues, are used for fossil fuel substitution. (Source: Sathre 

and Gustavsson 2007) 

 

5.4  Value added in forest product industries 

Added value is generally defined as the difference in economic value between 

the physical inputs and outputs of a production process. Added value is usually 

calculated based on macroeconomic data covering entire industrial sectors or 

national economies. Such accounting is by its nature aggregated, with data 

collection generally organised along economic or administrative lines rather than 

technological ones. While facilitating macroeconomic policymaking, this top-down 

approach has limited relevance toward understanding and optimising the 

individual links of a product value chain because it lacks the level of detail needed 

to distinguish the value added by specific processes within an industrial sector. In 

addition, the analysis of emerging or potential technologies is problematic due to 

the lack of historical market data on such technologies. 

In Paper VI we develop a bottom-up method to analyse added value based on 

the material and energy balances of specific industrial processes. This approach 

allows us to focus on the value added by particular industrial transformations, and 
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facilitates the comparison of the value added by individual processes. Moreover, 

using this approach we can analyse innovative industrial processes for which 

technological data are available, but which are not yet established on a commercial 

scale and thus lack market data needed for macroeconomic analysis. After 

identifying and discussing the issues involved in quantifying added value at the 

industrial process level, we carry out calculations of added value in various sectors 

of the Swedish forest products industry.  

Figure 20 shows added value, expressed as a proportion of total output value, 

for a range of products made with sawlogs (for products that cannot be made from 

pulpwood or forest residues), pulpwood (for products that cannot be made with 

forest residues), or forest residues. The value added is shown both as total value 

added including all production inputs, and biomass value added based on the 

biomass inputs only. Products made from forest residue, pulpwood, and sawlogs 

have total value added of about 20-40%, 55-70%, and 70-90%, respectively, of 

output value. 
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Figure 20. Total value added and biomass value added per unit of output value (€/€) for 

various products made with three types of forest biomass inputs. (Paper VI) 
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Many wood-based products are not composed entirely of biomass, but 

include other production inputs such as energy or adhesives. The biomass value 

added is the proportion of the total value added that is attributed to the biomass 

inputs. The biomass value added is equal to the total value added for those 

products that have no other inputs than biomass (Figure 20). For the other 

products the biomass value added is lower than the total value added, due to the 

added value allocated to the non-biomass inputs. Some products have a biomass 

value added that is significantly lower than the total value added, due to the 

relatively high value of other, non-biomass inputs such as adhesive (for 

particleboard), electricity (for newsprint), or pigment (for lightweight coated 

(LWC) paper). 

To explore the importance of biomass input quality and product type on the 

potential for adding value, we create three scenarios for using the biomass grown 

on a hectare of typical Swedish forest land. In Scenario 1, the production of 

relatively low-value products is emphasised. Sawlogs are used to make sawn 

lumber, pulpwood is used to make market pulp, and forest residue is used to make 

pellets. In Scenario 2, products with moderate additional value added are made. 

Sawlogs are used to make planed lumber, pulpwood is used to make newsprint 

paper, and forest residue is used to produce ethanol. In Scenario 3, higher value 

products are made. Half the sawlogs are used to make planed lumber and half to 

make glue-laminated beams, with the processing residue from both processes used 

to make particleboard. Pulpwood is used to make LWC paper, and forest residue is 

used to make methanol. 

The results, expressed as total value added per hectare-year, are shown in 

Figure 21. Scenario 1 generates about 350€ in added value per hectare per year, 

while Scenario 2 generates about 500€. Scenario 3 produces an annual added value 

of almost 1200€ per hectare, over twice as much as the other scenarios. While this 

analysis is simplistic in that it does not account for the dynamic shifts in price that 

would accompany the increased production of higher value-added goods, it 

nevertheless illustrates the importance of the product mix in determining the total 

added value from forest land. In all scenarios, the greatest part of the total added 
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value is from products made from sawlogs, while products made from forest 

residues generate relatively little added value. 
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Figure 21. Value added to the annual biomass output from one hectare of forest land (€/ha-

yr), under three forest product production scenarios. (Paper VI) 

 

The quality of biomass input strongly influences the potential for adding 

value, with higher quality input such as sawlogs allowing more added value and 

less sensitivity to input price fluctuations than lower quality biomass such as 

pulpwood and forest residues (Paper VI). Structural wood products such as 

lumber and glue-laminated beams are found to give the greatest value added. The 

co-production of particleboard using the processing residues from lumber and 

beam production further increases the value added to the forest biomass. These 

findings suggest that using forest biomass for the production of wood-based 

building materials is an economically efficient way to use the limited forest 

resources to contribute to local and national economies. 
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6  Conclusions 
6.1  Climate benefits of using wood products 

The results of Papers I and II show that wood-framed building materials use 

less energy and emit less CO2 to the atmosphere over their life cycle than materials 

for concrete-framed construction. Using wood materials reduces net CO2 emission 

in several ways. Less energy, and in particular less fossil energy, is needed to 

manufacture wood products compared to non-wood materials. Using wood 

instead of concrete avoids non-energy process emission from cement calcination. 

Biomass by-products from the wood production chain can be used as biofuel to 

replace fossil fuels. The life cycle energy balance of wood products is typically 

negative, meaning that more usable energy is produced in the form of forest, 

processing, construction and demolition residues than is needed for material 

processing. Over the life cycle of the case study wood-framed building, the 

substitution potential of biofuel by-products is greater than the fossil emissions of 

material production, leading to a negative carbon balance. The energy value of the 

raw materials used for particleboard production is small compared with the total 

energy in all recovered biomass residues, suggesting that there is no significant 

trade-off between material and energy uses of wood product residues. The carbon 

benefit of wood-framed construction is greater when reference fossil fuels of higher 

carbon intensity are considered. The carbon stock of wood products in the building 

is of minor importance to the life cycle net CO2 emission. During a building’s 

lifespan the stock can be significant, but over the complete life cycle the change in 

carbon stock will be zero. The total carbon stock in building materials will increase 

only if more wood is added through new construction than is taken away due to 

building demolition. The carbon mitigation efficiency, expressed in terms of 

avoided carbon emission per unit of biomass, is considerably better if wood is used 

to replace concrete building material than if the wood is used directly as biofuel. 

This study concludes that a net reduction of CO2 emission can be obtained by 

increasing the proportion of wood-based materials used in building construction, 

relative to concrete materials. 
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6.2  Integration of forestry, energy, industry and waste sectors 

Papers I, II and IV highlight the importance of biomass residues used as an 

energy source, and Papers III and VI show the potential for using recovered wood 

residues as input for further wood-based material production. These analyses 

point to the energetic, economic and climatic advantages of integrating selected 

material and energy flows of the forestry, energy, industry and waste management 

sectors. The energy sector is key, and provides heat, fuels and electricity for the 

other sectors and for society in general. It can benefit by using by-products of the 

forestry and wood industry sector as a fuel, as well as other biomass materials that 

would otherwise be considered a waste product. The wood industry has the 

potential to be largely self-sufficient in primary energy terms, but can benefit by 

providing biofuels and heat to other sectors, and receiving e.g. liquid fuels to 

power forest and transport equipment. The waste management sector, which 

traditionally has received and disposed of materials such as construction site and 

demolition waste, can be a source of valuable biofuel to the energy sector. Thus, 

the closer integration of these different sectors can significantly reduce the overall 

life cycle energy and carbon balances of wood-based construction. This integration 

is already underway, and can be further optimised. The recovery and use of wood 

processing residues is now common in many areas, whereas in times past such 

material was often disposed of as waste. The recovery of forest harvest residue is 

now done in parts of Sweden, although stumps and thinning residue are less 

commonly recovered. Similarly, the recovery and use of wood-based construction 

and demolition residue takes place in some areas, but still goes unused in other 

areas. Material cascading of wood biomass is not conducted on a large scale at 

present. Thus, there is potential for increased integration and optimisation of forest 

biomass flows, to reduce societal energy and carbon balances. 

 

6.3  Forest management and wood product use 

The forest is the basis for all the analyses conducted in this study, and 

production of forest biomass is the particular focus of Paper IV. Increasing the 

intensity of forest management results in greater production of biomass, which 
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allows for more substitution of fossil fuels and energy-intensive non-wood 

materials. A continuum of forest management intensities is possible, from an 

intense regime (such as the fertilised regime modelled in Paper IV) to the non-

management and non-use of forests. At least three effects on carbon balance can be 

distinguished if a forest is not managed: 1) The forest biomass would continue 

growing until the stand is mature. At this point a dynamic balance would be 

reached, where natural mortality equals growth and the long-term average carbon 

stock remains near-constant. 2) The soil carbon stock would behave in a similar 

way, i.e. continue to grow at a successively lower rate until a near steady-state 

situation is reached. 3) No forest products would be produced and other, more 

carbon-intensive, materials and fuels would be used instead, resulting in increased 

net carbon emissions. The substitution effect of forest product use is cumulative; 

i.e. carbon emission is avoided during each rotation period due to substitution of 

fossil fuel and material by the harvested biomass. Thus, not harvesting the forest 

would cumulatively increase the carbon emission over what would otherwise be 

possible if the forest stand were harvested and used on a regular rotation period. 

Because the substitution benefits of forest product use are cumulative, and the 

carbon sink in the forest biomass and soil is limited, the non-management and non-

use of forest biomass becomes less attractive as the time horizon increases. Over 

the long term, an active and sustainable management of forests, including their use 

as a source for wood products and biofuels, allows the greatest potential for 

reducing net carbon emission. 

 

6.4  Economic and policy issues to promote wood product use 

The results of Paper V show that the cost of energy for material processing, as 

a percentage of total cost of the finished material, is lowest for sawn lumber, 

somewhat higher for composite wood products, and significantly higher for 

concrete and steel. Energy and carbon taxation has a greater effect on steel and 

concrete production than on wood-based product manufacture. A comparison of a 

wood-frame and concrete-frame building shows that the cost of energy for material 

production is lower for wood-frame construction, under current energy prices and 
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industrial taxation rates. The proportional cost of energy for material processing 

becomes greater for the concrete building as tax rates on fossil fuel and carbon 

emission increase. The economic benefit of using residues from the wood product 

chain to substitute fossil fuels also grows as tax rates increase. A uniform carbon 

tax applied to all carbon emissions affects concrete construction more than wood 

construction, because cement process emission is also taxed. In general, higher 

taxation rates on fossil fuel use and carbon emission increase the economic 

competitiveness of wood construction. This is due primarily to the lower energy 

costs for manufacturing materials used in wood construction, and also to the 

increased benefit of substituting recovered biofuels in place of fossil fuels. Paper VI 

shows that greater economic value is added when structural wood-based 

construction materials are produced, compared to other uses of forest biomass. 

More value can be added to higher quality biomass such as sawlogs than lower 

quality biomass such as pulpwood and forest residue. Co-production of multiple 

wood-based products from a given biomass input, e.g. the production of 

particleboard and sawn lumber, increases the total value that is added to the 

biomass produced on an area of forest land. These findings that wood-based 

building material is favoured economically by climate change mitigation taxation 

policies, and creates high added value within the forest products industries, 

suggest that the more widespread use of wood-based building materials may be a 

viable option for reducing net carbon emission. 
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7  Suggestions for future research 

Most previous studies of complete building life cycles have generally been 

descriptions of the performance of existing or planned buildings. It would be 

useful for future research to seek to optimise the performance of new buildings 

over their entire life cycle, to allow an increase in overall environmental and 

economic efficiency in building construction and operation. The development of 

sustainable construction practices would be facilitated by a better understanding of 

how wood-framed buildings can be most effectively designed and constructed so 

as to minimise primary energy use and carbon emission over their life cycles. A 

significant part of such research would consist of developing and refining 

computer models of the life cycle energy and carbon flows associated with forestry 

and forest products, and building construction, operation and demolition. More 

than refining and using individual models, however, these separate models need 

to be integrated to allow robust analyses of primary energy use and CO2 emission 

over the entire building life cycle. Connections, trade-offs and synergies between 

different phases of the life cycle would be identified, allowing an optimisation of 

building construction and operation practices to reduce environmental impacts in 

a cost-effective way, considering life cycle building costs including external costs.  

Although wood construction is an ancient practice, many modern techniques 

have been developed that potentially make the building process more efficient. 

Various construction practices could be compared in terms of their costs, primary 

energy use, and carbon flows, to gain insight into the advantages and 

disadvantages of different construction methods. It would be useful to conduct 

analyses at the level of individual building elements such as roofs, walls and slabs, 

as well as at the level of the entire buildings constructed using current standard 

practices, low energy (“passive”) construction, and innovative methods such as 

industrialised building techniques including 3D modular construction. Important 

boundary conditions include the technical restrictions imposed by architectural 

and engineering requirements, and the economic constraints of competitiveness 

with other materials and techniques. 
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The most recent comprehensive analyses of energy use in building material 

production in Europe date from the mid-1990s. It is expected that advances in 

production efficiency have occurred since then, and also that scope remains for 

further improvement in process efficiency. There is a need for updating and 

improving the quality of data available on energy use and environmental impacts 

in the building materials industry, to more accurately gauge current performance 

and future improvements. It would be useful if up-to-date information were 

collected, processed, and made available for accurate analysis of building 

construction. Key issues include defining average and marginal values and the 

range of variability of key input data needed to analyse carbon and energy flows of 

building materials. An elaboration of life cycle assessment (LCA) data and 

methodology may offer more comprehensive results. According to some top-down 

studies (e.g. Nässén et al. 2007) a significant share of energy use in the production 

phase of buildings appears to be indirect and is not recognised when applying the 

conventional bottom-up LCA methodology. This would potentially result in an 

underestimation of the energy use and climate change impacts of material 

production. Deeper analysis of indirect energy use may show an increased 

importance of production impacts relative to building operation impacts. 
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