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Abstract 
This thesis examines the economics of biofuel development by studying the forest raw material 
market impacts of increased biofuel production, as well as the role of specific policy incentives.  
Paper [I] presents an economic assessment of two different developments – both implying an 
increased demand for forest ecosystem services – and how these could affect the competition 
for forest raw materials. A Swedish forest sector trade model is updated to a new base year and 
used to analyze the consequences of: (a) increased bioenergy use in the heat and power sector; 
and (b) increased forest conservation. A particularly interesting market impact is that bioenergy 
promotion and forest conservation tend to have opposite effects on forest industry by-product 
prices. Furthermore, combining the two scenarios mitigates the forest industry by-product price 
increase compared to the case where only the bioenergy-promoting scenario is implemented. In 
other words, the heat and power sector is less negatively affected in terms of increased feedstock 
prices if a bioenergy demand increase is accompanied by increased forest conservation. Paper 
[2] explores the forest product market impacts of increased domestic second-generation (2G) 
biofuel production in Sweden. Changes in forest raw material prices and resource allocation are 
assessed using a forest sector trade model, which has been extended with a 2G biofuel module 
to address such production. The simulation results show increasing forest industry by-product 
prices, e.g., displaying that increased 2G biofuel production leads to a more intense raw material 
competition. The higher feedstock prices make the use of forest biomass in the heat and power 
sector less profitable. Still, we find little evidence of substitution of fossil fuels for by-products. 
There is also evidence of synergy effects in that the higher by-product prices spur sawmills to 
produce more sawn wood, something which in turn induces forest owners to increase harvest 
levels. Paper [3] presents and demonstrates a conceptual interdisciplinary framework that can 
constitute the basis for evaluations of the full supply-chain performance of various biorefinery 
concepts. The framework involves soft-linking a bottom-up and a top-down model; it considers 
the competition for biomass across sectors, assumes exogenous end-use product demand, and 
incorporates various geographical and technical constraints. We demonstrate this framework 
empirically by modelling the case of a sawmill-integrated biorefinery, which produces liquefied 
biomethane from forest industry residues. This case shows, among other things, the importance 
of acknowledging price change responses when evaluating supply chains. Paper [4] studies the 
relationship between green industrial policies and domestic biofuel production among 24 
OECD countries over the period 2000-2016. This panel is estimated using a variant of the so-
called Poisson pseudo-maximum-likelihood model, and incorporates the mix of demand-pull 
(biofuel blending mandates) and technology-push policies (government R&D), as well as the 
interaction between these two types of instruments. The results suggest that a more stringent 
blending mandate tends not only to increase the use of biofuels, but also domestic production. 
Government R&D has not, however, induced domestic biofuel industrialization processes. The 
results instead imply that these two polices target different technological fields, in turn leading 
to no positive interaction between demand-pull and technology-push policies. Finally, Paper 
[5] investigates the factors that tend to influence Swedish municipalities’ uptake of green public 
procurement (GPP) practices in the transport sector. The analysis builds on survey responses 
from civil servants representing 140 Swedish municipalities, complemented by secondary data 
on, for instance, municipality size. The survey collected information about both individual (e.g., 
education) and organizational characteristics (e.g., strategies). These data were used to estimate 
a bivariate probit model, which addresses the endogeneity in the GPP decision-making process. 
The results indicate that municipality size increases the likelihood of adopting a GPP strategy 
but decreases the likelihood for GPP uptake. This suggests that larger municipalities benefit 
from more resources (e.g., staff), but suffer from a larger organizational distance between the 
procuring and environmental departments. Finally, the results lend meagre support to the street-
level bureaucracy hypothesis, i.e., that individual characteristics influence the uptake of GPP.  
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PREFACE 

1. Introduction 
Transitioning to a zero-carbon transport sector is a crucial step toward a livable future. Meanwhile, 

nearly all forms of transportation, excluding trains, rely heavily on petroleum products. In 2018, 

24% of global carbon dioxide (CO2) emissions from fuel combustion emerged from transportation 

(IEA, 2020). Passenger travel is responsible for 60% of CO2 emissions from global transportation 

with freight accounting for the remaining 40%. 

Even in the presence of stringent policies in the OECD area aimed at reducing CO2 emissions from 

transport, emissions have kept rising because of consistent growth in transport volumes (Figure 1) 

(OECD.stat, 2020; Vieira et al., 2007). Sweden has managed to decrease its transport sector CO2 

emissions by 12% since the 1990s – a much smaller reduction compared to the overall decrease in 

CO2 emissions of 27% across all sectors (see Figure 2) (OECD.stat, 2020). This delay in progress 

is not just in Sweden; the transport sector is lagging worldwide in terms of CO2 emission reduction. 

The pattern of an increasing relative CO2 burden of the transport sector is becoming more clear 

worldwide, not least in Sweden (compare Figures 1 and 2); transport now accounts for about 40% 

of total CO2 emissions in Sweden and the other Nordic countries, and this share is considerably 

higher than the average of around 25% in the OECD area.  

 
Figure 1: CO2 emissions from transport (1000 tons) in 
the OECD area. Source: ITS-OECD (2021). 

 
Figure 2: CO2 emissions from transport (1000 tons) in 
Sweden. Source: ITS-OECD (2021). 

 

The larger relative difference in Nordic countries is not due to more modest emission reductions in 

transports, but a relatively successful decarbonizing in the other sectors (Salvucci et al., 2019). The 
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PREFACE 

OECD, EU, and the Swedish government agree that the focus is now on decarbonizing the transport 

sector, and there are many policy measures in place as well as in the pipeline that can support this 

transition (ITS-OECD, 2021; Swedish Government, 2017b).  

Transport is often considered one of the most complicated sectors to decarbonize (Noussan et al., 

2020; see Salvucci et al. (2019) for a Nordic context). The reasons for this are several. The required 

zero-carbon technology shifts are often more expensive compared to those in many other sectors, 

e.g., electric power generation, and the investment risks are generally high (McCarty & Sesmero, 

2014); resource limitations hold back expansion, e.g., scarcity of minerals necessary for batteries 

in electric vehicles as well as the competition for feedstock in biofuel production (Blas et al., 2020; 

Bryngemark, 2019); rebound effects in response to technological efficiency gains (e.g., Odeck and 

Johansen, 2016); and the presence of long term price-inelastic fuel demand makes it difficult to 

influence demand, and also raises questions about rural/urban equity (Odeck & Johansen, 2016; 

Steinsland et al., 2018).   

Nevertheless, decarbonizing the transportation sector is crucial for mitigating climate change and 

for achieving the Paris Agreement. In Sweden, reduced CO2 emissions are needed for achieving 

the country’s target of net zero greenhouse gas emissions by 2045.1 Transitioning to a zero-carbon 

transport sector will likely require a mix of alternatives to petroleum. Whereas electrification has 

begun to play a role for personal car use, advanced biofuels produced from sustainable feedstock 

can also contribute to mitigating emissions in both heavy road transport and air travel (Börjesson 

et al., 2014; EU, 2018; Salvucci et al., 2019). This dissertation addresses the economics and policy 

of biofuel development, and with a special emphasis on the Swedish context.  

Biofuels can be divided into two main categories: first-generation fuels and advanced biofuels 

(second, third, and fourth generation fuels). The first-generation biofuels are fuels made from food 

crops grown on arable land, e.g., crop's sugar, starch, or oil content, and converted into ethanol 

and/or biodiesel. This conversion technology is relatively mature, and the feedstock is available in 

the world market. For instance, close to all ethanol in the world is, and has from the start, been 

derived from starch- and sugar-based feedstock (OECD, 2019). This has led to growing concerns 

 
1 The Paris agreement is an agreement that aims at limiting global warming to well below 2, preferably to 1.5, degrees 
Celsius, compared to pre-industrial levels. The Paris Agreement works on a five-year cycle of increasingly ambitious 
climate action carried out by countries (UN, 2015). In 2017, the Swedish government committed to a target of zero net 
emissions of greenhouse gases into the atmosphere by the year 2045 (Swedish Government, 2017a, 2017b). 



 

4 
 

PREFACE 

about an increased competition for arable land and rising food prices. Government policy efforts 

aimed at developing non-food biofuel production have therefore been initiated, in particular with 

an increased focus on second-generation (2G) biofuels based on lignocellulosic biomass (Ho et al., 

2014; Panoutsou et al., 2013).  

Lignocellulosic 2G biofuels produced from harvesting residues and/or forest industry by-products 

are considered sustainable biofuels, and such fuels are believed to be one of the corner stones in 

the strive towards a zero-carbon transport sector (e.g., EC, 2019a; Ranlund and Victorsson, 2018; 

Soam and Börjesson, 2020). Sweden has a potential future comparative advantage in 2G biofuel 

production based on lignocellulosic materials. This is due to the presence of a well-developed forest 

industry sector, an advanced heat and power (HP) bioenergy sector (that already utilizes harvesting 

residues and industrial by-products for energy conversion purposes), as well as to an accumulated 

knowledge stock, which has emerged from several past R&D programs and efforts.  

Production in pilot plants has shown promising results for 2G biofuel (e.g., Bio-SNG) production, 

especially when integrated with existing forest industries (Ahlström et al., 2017; Midttun et al., 

2019; Mustapha et al., 2017). The Swedish advanced biofuel industry has recently been estimated 

to have the potential to replace 50-100% of the current fossil diesel in heavyweight road transport 

in the country using harvesting residues and industrial by-products (Soam & Börjesson, 2020). 2G 

biofuel technologies are not yet in the stage of commercialization due to the relatively expensive 

extraction processes required to process lignocellulosic fibers (Börjesson Hagberg et al., 2016; Jafri 

et al., 2020).  

Nevertheless, research has shown that an expansion of forest-based biofuels is a promising strategy, 

and Sweden is well equipped for the challenge to develop 2G biofuel technologies, and make these 

commercial (Börjesson Hagberg et al., 2016; Börjesson et al., 2014; Midttun et al., 2019; W.F. 

Mustapha et al., 2019). Thus, Sweden, as well as other countries with comparative advantages in 

sustainable biofuel production, can play key roles, i.e., add to the global knowledge stock, help 

lower the costs of production, and thereby facilitate technology diffusion. This could in turn make 

the technologies available at the global level. Corresponding technological innovation journeys 

have already taken place for, for instance, wind power and solar PV, the latter pioneered by 

Germany and then mass produced in (primarily) China (e.g., Green, 2019). Previous research on 

green technology development emphasizes the importance of increasing knowledge about the role 
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of policies in stimulating such development, and about how the diffusion of the new technologies 

will affect existing markets and society as a whole (De Medeiros et al., 2014; Palage et al., 2019b, 

2019a). This dissertation takes stock in this knowledge gap. Specifically, 

the dissertation explores the economics of biofuel development by assessing the forest 

raw material market impacts of increased biofuel production, as well as the role of 

specific policy instruments in promoting such production.  

The dissertation comprises this preface, and five self-contained papers. Papers [1]-[2] explore price 

formation and resource allocation in the forest sector following the implementation of various heat 

and power bioenergy and 2G biofuel expansion targets, respectively. This is achieved by using and 

developing a partial equilibrium model of the Swedish forest raw material markets. In Paper [3], 

this model is soft-linked with another type of model, and this inter-disciplinary approach is used to 

evaluate the full supply-chain performance and market impacts of a biorefinery concept. Using this 

approach, we can obtain a more detailed understanding of the competition for forest feedstock 

across sectors while at the same time incorporating various technical and geographical constraints. 

Papers [4]-[5] analyze the role of various policy instruments for stimulating the development of 

transport biofuels. Paper [4] addresses the impacts of biofuel blending mandates and government 

support to bioenergy R&D, respectively, on the development of domestic biofuel production. This 

is achieved in the context of 24 OECD countries over the period 2000-2016. Finally, Paper [5] 

investigates the factors that influence the adoption of green public procurement practices among 

local authorities. This empirical analysis focuses on the case of Swedish municipalities, and their 

procurement of green transport products and services.  

The remainder of this preface is structured as follows. Section 2 provides an overview of the 

development of climate mitigation policy since the 1990s, and a more detailed introduction to how 

technology-push and demand-pull policies can help accelerate green growth in the transport sector. 

Section 3 introduces the concept of a forest sector market, and how policy scenarios can be explored 

using partial equilibrium (PE) modelling. A specific PE-model for the Swedish forest sector is 

introduced. Section 4 provides a summary of each paper. Section 5 provides a discussion on the 

main findings in the papers, and suggestions for future research. 
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2. Climate Policy: Incentives for Mitigation and Technical Change 
In general, the development of a zero-carbon transport sector is hampered by the presence of two 

different types of market failures. First, the CO2 emissions emanating from the use of fossil fuels 

represent a negative environmental externality. If this externality is not internalized, there will be 

a gap between the private consumer price of petrol and the total social cost of using the petrol; this 

leads to overconsumption of petrol compared to the economically efficient level. Second, private 

markets can also fail when it comes to providing the socially efficient amount of resources aimed 

at generating new technological knowledge. This knowledge has strong public good characteristics, 

implying that knowledge spillovers provide benefits to the public, but not to the innovator. For this 

reason, private firms do not have incentives to provide an efficient level of R&D activity. Based 

on the above, it is useful to discuss the role of climate policy as constituting of two key components, 

i.e., providing incentives that increase the demand for zero-carbon transport fuels on the one hand 

and developing the required zero-carbon technologies on the other.  

2.1. Carbon Mitigation Policy 

The gap between the private consumer price of petrol and the social cost of using the petrol can be 

reduced, or in the best of all worlds removed, by internalizing the underlying externality through a 

well-designed policy (Verhoef, 1994). Climate change mitigation policies in the transport sector 

has for long focused on increasing the fuel economy of vehicles and encouraging the introduction 

of end-of-pipe technologies through various vehicle emission standards (Acutt & Dodgson, 1997; 

Plaut, 1998). In the early 2000s, various market-based policies to reduce emissions, not least CO2, 

from the transport sector became popular and were heavily endorsed by economists. If a policy 

could internalize the external cost of petrol, the socially optimal amount of fuel consumption would 

occur and green investments would accelerate (Wurzel et al., 2003).  

Different kinds of fuel taxes were introduced. For example, the EU introduced a fuel tax based on 

vehicle efficiency while other places simply taxed on petrol at the pump. These tax revenues have 

often been used to pay for infrastructure and road maintenance (PROSPECTS, 2001), but were 

primarily implemented in order to increase the price of driving, and internalize some of the negative 

external environmental costs of petrol use (Nash, 2003; Perkins, 2003). The optimal tax, however, 

i.e., the tax that would fully internalize the external environmental costs, is difficult to implement. 
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There are at least two reasons for this. Firstly, the optimal tax requires knowledge about the true 

external environmental cost of petrol use, and this knowledge is difficult to acquire (Ackerman & 

Gallagher, 2000; Gomez-Baggethun & Muradian, 2015). Secondly, given that the fuel demand is 

own-price inelastic, the tax level, e.g., on CO2 emissions, that would reduce the use of petrol to its 

efficient level could be politically impractical to implement (e.g., due to negative distributional 

effects). For this reason, it is becomes necessary to develop novel, low-cost and more sustainable 

alternative technologies and fuels. In other words, the policy focus on stimulating the development 

of zero-carbon technologies in the transport sector stems not only from a desire to internalize any 

technology market failures, but also from the political obstacles involved in fully internalizing the 

climate externalities of fuel use (e.g., through a high CO2-tax on petrol use).  

2.2. Technology and Green Industrial Policy 

2.2.1. Technology-push and demand-pull policies 

Technology push refers to an innovation process that starts with an idea or a discovery, whereas 

demand-pull describes a market pulling a product into the sell zone (e.g., through and increasing 

demand). The best prospects for an innovation to grow to the stage of commercializing exist when 

there are elements of both push and pull in the development process (Freeman, 1974; Kleinknecht 

and Verspagen, 1990; Mowery and Rosenberg, 1979; Schmookler, 1962).  

In the presence of market failures, push and pull for green technologies are too small compared to 

the socially optimal level of innovation; private R&D investment returns’ do not match the risks 

of the investment. Demand does not pull novel biofuels into the market since the price gap facing 

fuel consumers is too large (Horbach et al., 2012; Brohmann et al., 2009; van den Bergh, 2008). 

Specifically, the learning processes involved in the production and use of technologies may also 

involve important public good characteristics. There is a great consensus that green technological 

development and innovation are key for a transition to a low-carbon economy, and that policies 

have to push and pull innovations for these to become economically viable and accessible to the 

consumers (Corradini et al., 2014; Del Río, 2009; Mowery & Rosenberg, 1979).   

Technology-push (or “supply push”) policies facilitate R&D and any related financing. It can be 

government R&D or sometimes support for higher education to enlarge the pool of innovators (e.g., 

Nemet, 2009; Peters et al., 2012). Demand-pull policies foster technological change in technologies 
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by stimulating their demand, via e.g. blending mandates, regulation, and green public procurement 

(Horbach et al., 2012; Peters et al., 2012; Rennings, 2000).2   

Both demand-pull and technology-push polices are needed to develop the biofuel sector (Costantini 

et al., 2015). Specifically, government R&D is key to develop novel biorefinery concepts. Biofuel 

blending mandates facilitate the up-scaling up biofuel production volumes, which brings down 

production costs and adds to global technology diffusion (Kumar et al., 2013; Su et al., 2015). 

Moreover, green public procurement is forecasted to be one of the most important policy measures 

to decarbonizing transport worldwide (e.g., Rissman et al., 2020).  

2.2.2. Green industrial policies accelerate technological development 

The three policies mentioned – government R&D support, blending mandates, and green public 

procurement – belong to a group of instruments called “green industrial policy” (GIP). They are 

policies that may target specific sectors, technologies, or industries, rather than increasing the price 

of product by including its external costs (e.g. carbon pricing). When markets in their current form 

in the late 1990s did not provide the necessary incentives to reduce CO2 emissions in the transport 

sector, despite stringent policies, governments decided to adopt a more pro-active role. As a result, 

climate change mitigation policy underwent a shift from heavily neoclassical (e.g., carbon pricing) 

to include GIP in the policy mix – requiring a higher level of direct government intervention to 

supporting green industries for a faster transition (e.g., Meckling and Allan 2020; Rodrik 2014). 

GIP can therefore be defined as “industrial policies with an environmental goal”, or  as “sector-

targeted policies that affect the economic production structure with the aim of generating 

environmental benefits,” (Hallegatte et al., 2013).  

Public investment, e.g., government R&D, in combination with a standard, e.g. a blending mandate 

– can increase the number of innovations (Meckling & Allan, 2020), as well as stimulate the future 

prospects for green technology to be commercialized (Mazzucato, 2018; Rodrik, 2014). 

Government R&D in combination with a stabilized demand for the product can bring entrepreneurs 

 
2 The definition of demand-pull policy can vary and sometimes includes carbon pricing as it reduces consumer demand 
for less-efficient vehicles by increasing their cost, and thereby increasing the pull for low-carbon alternatives (e.g. Ma 
et al., 2019). Most often however, carbon pricing is not mentioned as a demand-pull policy (see e.g. Horbach et al., 
2012; Peters et al., 2012; Rennings, 2000). 
 



 

9 
 

PREFACE 

to the table, that would otherwise not be willing to take on the risks involved. In this way, GIP 

pushes the green technology frontier and can lead to global technology diffusion through skill 

development, agglomeration effects, and economies of scale (Mazzucato, 2018; Rodrik, 2014). 

Policy mixes, not least a mix of technology-push and demand-pull instruments, have increasingly 

gained recognition as necessary and feasible measures to decarbonize the transport sector (e.g., 

Hallegatte et al., 2013; Rodrik, 2014).  

2.2.3. Green growth, technology diffusion, and the Bioeconomy context 

GIP is appealing to industries as they receive resources and protection to grow, and they may one 

day become profitable with a first-mover advantage (Hallegatte et al., 2013). GIP is also appealing 

to national governments as it could generate positive spillover effects in terms of economic growth 

and job creation. One major shift to start adopting GIP emerged in the wake of the 2008 financial 

crisis; GIP became a way to boost domestic industries without violating liberal trade agreements, 

while also attending to the climate change mitigation obligations (Cosbey, 2013). Both the EU and 

the U.S. climate policy plans build on a broad policy mix of economy-wide and sector/technology-

specific policies (Rogge and Reichardt, 2016); EU’s “Green Deal” and the “Green New Deal 

agenda” in the USA have moved GIP into the center of climate and economic policy making (EC, 

2019a; Meckling, 2021; Recognizing the Duty of the Federal Government to Create a Green New 

Deal, 2019).3   

GIP is also a central building block in developing a so-called Bioeconomy (or biobased or biotech-

economy). A bioeconomy refers to an idea or vision that builds on the use of biomass for multiple 

purposes. Through advancements in technology, this can enable derivation of materials, chemicals, 

and energy from renewable biomass. Synergy effects are central when developing new industrial 

biotechnology concepts, e.g. a combined biofuel and chemical plants (green chemicals etc.). For a 

comprehensive description and evolution of the Bioeconomy concept, see Birner (2018). 

In addition to CO2 emissions reductions, the Bioeconomy can also reduce the dependency on petrol 

imports and provide energy security. Moreover, it can generate national and local economic green 

growth, including jobs, national first-mover advantages in the global market, and improved terms-

 
3 EU’s Green Deal has a transport transformation plan called the “Mobility Strategy”, and this includes an action plan 
to promote low-carbon fuels and sustainable aviation and maritime fuel (EC, 2020) .  
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of-trade – this if production takes place domestically (e.g., Ackrill and Kay, 2014; Ng et al., 2010; 

Pilgrim and Harvey, 2012; Stefanescu-Mihaila Olivia, 2016; Tosun, 2016; Uria-Martinez et al., 

2018). Government R&D (technology-push) is the main ingredient in developing a national 

bioeconomy, and this policy is often combined with a demand-pull instrument such as a blending 

mandate (Bracco et al., 2018; German Bioeconomy Council, 2015). The bioeoconomy also tends 

to be supported by other policy measures, e.g., carbon taxes and pollution regulations. 

National governments and organizations promote the bioeconomy concept in national frameworks 

(or “roadmaps”), see German Bioeconomy Council (2015) as well as Bracco et al. (2018) for two 

international overviews of such documents. The objective is to stimulate the local and domestic 

economy, while also reducing global emissions and adding to global green technology diffusion. 

Consequently, a national bioeconomy strategy is formulated in accordance with the country’s 

endowments and comparative advantages. Countries abundant in forests, e.g. Sweden and Canada, 

promote bioeconomy concepts based on forest materials (Ebadian et al., 2020; Fischer et al., 2020), 

whereas, for instance, Spain focuses on developing a bioeconomy around their existing agri-food 

sector (Laínez & Periago, 2019).  

2.2.4. Local jobs and global climate mitigation: synergies and trade-offs 

While GIP can benefit both the local and the global green development – using a scarce resource 

(at least in the short run) like biomass will lead to tough trade-offs (see e.g., Bryngemark, 2019, 

and Section 3). Moreover, there are also trade-offs in terms of where the green technological growth 

will take place, as well as what should be the main goal of the technology; local growth or long 

term sustainability. Figure 3 illustrates the goals depending on geographical level. The outer circle 

illustrates the global level, for which long-term sustainability is key, i.e., sustainable use of biomass 

and green technology diffusion. For global sustainability, it is not important where a technology is 

developed, or generates green growth. The middle circle illustrates the goal at the national level, 

which typically is about substituting biofuels for petrol to reach political targets and international 

obligations for emission reductions. The origin of the biofuel is not important per se, but the CO2 

emission levels are important. Preferably, production takes place where production costs are low 

in order to maximize social welfare. Finally, the inner circle illustrates the regional level, for which 

the focus is on regional economic development through growth emerging from biomass-processing 
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industries; these could lead to local jobs preferably in in rural areas. Regional growth requires the 

technology development and production to take place locally.  

 
Figure 3: A schematic description of goals at different levels in a bioeconomy. 

Since GIP requires active government intervention, all trade-offs and conflicting interests have to 

be sorted out, and this is difficult since the conflicting expectations and interests are many; societal, 

political, economic, scientific, and rent-seeking (Befort, 2020; Böcher et al., 2020). Even conflicts 

within countries and within a regional area are common (e.g. Issa et al., 2019;  Kelleher et al., 2019; 

Bennich et al., 2021). There are also conflicts on how to best utilize biomass, including trade-offs 

between food, material and energy production (Meyer, 2017) (see also about biomass trade-offs in 

Section 3).  

The promotion of the bioeconomy concept, and other GIP sustainability related policy visions, 

have raised hope not only for a more sustainable future, but also for new possibilities, especially in 

places with natural resources and declining job creation in rural areas (Peltomaa, 2018). Although 

bioeconomy strategies often emphasize global sustainability, national and regional interest have 

been found to have a greater influence on policy (Cosbey, 2013; Rodrik, 2014). The country-

specific tailored policies may or may not be in line with long term environmental sustainability 

(Böcher et al., 2020; Issa et al., 2019). As an example, the U.S. biofuel bioeconomy strategy has 

been to subsidize ethanol production, and this is popular with rural farmers, but the impact on 

overall CO2 emissions has been minimal at best and perhaps even counterproductive from an 

overall global climate policy standpoint (Hoekman et al., 2018; Hoekman & Broch, 2018; Kendall 

& Chang, 2009).  
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International agreements, such as the Paris agreement, and intra-country organizations, such as the 

EU, can increase coherence and create a fair playing field where sustainability is accounted for. An 

example of this is the EU renewable directive that does not allow emission reductions from non-

sustainable biofuels to be counted towards the EU climate targets (EU, 2018).  

2.2.5. The governing dilemma and policy at the “street-level” 

Governments have to navigate all the different interests mentioned in the previous section. On top 

of the different political interests, the nature of GIP, with government R&D being the major policy, 

the government also has to navigate intense rent-seeking behavior from industries with chances to 

benefit from a potential policy. The incentives for industry do not necessarily align with the larger 

societal goals. Meanwhile, the industry is part of the policy implementation but not the policy goal 

per se, and this is challenging for governments since they are dependent on industry collaboration. 

There is often pressure from the industry, as well as local governments, to pick short-term economic 

growth options over more sustainable long-term solutions with less immediate economic growth. 

Governments are often motivated by giving domestic industry a leg up on global competition, 

rather than trying to identify the most efficient path (Cosbey, 2013; Rodrik, 2014). Although a GIP 

strategy could appear sensible from a domestic policy point of view as well as politically feasible, 

the climate change mitigation effects are often ambiguous, or even negative (Meckling et al., 2017; 

Rodrik, 2014). The first-mover advantage can lead to environmental and cost effectiveness losses, 

including excess rent capture, path-dependency, and lock-ins with unsustainable technologies, e.g. 

lock-in effects with unsustainable first-generation biofuel technologies (Altenburg & Assmann, 

2017; Hallegatte et al., 2013; Meckling et al., 2017; Rodrik, 2014).  

Most individuals in the government striving to identify strategic sectors are civil servants (i.e., not 

politicians). GIP pushes civil servants to the front row, especially in the case when policies are 

implemented at the local government level and require continuous policy implementation, such as 

in the case of green public procurement (GPP). GPP, as well as other policies, require motivated 

and knowledgeable civil servants (Hallegatte et al., 2013). GIP is rarely (at least not fully) enforced, 

but usually expressed in terms of goals, visions, and recommendations. The focus is on helping 

strategic green industries to grow to reach the policy goal. Sometimes strategy documents are 

implemented to help civil servants exercise policy work to reach the political goals, but GIP is 

generally dependent on civil servants’ discretion. Even biofuel blending mandates that are often 
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expressed as “requirements”, are sometimes not met but face no repercussions  (Beckman & 

Nigatu, 2017).   

In sum, green considerations in public procurement are typically described as goals rather than an 

enforced regulation. The procurer, the civil servant, uses discretion and perhaps strategy 

documents, to make decisions about technologies to support. The civil servant can play a key role 

in pulling the market to commercialization of green technologies. Still, we know very little about 

the factors that affect the civil servant’s decision to procure green.  

2.3. Final Remarks 

GIP can provide a second-best option to accelerate investments in green technologies when carbon 

prices cannot be fully internalized into petrol consumer prices. The bioeconomy concept may help 

to accelerate the development, but also lead to an increased competition for the biomass feedstock. 

Adding GIP ambitions to the policy mix can be justified but requires extra consideration as sector-

targeted policies are inherently subject to rent-seeking behavior. Economists have been skeptical 

of governments’ ability to select individual technologies with good prospects, let alone determining 

which technological pathways will be the most successful over the long-term (Cosbey, 2013). Such 

concerns are valid, and there are many trade-offs to be made by national and local governments. 

Nevertheless, GIP serves an opportunity to accelerate green growth by pushing and pulling green 

innovations into commercialization and create global technology diffusion, while at the same time 

contributing to local economic growth without violating liberal trade agreements (Cosbey, 2013). 

Hallegatte et al. (2013) stress that industrial policy, green or not, always require careful navigation 

to mitigate market and government failures.  

This dissertation explores the effects of different GIP mixes aiming to decarbonize the transport 

sector through an increased use of biofuels. Doing so, it is clear that the impacts of push and pull 

policies are complex and require disaggregation and research from an infinite number of angles. 

This dissertation includes a few such angles. All five papers assess, in some way or another, GIPs 

aiming to promote green technology growth and biofuel/bioenergy use to decarbonize the transport 

sector. Papers [1] and [2] assess the market responses to demand-pull policies mandating certain 

levels of biofuel production and bioenergy conversion from, first and foremost, forest residues and 

industry by-products. Paper [3] evaluates the consequences of biofuel targets in an integrated 
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bioeconomy concept assessing location, technologies, and market response using mandated policy 

goals (demand-pull). Paper [4] explores the two most frequently adopted bioeconomy policy 

measures – government R&D (technology-push) and biofuel blending mandates (demand-pull) – 

and investigate whether these instruments have promoted the emergence of domestic biofuel 

production. Finally, Paper [5] explores the factors affecting the likelihood that a local government 

will use green public procurement to promote the decarbonization of the transport sector.  

3.  The Forest Sector and the Bioeconomy: Concepts and Modeling  
3.1.  Forest Raw Material Markets  

3.1.1. Conflicting values and uses of forest 

Traditionally, forest biomass has been used to produce forest industry products such as sawnwood 

and paper. Following an increasing interest for renewable energy and energy security in the 1970s, 

the use of forest-based biomass for energy purposes has increased significantly, not the least in 

countries with abundant forest resources (e.g., Sweden, Finland and Canada). In Sweden, 26% of 

total primary energy supply stem from biomass, and out of this 70% originates from forest biomass. 

Sweden is the largest renewable derived heat generating nation due to its high use of biomass in 

the heat and power (HP) sector, primarily for district heating purposes (WBA, 2017). There are 

strong political incentives in the European Union (EU) to increase the share of bioenergy in the 

energy supply mix further (EC, 2012a, 2012b), especially 2G biofuels produced from harvesting 

residues and forest industry by-products (EU, 2018). 

In addition to providing feedstocks to forest industries and bioenergy sectors, forests inhabit many 

non-monetary values and functions, such as the provision of biodiversity and carbon storage. 

During the past two decades, a growing recognition that biodiversity is crucial for global well-

being have led to more stringent policies aiming to protect forests, e.g. the EU biodiversity strategy 

to 2020 (EC, 2011). Figure 4 provides an overview of the economic value of forests, some of which 

are captured in existing markets (e.g. roundwood) while others are not (e.g. ecosystem services). 
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The value of a forest

Ecosystem services 
(e.g. carbon 

sequestration, 
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sawnwood value)

Bioenergy

 
Figure 4: The various economic values of forests 

Since market and non-market uses are competing for the same resource, i.e., the forest, the market 

is unable to solve this allocation problem on its own. For this reason, policies are adopted to correct 

for various market failures, such as the absence of pricing of public goods provided by the forests. 

The EU has adopted policies for several areas including increased HP bioenergy, 2G biofuels, and 

forest conservation to promote biodiversity (EC, 2005, 2011, 2012a, 2012b; EU, 2018). But not 

everyone is satisfied. Söderberg and Eckerberg (2013) observe a rising conflict throughout Europe 

regarding the allocation of forest resources. These conflicts have brought academics’ attention to 

the topic, and a significant amount of research, including supply chains evaluations, life-cycle and 

biological assessments, have been carried out (Bouget et al., 2012; Cherubini et al., 2009; Shabani 

et al., 2013). Still, the market effects remain less studied, also in the case of Sweden – a suitable 

location for future 2G biofuel production (Mustapha, Trømborg, and Bolkesjø 2019). Meanwhile, 

Sweden’s forest management strategy has tended to develop into a so-called “more-of-everything” 

strategy, in which policies are continuously added (Lindahl et al., 2017). This has spurred an intense 

national public debate regarding the forest’s values and uses (e.g. DI, 2018; SvD, 2018).  

3.1.2. Forest sector market concepts  

In Sweden, the HP sector using bioenergy and the forest industries are closely interlinked via the 

market for forest raw materials. Both sectors compete for forest raw materials, but they are also 

interconnected via trade synergies. Sawmills are (direct) suppliers of by-products (e.g. sawdust) 

and (indirect) suppliers of harvesting residues. These feedstocks can be used as input in the HP 

sector. However, by-products can also be used in the pulp and paper industries, something which 

causes feedstock competition. Figure 5 illustrates the interlinkages between the two sectors. The 

final consumer goods produced in each sector sectors are indicated with downward pointing 

arrows. The 2G biofuel box is dashed to indicate that production is not yet in commercial scale.  
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In Figure 5, arrow “a” represents the flow of sawlogs and pulpwood to the forest industries that 

produce for instance paper, sawnwood, and board products. The forest industries supply by-

products, such as sawdust, which can be either used as input in the pellets industry (part of “forest 

industries”) or as feedstock in bioenergy conversion, indicated with the arrow “b”. Arrow “c” 

represents the flow of forest raw material from the forest owners to bioenergy conversion, which 

theoretically can be both roundwood and harvesting residues, but it is in practice limited to 

harvesting residues due to relative price differences and not the least to EU’s waste hierarchy 

Directive (2008/98/EC). This hierarchy states that bioenergy produced from roundwood is not 

categorized as renewable energy since it is deemed to be used more efficiently in other sectors.  

Forest industries

Forest 
raw-material

Bioenergy conversion 

powerheat 2G 
biofuels

Sawn 
wood Board

a c

paper 

b

 

Figure 5: A schematic picture of the demand for forest raw materials, which constitute feedstock two forest 
industries and the bioenergy conversion sector. 

The price formation of roundwood is dependent on the total supply of domestic roundwood, 

domestic harvesting costs, world price for roundwood, and domestic demand for roundwood. 

The price formation of residuals, i.e., harvesting residues left on the ground after final felling of 

roundwood, and forest industry by-products (e.g. sawdust from sawnwood production), are 

different to roundwood since they are produced regardless of the underlying demand for these 

products. The supply of by-products will therefore be constrained by the main activity, i.e., 

roundwood harvest and forest industries’ main production (e.g. sawnwood). The lowest price for 

which by-products are supplied is the extraction costs plus the transport costs. The conceptual 

economics behind supply of harvesting residues and forest industry by-products are similar, here 

exemplified with harvesting residues in Figure 6. The upper part of Figure 6 includes a supply 

curve for roundwood and two demand curves for roundwood reflecting two different demand 
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scenarios. The intersection of the roundwood supply and demand curves determines the quantity 

of roundwood harvested. This sets the limits for the supply of harvesting residues – one for each 

demand level, which are shown in the lower part of Figure 6. 

Roundwood 
demand 2

Supply 
harvesting 
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Roundwood 
price

Quantity 
roundwood

Roundwood 
demand 1

Roundwood 
supply

Supply 
harvesting 
residues 2

Quantity 
harvesting 
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Harvesting 
residues 
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Figure 6: Roundwood supply and demand (upper figure), and harvesting residues supply (lower figure).  

 
A by-product is not expected to influence the level of the main activity (harvest or production) 

(Söderholm and Lundmark, 2009). Therefore, the marginal cost of harvesting residues is higher 

the closer it get to its supply limit, and the curve becomes infinitely steep when this limit is 

reached (lower part of Figure 6). In the case for which a product instead is co-produced with the 

main product, and thus is required to make the main product production profitable, the product 

is often referred to as a co-product. By definition, the demand for a co-product may influence the 

production of the main product (Söderholm and Lundmark, 2009). In this thesis, we acknowledge 

that under some circumstances high by-product prices may imply that existing by-products turn 

into co-products.  
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Figure 7 is a schematic sketch of a forest raw material market with a finite supply of forest raw 

materials, and two sectors (A and B) competing for the same forest raw material supplied in the 

market. For example, sector A can be the board industry and sector B the HP sector; both compete 

for sawdust. If the board industry is alone in the market, quantity qA will be demanded to the 

price pA. Adding the HP sector to the market creates an (horizontal) aggregated demand curve 

for sawdust (bold aggregated demand curve). A total amount of sawdust is then supplied to the 

new higher price P. The existing board sector now has to pay the higher price P for the sawdust.   

Supply 
Forest raw 
materials 

Quantity 
forest raw 
materials

qA qB Q =
 qA+ qB

Price forest 
raw 

materials

Supply 
limit of 

forest raw 
materials  

Demand 
sector A

Demand 
sector B

Demand 
sector A+B

pA

pB
P

 

Figure 7: Two sectors competing for the same forest raw material. Based on Söderholm and Lundmark (2009). 

The overall objective of papers [1]-[3] is to analyze price formation and resource allocation of 

forest raw materials in the presence of increased bioenergy demand. For policy makers to be able 

to navigate and understand the implications of one or the other policy, it is essential to understand 

how future policies could affect the forest raw material markets given the complex web of sectors 

demanding and supplying forest raw materials. We explore these theoretical concepts in a partial 

equilibrium model.   
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3.2. Partial Equilibrium Modeling   

3.2.1. Forest sector partial equilibrium modeling  

Simulation models are suitable tools for handling complex systems, and for investigating how such 

systems would react in the presence of, say, a certain policy intervention. In the early 1950s, pure 

time-series analysis was (more or less) the only quantitative analysis methodology available to 

researchers who wished to assess the effects from forest market policies. However, predictions 

were difficult to perform, and various models often indicated contrary results (Buongiorno, 1996). 

Since then, considerable progress has been made, theoretically but foremost in the modeling area. 

In the 1980s, improvements in computer capacity revolutionized the methodological approaches 

available to researchers, and two types of numerical equilibrium models become popular to assess 

policy impact: the so-called Computable General Equilibrium (CGE) models that emphasize the 

links between the forest sector and the macroeconomy (e.g. Binkley et al., 1994; Buongiorno et al., 

2014), and the so-called partial equilibrium models that focus on a specific market (and/or a few 

markets) and reach equilibrium in this specific market independently from the development of 

prices and quantities in other markets (Latta et al., 2013). For a review of the development of forest 

sector modeling approaches and their applications to Europe, see Toppinen and Kuuluvainen 

(2010).  

The numerical modeling approach can accommodate various complex markets including various 

intermediate and final products and production technologies; this makes the approach especially 

suitable for forest market policy assessments. Partial equilibrium, including applications to forestry 

and forest sectors, are often referred to as Forest Sector Models (FSM) (Buongiorno, 1996; Solberg, 

1986). Forests, forest industries and the demand for forest industry products are quite generally 

geographically dispersed, and therefore a spatial dimension is usually incorporated into a FSM. 

Specifically, the spatial dimension is used in the optimization process since most FSM are so called 

spatial price equilibrium models, and build upon the work by Samuelsson (1952) and Takayama 

and Judge (1964). These authors showed that if the demand price of a product is equal to the supply 

price plus the transportation costs, and there is trade between the suppliers and demanders, supply 

and demand constitute a unique spatial price equilibrium. If there is no trade between a suppliers 

and demanders, then the supply price plus transportation cost is greater than or equal to the demand 

price. In this way, the initial allocation of trade is identified via a trade optimization problem. For 
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policy impact assessment in the market, new market equilibrium prices and resource allocation are 

simulated by maximizing the sum of consumers’ and producers’ surpluses in each geographical 

region (Samuelsson, 1952; Takayama and Judge, 1964). The FSM approach is suitable for policy 

analyses since prices and quantities are endogenously determined, and will therefore vary with the 

policy investigated (Latta et al., 2013). Many previous studies have investigated policy effects in 

forest markets using FSMs (Tromborg et al., 2007; and Tromborg et al., 2008 for an assessments 

of the Norwegian forest market; Kangas et al., 2011; for the finish forest market, and Havlik et al., 

2011; and Lauri et al., 2017 for the world forest market). This family of models originates from the 

Global Trade Model (GTM) developed at International Institute for Applied Systems Analysis 

(IIASA) by Kallio (1987), which was further developed to EFI-GTM by Kallio et al. (2004). 

3.2.2. The Swedish Forest Sector Trade Model 

The model used in papers [1]-[3] to model the Swedish forest raw material market is the so-called 

Swedish Forest Sector Trade Model (SFSTM), initially developed by Lestander (2011), and further 

developed by Carlsson (2011) to SFSTMII. The latter also includes a HP sector in which forest 

biomass is a key input. In this model, Sweden is divided into four geographical regions. These 

domestic regions trade raw materials and forest industry products with each other, as well as with 

a region representing the Rest of the World (ROW). The optimization procedure is according to 

Samuelsson (1952) and Takayama and Judge (1964), and the theory of spatial equilibrium and 

welfare (i.e., consumer and producer surplus) optimization.  

The objective function in which welfare is optimized in the SFSTM II is presented in Equation 1. 

A detailed explanation of the objective function, the equations representing forest owners’ supply 

functions of roundwood and harvesting residues, industrial processing capacity cost functions, 

constraints etc., is provided in detail in Carlsson (2011). Equation 1 shows the objective function, 

which is the net between the benefits of products and HP consumptions, on the one hand; and, on 

the other hand, the costs of forest raw materials, fossil fuels and other exogenous inputs, additional 

industrial processing capacity, and trade. Q and X are consumer products and HP demanded, 

respectively, H is the harvest of roundwood, R is harvest of harvesting residues. Row three 

corresponds to the input-output representation of production, row four represents the cost for 

increased plant capacity in the case of increased production, while the last row represents the 

transport minimization problem. 
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Equation 1: The objective function in the SFSTM II 

 Decision variables Indices Parameters 
Equation 
symbol 

Description 

Q Consumer goods 
(e.g sawnwood, 
Bio-SNG) 
demanded 

X HP demanded 
H Roundwood 

delivered 
R Quantity harvested 

residues 
O Output of main 

products  
W Quantity harvested 

roundwood 
G New industrial 

production 
capacity 

T Quantity traded 
E Quantity of energy 

demanded 
 

Equation 
symbol 

Description 

i Region 
f Consumer 

products 
e HP market 
w Roundwood types 
d intermediate 

products 
n exogenous inputs 

(e.g. labor, 
materials, and 
recycled paper) 

l Quantities of by-
products 
generated from 
producing one unit 
of main output 
from a particular 
industrial 
processing activity 

 

Equation 
symbol 

Description 

Γ Input-Output 
coefficients 

σ Annuity factor for 
additional 
capacity 
investments 

Μ Transportation 
vehicle loading 
costs 

Ν Transportation 
cost per distance 
unit 

Λ Distance between 
trading regions 

 

 

In paper [1], the model is updated to the new reference year 2016, and it is used to assess the market 

effects from implementing two policy targets: increased bioenergy in the HP sector and increased 

forest conservation. In paper [2], SFSTMII is extended with a 2G biofuel module to assess the 

market impacts from introducing such fuels (represented by Bio-SNG). In paper [3] the SFSTMII 

model is soft-link with two techno-economic models. By iterating feedstock prices and 2G biofuel 



 

22 
 

PREFACE 

technologies, new biorefinery concepts can be evaluated while considering both feedstock price 

formation and the various techno-economic aspects such as optimal biorefinery localization as well 

as the performance of conversion technologies.   

Partial equilibrium models, as well as other numerical and econometric models, will be sensitive 

to changes in assumptions and data (Sjølie et al., 2015). This call for sensitivity analyses of the 

results as well modeling using different models using the same data in order to reduce uncertainty. 

Paper [1] does not include an explicit sensitivity analysis, but many scenarios; which in part 

represents a test of the model’s sensitivity. Paper [2] includes a sensitivity analysis regarding the 

assumed import levels. Paper [3] employs an iterative process and shows a stable convergence. 

Moreover, the empirical results are in line with economic theory. Based on this, we found no reason 

to suspect model irregularities or particular sensitivities.  

Moreover, a numerical model may suffer from complexity, and this could cause difficulties in 

interpreting the models’ results. Buongiorno (1996) warns for using complex and large forest sector 

models, and argues that a smaller forest sector model focusing on a delimited area (e.g. a country) 

is likely to be as accurate as a more complex model. SFSTMII is complex in the sense that it 

represents several industries and sectors. However, the model focuses on one country, and it is fully 

transparent in its design and follows common practice specifications of supply, demand and 

technological representation similar to its modeling family (e.g. Kallio, 1987; Solberg, 2011). 
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4. Summary of Papers 
This section provides summaries of the five papers included in this thesis. A short discussion of 

the results and possible future research avenues are then presented in Section 5. 

Paper I: Bioenergy versus Forest Conservation: A Partial Equilibrium Analysis of the Swedish 

Forest Raw Materials Market 

This paper presents an economic assessment of two different policies – both implying an increased 

demand for forest ecosystem services – and how these could affect the competition for forest raw 

materials. A forest sector trade model is updated to a new base year (2016), and then employed to 

analyze the consequences of a more intense use of bioenergy and increased forest conservation in 

Sweden. These scenarios are assessed individually and in combination. A particularly interesting 

market impact is that bioenergy promotion and forest conservation tend to have opposite effects on 

forest industry by-product prices. Furthermore, combining the two policies mitigates the forest 

industry by-product price increase compared to the case where only the bioenergy-promoting 

policy is implemented. Namely, the energy using sector (heat and power) is less negatively affected 

in termsof increased feedstock prices if bioenergy demand targets are accompanied by increased 

forest conservation. This effect is due to increasing pulpwood prices, which reduces pulp, paper 

and board production, and in turn mitigates the competition for the associated by-products. Overall, 

the paper illustrates the high complexity of the forest raw material market, and the importance of 

considering demand and supply responses within and between sectors in energy and forest policy 

decision-making. 
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Paper II: Second Generation Biofuels and the Competition for Forest Raw Materials: A Partial 

Equilibrium Analysis of Sweden 

This paper presents an economic assessment of two different policies – both implying an 

increased demand for forest ecosystem services – and how these could affect the competition for 

forest raw materials. SFSTMII is updated to a new base year (2016) and used to analyze the 

consequences of increased bioenergy use in the heat and power (HP) sector as well as increased 

forest conservation ambitions in Sweden. These overall scenarios are assessed individually and 

in combination. The results show how various forest raw material-using sectors are affected in 

terms of price changes and responses in production. A particularly interesting market impact is 

that bioenergy promotion and forest conservation tend to have opposite effects on forest industry 

by-product prices. Moreover, combining the two policies mitigates the forest industry by-product 

price increase compared to the case where only the bioenergy-promoting policy is implemented. 

In other words, the HP sector is less negatively affected in terms of increased feedstock prices if 

bioenergy demand targets are accompanied by increased forest conservation. This effect is due 

to increasing pulpwood prices, which reduces pulp, paper and board production, and in turn 

mitigates the competition for the associated by-products. Overall, the paper illustrates the great 

complexity of the forest raw material market, and the importance of considering demand and 

supply responses within and between sectors in energy and forest policy designs.   
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Paper III: Economic Evaluation of Large-Scale Biorefinery Deployment: A Framework 

Integrating Dynamic Biomass Market and Techno-Economic Models 

Biofuels and biochemicals play significant roles in the transition towards a fossil-free society. 

However, large-scale biorefineries are not yet cost-competitive with their fossil-fuel counterparts, 

and it is important to identify biorefinery concepts with high economic performance. For evaluating 

early-stage biorefinery concepts, one needs to consider not only the technical performance and 

process costs but also the economic performance of the full supply chain and the impacts on 

feedstock and product markets. In this context, the article presents and demonstrates a conceptual 

interdisciplinary framework that can constitute the basis for evaluations of the full supply-chain 

performance of biorefinery concepts. This framework considers the competition for biomass across 

sectors, assumes exogenous end-use product demand, and incorporates various geographical and 

technical constraints. The modeling framework is demonstrated empirically through a case study 

of a sawmill-integrated biorefinery producing liquefied biomethane from forestry and forest 

industry residues. The case study results illustrate that acknowledging biomass market effects in 

the supply chain evaluation implies changes in both biomass prices and the allocation of biomass 

across sectors. The proposed framework should facilitate the identification of biorefinery concepts 

with a high economic performance which are robust to feedstock price changes caused by the 

increase in biomass demand. 
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Paper IV:  Green Industrial Policies and Domestic Production of Biofuels: An Econometric 

Analysis of OECD Countries 

The purpose of this paper is to investigate the relationship between green industrial policies and 

domestic biofuel production among OECD countries. The analysis builds on a data set including 

24 OECD countries over the time period 2000-2016. This panel is estimated using a variant of the 

so-called Poisson pseudo-maximum-likelihood model and includes the mix of demand-pull 

(biofuel blending mandates) and technology-push policies (government R&D), as well as the 

interaction between these two types of instruments. The results suggest a positive relationship 

between blending mandates and domestic biofuel production. Thus, a more stringent blending 

mandate does not only increase the use of biofuels, but also domestic production (as a share of total 

fuel use). Government R&D has not, however, induced much domestic biofuel industrialization 

processes. The results even suggest a negative interaction effect between government R&D and 

blending mandates, in turn implying that these two polices target different technological fields. The 

blending mandates tend to primarily favor commercialized first-generation biofuels, while 

government support to biofuel R&D has instead been focused on advanced biofuel technology.  
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Paper V: Green Public Procurement Complexity: A Bivariate Econometric Analysis of 

Swedish Municipalities 

The objective of this paper is to investigate the determinants of the adoption of green public 

procurement (GPP) practices at the local authority level. An important contribution of the paper is 

the recognition of the complexity of GPP practices, i.e., that involve (endogenous) decisions on 

both the adoption of and reliance on strategy documents (guidelines for GPP) as well as on the use 

of green requirements in specific tenders. The empirical study rests on survey responses from civil 

servants representing 140 Swedish municipalities, complemented by secondary data. This material 

provides information about both individual (e.g., gender, education, experience) and organizational 

characteristics (e.g., strategies, size, political rule), and was used to estimate a bivariate ordered 

probit model. Our results confirm the endogeneity of GPP decision-making processes. In contrast 

to previous research, the results illustrate that municipality size increases the likelihood of adopting 

a GPP strategy but decreases the likelihood for GPP uptake. This is in line with the notion that 

larger municipalities imply increased complexity, which in turn calls for formalization of work 

procedures but also suggests the presence of a larger organizational distance between the procuring 

and environmental departments.  
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5. Findings, Implications and Future Research  
This dissertation comprises five papers that all, in various ways, assess domestic policies aiming 

at decarbonizing the transport sector. The discussion is organized around three themes: forest sector 

impacts, technology-push and demand-pull policy instruments, and the role of the organization for 

policy uptake. Finally, an overall conclusion and suggestions for future research are provided.  

5.1. Policies Affecting the Forest Sector Market  

Papers [1] and [2] shed light on the market effects from introducing one or more policies affecting 

price formation and resource allocation in a national forest raw material market. None of the policy 

targets assessed was intended to affect the forest raw material market per se, but to obtain a certain 

level of bioenergy production and/or forest conservation. Nevertheless, in a market characterized 

by competition for raw materials, changes in price formation and resource allocation cannot be 

avoided. In both papers, we observe that the fiberboard and particleboard industries cease their 

production due to the higher sawdust prices and the competition with the pellets industry.  

Have we in this way identified that the introduction of bioenergy targets causes welfare problems? 

Assuming that the policy targets are correcting for significant market failures, e.g. negative climate 

externalities associated with fossil fuel use, the answer is no. Structural change in industry is not a 

problem per se according to welfare theory (Söderholm and Lundmark, 2009). Still, it is important 

to understand the market consequences from implementing a certain policy in order to evaluate its 

effects. For instance, a certain policy design may lead to the shutdown of a by-product provider 

causing increased feedstock prices, something which in turn leads to substitution from biomass to 

fossil fuels in the HP sector, which would undermine the intent of the policy. That being said, it is 

not self-evident how to re-design such policy. In order to design efficient policies, it is helpful for 

policy makers to be aware of the various market impacts of the policies.  

Paper [3] presents and demonstrates a conceptual interdisciplinary framework that can constitute 

the basis for evaluations of the full supply-chain performance of biorefinery concepts. A market 

model is soft-linked with two techno-economic models to enable identification of optimal 

technology concepts while accounting for changing feedstock prices as a direct effect of 

implementation of a concept. The framework is demonstrated empirically through a case study of 

a sawmill-integrated biorefinery producing 2G biofuels using forest residues and forest industry 
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by-products. The case study results illustrate the importance of considering changes in biomass 

prices when evaluating a biorefinery concept. In fact, the case study finds that different technology 

concepts are optimal under different price assumptions. Using the iterative modeling framework, 

including price feedback loops, allows the model to convergence for a stable optimal technology 

configuration. In other words, it allows us to identify a biorefinery concept that is also optimal after 

it has been implemented considering the feedstock prices it induces on site.     

5.2. Push and Pull in Different Directions    

The results reported in paper [4] showed robust evidence for the notion that more stringent blending 

mandates are associated with increases in domestic ethanol production; this is in spite of the fact 

that most countries in our sample are not competitive ethanol producers. This suggests that 

blending mandates can enable, and contribute to, local bioeconomy concepts through increased 

industrialization. However, since the kind of technology or feedstock is not specified in a (typical) 

blending mandate, a mandate tends to favor already commercialized biofuels (i.e., first-generation 

biofuels), as the lowest-cost option for goal attainment. Indeed, our results showed a negative 

interaction effect between government R&D and blending mandates, thus implying that these two 

polices target different technological fields, i.e., advanced biofuel technology versus commercial 

first-generation technologies. In such case, there is thus little potential for positive feedback loops 

between the technology-push and demand-pull instruments.  

In order to commercialize advanced biofuels to the market, previous research emphasizes the 

importance of a systems approach that combines supply and demand side policies for the specific 

fuel targeted (Costantini et al., 2015; Oliveiraa et al., 2017). A tailored demand-pull instrument for 

advanced biofuels would complement, and hopefully release commercialization potential that is 

currently stuck in pilot project plants for almost a decade. Our research further supports previous 

conclusions of the importance of applying an innovation systems approach to deal with the 

challenges associated with advanced biofuel development. Papers [2] and [3] find that the feedstock 

price increases can be mitigated using a systems approach and by identifying synergy concepts by 

e.g. industry integration and utilizing by-products. A demand-pull instrument specifically targeting 

advanced biofuels could move the development to the next step. In that case, the combination of 

push and pull could imitate a functional market, i.e., where petrol is correctly priced, including all 
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its environmental externalities, leading to the appropriate amount of green technologies, and 

demand for sustainable fuels.  

The dominating unspecified blending mandate in the world market is an illustration of the trade-

offs between local growth and long-term sustainability, where local growth is often given priority 

by national governments. Lately however, there seems to have been some reprioritizing and several 

national governments (e.g., USA, Austria, Denmark and the Netherlands) have – or will quite soon 

– adopt blending mandates targeting advanced biofuels in order to  promote the transition towards 

more sustainable biofuels (e.g., Babcock, Marette, and Treguer 2011; Ebadian et al. 2020). This 

provides great hope for commercialization of advanced biofuels that have been looking promising 

for a long time in pilot plants, but have not yet received the appropriate demand-pull policy to enter 

the market.   

Paper [4] illustrates how the use of industrial policies, influenced by national governments and 

rent-seeking groups, have gained first-mover advantages (in first-generation biofuel production) in 

the world market. This can make it harder for ambitious governments to adopt current technological 

advancements. Whereas GIP has helped grow biofuel use and production globally, it has also led 

to lock-in effects with industries that lack long-term sustainable technologies.    

5.3. Demand-pull through Voluntary Policy Uptake  

Another way to pull the market towards an increased reliance on sustainable biofuels is by utilizing 

governments’ purchasing power in procurement practices. Governments can help bridge lock-in 

effects by choosing to procure sustainable biofuels. Although cost-effectiveness has been shown 

to be one of the strongest guiding criteria in public procurement, GPP is often a more flexible 

policy measure, than for instance a mandate, because policy uptake is determined locally (for local 

government) and is to a large degree determined by the civil servant in charge of procurement. A 

higher cost of biofuels compared to petrol may be easier to adopt as a local government, than to 

incentivize local residents to buy it at the pump. In a similar way that flexibility can increase the 

level of environmental sustainability, it can also lead to less environmental considerations than 

would follow, for instance an unspecified  blending mandate.  

In order for GPP to be as effective as possible, frequent adoption is key. The objective of paper [5]  

was to investigate the determinants of the adoption of GPP practices at the local authority level. 
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Our results suggest that it is essential to recognize the complexity of GPP practices to understand 

its uptake. The complexity involves simultaneous decisions on both the reliance on GPP strategies 

as well as on the implementation of green requirements in specific tenders. The recognition of this 

type of complexity leadsto novel conclusions about the determinants of GPP practices, not the least 

of which is the role of municipality size. The empirical results indicate that large municipalities are 

more prone to adopt and/or reply on GPP strategy documents than smaller ones. Nevertheless, once 

this effect is accounted for, the results suggest that larger municipalities are less likely to implement 

green criteria in the procurement process. These findings, we argue, in part reflect the difficult 

trade-off between efficiency and flexibility in large organizations.  

5.4. Overall Conclusion and Avenues for Future Research 

This dissertation has demonstrated the importance of market considerations but also the difficulties 

in predicting the outcome using solely economic reasoning. A model is necessary to simulate a 

complex market in order to understand price development and resource allocation. However, for 

the SFSTMI model there are several areas that could be improved, such as adding a time dimension 

and a spatial recognition  

The bivariate model in paper [5] sheds new light on a seemingly straightforward relationship 

between local government size and the likelihood to procure green. When moving beyond the 

reduced form, another picture emerged highlighting the trade-off between efficiency and flexibility 

in large organizations. Previous studies have emphasized the civil servants’ motivations for 

successful GPP uptake; these factors deserve more attention, preferably in a context where local 

government size is accounted for simultaneously, as personal motivation is likely to be closely 

related to implementationof the policy matter. It would be especially interesting to learn about civil 

servants’ personal motivation to procure green by assessing personal preferences, level of 

awareness and know-how in the subject matter, and perhaps even why they chose to work as a civil 

servant.  

The Poisson model in paper [4] helped us to see the importance of combining technology-push and 

demand-pull policies for the same biofuel. A demand-pull blending mandate was shown to increase 

domestic industrialization, and thus has the potential to do so with other advanced biofuel targeted 

mandates that are coming soon.  
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In papers [1]-[2], the biofuel production crowded out the fiberboard and particleboard industry, an 

industry that used to work in synergy with sawmills, but that in our simulation would be replaced 

by biofuel production with the policy target assessed. Paper [3] shows promising results for 

technology configurations in combined sawmill-biofuel production; which confirms the synergy 

effects identified in Paper [2]. Both paper [4] and paper [5] illustrate how long term environmental 

goals compete with local cost-minimizing priorities and regional growth.  

Papers [1] and [5] show how collaboration between different departments in a political organization 

can benefit the outcome. Specifically, in paper [1] feedstock price increases were mitigated due to 

combined policies of biofuel production targets and increased forest conservation. In paper [5], 

smaller municipalities were shown to be more likely to include environmental criteria in various 

procurement processes, probably because of the closer connection between the municipalities 

environmental and procurement work.   

On a more general note, with a changing climate, bioenergy and forest conservation policies may 

affect the forest raw material markets differently in the future. Wildfires are expected to break out 

more often and prevail for a longer period of time due to climate change (Boulanger et al., 2017; 

Flannigan et al., 2009). In the early fall of 2020, severe thunderstorms ignited numerous wildfires 

across the Western United States, and Sweden experienced the most serious wildfires in  modern 

history in the summer of 2018, according to the Swedish Civil Contingencies Agency. Wildfires 

(and other natural hazards) are not very well understood in the context of policy design in relation 

to other policies and their market impacts. Verkerk et al. (2018) argue that a paradigm shift is 

needed – from the current focus on fire suppression to a more holistic policy design in which forest 

and fire management strategies are integrated, for a more efficient use of the forest values (recall 

Figure 1). For example, recent research on wildfires’ effect on increasing price formation of forest 

raw materials (e.g. Kuusela and Lintunen (2020) and Halbritter et al. (2020)), shows how a holistic 

approach is crucial  to develop future sustainable bioenergy concepts.  
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Bioenergy versus forest conservation: a partial equilibrium analysis of the Swedish
forest raw materials market
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ABSTRACT
This paper presents an economic assessment of two different policies – both implying an increased
demand for forest ecosystem services – and how these could affect the competition for forest raw
materials. A forest sector trade model is updated to a new base year (2016), and then employed to
analyze the consequences of a more intense use of bioenergy and increased forest conservation in
Sweden. These scenarios are assessed individually and in combination. A particularly interesting
market impact is that bioenergy promotion and forest conservation tend to have opposite effects on
forest industry by-product prices. Moreover, combining the two policies mitigates the forest industry
by-product price increase compared to the case where only the bioenergy-promoting policy is
implemented. Namely, the energy using sector (heat and power) is less negatively affected in terms
of increased feedstock prices if bioenergy demand targets are accompanied by increased forest
conservation. This effect is due to increasing pulpwood prices, which reduces pulp, paper and board
production, and in turn mitigates the competition for the associated by-products. Overall, the paper
illustrates the complexity of the forest raw material market, and the importance of considering
demand and supply responses within and between sectors in energy and forest policy decision-making.
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Introduction

This paper addresses the question of how two different pol-
icies – both implying an increased demand for forest ecosys-
tem services – may affect the competition in terms of price
impacts and resource allocation of forest raw materials. The
focus is on policies promoting forest conservation on the
one hand, and those inducing an increase in the use of
forest-based bioenergy use on the other. It should be clear
that implementing these two policies at the same time
could involve difficult trade-offs and potential goal conflicts;
i.e. an increased ambition for one policy may make it more
difficult to pursue the other. Specifically, the costs of increas-
ing the demand for forest-based biofuels could well be higher
in the presence of more stringent forest conservation policies.
In this paper, we investigate the market interactions between
the various sectors supplying and relying on forest raw
materials in the presence of the two overall policies. This is
achieved in the empirical context of the Swedish forest raw
material market.

Goal conflicts exist in all policy areas, not the least in the
environmental domain (Henkens and van Keulen 2001;
Henle et al. 2008; Geijer et al. 2011). Due to the many values
and biological functions of forests, it should be of no surprise
that various policies affecting the use of forest raw materials
include contrapositions. However, theoretically, if conserva-
tion is increased in a geographical area where there is no
economic desire to manage the forest, there should be no

conflict. While that is true, it is well known that in Sweden
there is an ongoing intense debate between forest owners
and advocates for forest conservation in Sweden (e.g.
Pedroli et al. 2013; Lindahl et al. 2017), thus suggesting that
the “normal situation” is characterized by difficult trade-offs
between conservation and development. Ambjornsson et al.
(2016) conclude that the lack of legal clarity and the double
aim towards production and protection, have in many ways
fueled this conflict. Some of the other forest related
conflicts concern: desired wolf population (von Essen and
Hansen 2015; Duit and Lof 2018), Sami land rights vs. native
predators, forestry, industries, and renewable energy extrac-
tion (Hobbs et al. 2012; Sandström et al. 2016; Ostmo and
Law 2018), and forest wildfire management (Eckerberg and
Buizer 2017). All of these conflicts, except for forest wildfire
management, can be boiled down to “more conversation”
vs. “more commercial use” of the forest. Forest wildfires can
have a significant influence on the supply of wood, but the
impact of a specific forest management strategy in Sweden
is nevertheless likely to be limited. In future scenarios in
which climate change leads to more frequent and widespread
wildfires, or other natural hazards, the importance of forest
management strategies will increase and could potentially
lead to conflicts of interest between forest owners, environ-
mental impacts and/or interest groups. As of today, one of
the most apparent policy conflicts likely to significantly
affect the forest raw material market in Sweden is that of bioe-
nergy use versus forest conservation.
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Whereas forest bioenergy contributes to reduced green-
house gas (GHG) emissions from fossil fuels and improved
security of energy supply, a standing forest supplies biodiver-
sity, carbon sequestration and other significant ecosystem
services. With an increasing global interest for bioenergy as
well as a growing recognition that biodiversity is very impor-
tant for global well-being, the debate about the optimal use of
forest resources has intensified, not least in countries where
forestry constitutes a central part of the domestic economy.
Several studies have illuminated this increasingly conflict-
ridden policy area (e.g. Kline et al. 2015; Kroger and Raitio
2017; Wuestemann et al. 2017), and various environmental
evaluations of bioenergy in the context of climate change
mitigation have been conducted (e.g. Carmenza et al. 2017;
Gasparatos et al. 2017). For an overview of conflicting areas
regarding the “more and less harvest” issue, see e.g. Felton
et al. (2020), Simonsson et al. (2015), and van der Voorn
et al. (2020). For studies focusing on specific aspects relating
to this, e.g. geographical areas, forest types, and logging pro-
cedures, see e.g. Hallberg-Sramek et al. (2020), Kleinschmit
et al. (2014), and Sjölander Lindqvist and Sandstrom (2019).
However, the market effects of policy mixes aiming at both
increasing forest conservation and biomass extraction for
bioenergy purposes have been less studied.

A few studies have addressed the market effects from both
increasing forest conservation and more bioenergy, but typi-
cally with a focus on the environmental outcomes from heat
and power bioenergy derived from non-forest biomass. Dixon
et al. (2013) found that the combination of two EU directives,
one promoting bioenergy and the other one promoting forest
conservation, would lead to increased food prices in economi-
cally vulnerable countries due to increased land prices. Geijer
et al. (2011) found that increasing forest conservation, accord-
ing to the Swedish policy Sustainable Forests, lead to increased
GHG emissions in Sweden due to feedstock substitution from
forest biomass to oil in the HP sector – a result in direct
conflict with Sweden’s climate policy targets. Both of these
above studies illustrate the importance of studying feedstock
price formation, and its consequences for resource allocation
under conflicting polices.

Bioenergy conversion is closely interlinked with forest
industries via the market for forest raw materials in which
both types of sectors compete for the feedstock. The objec-
tive of this paper is to take these interlinkages into account,
and investigate forest raw material price formation and
resource allocation in a domestic forest biomass market in
the presence of increased bioenergy HP demand as well as
decreased forest raw material supplies following the
implementation of forest conservation policies. The nuances
of choosing and implementing policies promoting biodiver-
sity, cleaner energy or other environmental benefits, are
complex, and these are beyond the scope of this paper. By
compressing the goal conflict to its core, more bioenergy
use versus more forest conservation, we make room for inves-
tigating the market complexity of combining these goals.

The analysis builds on the use of a partial equilibrium
model of the Swedish forest raw materials market. In this
model, forest owners supply raw materials (e.g. sawlogs),
and consumers demand final use products (e.g. sawnwood

and energy) (Carlsson 2011). The forest industries, such as
pulp and paper industries and sawmills, and the HP sector
demand feedstock, produce forest products and convert
biomass to energy, respectively. The prices for the raw
materials, including any by-products (e.g. sawdust, harvesting
residues) from the forest industries, will be affected by the
underlying demand.

Within this model, three types of scenarios are analyzed: (a)
increased demand for forest bioenergy in the HP sector; (b)
reduced supply of forest raw materials due to increased
forest conservation initiatives; and (c) a combination of (a) and
(b). This research focus is motivated by the following reasons:
(a) it indicates whether resources tend to be drawn away from
the bioenergy-using HP sector under increased forest conserva-
tion; (b) it reveals how altered raw material prices affect the
forest industries’ production patterns; and (c) it gives insights
to how by-product supplies are affected and, in turn, how this
could influence the allocation of the feedstock across sectors.
Unlike the lion’s share of previous studies, this study focuses
entirely on the market aspects of the underlying goal conflict,
in turn permitting an in-depth economic analysis of a disaggre-
gated forest raw material market. Unlike life-cycle or techno-
economic models, this study allows for the assessment of
price formation of biomass feedstocks and products. Changes
in prices will lead to altered forest raw material resource allo-
cations between sectors and industries. Such an assessment
should shed light on the magnitudes of at least some of the
difficult trade-offs in society’s use of forest resources, and
assist in supporting key decision-making processes in the field.1

Sweden is an interesting case to study in the context of
conflicting forest policies. With its land area consisting of
57% productive forest land, a well-developed forest industry
sector, and a mature HP bioenergy sector, the country pos-
sesses many of the prerequisites for further expanding the
use of bioenergy, both in the HP sector and in new fuels for
transport (Mustapha et al. 2017). Such expansion is in line
with the European Union’s ambitious renewable energy
targets (2009/28/EC), and its bioeconomy strategy (EC 2012).
Meanwhile, though, Sweden has also adopted ambitious
forest biodiversity targets, which promotes forest conservation
(SEPA 2012; Government Bill 2013/14:141) (for an overview of
the debate, see Bryngemark 2019a). In the past few years, a
debate regarding the use of the Swedish forests has
emerged, and here strong differences of opinion have been
expressed. The two sides can be summarized into two main
positions: “More forest conservation” and “More bioenergy
based energy” (see further Bryngemark 2019a). This study
moves beyond specific arguments or postures presented in
the debate, and instead, investigates the market effects from
such policies, implemented individually and in combination.

The remainder of the paper is organized as follows. Section
2 provides a background to Swedish forest policy, as well as to
the development of bioenergy use in the HP sectors, and its
drivers. Section 3 presents the modeling approach, the cali-
bration procedure with updated data, modeling assumptions
and limitations, and the scenarios to be investigated. The
modeling results are presented in Section 4, followed by a dis-
cussion in Section 5. Finally, conclusions and some avenues
for future studies are presented in Section 6.
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Background

Protected and harvested forests in Sweden

Approximately 11% of Sweden’s land area is protected land.
Since 1998, the protected land area in the country has
increased by 50% (SCB 2018a). In addition to state protected
forests, forest owners are also expected to voluntary set aside
forest land. The total voluntarily conserved forest in Sweden in
2016 has been estimated to around 1.2 million hectares,
which equals around 5% of all productive forest area in
Sweden (SFA 2017). For a discussion of the driving forces,
the debate and implementation of forest policies concerning
forest conservation in Sweden, see Simonsson et al. (2015).

Since the 1960s, both the total volume of forest harvested
and the standing forest volume have increased in Sweden
(SLU 2018). This simultaneous increase can be explained by
increased productivity in the sector, e.g. more efficient
logging operations, transport and manufacturing, and
increased forest growth (KSLA 2015). From the late 1990s
until today, natural reforestation has decreased and planta-
tions have increased (SFA 2018b). Still, hectares of old forest
are increasing (e.g. a 38% increase between 1985 and 2012).
This can be explained by the increase in protected forest
land (SLU 2018). In summary, more forest land is currently pro-
tected, but the forest land available for logging is also used
more intensively.

In order to protect biodiversity, Sweden has adopted the
Environmental quality objectives for 2020, which include
several objectives, “A rich diversity of plant and animal life”,
“Thriving wetlands”, “Natural acidification only”, “Reduced
climate impact” and, for this study, the most crucial “Sustain-
able forests” (SEPA 2012). As for the latest evaluation of these
objectives, these targets were not met. The Swedish Environ-
mental Protection Agency (SEPA) concludes that “many
species and habitat types risk disappearing and ecosystems
being depleted in forests and on agricultural land as well as
in mountains, lakes, wetlands and the sea.” (SEPA 2018). To
avoid such development, it is argued, more forest land has
to be conserved. Still, the amount of forest that has to be con-
served is debated, and there is no strong scientific consensus
on how to define “sustainable harvest”, and which conserva-
tion measures are considered good practice (de Jonga et al.
2017; Mansuy et al. 2018; Hammar et al. 2019; de Bikuna
et al. 2020).

Nevertheless, the Swedish government has stated the fol-
lowing conservation targets to be met by the year 2020 (com-
pared to 2010 levels) (Government Bill 2013/14:141): 1).
Voluntary set-aside productive forest for conservation pur-
poses has to increase by at least 0.2 million hectares, which
equals a little more than 0.8% of all productive forest land;
2) State-protected forest land has to increase by 0.15 million
hectares in particularly biologically sensitive areas, which
equals slightly more than 0.6% of all productive forest; and
3) at least 5% of Sweden’s FSC certified productive forest
shall be conserved for forest conservation purposes. About
65% of all productive forest is FSC certified in Sweden,
making the third target equaling about 3.3% of all productive
forest. Lastly, in addition to the forest specific conservation

targets 1–3, 4) 0.8 million hectare of land close to biologically
sensitive wetlands, marina, and lakes, shall be conserved
(Government Bill 2013/14:141). Targets 1–3 sum up to 4.7%
of all productive forest land in Sweden. It is unknown how
much of the 0.8 million hectares presented in (4) that is pro-
ductive forest. Assuming a low percentage such as 0.5%
would imply an additional 0.17% productive forest to be con-
served. Given these calculations, the conservation targets
stated in the government bill sums up to approximately 5%
of all productive forest. However, The Swedish Environmental
Protection Agency (SEPA) has suggested that a 20% increase
in forest conservation is needed to reach the environmental
quality objective “Sustainable forests” by the year 2020
(SEPA 2020).

To reflect these “policies”, this study will investigate the
forest raw material market effects of two conservation scen-
arios: one low-conservation scenario in which roundwood
harvest is reduced by 5%, and one high-conservation scenario
in which such harvest is reduced by 20% (both compared to
the 2016 level).

Demand for forest biomass in the Swedish energy
sector

Since the 1970s, the use of biomass in the Swedish energy
sector has increased significantly and forest biomass has
become the main feedstock in the Swedish district heating
sector. Biomass has also been increasingly used for power
generation purposes. In 2016, total domestic bioenergy
supply was estimated at 139 TWh, and it constituted 24%
out of total energy supply in Sweden, whereof at least 80%
originated from forest materials (SEA 2017, 2018c).

The development of biomass use in the energy sector has
been supported by several policy measures aiming at redu-
cing the reliance on fossil fuels. During the mid-1970s and
the 1980s, the government subsidized heat demonstration
plants that could burn solid fuels (Ericsson and Werner
2016), and the use of solid fuels was further promoted
through the so-called Solid Fuel Act (SFS 1981:599). One
important reason for bioenergy’s growth is the Swedish
energy tax, modified in 1991 to include the carbon dioxide
tax. Neither of these taxes have been levied on sustainable
biofuels (SFS 1990:582; McCormick and Kaberger 2005;
Swedish Government 2018). The energy tax was enhanced
with investment grant program (during the periods 1991–
1996 and 1997–2002) for biomass-based combined heat
and power (CHP) plants (Ericsson and Werner 2016). Further-
more, the introduction of the renewable electricity certificate
program in 2003 provided further economic incentives for
the use of forest-based biomass in CHP plants. In 2017,
Sweden adopted ambitious climate targets; not least that by
2045, the country should be carbon neutral (Government
Bill 2008/09:162). Forest biomass is expected to play a key
role in reaching this target (Swedish Government 2016; SEA
2018b).

The future demand for energy in the HP sector is uncertain.
On the one hand, heat demand is expected to decrease in the
future due to more energy efficient buildings (Ericsson and
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Werner 2016). On the other hand, CHP production can be an
efficient solution during periods with low intermittent pro-
duction and high electricity demand levels. Gustafsson et al.
(2018) investigate solutions including electricity demand
reductions and converting electricity-based heating in build-
ings to district heating based on combined heat and power.
They argue that choosing the “right” heating system is more
important than reducing demand, and that it is possible to
cover future electricity peak demand in Sweden by using
CHP produced from forest biomass residues.

In an extensive review of future Swedish demand for forest
biomass in the HP sector, industries and in the road transport,
considering the techno-economic potential in the country,
Börjesson et al. (2017) conclude that this demand is expected
to increase by 30 TWh until 2030 and by 35–40 TWh until 2050
(compared to 130 TWh in the year 2013). These authors find
large differences in potentials and future demand depending
on the assumptions made regarding future energy efficiency
improvements as well as to what extent the electrification of
the transport fleet has developed (Börjesson et al. 2017).

Clearly, it is possible that bioenergy use will also grow in
other sectors, most likely the transport sector (see e.g.
Bhutto et al. 2016; and Mustapha et al. 2017 for a market
impact analysis). In addition to HP and transport fuels, forest
biomass may also be in demand for the production of pro-
ducts such as green chemicals and plastics, in so-called
advanced biorefinery concepts (Ulonska et al. 2018) – technol-
ogies which would also add to the competition for forest
biomass. Due to several possible future outcomes for forest
bioenergy use in Sweden, the present study investigates feed-
stock price formation and resource allocation under two scen-
arios of increased forest biomass use in the Swedish HP sector:
15 and 30 TWh in addition to the production of 92 TWh pro-
duced from forest biomass in the year 2016.

Methods and data

Market price formation and modeling points of
departure

The HP sector and the forest industries are interconnected
through the market for forest biomass. Some of the forest
industries’ (e.g. sawmills), supply by-products (i.e. sawdust,
bark, etc.), which the HP sector can use as inputs. Other
forest industries, such as plywood production, compete
with the HP sector for forest industry by-products. Moreover,
the forest industries demand roundwood, something which
causes a supply of harvesting residues, and these resources
can also be used as inputs in the HP sector. This in turn
reduces the competition for by-products. The price for-
mation in the case of roundwood is dependent of the
supply of roundwood (available quantities, harvesting
costs, etc.), and the procurement competition for this feed-
stock. A by-product does not have a production cost (apart
from costs for handling and transportation), but can be
traded for the price determined by the demand in the
market. Since by-product supply is constrained by the pro-
duction of the main product, the marginal cost curve is
expected to be flat for low levels of demand and increase

sharply (exponentially) when supply is approaching the con-
straint set by the production level for the main product
(Söderholm and Lundmark 2009).

Increased HP production from forest biomass is expected to
increase the overall feedstock prices in the forest raw material
market (see e.g. Carlsson 2011; and Schwarzbauer and Stern
2010). However, Lauri et al. (2017) investigated bioenergy
demand targets and found only moderate forest raw material
feedstock price rises. They argue that increased returns on by-
products can spur sawmills to produce more sawnwood,
something that in turn generates an increased by-product
supply and helps to reduce the overall feedstock price
increase. In the present study, this by-product effect is
expected to be non-existent or very small since sawnwood
production cannot increase due to input restrictions on
sawlogs; domestic sawlog harvest, as well as roundwood
imports (see further Section 3.4), are restricted to 2016 levels
(pulpwood cannot be used in sawnwood production). All
three studies above find sawmills to benefit from increased
by-product prices, and that the panel and paper industries
would be worse off due to increased input prices; a result
expected also in this study. However, the magnitude of these
effects are not known. A decrease in the supply of roundwood
implies a reduction in sawnwood production, and a pro-
portional decrease in the supply of by-products, as well as
decreased supply of harvesting residues in proportion to the
decrease in roundwood harvest. Thus, reduced harvest will
intensify the competition for forest raw materials. This can
potentially lead to feedstock substitution in the HP sector
where forest raw materials could be substituted with fossil
fuels, as well as to structural transformations. Trømborg et al.
(2013) and Bryngemark (2019b) both investigate the impact
of increased demand for second generation biofuels on the
existing HP bioenergy sector. Whereas Trømborg et al. (2013)
find that increased wood prices do lead to decreased use of
forest biomass in the Norwegian HP sector, Bryngemark
(2019b) does not make the same observation for the
Swedish HP sector (after using an extended version of the
SFSTMII model used in this study). The main reason for this
difference in results is believed to be Sweden’s considerably
larger forest industry sector and forest biomass supply, in
turn making Sweden less sensitive to increased demand com-
pared to Norway (Bryngemark 2019b).

Kallio et al. (2018) find that reduced harvest levels in the
EU and Norway would lead to increased raw material prices
in the global market. In this study, reduced harvest in
Sweden is expected to increase feedstock prices in
Sweden, but not in the world market. These price increases
are in turn anticipated to affect the allocation of forest
biomass across the various sectors using this resource.
Forest conservation in Norway and Finland are shown to
have low price impacts on roundwood prices in the case
in which imports can substitute for domestic materials. In
the case imports are restricted (e.g. due to increased
forest conservation among trade partners), roundwood
prices are affected more substantially. Sawmills are found
to be worse off in the case of increased forest conversation
whereas paper production is unaffected (Bolkesjo et al.
2005; Hanninen and Kallio 2007). In the present study,
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import possibilities are restricted, and price increases on
roundwood can therefore be expected.

The SFSTMII model

This research is carried out using the so-called Swedish Forest
Sector Trade Model (SFSTM)II, developed by Lestander (2011)
and extended by Carlsson (2011). The modeling structure and
general assumptions about supply and demand curves in the
SFSTM are similar to those adopted in the Global Trade Model
(GTM) family, developed at IIASA in the 1980s by Kallio et al.
(1987), later EFI-GTM (Kallio et al. 2004). SFSTMII is a static,
one-period, national spatially explicit forest sector model,
(i.e. a partial equilibrium model). In the model, Sweden is
divided into four regions (see Bryngemark (2019a) for a geo-
graphical representation). The theoretical framework under-
lying the modeling simulations relies on Samuelsson’s
(1952) theory of perfectly competitive spatial price equili-
briums.2 The four regions trade raw materials and forest
industry products with each other as well as with a region
representing the Rest of the World (ROW).3 ROW is incorpor-
ated as a trade partner in order to reflect the international
competition for forest biomass and products. The transport
costs of biomass are included to reflect the differences in dis-
tances between regions. Imports occur when a product is
cheaper in another region (taking into account transportation
costs). Thus, raw materials (e.g. sawlogs) and products (e.g.
sawnwood) are assumed to be perfect substitutes across the
various regions (i.e. homogenous goods).

The SFSTM II is not developed to handle intra-regional geo-
graphical restrictions; it only has four regions and this is not
sufficient for targeting specific forests (e.g. in terms of type
and exact geographical location), meaning that geographic
specific conservation scenarios cannot be investigated in
SFSTM II. This would be a disadvantage if the objective
would be to study the impact of forest conservation on

local economies, e.g. local employment rates. However,
since all regions are connected through inter-regional trade,
the geographical location of the initial price change is not
expected to significantly affect the model results. Local price
changes will instead smooth out through intra-regional
trade, and it does not matter where within a region the
price increase occurred.4 A spatial-explicit price model, such
as Ouraich et al. (2018), could in principle be used to deter-
mine local price impacts from reduced harvest in specific
areas in Sweden. However, that kind of model does not
include domestic trade, the forest industry market, or the
bioenergy sector, which would leave out important infor-
mation regarding the two policies’ impact on the forest raw
material market.

SFTSM II includes the forest owners’ raw material supply of
roundwood and harvesting residues, the forest industries’
demand for feedstock, the forest industries’ and HP pro-
duction technologies, as well as the supply of final products,
intermediate products, and by-products. In this way, the
model enables analyses of feedstock competition between
the forest industries and the bioenergy use in the HP sector.
Figure 1 provides a schematic illustration of the SFSTMII.
The box at the top illustrates the supply of raw materials,
the large box in the middle, the interconnections between
the forest industries and the HP sector. Finally, the bottom
box illustrates the demand for forest-based end-use products
and biomass use in the HP sector. The model is implemented
in the General Algebraic Modeling Language (GAMS, version
24.4.6).

Production is modeled based on input-output coefficient
analysis. If a plant is producing at its maximum capacity and
demand increases, new capacity is added subject to an invest-
ment cost.3F5 In order to produce HP using forest biomass,
the model can choose the following feedstocks: wood chips,
sawdust, bark, pellets (processed from wood chips, sawdust
or bark), and harvesting residues. Unlike Carlsson (2011),

Figure 1. Schematic illustration of the SFSTMII model. The abbreviation PPI stands for Pulp and Paper Industry.
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this study does not allow pulpwood to be used in the HP
sector. This assumption is in line with the European Union’s
waste hierarchy, established in the EU Directive 2008/98/EC
and re-established in the REDII directive (EU 10308/18, 2018).

The endogenous price formation represents the central
signal to the agent. With price changes comes new resource
allocations, which in turn lead to changes in the demand for
inputs, capacity expansion, etc. This study investigates
exogenous changes in harvest levels and the demand for
bioenergy heat and power, respectively. These changes are
incorporated using constraints: the conservation targets are
implemented via upper limit constraints preventing the
harvest function to exceed the harvest reference level and
the subtracted conservation target. The biofuel targets are
implemented through binding constraints that puts a cap
on the HP bioenergy sector’s production function.

Using this model, the Swedish forest raw material market
can be assessed under domestic as well as global (external)
price changes. In this study, though, we focus on two domestic
policies. The only exogenous changes to themodel are the two
policies assessed. Adding more exogenous changes while
evaluating the policy impact would likely not be desirable as
it would make it very hard to distinguish what is the policy
impact, and what are the results of changes in other factors.

Model calibration

The latest version of the SFTSMII includes data from 2008. In
this paper, all data have been updated and calibrated to the
year 2016. A summary of the updated data is provided
below, and it is presented in detail in Appendix in Bryngemark
(2019b). SFTSMII contains four categories of data for both the
Swedish regions and the ROW:

(a) Harvest levels (regional, three tree species, two round-
wood types, harvesting residues);

(b) Regional production (sawnwood, paper, HP bioenergy
etc.) for a total of 30 end-use products and intermediate
products for all regions;

(c) Demand (use) for the products outlined in b) and for
forest raw materials (feedstock in production); for a
total of 140 different activities. Product demand can be
satisfied with different activities in b), e.g. HP bioenergy
can be produced from sawdust as well as bark, etc.

(d) Prices of forest raw materials, products, and HP energy.

Data have been gathered mainly from the Swedish Forest
Agency (SFA), the Swedish Forest Industries Federation (SFIF),
Statistics Sweden (SCB), and FAOSTAT. Much of the available
data concerning forest industry production has changed
since 2008, and this is mainly due to the discontinuation of
the Statistical Yearbook of Forestry produced by Statistics
Sweden. For this reason, harvest data and data on production
of sawnwood, pellets etc. have instead been obtained from
several sources and processed to fit into the specific regional
disaggregation presented in Bryngemark (2019b). Moreover,
the fossil fuel price for the energy sector is assumed to be
equivalent to the price for heavy oil, which in 2016 equaled
70 EUR/MWh (SPBI 2018).

Modeling assumption and limitations

As mentioned in the introduction, other conflicting policies in
regards to forest use, such as the size of a desirable wolf popu-
lation and land conflicts, can be understood as specific
conflicts under the umbrella conflict “more or less harvest”.
In addition to the existing conflicts, there are also possible
new conflicts that can emerge with the advent of climate
change, e.g. forest management in the context of natural
hazards, e.g. forest wildfires, which can have a significant
impact on forest raw material supply, temporarily as well as
in the long term. A forest wildfire initially lead to oversupplies
in the wood markets as salvaged wood then is removed from
the site. The oversupply leads to a price drop, which is followed
by a price increase as the standing forest has become scarcer.
The magnitude of these price swings will partly depend on the
forest management approach. This is an interesting price
dynamic to estimate in itself, but even more so in relation to
other policies, e.g. bioenergy targets (which can utilize sal-
vaged wood), and forest conservation (forest wildfires can
work both for and against biodiversity). In this study, no scen-
arios including natural hazards are included and the reason for
this is twofold. Firstly, analyzing price impacts from natural dis-
asters require a time dimensions in the model. Our model is
static (i.e. it has no time dimension), and therefore the investi-
gation of dynamic price changes is not feasible in this study.
Static optimization is used when the focus is on what the
new equilibrium is for a given change (here both in supply
and demand). Instead of focusing on the path to a new equili-
brium, we compare the new equilibrium to the baseline scen-
ario to learn about the policy’s impact on the forest raw
material market. Secondly, we investigate eight scenarios
(see next Section); adding an additional external event, such
as a severewildfire, would add additional complexity and poss-
ibly obstruct the understanding of the two policies’ impact on
the forest raw material market.

SFSTM II (and similar models) assumes market character-
istics such as rational agents, perfect information, unlimited
access to capital, and no legal constraints, all of which relate
to a perfectly competitive market. That means that if it is profi-
table to increase production for an industry, the agents are
assumed to act accordingly. Although these assumptions
are commonly used and accepted in economic model, the
real world is likely to fail one or more of these assumptions,
in turn causing a discrepancy between modeling output
and real world output. Moreover, adding production capacity
can be subject to several challenges, such as budget and legal
planning, extended licensing procedures, construction work,
and risk assessment. If implementation takes time, the sub-
sequent chain of events would halt and lead to efficiency
losses and sub-optimal resource allocation. Such outcomes
are not addressed in this study, which also could let to a dis-
crepancy between the simulated results and real world
output. However, a model simulating non-efficient solutions
due to subjectively chosen supply chain delays would gener-
ate large uncertainties and might not be helpful in under-
standing the impact of policies. One way to account for
delays is to incorporate sensitivity analysis for an area
known to vary and have considerable impact on the output.
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Furthermore, in reality, there are no system boundaries,
and for this reason, a delay in capacity expansion in one indus-
try could lead to a shift to production in another industry. In
the case of increased demand for bioenergy heat and
power, and a forest industry that cannot supply enough by-
products, a HP plant can sometime utilize other feedstocks
e.g. municipality waste, excess heat from industry. This is
not allowed in this model because we do want to know
what happens when competition for forest biomass increases.
Another outcome would be an unmet bioenergy target,
which is also not considered as an outcome in the model.

Finally, it is important to acknowledge that the harvesting
method and type of forest being harvested, are associated
with different management costs as well as impacts on biodi-
versity. In this study, we use current harvest levels as a base-
line, and from that level we reduce harvest to investigate the
market impact from reduced harvest as a proxy for more
forest conservation, similar to for instance Bolkesjo et al.
(2005). We are neither participating in the discussion on
good practices, nor do we differentiate between forest
types, harvesting techniques, or conservation methods.
These are, however, important questions for future research.

When constructing a model like the one used here, there is
always a trade-off between complexity and transparency
(Pfenninger et al. 2014). The SFSTM II is a static model and
solves equilibrium for Sweden and the region ROW. Another
partial equilibrium model with the same optimizing structure,
also built on the work of Kallio (1987), but which has a signifi-
cantly higher level of complexity, is the GLOBIOM model. The
GLOBIOM has both wider system boundaries and a time
dimension. It is continuously enhanced by the GLOBIOM
team at the International Institute for Applied Systems Analy-
sis (IIASA), and continually provides important scenario ana-
lyses on, for instance, the impacts of global land use change
(e.g. IIASA 2015; Lauri et al. 2017). This model’s drawback is
however its complexity and the lack of transparency. With
many things happening at the same time, discernment
between a valid output and an output including an error
somewhere in the model, becomes difficult. What GLOBIOM
wins in accuracy from covering geographical area, it loses in
country-level supply chain disaggregation. SFSTM II provides
great disaggregation of the Swedish forest raw material
market at the expense of, e.g. path assessments, which we
argue is not the essence of this study.

Trømborg & Solberg (1995) developed a national forest
sector partial equilibrium model for Norway, also built on
Kallio’s modeling structure from 1987, and is very similar to
the SFSTM II. The Norwegian model has been improved in
several stages, of which the latest version is called the NTM
II and is highly sophisticated. See Bolkesjo et al. (2005) for
an application of reduced harvest for forest conservation pur-
poses in Norway using the NTM II, and Trømborg et al. (2013)
for an application of second generation biofuels (the results of
these studies are discussed in the light of our simulated
results in Section 5). Even though they predict dynamic scen-
arios, the model is static in the regard to the optimization. It is
a static but multi-periodic model, implying that the model is
solved for one period and the solution for that period is
used for updating data for the next period. Similar to the

SFSTM II, there is no adjustment time within an optimization.
This approach would be a natural next-step improvement for
the SFSTM II in order to provide dynamic simulations for
policy targets that are implemented over a period of time.

Furthermore, different policy designs (achieving the same
underlying targets) may affect the markets in different ways.
In this paper, no specific policy design has been assessed,
rather exogenous interventions (targets). Nevertheless, the
analysis in the paper, we argue, should provide a useful
point of departure for such policy analyses.

Scenarios

The baseline scenario
The baseline scenario comprises simulated production, trade
etc. for the year 2016, calibrated with 2016 data. The baseline
scenario thus reflects the Swedish forest raw materials market
when neither additional demand for bioenergy in the HP
sector, nor any harvest restrictions have been implemented
in the model.

Although the model does not describe the global markets
for forest raw materials in any detail, it is necessary to briefly
address how imports are addressed in the analysis. World
demand for pellets and other forest fuels are increasing.
Between 2012 and 2016, EU imports of wood pellets from
non-EU countries increased by almost 80% (reaching almost
8 billion tons) (Eurostat 2018). With current policies, this devel-
opment is expected to continue (Balan et al. 2013), and
increased world competition is expected to drive up forest
biomass feedstock prices (Johnston and van Kooten 2016;
Jonsson and Rinaldi 2017). Thus, it is unrealistic to assume
that all countries could satisfy an increased domestic
demand for biomass feedstock with increased imports from
other countries. For this reason, the import levels in all scen-
arios, including the baseline, are constrained to 2016 levels.
In 2016, the observed net-import level of pellets in Sweden
was 40 thousand tons, and imports of wood chips, particles
and residues amounted to 1.8 million m3 (FAO Statistics
2018). Because neither pellets nor by-product imports are
strictly monitored, the level of pellets imports is allowed to
increase up to 50 thousand tons and the corresponding
levels for wood chips, particles and residues up to 2 million
m3 in the model runs.

All scenarios are investigated ceteris paribus, meaning that
the only external changes included in the model (compared
to the baseline) are the policy scenarios, i.e. we do not
account for the probability of external events such as
natural hazards, neither globally nor domestically.

Policy scenarios: bioenergy demand targets and harvest
restrictions
In addition to the baseline scenario in which 92 TWh bioe-
nergy HP is produced, eight scenarios are investigated.
These are presented in Table 1. Scenarios 1.1–1.2 involve
two HP bioenergy demand targets: 15 TWh and 30TWh
above the baseline of 92 TWh, or 107 and 122 TWh respect-
ively (and assuming harvest levels to be constant at the
2016 levels). Scenarios 2.1 and 3.1 address a 5% and a 20%
reduction in roundwood harvest levels compared to 2016
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levels (assuming 2016 HP bioenergy levels of 92TWh), while
scenarios 2.2–2.3 and 3.2–3.3 address the presence of com-
bined bioenergy demand targets (the additional 15 and 30
TWh) and reduced harvest levels (by 5 and 20%, respectively).
For assessing increased forest conservation scenarios we use
current harvest levels as a baseline. The approach is similar
to, e.g. Bolkesjo et al. (2005). It is not a perfect translation of
reality and many nuances are missed regarding forest conser-
vation (harvest techniques, etc.). As previously mentioned in
Section 3.4, the reason for keeping the definition of conserva-
tion simple is to reduce the complexity enough to allow for a
disaggregated analysis of the market.

The share of reduced harvest is assumed to be equal across
regions and tree species, thus implying higher absolute
decreases in the forest-rich regions. In the model, regional
demand for HP is estimated based on population density.
However, since the exact location of future HP bioenergy
demand is unknown, the assumed demand targets are
implemented on a national scale. In other words, the conver-
sion of forest raw materials in the HP sector may take place in
any of the four domestic regions.

If conservation is increased in a geographical area where
there is no economic desire to manage the forest, there
should be no conflict. That is a possibility. However, as
noted above, it is well known that there is an ongoing
conflict between forest owners and advocates for biodiversity
in Sweden (Pedroli et al. 2013; Lindahl et al. 2017), implying
that the “normal situation” tends to involve a clear trade-off
between conservation and production. Clearly, though, this
does not imply that there is a conflict in all geographical
contexts.

Simulation results

Bioenergy demand targets

Increased demand for bioenergy in the HP sector implies an
increased use of eligible feedstock for such an increase, i.e.
forest industry by-products (raw or processed to pellets)
and/or harvesting residues. Prices of industry by-products,
pellets and harvesting residues increased with additional HP
bioenergy production, and more intensely so for the higher
target (30 TWh). The relative price of sawdust increased the
most, something which can be explained by a strong increase
in the demand for sawdust (see further below).

The production of pellets tripled in the presence of 30
TWh additional HP bioenergy, and there was a significant
increase in price. The price increase of pellets was however
less sharp than that for the by-products. This is due to a rela-
tive high baseline price (world market price for pellets) and
the diversification of feedstocks in pellet production.
Sawdust (and a small amount of wood chips) is used to
produce pellets in the baseline scenario. However, when
pellet production increased and the sawdust price increased,
the pellets industry shifted away from mainly using sawdust
to wood chips and bark. Only very small amounts of bark
were used in the baseline scenario, but this feedstock
became competitive following the increase in the prices of
sawdust and wood chips.

A similar feedstock shift was observed in the HP sector
(Figure 2). The total amount of energy production in the HP
sector was constant across the various scenarios (i.e. based
on the assumption of a fully own-price inelastic demand)
and equals 100 TWh.4F6 Introducing demand targets for HP
bioenergy therefore implied a decreased use of fossil fuels
(gray bars to the left in Figure 2), and an increased use of
forest biomass.

Our simulations showed that the HP bioenergy targets are
mainly satisfied with an increased use of pellets but also har-
vesting residues. The declines in wood chips, sawdust and
bark use that can be observed in Figure 2 do not represent
actual declines in the use of forest raw materials; they rather
indicate a re-allocation of forest raw materials from, for
instance, sawdust to processed sawdust in the form of
pellets. This can be explained by the efficiency gains from
reduced transport costs; raw materials are bulky and have a
lower calorific value compared to pellets. For increased HP
bioenergy (which cannot be traded across region), transport
distances are increasing and pellets increase in demand.
The remaining simulation outputs for sub-sections 4.1–4.2
are discussed below but not shown with figures due to
space limitations.

Our simulation results suggest that production of paper
production decline by 8% in the presence of the 30 TWh
target, and all board (i.e. fiberboard, particleboard and

Table 1. Overview of scenarios.

Bioenergy demand targets in the
HP sector: production in addition

to 2016 bioenergy levels

Percentage reduction
from observed harvest

levels in 2016

Scenario 0 TWh 15 TWh 30 TWh 0% 5% 20%

Baseline x x
1.1 x x
1.2 x x
2.1 x x
2.2 x x
2.3 x x
3.1 x x
3.2 x x
3.3 x x

Figure 2. Feedstock composition in the HP sector (TWh). Baseline fossil fuel use
is shown in dark gray, 15 TWh target in middle gray, and 30 TWh in light gray.
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plywood board) production shut down already with the
implementation of the 15 TWh target. With decreased pro-
duction in the board industry, demand for pulpwood
decreased, and therefore also the price of pulpwood.

Although harvest is restricted to 2016 levels, we observed a
small (insignificant) increase in sawnwood production. This
was made possible due to a small under-utilization of round-
wood imports in the baseline scenario. However, if harvests
were not restricted to 2016 levels, but could increase with
increasing demand, sawnwood production is likely to have
increased in response to increased profitability from supply-
ing forest industry by-products. The sawnwood industries
compete for the available sawlogs, and the price of sawlogs
increased from 37 to 98 EUR/m3.

In conclusion, the simulated results suggest that increas-
ing HP bioenergy causes an increased use of all forest
biomass feedstocks available to the HP sector. The use of
pellets (processed sawdust, wood chips and bark) increased
the most, but there was also a modest increase in the use of
harvesting residues. The competition for sawlogs increased,
but decreased for pulpwood. The simulated results
suggested that all board industries shut down in the pres-
ence of a 15 TWh increase in HP bioenergy. In other
words, the study suggests that the increased competition
for sawdust from the HP sector raises the price of this feed-
stock, in turn making board production unprofitable in
Sweden.

Increased forest conservation

Increased forest conservation implies reduced harvest of
roundwood, i.e. sawlogs, pulpwood and harvesting residues.
This sub-section compares feedstock prices and feedstock
composition for three scenarios: the baseline scenario,
reduced harvest by 5% and reduced harvest by 20%. The
demand for forest biomass in the HP sector is assumed to
be constant at the 2016 levels.

We found that all by-product prices and forest residues
decreased for a harvest reduction of 5%. The prices of wood
chips and bark remained at the new lower levels also in the
presence of a 20% decrease, the price of harvesting residues
continued to fall, whereas the price of sawdust increased (but
was still lower than in the baseline scenario). The price
decrease for forest industry by-products and harvesting resi-
dues, respectively, appear unexpected since the competition
for forest raw materials should become more intense with
more forest conservation. We found that with reduced round-
wood harvest, all forest industries decreased their production;
sawnwood production decreased by 6%, the production of
paper products by 4% and, not least, particleboard production
by 43%. This is an expected result since sawnwood pro-
duction has to decrease with reduced sawlog harvest levels
and paper production has to decrease with reduced pulp-
wood harvest – paper is produced from mechanical and
chemical pulp, which is produced mainly from pulpwood
(and recovered paper).

The other feedstocks in pulp production are by-products
(e.g. wood chips). With reduced pulp production, the

demand for by-products decrease. This explains the, at first,
unexpected price drop of by-product prices. The same logic
goes for the board production; the board industry uses by-
products as input, but also pulpwood. With increasing pulp-
wood prices, we found that the board industry reduced
(and even halted) its production, and as a result sawdust
was less in demand. Thus, decreasing production of pulp
(intermediate product in paper production) and board pro-
ducts was shown to cause a price fall for by-products. The
price of sawdust decreased for a 5% harvest reduction. The
board production continued to decrease with increased
forest conservation, but due to increased competition for
available feedstock when also sawnwood production
decreased, the price drop was less significant in the 20%
harvest reduction scenario.

The harvest of forest residues decreased (proportionally to
the decline in roundwood harvest) and the price of harvesting
residues decreased. The price drop for harvesting residues is a
response to the price drop for by-products; the HP sector
prefers the industrial by-products over harvesting residues
due to calorific values and conversion costs. For this reason,
the lower prices of by-products make harvesting residues
redundant, something which in turn caused the price of har-
vesting residues to drop. In the case of a 20% harvest
reduction, the HP sector used a little less harvesting residues
(1.35 TWh), the decrease was replaced by sawdust (0.95 TWh)
and wood chips (0.40 TWh).

Bioenergy demand targets combined with forest
conservation

This sub-section investigates the forest raw material market
effects from introducing bioenergy demand targets in com-
bination with increased forest conservation. The simulated
forest industry by-product prices are shown in Figures 3–
5. The colors refer to the additional bioenergy demand,
and the x-axes represent the forest conservation in terms
of reduced harvest levels. As discussed above, an increase
in the demand for forest biomass in the HP sector caused
sharp price increases for forest industry by-products,
while solely reducing harvest levels instead generated
moderate price decreases due to declined forest industry
production. In the mixed scenarios in which HP bioenergy
targets were introduced under harvest restrictions, the
increases in by-product prices are more moderate com-
pared to the scenario without any harvest restrictions. As
shown in Figure 3, the price of sawdust increased sharply
for increased forest biomass in the HP sector under no
harvest restriction (almost to 130 EUR/m3), but this increase
is less sharp in the 5% and 20% harvest reduction cases
(below 20 EUR/m3). Since by-products are substitutes in
the HP sector (and to some extent also in the forest indus-
tries), the prices of by-products have similar price develop-
ments. The by-product price increases are dampened by
the reduced competition for these feedstocks as the
forest industries decrease their production due to
reduced available roundwood and increases in the round-
wood prices.
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Simulated forest industry production levels are shown in
Figures 6–8. Whereas sawnwood production is pushed up in
the increased HP bioenergy scenario for no harvest reduc-
tion5F7, sawnwood production decreased significantly when
introducing HP bioenergy targets under reduced roundwood
harvest, simply due to lack of inputs (decreased sawlog
harvest). Paper production is in general decreasing under
increased HP bioenergy production due to a tightened com-
petition for by-products. Introducing the 5% harvest restriction
does not affect this pattern. However, in the 20% harvest
reduction scenario, more paper production is observed for
all levels of HP bioenergy compared to the no harvest restric-
tion and the 5% harvest reduction scenarios. These increases
are at the expense of the board industry, which shrinked to
low levels already for no additional HP bioenergy in the 20%
harvest reduction scenario (shown in Figure 8).

In addition to the imposed harvest restrictions, increasing
HP bioenergy demand under increased forest conservation

Figure 4. The price of wood chips (EUR/m3) in scenarios of increased HP bioe-
nergy and reduced harvest.

Figure 5. The price of bark (EUR/m3) in scenarios of increased HP bioenergy and
reduced harvest.

Figure 3. The price of sawdust (EUR/m3) in scenarios of increased HP bioenergy
and reduced harvest.

Figure 6. Sawnwood production (million m3) in scenarios of increased HP bioe-
nergy and reduced harvest.

Figure 7. Paper production (million tons) in scenarios of in-creased HP bioe-
nergy and reduced harvest.
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is in this study shown to cause additional reductions in
harvest levels (Figures 9 and 10). When introducing the HP
bioenergy demand targets, the required 5% harvest
reduction leads to a 10% harvest reduction, and the 20%
reduction leads to a corresponding 31% decrease. The
additional reduction in roundwood harvest can be explained
by a reduced demand for roundwood as a response to
higher roundwood prices caused by the initial roundwood
supply reduction.

The feedstock composition for increased bioenergy in the
HP sector seems to differ substantially between the baseline
scenario (Figure 11), and the scenarios with harvest restric-
tions (Figures 12 and 13).

The use of sawdust increased significantly with increased
HP bioenergy targets in the case where there are no harvest
restrictions (Figure 11), but it is constant in the scenarios
with reduced harvest. In contrast, as more stringent forest
conservation policies are implemented, the use of pellets
instead increases substantially in the HP sector (Figures 12
and 13). However, sawdust is also the major input in produ-
cing pellets, and for this reason the feedstock composition
is practically very similar across harvest levels. The key differ-
ence lies instead in whether the sawdust feedstock is pro-
cessed to pellets or not. Pellets is generally cheaper to
transport than sawdust due to its higher energy content per
ton, but it does come with an intermediate production cost.
When feedstock demand is being increased under harvest
restrictions, feedstocks tend to be transported for longer dis-
tances, and this makes the processing of sawdust to pellets
more economical.

The results suggest that increased bioenergy targets in the
HP sector causes the use of harvesting residues to increase in
the No Harvest reduction scenario due to a relative price
decrease compared to forest industry by-products (Figure
11). This effect is not equally present in the reduced harvest
scenarios due to the decreased supply of harvesting residues,
i.e. the decreased relative price difference found in the No
harvest reduction scenario is canceled out in the scenarios
with harvest reductions due to reduced supply of harvesting
residues, and corresponding price increases.

Figure 8. Board production, particle board, fiberboard and plywood aggre-
gated, (thousand tons) in scenarios of increased HP bioenergy and reduced
harvest.

Figure 9. Sawlog harvest (million m3f) in scenarios of increased HP bioenergy
and reduced harvest.

Figure 10. Pulpwood harvest (million m3f) in scen arios of increased HP bioe-
nergy and reduced harvest.

Figure 11. Feedstock composition in the HP sector under 2016 harvest levels.

Figure 12. Feedstock composition in the HP sector under the minus 5% harvest
scenario.
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Discussion

An increased demand for forest raw materials following the
introduction of HP bioenergy targets is expected to lead to
increased competition for forest raw materials and push up
feedstock prices (Söderholm and Lundmark 2009); for empiri-
cal evidence, see e.g. Carlsson (2011). Furthermore, the
increase in forest industry by-product prices could spur saw-
mills to increase production due to increased returns on by-
products, and therefore an expansion of bioenergy pro-
duction is likely to create winners –sawmills due to increased
return on by-products, and losers – pulp and paper industries
due to increased input prices (Schwarzbauer and Stern 2010;
Trømborg et al. 2013; Lauri et al. 2017). In the present paper,
sawmills cannot increase their production due to
implemented restrictions on harvest (and imports), and the
synergy effects between sawmills and HP bioenergy pro-
duction are absent, and thus higher by-product prices
cannot be mitigated by increased by-product supply. Thus,
considerable by-product price increases were expected, and
the industries demanding these products were expected to
be negatively affected.

This study confirms this course of events in the scenarios
for which only HP bioenergy is increased, but for the scenarios
in which the HP bioenergy increases are introduced in combi-
nation with reduced roundwood harvest, the results display a
more complex course of events. The expected losing indus-
tries are indeed losing, yet they are losing so much that the
by-product price increase is mitigated. Thus, the results in
our study suggest that all forest industries are worse off in
the case where bioenergy targets and forest conservation pol-
icies are introduced simultaneously, but the HP sector is actu-
ally better off due to reduced competition from forest
industries. The structural transformations caused by HP bioe-
nergy policies is found both in the scenario with current
harvest levels and under reduced harvest. Thus, reducing
forest harvest levels does not seem to fundamentally affect
the outcome of the structural transformation caused by the
HP bioenergy policy intervention.

In previous studies, increased forest conservation in
Norway and Finland has been shown to lead to reduced sawn-
wood production (Bolkesjo et al. 2005; Hanninen and Kallio
2007); a finding which is confirmed also in this paper for
Sweden. Similar to Bolkesjo et al. (2005) and Hanninen and
Kallio (2007), the present paper observes increased pulpwood

prices with increased forest conservation. However, unlike the
present paper, Bolkesjo et al. (2005) and Hanninen and Kallio
(2007) find that pulpwood price increases do not affect paper
and board production; Bolkesjo et al. (2005) find that most
pulp and paper mills continue to produce on the capacity
limit as a result of other factors in the production decision
besides the input prices, e.g. price and income sensitivities,
demand of forest products demand and current production
capacities.

This outcome difference can be explained by differences in
model assumptions, national factors and modeling design
(e.g. domestic demand, elasticities, initial production levels,
substitution possibilities, etc.). For instance, unlike Finland
and Norway, Sweden does not produce paper and board pro-
ducts at its production limits in the baseline scenario. Rather,
Sweden has experienced a continuous decrease in production
in some of its forest industries during the past ten years,
especially in the board industries due to increased feedstock
competition with the HP sector. Moreover, whereas the
present study adopts strict import restrictions, the Finnish
study allows 30% of the decline in domestic harvests to be
substituted with imports from other countries (Hanninen
and Kallio 2007). The present study also adopts more aggres-
sive conservation scenarios; at most, 20% of Sweden’s round-
wood harvest is reduced; Bolkesjo et al. (2005) assume at most
a forest conservation of 12%, and Hanninen and Kallio (2007)
at most a 5% forest conservation for one particular region
with old-grown forest in Finland. The differences between
these studies regarding the simulated outcome of the
national pulp and paper sectors shed light on the importance
of considering countries’ different markets, as well as on the
fact that caution is preferable when it comes to comparing
the modeling outcomes across studies.

Dixon et al. (2013) found that the combination of two EU
policies, one promoting bioenergy and the other promoting
forest conservation, would lead to increased food prices in
economically vulnerable countries due to increased land
prices. The present paper shows mitigated feedstock price
increases in the scenario for which the policies are introduced
simultaneously. The different results are due to several factors.
First, Dixon et al. (2013) assess an increased use of first gener-
ation biofuels for which food prices and bioenergy are linked
via the competition for land. In the present paper, the land will
only grow forest, but the biomass allocation may change due
to changes in demand and price formation. Some industries
were shown to disappear, which causes more modest price
increases. However, food consumption cannot cease (assum-
ing limited possibilities to import food in developing
countries), and thus in the Dixon et al. case, prices therefore
continue to be pushed upwards.

Furthermore, Dixon et al. (2013) assess policies assumed to
be implemented at the EU level, and therefore the policies
could be expected to affect world market prices. The inclusion
of several countries allows for assessments of the impact of
changing world market prices. The present paper assesses
one country’s market under nationally implemented policies.
Alone, these policy interventions cannot be expected to affect
world market prices. Nevertheless, in a scenario in which also
other countries (e.g. the EU Member States) would implement

Figure 13. Feedstock composition in the HP sector under the minus 20%
harvest scenario.
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similar bioenergy and forest conservation policies as assumed
for Sweden in this paper, a different outcome would be
expected. In the long run, increasing product prices could
lead to structural transformation in which paper and board
products are replaced by new materials, more advanced recy-
cling or new technology – these are all possible developments
that are difficult to fully capture in partial equilibrium
modeling.

At a general level, the HP sector can choose between using
fossil fuels and biomass. In the baseline scenario, forest
biomass is cheaper than fossil fuels, and it is therefore the
natural choice of feedstock. However, with increasing forest
biomass prices caused by increased competition or reduced
supply, the feedstock composition is not given. Geijer et al.
(2011) found that the forest conservation policy aiming at
reducing GHG emissions in Sweden could actually lead to
increased GHG emissions, this due to a substitution away
from forest biomass to fossil fuels in the HP sector. The
present paper shows that reducing harvest levels by 20%
(and no targets for bioenergy demand) does not affect the
shares of fossil fuel and biomass use in the HP sector. This
can be explained by the larger price difference between
fossil fuels and biomass in Sweden compared to Norway,
due to Sweden’s higher carbon dioxide tax. Accompanied
by, for instance, Geijer et al. (2011), this paper sheds light
on the forest raw material market’s complexity under policy
interventions.

As discussed in Section 3.4, complex policies are boiled
down to its core assessed through demand and supply con-
straints, meaning that there is no policy design assessed
(e.g. a tax, subsidy, quota). The choice of policy design can
create unforeseeable incentives in the market that are not
assessed in this study, and therefore complementing studies
would have to be carried out to fully understand the impli-
cations from implementing these two policies. Moreover, it
is also important to bear in mind that the forest conservation
scenarios in this study are based on total estimates of necess-
ary harvest reductions to reach the national biodiversity
targets; it does not distinguish between forest locations, har-
vesting techniques etc. For instance, forest closer to popu-
lated areas are often given a higher recreation value. An
assessment of conserving that forest could lead to increased
transport costs of raw materials, which in that case could
have added to price increases, suggesting that the current
simulated results would be biased downwards. On the other
hand, this study allows only forest biomass to satisfy the bioe-
nergy targets, although HP bioenergy facilitates could poten-
tially use other feedstocks. If other feedstocks such as short-
rotation forest, switchgrass, or various waste products,
would have been allowed in the simulations, the upward
price pressure on forest biomass would most likely have
been mitigated, suggesting that the current simulated
results would be biased upwards.

The policy interventions assessed in this paper are built
upon policies motivated by market failures (i.e. lack of a
market price for biodiversity, the external cost of carbon emis-
sions from the use of fossil fuels, etc.). The results in this paper
display that the assessed policy targets lead to an increased
competition for forest raw materials, and eventually even

shut-downs in the board industries. Increased competition fol-
lowing an internalization of market failures is not in itself a
result of inefficient markets, and thus something that motiv-
ates further policy interventions. Still, for an efficient policy
implementation in the case of climate change and forest con-
servation, the policy targets have to be well adapted to the
underlying market failures. The question of whether the exist-
ing policies achieve this, is beyond the scope of this paper, but
it constitutes an important issue for future research.

Conclusions and avenues for future research

The present paper has assessed the forest rawmaterial market
impacts of a possible continuation of the so-called “more of
everything” forest management strategy in Sweden. Specifi-
cally, the paper has addressed the question of how two
different policies – both implying an increased demand for
forest ecosystem services – may affect the competition for
various types of forest raw materials.

We find that promoting bioenergy and forest conservation
tends to have partly opposite effects on forest industry by-
product prices. Moreover, the study finds that combining
the two policies reduces the forest industry by-product
price increases, this compared to the case where only the
bioenergy-promoting policy is implemented. For this reason,
our study suggests that, the HP sector could be less negatively
affected in terms of increased feedstock prices if bioenergy
demand targets are accompanied by increased forest conser-
vation. This is due to increasing pulpwood prices, which
reduce pulp, paper and board production, in turn partly miti-
gating the competition for forest industry by-products.
Notably, the study also predicts a shutdown of the domestic
board industry, due to the increased by-product prices.
Overall, the paper illustrates the complexity of the forest
raw material market, and the importance of considering
demand and supply responses within and between sectors
when designing and implementing future energy and forest
policies.

Future developments, including demand for forest indus-
try products (pulp and paper or green chemicals), demand
for energy (development of smart building, transport fuels,
etc.), and needs for forest conservation, are all uncertain vari-
ables. Also, with climate change, the supply of forest raw
material is expected to become more uncertain. In addition
to the increasing prevalence and severity of forest wildfires,
also droughts and bark beetle damages are predicted to
increase in the future. Such events’ impact on the forest raw
material market are interesting to study in itself, but
perhaps even more so in relation to climate mitigating pol-
icies, e.g. bioenergy targets (which can utilize salvaged
wood), and forest conservation (forest wildfires can work
both for and against biodiversity). Due to the multiple price
phases after a natural hazard, such analysis would be
greatly helped by a time dimension in the model. We encou-
rage this kind of future research, both to incorporate a time
dimension into a model such as the SFSTM II, as well as to
study scenarios of natural hazards in combination with
policy goals. A time dimension would also allow for policy
assessments of policies implemented over time, while
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considering different scenarios for, for instance, the oil price
development.

At a general level, this paper has highlighted the impor-
tance of considering price formation in forest biomass
markets when developing forest policies. Depending on the
policy design, and the combination of policies, competition
for raw materials can lead to different outcomes including
synergy effects and structural changes. Future research
should therefore devote increased attention to the issue of
policy design, and how various designs affect the forest raw
materials markets given their complex interactions.

Notes

1. It should however be emphasized that this study does not account
for other types of ecosystem services, such as carbon storage in
forest biomass.

2. Actors in the forest raw material market may possess some degree
of market power, often pulp mills due to large sunk costs (Murray
1995). However, with increasing international trade, market power
is expected to decrease, i.e., the law of one price will kick in. Indi-
cations of such developments are found in the global pulpwood
market (Olmos and Siry 2015), and in the roundwood markets
(Olmos and Siry 2018; Toivonen et al. 2002).

3. Our definition of ROW includes the EU Member States and Norway.
4. These types of price changes could be studied if the model had a

sophisticated dynamic dimension; multiple static optimizations, as
discussed later in Section 3.4, would not be sufficient as they ident-
ify a new equilibrium instantly.

5. This cost is annualized with a factor σ = 0.08, which is equivalent to
a 5% interest rate and a production plant lifetime of 20 years. For a
more in-depth explanation of the model’s equations, elasticities
assumed, etc., see Carlsson (2011).

6. The forest industries’ internal use of black liquor to produce elec-
tricity and heat is excluded from the analysis.

7. As noted above, this is possible due to a small under-utilization of
roundwood imports in the baseline scenario.
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A B S T R A C T

In order to reach the renewable energy policy targets in the transport sector, biofuels from forest raw materials
(e.g., harvesting residues) can play an important role. However, these raw materials are currently used in both
the heat and power (HP) sector and the traditional forest industries. It is essential to understand how these
sectors would be affected by an increased penetration of second generation (2G) biofuels. This study investigates
price development and resource allocation in the Swedish forest raw materials market in the presence of 5–30
TWh of 2G biofuel production. Sweden is an interesting case study due to its well-developed forest industries and
mature district heating sector, something which makes it a suitable country for future 2G biofuel production. A
national partial equilibrium model of the forest sector is extended with a 2G biofuel module to address the
impacts of such production. The simulation results show increasing forest industry by-product (e.g. sawdust)
prices, thus displaying that the 2G biofuel targets lead to increased raw material competition. The higher
feedstock prices make the use of forest biomass in the HP sector less profitable, but we find meagre evidence of
substitution of fossil fuels for by-products. In this sector, there is instead an increased use of harvesting residues.
Fiberboard and particleboard production ceases entirely due to increased input prices. There is also evidence of
synergy effects between the sawmill sector and the use of forest raw materials in the HP sector. Higher by-
product prices spur sawmills to produce more sawnwood, something that in turn induces forest owners to in-
crease harvest levels. Already in the 5 TWh Bio-SNG scenario, there is an increase in the harvest level, suggesting
that this by-product effect kicks in from start.

1. Introduction

One of the key strategies to combat climate change is to replace
fossil fuels with renewable energy sources in the transport sector.
During the recent decade, the share of biofuels in the European Union
(EU) transport sector has increased from around 9% (in 2004) to 17%
(in 2016) (Eurostat, 2018). However, at present almost all transport
fuel is produced from crops grown on agricultural land, so called first
generation (1G) biofuels. The resulting competition with food produc-
tion is deemed to be worrisome, not least because of possible threats to
global food security (Lotze-Campen et al., 2014). For this reason, the
global community is currently searching for sustainable biofuel alter-
natives produced from lignocellulosic biomass and other non-edible
feedstocks, so-called second generation (or advanced or next-genera-
tion) biofuels, hereafter referred to as 2G biofuels.1 While an increased
use of such biofuels will lead to less intense conflicts with food pro-
duction, it could instead fuel competition for the forest raw materials.

This paper addresses the question of how a policy-driven increase in the
demand for 2G biofuels may affect the competition for raw materials
among the various users of forest resources.

On June 142,018, negotiators from the European Commission, the
European Parliament and the European Council reached a deal on the
proposed revised Renewable Energy Directive (REDII), which sets new
targets for renewables in the EU. The proposed Directive stipulates that
at least 14% of the transportation fuel must come from renewable
sources by the year 2030, but only 7% can come from 1G biofuels. The
share of 2G biofuels and biogas must be at least 1% in 2025 and at least
3.5% in 2030 (Directive (EU) 2018/2001). Forest industry by-products
and harvesting residues are considered sustainable feedstock in biofuel
production, and they therefore constitute viable feedstocks for 2G
biofuel production (European Parliament, 2017). However, these re-
sources are scarce, and are currently used in the traditional forest in-
dustries as well as in heat and power (HP) production. For the above
reasons, 2G biofuel production may be associated with sharply
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increasing marginal costs of production. In other words, strong policy
incentives for the domestic production of 2G biofuels may have pro-
found impacts on feedstock prices, and in turn lead to a substantial re-
allocation of forest biomass across the existing and the new sectors
using such feedstock.

The purpose of this paper is to investigate price formation and re-
source allocation in a domestic forest biomass market in the presence of
increased 2G biofuel consumption that is met by increased domestic
production. This research focus is motivated for three reasons: (1)
feedstock costs constitute a substantial share of the total cost of biofuel
production (Gnansounou and Dauriat, 2010; Levasseur et al., 2017;
Millinger et al., 2017); (2) it reveals how new raw material prices could
affect forest industries' production, which in turn affects the by-product
supplies; and (3) it indicates whether resources tend to be drawn away
from the more mature bioenergy-using HP sector. For these reasons,
feedstock price formation is crucial information in order to evaluate the
competitiveness of various biofuel production alternatives. By ac-
knowledging the potential market effects from introducing 2G biofuels
(e.g. in the transport sector), the results from this paper can also lead to
more informed policy decision-making.

In the presence of an increased demand for forest biomass, at least
two market effects can be expected: a competition effect and a by-product
effect (Lauri et al., 2017). The competition effect is the increased
competition for raw materials under a constrained biomass supply. This
causes feedstock prices to increase, but typically by different magni-
tudes depending on the supply situation for various feedstocks and the
willingness-to-pay of various users. The by-product effect refers to the
synergy effect between the forest industries producing by-products and
sectors demanding by-products, e.g., plants producing heat or 2G bio-
fuels. When these plants demand more by-products (wood chips, saw-
dust, etc.), the prices of by-products increase, in turn generating higher
returns to the plant owners supplying these. In addition, this could
provide an incentive to increase the production of the main product,
something that in turn generates more by-products. In other words,
whereas the competition effect leads to feedstock price increases, the
by-product effect can mitigate such a price rise by inducing an increase
in the supply of by-products.

In this paper, we investigate these concepts in the empirical context
of the Swedish forest raw material markets. Sweden is an interesting
case study for several reasons. Productive forest land accounts for 57%
of Sweden's land area; the country has a well-developed forest industry
sector as well as a mature bioenergy dependent HP sector. The tech-
nological know-how together with the existing infrastructure also make
Sweden a suitable candidate for increased 2G biofuel production using
lignocellulosic biomass (Mola-Yudego et al., 2017; Mustapha et al.,
2017a). In 2016, total consumption of transport fuel in Sweden
amounted to 92.4 TWh (SEA, 2017). As much as 16% (16.9 TWh)
originated from biomass. However, the majority of the biofuels were
imported 1G biofuels.2 In Sweden, there is a strong political will to
increase the domestic production of sustainable transport biofuels
(Swedish Government, 2016, 2017). On July 12,018, Sweden in-
troduced a so-called reduction obligation scheme to reduce carbon di-
oxide emissions from the country's transport sector (similarly to coun-
tries such as Finland, Germany, Brazil and Canada). The Swedish
biofuel obligation scheme requires fuel suppliers to reduce carbon di-
oxide emissions in gasoline and diesel by blending the non-renewable
fuels with environmentally sustainable biofuels. This obligation im-
poses a reduction of emissions by 70% from the Swedish transport
sector (not including domestic air travel) by 2030, compared to 2010

emission levels (Hansson et al., 2018; Swedish Government, 2018).
In order to assess the forest raw materials market effects under the

introduction of increased 2G biofuel production and consumption,
scenarios of 5–30 TWh of 2G biofuel production are assessed in a partial
equilibrium (PE) forest sector model. Specifically, the so-called Swedish
Forest Sector Trade Model II (SFSTMII) is used. In the paper, this model
is updated to the reference year 2016, and extended with a 2G biofuel
module, including domestic demand and production of such fuels.

The by-products generated in the Swedish forest industries are to a
large extent used in the pulp and paper industry and in the HP sector.
Since forest biomass is a scarce resource, introducing 2G biofuel pro-
duction in Sweden is likely to affect the domestic forest biomass mar-
kets and thus the other sectors demanding biomass. Additional demand
for biomass can lead to increased or decreased feedstock prices, de-
pending on the resource allocation and the relative magnitudes of the
competition and the by-product effects. The final outcome depends on
the relative price changes of the various feedstocks, which together
with the agents' demand functions and technologies determine the
feedstock allocation. By identifying changes in resource allocation
within and between sectors, as well changes in terms of domestic pro-
duction and international trade, it will be possible to learn more about
the market effects of implementing 2G biofuel production targets in a
domestic economy.

The remainder of the study is organized as follows. An overview of
the literature is provided in Section 2. The modeling approach, in-
cluding the original model, the model extensions, and the scenarios, are
outlined in Section 3. The simulated scenario results addressing the
5–30 TWh of 2G biofuel consumption targets in the Swedish biomass
market, including a sensitivity analysis on import levels, are presented
in Section 4. Finally, Section 5 provides a discussion of the results,
while Section 6 summarizes the main conclusions from the analysis and
outlines some important avenues for future research.

2. Overview of the literature

The majority of previous studies investigating market effects from
introducing a biofuel target focuses on the competition for land (e.g.
Havlik et al., 2011; Thompson et al., 2010). A 2G biofuel target removes
the obstacle of land use competition, this since land use does not change
with increased production. The main obstacle to increased 2G biofuel
production instead relates to production costs, which generally are
higher than those for 1G biofuels. The total production costs for 2G
biofuels are in turn largely driven by feedstock prices (Festel et al.,
2014; Havlik et al., 2011). In an extensive report on 2G biofuel pro-
duction costs, Landälv and Waldheim (2017) conclude that the single
most important determinant of the overall production cost, is the
feedstock price. For instance, in HVO production, feedstock costs ac-
count for 60–80% of the total production costs. The feedstock costs for
bio-diesel produced from forest biomass is estimated to account for
more than 70% of the future total production costs (in 2020) (Festel
et al., 2014). Whereas investment (capital) costs typically decrease with
increased units produced (due to scale economies, learning-by-doing
effects, etc.), the share of feedstock costs is also likely to increase with
increased production (e.g. Gnansounou and Dauriat, 2010). In other
words, the profitability of 2G biofuel production is heavily dependent
on feedstock prices, and this makes feedstock price formation particu-
larly relevant to study.

Söderholm and Lundmark (2009) discuss some conceptual issues
concerning the competition for forest raw materials; price formation
and resource allocation. They distinguish between three separate pro-
duct categories: main products, co-products, and by-products. Although
all products may be produced simultaneously, their market character-
istics differ. The market for the main product is the key determinant of
production levels. Yet, if co-products are required to make the pro-
duction for the main product economical, the market for these co-
products will influence production decisions. By-products are produced

2 In 2016, Hydrotreated Vegetable Oil (HVO) (mainly produced from vege-
table and palm oil) accounted for 68% of total transport biofuel use in Sweden.
Ethanol accounted for 7%, out of which 97% originated from edible crops. Raw
tall oil, a 2G biofuel, accounted for 7% of total biofuel use. The remaining 18%
of biofuels originate from other types of 1G biofuel feedstock (SEA, 2017).
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in association with the main product and co-products, but they do not
influence production levels since they are spill-over products and will
be produced regardless of their market price. Contrary to the definitions
introduced by Söderholm and Lundmark (2009), the modeling setting
in this paper will allow by-products to influence the levels of main
products produced, i.e., essentially implying that products that have
been by-products may become co-products. Specifically, the underlying
production functions will include by-products and the endogenously
determined market prices for these. Whether by-product prices will
affect the main product levels or not is therefore an empirical question.
This issue is further discussed in Section 5.1.

Lauri et al. (2017) investigate the forest biomass market implica-
tions of reaching the 2 °C global climate target. They find that higher
biomass use for energy can be achieved without significant distortions
to the forest biomass markets. This result is in part an outcome of the
by-product effect, i.e., increased use of forest biomass for energy in-
creases the demand for sawmills' by-products. This makes the sawmill
industry more profitable, and it thus compensates for the cost effect of
increased competition over raw materials. Lauri et al. (2017) describe
their finding as an inverted U-shaped function effect where woody
biomass material use depends on the trade-off between the by-product
and the competition effect, respectively. Thus, similar to the present
study, Lauri et al. (2017) allow for the by-products to influence the
production levels of the main production.

When analyzing an increased EU demand for wood pellets, Jonsson
and Rinaldi (2017) find both by-product effects and increased competi-
tion between wood-based products and wood pellets. They find that
sawmills benefit from an increase in wood pellets demand. Whereas both
Lauri et al. (2017) and Jonsson and Rinaldi (2017) assess the forest bio-
mass market from an international perspective, the present study assesses
the effects of EU policies on a domestic market. For our purposes, the
domestic forest biomass market is disaggregated into a range of main
forest products, intermediate products and by-products. The empirical
focus on a single country thus permits a more in-depth assessment of the
various links between the sectors using forest raw materials.

In a study about the Norwegian forest biomass markets, Trømborg
et al. (2013) investigate how 2G biofuels made from lignocellulosic
biomass could affect the competitiveness of bioheat generation. Similar
to the present study, they use a national spatial PE forest sector model.
They find that the pulp production shrinks and sawnwood production
increases in the presence of higher consumption of 2G biofuels. More-
over, the bio-heat production is reduced by 5–20% depending on the 2G
biofuel production levels. The latter is an interesting result; if bioheat is
reduced in favor of 2G biofuel production, the environmental benefits
may be dubious. The Swedish and Norwegian forest biomass markets
are however different in several respects; Sweden has more than three
times the amount of productive forest land (SLU, 2018; SSB, 2017), a
larger forest industry sector and a mature bioenergy-dependent HP
sector. This suggests that Sweden is likely to have a comparative ad-
vantage in 2G biofuel production, while this may be less likely for
Norway (Mustapha et al., 2017b).

In order to account for spatial differences in forest supplies, Ouraich
et al. (2018) develop a geographically explicit price determination
model of forest raw materials. An exogenous use is defined for forest
raw materials. Demand is satisfied with supply from the region(s) with
the lowest supply cost (based on availability and transport costs).
Ouraich et al. (2018) apply this model to Sweden, and assess forest raw
material prices under different levels of 2G biofuel production. Fol-
lowing an increase in 2G production of 30 TWh, almost no price effects
in the domestic raw material market are detected. This is explained
with the high model resolution, which enables the model to choose
feedstock more efficiently. The model does however not consider
market interactions between sectors competing for forest raw materials.
Leaving out such market interactions could lead to both an under- and
overestimation of domestic feedstock prices. Even a small price increase
for one feedstock can cause an industry to substitute another feedstock

for this feedstock; this will push up the price of the alternative feedstock
and induce a chain reaction of price changes and altered resource al-
location. The importance of considering price formation through in-
vestigating the market interactions is also stressed in Pohjola et al.
(2018) that investigate forest owner behavior in response to forest
carbon policies.

In order to assess price formation and the competition for raw
materials, a model that includes the various sectors demanding the
respective feedstocks is warranted. Carlsson (2012) employs the so-
called SFSTMII model with reference year 2008 to investigate the ef-
fects of introducing more ambitious bioenergy consumption targets
(5–25 TWh) in the Swedish HP sector. He finds increasing raw material
prices, and that increased production in the bioenergy sector is satisfied
with increased use of harvesting residues and pulpwood. The increased
demand for pulpwood causes the pulpwood price to increase to the
price levels of sawlogs. When that happens, also sawlogs will be used as
feedstock in the HP sector. Because additional pulpwood was imported
(i.e., no additional supply of harvesting residues), and no increased use
of by-products was found, no by-product effects were detected by
Carlsson (2012).

Kangas et al. (2011) investigate the impacts from different national
biofuel supporting policy instruments on biorefinery investments in a
Finnish PE model. The authors find that a subsidy is the most efficient
policy measure, and that the Finnish pulp and paper mills would invest in
wood-gasifying technology rather than in black liquor technology. The
Finnish and the Swedish forest sectors are in many ways similar, e.g., in
terms of geographical characteristics, public policies and a long tradition
of traditional forest industry production. Whereas Kangas et al. (2011)
focus on biorefineries investment options, the present study addresses the
impacts from such investment, more specifically production using a
wood-gasifying technology, on the traditional forest sector and the HP
sector in Sweden. For additional studies focusing on optimal policy
measures using numerical models in a Finnish context, see, for instance,
Mäkelä et al. (2011) and Lintunen and Uusivuori (2016).

To conclude, previous studies have often focused on either 1G
biofuels and/or countries as a group, while the present paper focus on
2G biofuels and one domestic market. Moreover, this study accounts for
market effects, i.e., interactions between sectors and industries via re-
lative prices. Unlike Carlsson (2012), and in line with the so-called
waste hierarchy established in Directive 2008/98/EC, and re-estab-
lished in the Renewable energy directive (Directive (EU) 2018/2001),
the analysis does not allow chipped pulpwood as feedstock for energy
conversion counted towards the renewable energy targets. Moreover,
the focus of this study is on the use of residual products for energy
conversion, and the assessment of how additional price pressure on
these products could affect the forest raw material markets. Finally,
while the present study has a national perspective, similar to the
Trømborg et al. (2013) study, it assesses the case of Sweden, which is
considered to have a great potential for future production of 2G bio-
fuels.

3. Material and method

Our primary interest is to analyze the raw material competition in
the Swedish forest biomass market in the presence of 2G biofuel pro-
duction targets. A number of scenarios are investigated in a PE mod-
eling setting, in which the Swedish sawmill, pulp and paper, HP and 2G
biofuel sectors, are described. The consumption target scenarios vary
between 5 and 30 TWh of 2G biofuels, and are all compared to the
baseline year 2016. The respective targets are assumed to be met by
domestic production of 2G biofuels.

3.1. Modeling approach and data

Lestander (2011) developed the Swedish Forest Sector Trade Model
(SFSTM), which is a static PE forest sector model including forest
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harvest, forest industry production and the demand for various forest
industry products in Sweden. It can be employed to analyze the com-
petition for forest raw materials among sectors in the traditional forest
industries (e.g., sawmills, pulp and paper plants). In this model, Sweden
is divided into four geographical regions. These domestic regions trade
raw materials and forest industry products with each other, as well as
with a region representing the Rest of the World (ROW).3 ,4 Forest
products can be traded within regions, but this is not modelled (i.e.,
zero transport costs within all regions). For this reason, the distance
between the forest supply and the mill within the same region cannot
vary, and cannot influence the model results. ROW is incorporated as a
trade partner to the domestic regions in order to reflect international
competition for forest biomass and forest industry products. Although
the model allows for price dynamics in the ROW region, changes in
wood consumption are not assumed to influence world market prices,
this since the Swedish forest raw material sector is relatively small from
an international perspective.

Carlsson (2012) extends the SFSTM model with a bioenergy using
HP sector module in order to analyze the welfare effects (i.e., consumer
and producer surplus) from an increased bioenergy demand in this
sector. Carlsson's model is here referred to as the SFSTMII model.

The SFSTM as well as the SFSTM II models consist of two sub-
models: one trade cost model that calibrates prices and feedstock al-
location to a reference year, and one model that can be used to simulate
prices and feedstock allocations under various scenarios. The trade cost
model is a Takayama-Judge (1964) type spatial PE model, which builds
upon Samuelson’s (1952) spatial equilibrium concept. Specifically, the
model maximizes the sum of consumer and producer surplus, and the
objective function solution provides market equilibrium prices and
quantities under free competition as shown by Samuelson (1952).

In the Swedish forest sector model, all products can be traded except
HP energy and black liquor (a by-product from pulp mills), which are
assumed to be consumed in the same region as they are produced.5 In
the second sub-model, net social welfare is calculated as the sum of the
areas under each demand curve minus production costs in the pro-
duction sectors, including the sum of transportation costs resulting from
trade between regions. Suppliers maximize their profits (producer
surplus) and consumers maximize their net benefits (consumer surplus).
The sectors relying on the forest raw materials are assumed to act in a
market characterized by perfect competition. The maximization of
producer and consumer surplus provides the equilibrium resource al-
location and prices. The modeling structure builds on the same struc-
ture of demand, supply and trade as in the Global Trade Model (GTM)
(Kallio, 1987) and the EFI-GTM models (Kallio et al., 2004), and in the
Norwegian forest sector model NTMII (Bolkesjø, 2004).

The demands for forest industry products (sawnwood, paper and
board products) and HP energy are represented with demand functions.
Sawlogs, pulpwood and harvesting residues are supplied by forest
owners and described by inverse supply functions where the marginal
costs are assumed to be increasing functions of the harvested volumes.
The supply function for harvesting residues has a similar form, but it is
also constrained by the roundwood harvest level. The own-price elas-
ticities of supply for sawlogs and pulpwood are set to 0.23 and 0.33,
respectively. Production and feedstock allocation within and between
sectors, as well as price formation, are endogenously determined. For a
more in-depth explanation of the model's equations, elasticities as-
sumed, etc., see Carlsson (2012). In order to investigate the effects of
increased 2G biofuel consumption on the existing HP sector and the
forest industries, this study extends SFSTMII by implementing a 2G
biofuel module, i.e., exogenous consumption targets for 2G biofuels and

endogenous production technologies for such fuels using forest biomass
as feedstock. How this extension has been pursued is discussed in detail
in the next sub-section.

Fig. 1 provides an overview of SFSTMII, including the new module.
The model consists of three parts: the upper box (part 1, Raw materials)
depicts forest owners' supply of roundwood and harvesting residues.
The middle box (part 2, Activities) shows the part where all the pro-
duction and conversion processes reside. The underlying production
functions are of a Leontief structure, and are thus represented with
fixed input-output (IO) coefficients.6 The IO-approach is suitable for
modeling sectors with agents entangled via many productions paths,
and it has been commonly used in the forest sector modeling literature
(see Sjølie et al. (2015) for a review of forest sector modeling ap-
proaches). Since the IO-coefficients are fixed sets (technology and
feedstock), there exist no continuous substitution possibilities between
various feedstocks. Nevertheless, by including several IO-coefficients
with different feedstocks for one technology, substitution between
feedstocks can be included and some constrained substitution effects
can be analyzed. Since the proportions of different feedstock cannot
change within a given production path, a price decrease of one input
does not necessarily lead to an increased production, but depends also
on the price of the other input(s).

The boxes to the left in part 2 represent forest industry production,
e.g., the production of sawnwood demands sawlogs from the forest
owners, and then supplies sawnwood to end-users as well as by-pro-
ducts (e.g., wood chips, sawdust and bark) to the pellets industry, the
HP sector and the 2G biofuel sector. The upper box to the right in part 2
(Tech 1, Tech 2, …, etc.) shows the IO-activities (i.e., IO-coefficients of
conversion technologies using different feedstocks) to produce HP. The
lower box to the right in part 2, represents the IO-activities to produce
2G biofuels, here one technology (Bio-SNG) in combination with dif-
ferent feedstock options. The bottom box (part 3, Markets) in Fig. 1
depicts the demand for final products: HP, 2G biofuels, and forest in-
dustry products such as paper and board products and sawnwood. The
model is driven by the demand for final products, which in turn leads to
an endogenous demand for raw materials, intermediate products and
by-products.

The demand functions for HP and the various forest industry pro-
ducts are defined as follows:

=D D
P
Pi f i f

i f

i f
, ,

,

, (1)

where D is the endogenously determined quantity demanded. The index
i corresponds to the region in which the demand takes place, whereas
the index f corresponds to which product is demanded (e.g., HP,
sawnwood). The parameter D refers to the reference consumption level
(observed consumption for the reference year), and is used as a start
value in the calibration model. P is the endogenously determined price
and varies with feedstock costs. The parameter ε is the own-price
elasticity of demand. For forest industry products, ε ranges between
−0.60 and − 0.17. The corresponding demand elasticity for HP is
−0.3. The demand for HP can be satisfied with either fossil fuels or
forest-based bioenergy.

Finally, the model can trade with ROW (indicated with large grey
arrows in Fig. 1). The model will choose to import a product if the
import price is lower than domestic production costs plus transport
costs (given that demand exceeds supply). An import restriction is im-
posed on certain feedstocks in the scenarios (see Section 3.4). If the
domestic consumer market is saturated for a product, and domestic
production is cost competitive with ROW production, then the product
will be exported to the ROW. ROW Baseline product prices are,

3 In the model, ROW includes the EU Member States and Norway.
4 All bilateral trade costs between regions for all the different products can be

found in the Appendix of Carlsson (2011), tables B.37-B.46.
5 In the model, black liquor can only be used in the domestic HP sector.

6 All IO-coefficients (except those for 2G biofuel production) are from
Carlsson (2012).
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similarly to the remainder of the model, calibrated to 2016 data on the
use and production of products. Since the Swedish market is relatively
small from an international perspective, ROW prices are assumed to not
be affected by any changes in the Swedish market. The model is pro-
grammed in the General Algebraic Modeling System (GAMS), and the
so-called CONOPT solver has been used both for the transportation cost
minimization problem and the welfare maximization problem.

3.2. Implementing the second-generation biofuel technology module

Various 2G biofuels differ in terms of properties, production costs,
environmental performance and accessibility. Furthermore, the same
biofuel can vary substantially in performance and cost performance
depending on the characteristics of biofuel production processes, e.g.
plant size, technologies, investment time frame. In addition to the
disparate biorefinery processes and fuel properties, techno-economic
estimates of the production costs of 2G biofuels tend to differ sub-
stantially due to methodological differences (e.g. assumed interest
rates, system boundary assumptions, etc.). This makes it arduous to
compare production costs across various studies (Carriquiry et al.,
2011; Gnansounou and Dauriat, 2010; Haarlemmer et al., 2012). In an
extensive review of 2G biofuel production costs, Landälv (2017) iden-
tify a cost range of 50–140 EUR/MWh. Fisher-Tropsch liquids produc-
tion costs range between 90 and 125 EUR/MWh, Biomethane, methanol
and DME between 56 and 91 EUR/MWh, HVO between 50 and 90 EUR/
MWh, and cellulosic ethanol between 85 and 103 EUR/MWh. The
above differences originate from assumptions regarding the feedstock
costs, technology matureness, installation costs and various external
factors.

In order to keep this study as transparent as possible, only one type
of 2G biofuel is included, represented with one biomass-to-yield con-
version rate and one investment cost for capacity expansion.

Specifically, 2G biofuel is exemplified with biobased synthetic natural
gas (Bio-SNG). The techno-economic potentials of Bio-SNG have been
verified in many studies (e.g. Gassner and Marechal, 2012; Gustavsson
and Hulteberg, 2016; Pettersson et al., 2015). It is impossible to predict
which 2G biofuels that will become successful in the market. Bio-SNG is
used as the example in this paper due to its great flexibility; both in
terms of feedstocks use, and the upgrading possibilities to several dif-
ferent liquid 2G biofuels (e.g. diesel and ethanol). Following Pettersson
et al. (2018), we assume a biomass to Bio-SNG yield of 70% on an
energy basis.7 Bio-SNG cannot be used directly in vehicles – the syngas
has to be converted into liquid (2G) biofuels such as diesel and ethanol.
In other words, Bio-SNG is an intermediate feedstock, and the 70% rate
does not refer to biomass to fuel efficiency, but to the biomass to Bio-
SNG efficiency. Further processing would of course lower the efficiency
rate.

For the IO-coefficient specification, four feedstocks are available for
production in five fixed proportions: 100% chips, 100% sawdust, 50%
chips and 50% sawdust, 100% pellets or 100% harvesting residues.8

Fig. 1. The Swedish Forest Sector Trade Model with 2G biofuel production.

7 Depending on the biofuel process, Pang (2018) find that efficiency rates for
biomass to biofuels vary between 44 and 66% between 2010 and 2013. Bio-SNG
is produced by gasification of cellulosic materials (e.g. forest industry by-pro-
ducts, forestry residues). Recent case studies show that the biomass to gas
processes can be optimized to efficiency rates between 61 and 71% (Leimert
et al., 2018; Salman et al., 2017). As for the Swedish context, the pulp and
paper industry provides great potential for integrated production of biofuels
with the benefit of increased biofuel efficiency rates (Zetterholm et al., 2018).
Pettersson et al. (2018) investigate such scenario for gasification-based Bio-SNG
production in Sweden. We have chosen to follow Pettersson et al. (2018) be-
cause of the special case of Sweden, and the general ongoing efficiency de-
velopment when it comes to biofuel efficiency.

8 The feedstocks included in this study are potential candidates for 2G biofuel
production. It is not known which feedstock that is going to be dominant in 2G
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The respective feedstocks have different energy contents. Table 1 (third
column) shows how much of each feedstock is required to produce one
MWh of Bio-SNG.

If demand increases, and the aggregate production in the region is not
at its maximum capacity, production may increase according to the as-
sumed conversion, feedstock, and operation and maintenance costs
(labor, electricity, etc.). If instead aggregate production in the region is at
its maximum capacity and demand increases, plant capacity in the region
can be increased at a fixed cost per MWh. The capacity expansion costs,
as well as the operation and maintenance costs (for labor, electricity and
other), are assumed to be the same regardless of which feedstock is used
in Bio-SNG production. For this reason, the magnitudes of these costs will
not influence the key results in this paper, i.e., the choice of feedstock in
Bio-SNG production or any other production level in the model. Still,
they need to be imposed for modeling structure purposes.

In reality, the size of a biofuel plant is determined by the tradeoff
between the economies of scale of larger plants and increased costs for
feedstock transportation. Moreover, there is always a minimum plant size
to make the production profitable.9 For Bio-SNG produced in Sweden, the
smallest capacity has been estimated at around 100–300 MW (Pettersson
et al., 2018). However, since the model builds on the use of Leontief
production functions, and substitution of feedstock is only expressed in-
directly via fixed sets, the model is at risk of choosing corner solutions.
Thus, a large capacity building size requirement may give rise to feedstock
lock-in effects since a given increase in capacity a step of capacity implies
increased utilization of only one (or one combination of) feedstock(s) due
to the IO-modeling structure. Considering that it is uncertain which, if any,
2G biofuels that will actually be introduced in the market at any sig-
nificant scale, it is preferable to avoid such lock in effects caused by big
discrete steps in investments. For this reason, capacity building is in this
study allowed to increase in incremental steps of only one MWh.10 This

thus allows us to address the rather rigid modeling structure and better
represent substitutability between feedstocks in 2G biofuel production.

The demand for 2G biofuel is modelled in a similar manner as
presented for other final products Eq. (1). However, the determined
quantity is not allowed to vary due to the exogenous consumption
targets in the scenario analysis. For modeling reasons, all parameters
presented in Eq. (1) are included also for 2G biofuel demand (i.e., a
reference price, quantity produced and an own-price elasticity),11 but
their magnitudes are not expected to affect the quantities produced;
Bio-SNG consumption targets do. Similar to the HP sector, the four
Swedish regions are not allowed to trade 2G biofuels with the ROW,
i.e., as noted above, the 2G biofuel targets have to be met based on
domestic production. Bio-SNG can however be produced and used in all
four domestic regions.

To sum up, the modeling structure for Bio-SNG production and
demand is similar to all other products in the model. However, since the
consumption targets are imposed exogenously on Bio-SNG, the quantity
of Bio-SNG produced is not allowed to vary within the model. The role
of the demand function is therefore taken out of play. Nevertheless, the
demand function is necessary for technical modeling purposes since the
model is solved through the maximization of producer and consumer
surplus. Furthermore, since Bio-SNG production is exogenously de-
termined, the magnitudes of parameters such as reference price,
quantity produced and the own-price elasticity of demand for Bio-SNG,
will not affect the quantities of produced Bio-SNG. There are five paths
through which Bio-SNG can be produced (five IO-specifications), and
the technology and the investment costs are the same for all five. The
cost of the feedstocks (energy content taken into account) will de-
termine which IO-specification(s) the model will choose for production.
Thus, Bio-SNG production levels are exogenously determined whereas
the feedstock use for Bio-SNG production is endogenously determined.

3.3. Data

SFSTM and SFSTMII were calibrated to the year 2008. For the
present study, all data have been updated and calibrated to the year
2016. Six categories of roundwood are included: sawn timber and
pulpwood, both of which can be produced from three species: spruce,
pine and non-coniferous. Harvesting data (m3f) are from SFA (2017),
SFA (2018) and FAO Statistics (2018). Forest industry production
output (final and intermediate products), i.e., different kinds of sawn-
wood (m3), pulpwood (m3), paper (ton), fiberboards (ton), and pellets
(ton) are from SDC (2017), FAO Statistics (2018), SFI (2018), CEPI
(2017), IEA Bioenergy (2017), BET (2017), The Swedish Pellet
Association (2017), and the European Pellet Council (2018). A detailed
compilation of the input data can be found in the Appendix. By-product
prices are from SCB (2017). There is no official price data on harvest
residues; instead the price of 86 Euro/ODT12 has been drawn from es-
timations in Carlsson (2012).13 Roundwood prices are from UNECE

Table 1
Feedstocks that can be used to produce Bio-SNG in the model. Column two
presents the feedstocks’ calorific values, which is a function of moisture con-
tent. Dried substances with zero moisture all have a calorific value of 19 GJ/ton
(Bioenergiportalen, 2019). The feedstock harvesting residues are presented in
Oven Dried Ton (ODT) in the model. ODT is a theoretical measure of biomass
with zero moisture content. Therefore, the calorific value of harvesting residues
equals 19 GJ/ton in the model, instead of a lower number, e.g. 12 GJ/ton as
presented in Forest Research (2018) which is based on actual moisture mea-
surement. Calorific values for chips and sawdust are from EECA (2017), and the
one for pellets is fromWhittaker et al. (2011). Column three presents how many
tons of each feedstock are required to produce one MWh Bio-SNG (calorific
value calculated to ton/MWh multiplied by the Bio-SNG conversion factor).

Feedstocks (ton) Calorific value GJ/ton Ton feedstock for 1 MWh Bio-SNG

Chips 16 0.298
Sawdust 16 0.298
Chips/sawdust 16 0.298
Pellets 17 0.275
Harvesting residues 19 0.246

(footnote continued)
biofuel production. Whereas pellets is often considered to be the most favorable
feedstock due to its low ash content, harvesting residues is often considered to
be the most challenging feedstock due to its high ash content.

9 Economies of scale is expected to be an important factor in order to produce
economic competitive fuels. The identification of the optimal localization of
biofuel production facilities is an important. However, the evaluation of such
issues is beyond the scope of this paper. For studies investigating optimal lo-
calizations and plant sizes of biorefineries in Sweden, see, for instance, de De
Jong et al. (2017) and Zetterholm et al. (2018).

10 In larger forest sector models, other solutions may be used. For instance,
instead of including different feedstock combinations, the GLOBIOM model has
a built-in feature that allows one share of the total feedstock used in production
to be satisfied with more than one feedstock (substitution on a continuous

(footnote continued)
scale) (Valin et al., 2012). This is only appropriate for production that allows
for substitution in reality. In most forest industries, input quantities are more or
less fixed. Thus, a set of IO-coefficients is an eligible representation of pro-
duction. It could be argued that the GLOBIOM approach is more elegant in the
context of capacity building, while this may be true, the results in this study
would not be altered using the one share substitution GLOBIOM method.

11 As no commercial facilities for bio-SNG production were in operation in
Sweden in the reference year (2016), an arbitrary low level Bio-SNG production
is assumed across all four regions as a proxy for the current state. The reference
price of Bio-SNG is approximated with the production cost for the lower level of
Bio-SNG production, averaged across feedstocks (67 EUR/MWh), as presented
in Pettersson et al. (2018). For Bio-SNG, the own-price elasticity of demand (ε)
is set to being fully own-price inelastic (i.e., vertical demand curve).

12 Conversation factor 9.5 SEK/EUR.
13 The price estimation for harvesting residues by Carlsson (2012) is based on
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(2018) and FAO Statistics (2018). According to the reference values,
consumption for final products is mostly located in south Sweden. The
prices for raw biomass are stated in FOB and include transportation
costs to the road. The reference levels for HP consumption are based on
population density data from Statistics Sweden (2018). Feedstock
composition in the HP sector (MWh) is gathered from the Swedenergy
(2016) and SDC (2017). The fossil fuel price for the energy sector is
assumed to be equivalent to the price of heavy oil, which was 70 EUR/
MWh in the year 2016 (SPBI, 2018).

Due to imperfections in harvesting data (unreported thinning, im-
precise weighing, estimations, etc.) and the modeling assumption made
to include the EU and Norway to represent ROW,14 there are shortages
of roundwood and forest industry by-products in the calibration model.
Following Carlsson (2012), an exogenous supply of forest biomass is
added to cover up for these material imbalances.15 An exogenous
supply of 5.5 m3f millions of pulpwood has been added, which makes
total harvest in the country reach 73 million m3f. Actual net harvest
was 74 million m3f in the reference year 2016. The last million cubic
meter harvest is neither logs nor pulpwood, and it is categorized as
“other”.

For the ROW, 13 million m3f of logs and 19 million m3f of pulpwood
are added to the model. No exogenous by-products had to be added to
the Swedish market. During the past 10 years, the EU Member States
have experienced a substantial increase in the overall imports of wood
chips, sawdust, wood pellets, etc., from non-EU Member States.
Between 2005 and 2015, such imports increased by approximately
270%, reaching 14 million tons in 2015 (Eurostat, 2018). Net-imports
of wood pellets to the EU from non-EU countries increased by 79%
between the years 2009 and 2016.16 Since this development is not re-
flected in the model, an exogenous supply of by-products has to be
added to the ROW; 94 million m3f sawdust and 115 million m3f wood
chips were therefore added to the ROW part of the model.

Another explanation for the difference between demand and supply
in the ROW is the assumed IO-coefficients. In the model, these are as-
sumed to be the same for all the countries included in the ROW region,
but may vary considerably in reality. This causes imbalances in the
data. As Carlsson (2012) points out, another alternative to address the
shortages in the ROW would be to adjust the by-product coefficients
from sawn goods production in the ROW region. However, doing that
would imply differences in the relative competitiveness between
Swedish and ROW sawn goods production when the prices of these by-
products change. Full tables of exogenous supply assumptions, in-
cluding tree species, are presented in Appendix Table A4.

The inclusion of exogenous supply will affect the resource allocation
in the model. Although the numbers come from observed discrepancies,

some products can be produced with more than one feedstock, and
therefore, the numbers are not necessarily entirely correct. In order to
investigate the impacts of the added exogenous feedstocks, a sensitivity
analysis was conducted with different proportions of exogenous
roundwood species and wood chips/sawdust to cover the material im-
balances. The results in the calibration model were shown to be robust
to roundwood species but sensitive to the proportions of by-products. In
the latter case, if more wood chips (or sawdust) was added, the price of
wood chips decreased and more wood chips (or sawdust) was utilized in
the model. This is the expected result; by-products are expected to be
more price volatile than roundwood since their own-price elasticities of
supply are expected to be low (Söderholm and Lundmark, 2009). More
importantly, in the sensitivity analysis, the relative order of the prices
of products was shown to be stable across exogenous feedstock levels,
and therefore the exogenous supply assumptions should not be ex-
pected to introduce any structural biases in the scenario analysis.

3.4. Scenarios

The baseline scenario (Baseline) is simulated using data for the year
2016. The production of manufactured forest products and HP, as well
as trade of raw material and products, are simulated. The baseline
scenario thus reflects the Swedish forest raw materials market when no
large-scale 2G biofuel production and use has been implemented.

Import levels of raw materials are constrained to 2016 import levels.
Between 2012 and 2016, EU imports of wood pellets from non-EU
countries increased by almost 80% (reaching almost 8000 million tons)
(Eurostat, 2018), due to increased feedstock demand for pellets in the
HP sector. With current policies, this development is expected to con-
tinue (Balan et al., 2013), followed by increased competition and in-
creased feedstock prices (Johnston and van Kooten, 2016; Jonsson and
Rinaldi, 2017). For this reason, it is unrealistic to assume all countries
to satisfy increased demand for biomass with increased imports. The
import levels in the various scenarios are therefore constrained to those
observed in 2016. In 2016, the observed net import level of pellets in
Sweden was 40 thousand tons, and imports of wood chips, particles and
residues amounted to 1800 thousand m3 (FAO Statistics, 2018). Be-
cause neither pellets nor by-production and consumption are strictly
monitored, the level of pellets imports is allowed to increase up to
50 thousand tons and the corresponding levels for wood chips, particles
and residues up to 2000 thousand m3 in the model runs. As noted
above, the effects of relaxing this import restriction is analyzed in a
separate sensitivity analysis (see Section 4.2).

The baseline prices of sawdust and bark are lower compared to
observed data. Since by-products do not come with a production cost,
the lowest price for which trade will occur is the cost for transportation
of the by-products. These prices are formed in direct response to de-
mand. Moreover, given that the model does not include each and every
small sector that demands sawdust, it typically reports an oversupply of
this product, and this makes the price lower compared to observed data.
However, the relative price order of sawdust, bark and the other raw
materials are identical with observed data.

In addition to the baseline scenario, a number of scenarios that in-
volve various 2G biofuel consumption (and corresponding production)
levels are investigated. The future renewable transport fleet is expected
to constitute a mix of different 2G and 1G biofuels, and other types of
vehicles, not least electric cars. Moreover, significant efficiency mea-
sures to reduce the overall energy demand for transport can also be
anticipated. Still, 2G liquid biofuels are expected to be particularly
important in greening heavy transports, and the aviation sector (Bessou
et al., 2011; Directive (EU) 2018/2001; Mustapha et al., 2017b), and
such fuels are supported by the previously mentioned biofuel obligation
scheme.

In this study, a range of 2G biofuel production levels, from 5 to 30
TWh in steps of five representing different future developments, are
investigated. This range corresponds to 4–25% of current total fuel

(footnote continued)
how much harvesting residues that was used for fuel in the HP sector, the price
for wood chips at thermal power stations as a proxy, and the conversion factor
of 4.9 MWh/ODT. This yielded the market equilibrium price of 86 EUR/ODT
and quantity 1.716 million ODT. ODT is a theoretical measure that assumes the
biomass is bone dry (0% moisture), i.e., processed to be ready to be used in the
thermal conversion plant. Lower (none) moisture content implies a higher cost
per ton but higher energy density. Thus, one ton of, for instance, sawdust must
not be confused with ODT of harvesting residues.

14 Restricting the definition of ROW to the most frequent trade partners
prevents the model from generating misleading simulation results based on
aggregated forest data, e.g., roundwood from tropical species with other energy
contents than those represented in the model (and in Sweden). Thus, all pro-
ducts are assumed homogenous goods, and therefore no Armington elasticities
are included to differentiate between products produced in different regions.

15 Exogenous supply is calculated in a similar manner as in Carlsson (2012):
production multiplied with the IO-coefficients gives the required input. For
instance, in the case of sawnwood, sawnwood production multiplied with the
IO-coefficient for sawnwood gives the harvest of sawlogs.

16 The main suppliers of EU imports were the United States and Canada; much
less has been supplied by Russia and other countries (Eurostat, 2018).
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demand in the Swedish transport sector (and 5–33% of the road
transport fuel demand). In line with the biofuel obligation scheme,
these 2G biofuel targets force the market to consume 2G biofuels. Thus,
in the model, these production (and demand) targets are implemented
exogenously.

The simulated results will be presented in the following order. First,
the model's choice of feedstocks used to produce Bio-SNG is outlined –
i.e. the triggering factor for all subsequent events. Secondly, since the
Bio-SNG production sector and the HP sector compete for the same
feedstock, the feedstock composition in the HP sector is assessed.
Thirdly, the forest industry sector's production is assessed; this is linked
to price changes caused by 2G biofuel production increases and any
feedstock composition changes in the HP sector. The range of 5–30 TWh
Bio-SNG is investigated, and compared to the baseline level (i.e. no Bio-
SNG production). Each scenario (5, 10, 15 TWh…) is thus compared
individually to the baseline. In addition to the main results presented
and discussed, a sensitivity analysis is conducted in which the role of
imports of raw materials is assessed.

4. Scenario results

4.1. Results

Fig. 2 shows the feedstock composition in Bio-SNG production for
the scenarios ranging between 5 and 30 TWh. Raw sawdust is used for
low levels of Bio-SNG production, while pellets (mainly processed
sawdust, Fig. 3) dominates for the larger production levels. Pellets is
cheaper to transport than sawdust due to its higher energy content per
ton, and comes with an intermediate processing cost. The model's first
hand choice is thus pellets. As a response to the increased demand for
pellets in Bio-SNG production (and the constraint on pellets import),
domestic pellets production shoot up after 10 TWh of Bio-SNG pro-
duction (Fig. 3).17 The initial decline is explained by decreased pellets
exports due to an increased pellets price in the domestic market. The
use of pure sawdust for low levels of Bio-SNG is likely due to the use of
locally supplied sawdust (i.e., with low transport costs). The use of
sawdust, raw or processed to pellets, is explained by its relatively low
price and high energy content (compared to harvesting residues, etc.).

Figs. 4–5 show the domestic price developments of forest industry
by-products, pellets, and harvesting residues, respectively, for the dif-
ferent Bio-SNG scenarios.18 The price formation curves behave as ex-
pected, i.e., they increase slowly in the presence of low demand levels,
but become steeper when the respective feedstocks are close to reaching
their supply constraints. For instance, the supply of the by-products
(e.g., sawdust) will be constrained by the production level of the main
product (e.g., sawnwood). Not all by-products experience the same
increase in demand, yet the price curves in Fig. 4 show similar patterns
for all by-products. The co-movement of the by-product prices is due to
the aggregated import restriction on by-products, i.e., not on sawdust
and wood chips in particular. When domestic demand for sawdust in-
creases, it becomes profitable to increase sawdust import and decrease
wood chips imports. This implies that more domestic wood chips is
being utilized, and this pushes the wood chips price up (along with the
other by-product prices). This price spillover effect reflects a market in
which by-products are close substitutes. Figs. 4–5 also provide an

Fig. 3. Pellets industry production in ton.

Fig. 2. Feedstocks used in the production of 5–30 TWh Bio-SNG.

Fig. 4. Price development of forest industry by-products under 5–30 TWh Bio-
SNG production. Wood chips, sawdust, and bark are recalculated to ton with
the conversion factor 0.56 and using the exchange rate 9.5 SEK/EUR.

17 Increased pellets production using sawdust as input feedstock is possible
for four reasons that will be discussed later on in the contexts of the different
sectors. In short, it is due to increased sawdust production coming from in-
creased sawnwood production, reduced use of sawdust in the HP sector, de-
creased production in the board industry, and lastly, a small increase in im-
ports.

18 Forest industry by-products (i.e. wood chips, sawdust and bark) and pro-
cessed products (harvesting residues and pellets), respectively are displayed in
separate fig.s due to the different moisture content per ton. For a more detailed
explanation, see footnote #11.
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indication of how much additional 2G biofuel consumption that can be
imposed before feedstock prices soar, which in this case seems to be
when 15 TWh of Bio-SNG is added to the market demand. Harvesting
residues remain more stable for higher production levels of Bio-SNG
than by-products do, this since the use of harvesting residues does not
increase significantly before 20 TWh of Bio-SNG.

Fig. 6 shows the feedstock composition in the Swedish HP sector for

0–30 TWh of Bio-SNG production. The total production of HP is assumed
to be constant over all scenarios (own-price inelastic demand). However,
which feedstock-technology set to satisfy the production is perfectly
elastic; i.e., the feedstocks used in the HP sector will vary with feedstock
prices. In the HP sector, biomass fuels compete with fossil fuels supplied
in unlimited quantities at an exogenously given (world market) price.

As shown in Fig. 6, the use of sawdust in Bio-SNG production has
consequences for the HP sector's feedstock composition. Sawdust use
decreases the most; it decreases already at 5 TWh of Bio-SNG produc-
tion. The feedstock shortage is covered up by pellets, a development
that halts at 10 TWh due to rising by-product prices. In addition, the
uses of sawdust and wood chips are cut back due to the price increases.
Comparing the 30 TWh Bio-SNG scenario with the baseline, a total
feedstock shift of 7.5 TWh is observed in the HP sector; the use of
sawdust is reduced by 4.7 TWh. The uses of wood chips and bark also
decrease (by 2.5 TWh and 0.3 TWh, respectively), and the resulting
feedstock shortage is covered up by an increase in the use of harvesting
residues. The overall changes in the type of forest biomass used in the
HP sector are relatively moderate. This is because all feedstock prices
increase, and thus the relative price changes are not very big.

A modest up and down in fossil fuel use can be observed in the HP
sector. For low levels of Bio-SNG production, the relative price of bio-
mass versus fossil fuels increases. However, once the production of Bio-
SNG reaches 15 TWh and beyond, the relative price of biomass-based
feedstocks versus fossil fuels is held down due to an increased use of
harvesting residues. Overall, though, the relative price of biomass
versus fossil fuels increase, but this price increase is not high enough for
fossil fuels to outcompete biomass in the HP sector. For this reason,
there is only modest substitution towards more fossil fuels. For levels of
Bio-SNG production higher than 15 TWh, harvesting residues are re-

Fig. 5. Price development of pellets and harvesting residues in the case of 5–30
TWh Bio-SNG production. Harvesting residues are in Oven Dry Ton (ODT) and
pellets in dry ton. Exchange rate is 9.5 SEK/EUR.

Fig. 6. Feedstock composition in the heat and power sector in the presence of 0-30TWh Bio-SNG production. The total amount of heat and power production is
constant across scenarios.

Fig. 7. Final product production levels divided
into four categories: Sawnwood includes three
subgroups: spruce, pine and non-coniferous
sawnwood (in m3f). Paper includes three sub-
groups: newsprint, print paper and “other
paper” (in tons). Sawnwood and paper pro-
duction levels are shown on the left hand side
axis. Fiberboard and Particleboard production
levels are shown on the right hand side axis
and are in tons.
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latively cheaper than wood chips, sawdust and pellets (feedstock price
multiplied with the conversion rate). The increased use of harvesting
residues is possible due to increased roundwood harvest (see further
below). As a result, the total amount of fossil fuels used is slightly lower
in the 30 TWh Bio-SNG scenario compared to the baseline. As a re-
sponse to rising by-product prices, the incentives for sawnwood

production increase (the by-product effect). A 26% increase in sawn-
wood production can be observed (Fig. 7).

At the same time, the industries using sawdust as input become less
profitable (the competition effect). In the 30 TWh scenario, both the
fiberboard and particleboard industries have ceased their production
entirely due to the higher sawdust prices and the competition with the
pellets industry. This model result is in line with the historical trend of
an expanding HP sector using more and more bioenergy at the expense
of a declining board industry (FAO Statistics, 2018; SFA, 2014).

With an increased sawnwood production, the demand for sawlogs
increases, and is met by an increase in the domestic sawlog harvest
(Fig. 8). As a result, sawlog prices increase (Fig. 9). For 30 TWh of Bio-
SNG production, sawlog harvests increase by 8 million m3f (27%),
reaching 39 million m3f. As predicted by Di Di Fulvio et al. (2016), the
price tends to increase exponentially with the quantity harvested. The
price increase reaches 122% for 30 TWh of Bio-SNG production. Since
the particleboard industry uses both forest industry by-products and
pulpwood in production, and domestic particleboard production de-
creases due to increased by-product prices, the demand for pulpwood is
reduced. This leads to a 9% decrease in the domestic pulpwood prices
(Fig. 9). Moreover, with these lower pulpwood prices, exports of
pulpwood increase and cause pulpwood harvest to grow by around 7%
(Fig. 8).19 In the presence of increased roundwood harvests, the supply
of harvesting residues increases, and this explains the increased use of
this feedstock in the HP sector (Fig. 6).

Fig. 10 shows that for 15 TWh of Bio-SNG production, the price of
pulpwood falls below the price of wood chips. If pulpwood had been
allowed to be used as a feedstock in the HP sector or in Bio-SNG pro-
duction, a shift in the use of pulpwood would have been expected for
high levels of Bio-SNG production. Thus, the waste hierarchy established
by the EU is shown to be binding for 15 TWh of Bio-SNG production.

To conclude, the prices of all by-products increase due to increased
competition for the forest raw material, confirming that the HP sector
becomes less profitable in the presence of increased 2G biofuel pro-
duction. The competition for sawdust increases the most, and is re-al-
located from the HP sector to Bio-SNG production. The HP sector is
covering up the feedstock shortage with harvesting residues, something
that is made possible due to increased roundwood harvest (the by-
product effect). Moreover, the fiberboard and particleboard industry
eventually shut down due to higher input prices (the competition ef-
fect). The exit of fiberboard and particleboard production leads to in-
creased pulpwood exports.

Fig. 8. Harvest of sawlogs and pulpwood (spruce, pine and non conf. Added
together) in m3f.

Fig. 9. Prices of sawlogs and pulpwood in EUR/m3f.

Fig. 10. Price development of pulpwood and by-products (sawdust, wood chips and bark) m3f.

19 As mentioned in Section 2, chipped pulpwood is not allowed in energy
conversion activities in the model (neither in the HP sector nor in Bio-SNG
production). This is in line with current EU policies of sustainable feedstocks for
energy conversion (waste hierarchy established in Directive 2008/98/EC, and
in the Renewable Energy Directive (Directive (EU) 2018/2001)). In the case
pulpwood had been allowed to be chipped and used in the HP sector, the
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4.2. Sensitivity analysis: The role of imports

The simulation results presented in the previous sub-section implied
an increase in domestic roundwood harvest, equivalent to almost a sixth
of Sweden's harvest levels in the year 2016. However, future import le-
vels for Sweden are uncertain, and will be determined by comparative
advantages in biofuel production, policies and exports. In this sub-sec-
tion, imports are allowed to increase by 20% in relation to the levels
observed in 2016. In this sensitivity analysis, we focus on the following
feedstocks: forest industry by-products, pellets, sawlogs and pulpwood.
The scenario results from Section 4.1, i.e., assuming fixed imports levels
corresponding to the 2016 levels, will be referred to as the “Base case”.
The scenario results in the sensitivity analysis, with an increased ceiling
for possible import levels, are referred to as the “Higher import case”.
Several results from this analysis are worth emphasizing.

First, the feedstock composition in Bio-SNG production does not

change significantly; the main feedstocks are also here sawdust and
pellets. However, a larger proportion of the feedstock is imported in the
Higher import case. The full import ceilings for industry by-products
and pellets are reached already after 15 TWh of Bio-SNG production.
For instance, with 15 TWh of Bio-SNG production, a total of 2.2 million
m3f domestically harvested sawlogs and associated harvesting residues,
are replaced by 2.4 million m3f of imported sawlogs. Since imported
sawlogs generate no supply of harvesting residues (for use in the
Swedish market), the imported amount of sawlogs has to be greater
than the domestically amount of sawlogs that it replaces. Pulpwood
imports, though, remain stable.

The by-product price developments in the Higher import case follow
the same pattern as presented in the Base case. The price curve is
shifted downwards, i.e., the increased imports delay the sharp price
rises (see Fig. 11). This is the expected result; the partial relaxation of
the original constraint on imports provides the industrial actors with

more flexibility in procuring feedstock.
The relatively lower by-product prices incentivize the HP sector to

use more by-products, domestically produced as well as imported, and
less of harvesting residues (see Fig. 12). Fig. 11 indicates that the price

Fig. 11. Price development for by-products and harvesting residues in the base case and in the Higher import case. By-products are in EUR/m3f and harvesting
residues are in ODT.

Fig. 12. The use of sawdust, wood chips and harvesting residues in the HP energy sector (TWh).

(footnote continued)
pulpwood price would be expected to increase in turn likely implying decreased
paper production (e.g. Carlsson, 2012).
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of harvesting residues also shifts downwards, similarly as in the case for
the by-products. However, this change is not caused by an increased
supply; supply is actually reduced due to decreased roundwood harvest.
Instead, there is a decreased demand due to relatively cheaper in-
dustrial by-products.

The consequences of the increases in by-product prices in the Higher
import case are also reflected in the forest industries' production levels
(Fig. 13).

The production of fiberboard and particleboard, respectively, de-
creases and eventually both industries shut down. However, in the
Higher import case, this shutdown is delayed; it takes place only when
the production of Bio-SNG reaches 20 TWh (compared to 15 TWh in
the base case). The production levels for sawnwood and paper are
relatively stable due to the direct substitution of imported raw mate-
rials for domestically harvested sawlogs and pulpwood. Since the
board industry survives longer in the Higher import scenario, the
domestic demand for pulpwood remains positive for higher levels of
Bio-SNG production. Thus, the increase in pulpwood exports is lost,
and for this reason, pulpwood harvest is lower in the Higher import
scenario.

To conclude, regardless of whether import levels remain at 2016
levels, or increase by 20%, the general production patterns in the
Swedish forest raw materials market will remain fairly stable. Yet, a
delay in events is expected; the increase in sawdust and harvesting
residue prices are delayed, and so is the board industries' reduced
production. Moreover, increased imports also lead to lower harvest of
roundwood, and therefore also of harvesting residues.

5. Discussion and avenues for future research

This study demonstrates how feedstock competition in the Swedish
forest biomass market can be affected when implementing various 2G
biofuel demand targets. It also demonstrates the linkages between the
HP sector and the forest industries; these linkages can lead to both in-
creased competition and industry shutdowns, but also to synergy effects
in the markets for industry by-products. The simulated results are de-
pendent on assumptions, such as which 2G biofuel technology is
available, the available feedstocks, as well as model structure. This

section provides a discussion of these issues, and introduces a few
avenues for future research.

5.1. Competition and by-product effects

The competition and the by-product effects are generally not separ-
able and quantifiable since they occur simultaneously. Yet, and as in-
dicated above, the course of events can be discussed in the light of these
effects. All feedstock prices increase in the investigated scenarios, and
two fiberboard industries eventually shut down, thus suggesting that the
2G biofuel demand targets lead to increased competition for the forest
raw material. At the same time, though, there is also evidence of synergy
effects between the sawmill sector and the use of forest raw material in
the HP sector. Higher by-product prices spur sawmills to produce more
sawnwood, something that in turn makes forest owners increase their
harvest levels. Already at the lowest level of Bio-SNG production, there is
an increase in the harvest level, thus suggesting that the by-product effect
kicks in from start. Moreover, in the scenario with the highest Bio-SNG
production, the average sawnwood price increases by only less than a
percentage due to increased returns on by-products.

In addition to forest industry by-products, harvesting residues use
increases with more intense roundwood harvest activities, and this will
have a mitigating effect on prices in the forest raw material market.
More harvesting residues can be used in the HP sector,20 and this helps
dampen some of the upward pressure on the price of industry by-pro-
ducts. This could in part explain the slowdown in the by-product price
increase observed between 15 and 20 TWh of Bio-SNG production. The
ups and downs in pellets and fossil fuel use, together with the in-
creasing use of harvesting residues at 15 TWh of Bio-SNG production,
suggest that the by-product effect tends to intensify at 15 TWh of Bio-
SNG production. In the sensitivity analysis with increasing imports, the

Fig. 13. Domestic forest industry production levels (in 1000 ton) for 0–30 TWh Bio-SNG under the Base case and the More import case.

20 Harvesting residues are currently being used in the Swedish HP sector.
However, harvesting residues contains a higher ash content than most other
feedstocks, and can therefore create challenges in conversion plants. An in-
creased use of harvesting residues will therefore most likely require additional
technology investments to handle the ash.
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by-product effects are however reduced due to a decrease in domes-
tically supplied harvesting residues.

Moreover, since this study has shown that the prices of by-products
(sawdust, wood chips and bark) do influence the behavior of sawmills;
sawdust, wood chips and bark, the feedstocks may better be described
as co-products than by-products in the sawmill sector. Thus, in contrast
to by-product demand, the demand for these feedstocks does influence
the production decisions concerning the main product – in this case
sawnwood.

The feedstock composition in the HP sector was shown to remain
relatively stable up to the assessed 30 TWh of Bio-SNG production. The
relative share fossil fuels to forest biomass did not change significantly,
and only small changes in relative prices of forest biomass feedstocks
were observed. Still, in the case of a further increase in 2G biofuel
production, and with the corresponding increase in biomass feedstock
prices, these prices could well exceed the price of fossil fuels and
therefore potentially lead to a shift towards more fossil fuels in the HP
sector. Moreover, with increasing input prices in heat and power pro-
duction, the bioenergy HP sector could potentially lose market shares to
the regular electricity sector.

5.2. Comparison to similar studies in other empirical contexts

Other economic studies on the future role of 2G biofuel production
have focused on type of policy instrument and technology (e.g. Kangas
et al., 2011; Mäkelä et al., 2011; and Lintunen and Uusivuori, 2016).
Similar to this study, Kangas et al. (2011) introduce exogenous biofuel
production targets in a PE model. However, unlike this study the au-
thors investigate what kind of policy instrument that is more efficient,
and in which technology investments would occur given that policy. In
this study, the technology is pre-determined, and the focus is on price
formation and resource allocation among sectors.

The outcomes generated from a PE model are dependent on para-
meters, such as modeling assumptions, inputs and outputs included,
and choice of technologies (Khabarov and Obersteiner, 2018; Rafajlovic
and Cardwell, 2013; Thompson et al., 2010; Whistance, 2012). Clearly,
these factors will differ across various studies, using similar yet dif-
ferent models and in various empirical contexts. Our results of bene-
fitting sawmills and losing pulp mills are well in line with the findings
by Trømborg et al. (2013), who also assess the market effects of in-
troducing 2G biofuels production, but in Norway. However, Trømborg
et al. (2013) find raw material prices to increase significantly more than
what is found in this study. Specifically, their results suggest that in the
presence of a 4.5 TWh21 increase in 2G biofuel production, the price of
roundwood (pine in their case) increases by over 60%. In the present
study, however, a similar increase in 2G biofuel demand generates a
corresponding price increase of only 5%. 2G biofuel production has to
be at least 30 TWh, before a 60% increase in the price of pine can be
observed. These differences highlight the different prerequisites be-
tween countries in terms of existing production and resource endow-
ments as well as the importance of various modeling assumptions.
Specifically, Trømborg et al. (2013) model pulpwood and wood chips as
perfect substitutes in biofuel production, whereas this study does not
allow pulpwood in biofuel production. Only pine wood (pulpwood and
wood chips) is used in the Norwegian biofuel production, whereas our
model can use all available by-products (originating from pine, spruce
and non-coniferous trees). The differences in feedstock use between the
studies, and that the Norwegian forestry sector is considerable smaller
than the one in Sweden, help explain the sharp price increase reported
for roundwood in Trømborg et al. (2013), and the more moderate price
increases found in this study. Thus, the choice of feedstocks clearly

matters for the modeling outcomes. The same applies to the choice of
technologies, which together with the feedstock constitutes the IO-
coefficients. If, for instance, gasification of black liquor, an often un-
derutilized by-product from the pulping industry, would be included as
a 2G biofuel technology, and integrated with the pulp and paper sector,
this industry would be a potential winner (Zetterholm et al., 2018).

5.3. Assumption concerning the outtake of harvesting residues

The quantities of feedstock available in the forest raw materials
market are crucial for the price formation of feedstocks, and in the
model, for which levels of 2G biofuels that will affect other sectors.
Quantities of roundwood harvest and forest industry by-products
bought and sold in the market are monitored by forest agencies and/or
self-reported by industries, and made available as public data.
However, public data exist neither for potential harvest, nor actual
harvest, of harvesting residues. For this reason, researchers have to rely
on techno-economic estimations and approximations. The supply of
harvesting residues is constrained by the level of roundwood harvest.
However, the potential harvest of residues after felling is debated; in
order to ensure environmental sustainability (avoid erosion, biodi-
versity losses etc.), some of the residues have to remain on the ground.
De De Jong et al. (2017) argue that an increase in the outtake of har-
vesting residues by 2.5 times current levels could be sustainable.
However, others fear environmental backlashes for any harvest of re-
sidues on site since left-over biomass on the ground is important for the
forest's biodiversity to recover after felling (e.g. Toivanen et al., 2012).
Porso et al. (2018)) show that an increased pellets production using
harvesting residues leads to carbon stock changes in soil and biomass,
and this contributes to global warming. However, if coal in power
plants can be replaced with pellets made from harvesting residues, an
increased use of harvesting residues could instead contribute to miti-
gated climate change (Porso et al., 2018). Thus, there is no consensus
on the optimal harvesting residues outtake level. Nevertheless, the as-
sumed harvesting residues levels are likely to affect the modeling out-
comes for high levels of 2G biofuel production (when by-product prices
approaches the price of harvesting residues per MWh produced 2G
biofuel).

The amount of available harvesting residues in the model is ob-
tained from estimations by Carlsson (2012), which in turn build on
techno-economic estimations of harvesting residue potentials. With
lower or higher harvesting residues outtake, the prices could be higher
respectively lower, and thus the intersection of relative prices at a
different level of Bio-SNG production.

5.4. Avenues for future research and model developments

Even though this paper has revealed some important results, more
research is called for in order to provide a more comprehensive picture
of the market impacts from introducing 2G biofuels. In addition to
model developments of the forest sector model itself, the forest sector
model could be soft-linked to other models in order to address a wider
range of aspects related to the market impacts from introducing 2G
biofuels.

First, adding a time dimension to the model would enable analyses
of endogenous technological learning, feedstock price and resource
allocation development over time, as well as various developments in
energy efficiency and electrification of the transport fleet. The time
aspect is an important economic factor – according to Mustapha et al.
(2017a) technological learning following the increased penetration of
2G biofuel production could outweigh the initial price increases.

Secondly, more technologies in the model would open up for the use
of other feedstocks in 2G biofuel production, e.g., black liquor from the
pulp and paper industry. In this way, more nuance would be added to
the analysis regarding future winning and losing industries. Opening up
to additional feedstock ranges (e.g., sawdust 50–100% and wood chips

21 These authors do not specify which biofuel that is produced in the model.
Assuming a biofuel for which one (1) liter is equal to 32.5 megajoule, 500
million liters biofuel equals 4.5 TWh.
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50–100%) in the sets of IO-coefficients (for technology and feedstock),
could capture the various industries' substitution possibilities between
feedstocks more accurately. This would in fact be similar to the model
GLOBIOM's treatment of feedstock substitution in biodiesel production
(Hugo Valin et al., 2013). Moreover, pulpwood has not been allowed in
energy conversion in this study (recall the EU directivessection 2). A
scenario analysis comparing the outcome from allowing different
feedstocks to be used in the energy conversion sectors, based on dif-
ferent policy scenarios, and no policies, could provide important in-
sights to price formation and resource allocation to policy makers.
Thirdly, in order to analyze the spatial price dimension, the model
could be soft-linked to techno-economic models (e.g. Pettersson et al.
(2015). For instance, by linking to a spatially explicit localization
model, the geographic price aspects and the integration of biorefinery
technologies with existing forest industries would be better in-
corporated in the analysis. By applying an iterative approach, feedstock
price dynamics caused by biorefinery capacity enlargement can also be
analyzed, as described by Bryngemark (2019). Furthermore, the forest
sector model could be soft-linked to a model simulating environmental
impacts. This could provide insights to whether an intensified harvest of
harvesting residues would lead to more or less roundwood harvest
given the forest raw material price developments, while considering the
environmental impacts (e.g. via feedstock composition in the HP sector
and forests carbon sequestration) of doing so.

Finally, the scenarios investigated in this study could be im-
plemented in a different numerical model with the same data to com-
pare the modeling approaches and perhaps different outcomes. Such
comparisons would contribute to a deeper understanding of the various
models' driving forces as well as pros and cons for addressing specific
research questions. A model to compare with could be a Constant
Elasticity Model (CES), which would provide another way to deal with
feedstock substitution. The CES model treats feedstock substitution
explicitly and allows for continuous substitution (in contrast to indirect
substitution in discrete steps).

6. Conclusions

The aim of this study was to analyze the price and resource allo-
cation effects in the HP sector and forest industries from introducing
domestic 2G biofuel production in Sweden. Six scenarios involving
5–30 TWh of Bio-SNG production were investigated. For this purpose,
the national forest sector model SFSTMII model was extended with a
module including 2G biofuel production, and then applied with data for
the year 2016.

All by-product prices increased due to increased competition for the
forest raw materials, confirming that the HP sector becomes less

profitable in the presence of increased 2G biofuel production. The
competition for sawdust increased the most, and was re-allocated from
the HP sector to Bio-SNG production. The HP sector was covering up
the feedstock shortage with harvesting residues, something that was
made possible due to increased roundwood harvest (the by-product
effect). Already at the lowest level of Bio-SNG production, there was an
increase in the roundwood harvest level, thus suggesting that the by-
product effect kicked in from start.

Moreover, in the highest Bio-SNG production scenario, the average
sawnwood price increased by only less than one percentage due to in-
creased returns on by-products. With an additional roundwood harvest
equaling a less than a fifth of 2016 harvest levels, a third of the Swedish
road transport fuel demand could be satisfied with 2G biofuels pro-
duced from forest industry's by-products. In the case in which by-pro-
ducts and roundwood harvest imports could increase up to 20% in
addition to 2016's imports levels, domestic harvest would have to in-
crease by a little less than a tenth. However, if imports increase, less
harvesting residues would be supplied and the competition for by-
products would increase. Due to increased feedstock prices, the fiber-
board and particleboard industry eventually shut down (the competi-
tion effect). The exits of fiberboard and particleboard production lead
to increased pulpwood exports.

At a general level, this paper has highlighted the importance of
considering price formation in forest biomass markets when developing
bioenergy and 2G biofuel policies. Depending on the policy design,
synergies may be achieved as well as increased competition for raw
material leading to industrial shutdowns. While the model presented in
this paper offers a good starting point for analyzing the impact of 2G
biofuel demand targets on a national forest raw material market, con-
sidering techno-economic and environmental aspects provide an im-
portant subject for future research. One possible solution would be to
soft-link SFSTMII to a modeling framework considering aspects such as
the optimal location of 2G biofuel production.
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Appendix A. Modeling definitions, data and assumptions

• All data are from the year 2016.
• Plant investment costs, own-price elasticities, income elasticities and IO-coefficients are from Carlsson (2012), and are not written out in this
paper.
• Trade equals consumption minus production, i.e. net-imports = consumption – production. Positive net-imports implies imports, whereas ne-
gative net-imports implies exports. Trade of pellets and by-products are presented for both imports and exports.
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Table A1: Abbreviations of forest raw materials and forest industry products, and their correspondent ex-planations that are used in this
Appendix.

Abbrevations Explanations

SpruceLog Logs from spruce trees
PineLog Logs from pine trees
NonConLog Logs from non-coniferous trees
SprucePulp Pulpwood from spruce trees
PinePulp Pulpwood from spruce trees
NonConPulp Pulpwood from non-coniferous trees
SpruceSawn Sawnwood from spruce
PineSawn Sawnwood from pine
NonConSawn Sawnwood from non-coniferous
MechPulp Mechanical pulp
ChemPulp Chemical pulp
RecoveredPulp Recovered pulp from recycling

The rest of the Appendix is organized as follows: a) presents observed harvest levels and exogenous supply of forest raw materials. b) presents the
observed production in forest industries, and c) the prices of those. The heat and power demand is derived by feedstock in the HP sector in d). e)
presents the reference use levels of forest industry products. f) presents trade quantities of forest raw materials between Sweden and the ROW, levels
to which trade is restricted in the scenario analysis.

A.1 Harvest

Table A2: Net roundwood harvest in 1000 m3fub. Swedish harvest data are from SFA (2018a) and inform-ation on ROW harvest is from FAO
Statistics (2018).

Roundwood type Sweden ROW

Sawlogs, coniferous 35,700
Sawlogs, non-coniferous 200
Pulpwood, coniferous and non-coniferous 31,500
Pulpwood, coniferous
Pulpwood, non-coniferous
Total 67,400 445,500

Table A3: Observed roundwood harvest, by roundwood type and tree species (1000 m3fub). The data is processed and built upon the raw data
presented in Table A2. Tree species and regional disaggregation are calculated based on SLU (2018) and Carlsson (2012). Exogenous supply is added
or subtracted according to Table A4.

SpruceLog PineLog NonConLog SprucePulp PinePulp NonConPulp

North 3993 4896 25 4114 3243 1250
East 3341 4734 23 3641 2176 1277
West 3136 1354 21 2461 1922 731
South 11,338 2908 152 6886 2350 1448
ROW 140,158 34,088 54,229 74,963 56,718 85,344

Table A4: Exogenous roundwood supply (m3f million) added to the data due to material imbalances in the calibration procedure. The production
levels of forest industry products are multiplied with the IO-coefficients, which gives the required input. Production without (or excessive) feedstock
coverage (harvest and imports) is included as exogenously supply and presented above. Column 2–4 show exogenous supply for sawlogs (spruce,
pine and non-coniferous), and column 5–7 for pulpwood (spruce, pine and non-coniferous).

Million m3f SpruceLog PineLog NonConLog SprucePulp PinePulp NonConPulp Wood chips Sawdust

Region1 0 0 0 0,82 0,65 0,06 0 0
Region2 0 0 0 0,73 0,44 0,06 0 0
Region3 0 0 0 0,49 0,38 0,04 0 0
Region4 0 0 0,02 1,38 0,47 0 0 0
ROW 0 6,19 7,37 14,88 14,19 −10,00 94 115
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A.2 Observed final product output

Table A5: Production of sawnwood in 1000 m3. Swedish regional are data from SDC (2017). ROW production is the difference between world
production and production in Sweden. ROW NonConSawn is from FAO Statistics (2018). Aggregated coniferous sawnwood data are from FAO
Statistics (2018), and was in a first step disaggregated into SpruceSawn and PineSawn based on the proportions provided in Carlsson (2012).

SpruceSawn PineSawn NonConSawn

North 2157 2454 2
East 1655 2561 21
West 1291 727 8
South 5388 1778 66
ROW 75,714 23,210 2064

Table A6: Production of pulp in 1000 tons. Data for mechPulp and ChemPulp are drawn from SDC (2017). Data on RecoveredPulp are from SFI
(2018). Firm level data have been assigned manually to the regions as defined in Carlsson (2012). ROW data are from FAO Statistics (2018).

MechPulp ChemPulp RecoveredPulp

North 514 2683 314
East 1098 1759 0
West 475 1864 135
South 887 1891 403
ROW 25,416 138,983 229,502

Table A7: Production of wood boards, in 1000 m3. The production of fiberboard, particleboard and plywood in Sweden has decreased sig-
nificantly during the past ten years. In 2016, the total production amounted to 631 thousand m3, which can be compared to 845 thousand m3 in 2008
and 1626 thousand m3 1980. Due to the very few companies left in the market and to avoid firm identification, the regional data are confidential and
will not be presented here, but exist in the model. The data for 2016 have been obtained through private e-mail correspondence with the industry
organization The Swedish Federation of Wood and Furniture. The information on ROW production is from FAO Statistics (2018). Fiberboard include
hardboard and “other fiberboard”.

Fiberboard Particle board Plywood board

Sweden 78 543 10
ROW 5671 31,945 4559

Table A8: Production of paper in 1000 tons. Regional data for Newsprint and Print paper are from information about plant capacity obtained via
private e-mail correspondence. The regional data for OtherPaper are approximate estimations based on FAO Statistics (2018) and private e-mail
correspondence.

NewsPaper PrintPaper OtherPaper

North 20 1165 2161
East 0 15 2142
West 0 15 1499
South 790 2060 1713
ROW 5438 24,576 50,940

Table A9: Pellets production by feedstock in 1000 tons. Regional pellets production is obtained from the annual pellets map compiled by BET
(2017). The feedstock shares (wood chips, sawdust and bark) are not available data. According to The Swedish Pellets Association, almost all pellets
produced in Sweden originates from sawdust, but not all (e-mail correspondence, May 2018). The total pellets quantity is disaggregated into raw
materials based on the raw material proportions presented in Carlsson (2012). Total ROW production is from IEA Bioenergy (2017) and dis-
aggregated into originating feedstock based on the following proportions: wood chips 5 %, sawdust 90 %, and bark 5 %.

Wood chips Sawdust Bark

North 21 371 30
East 37 643 51
West 15 259 21
South 64 1128 90
ROW 861 15,550 806
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A.3 Prices

Table A10: Roundwood prices in EUR/m3fub, before price calibration. Price data on wood type (sawlog or pulpwood) and tree species (except
NonConLog) are from (SFA, 2018b). The basic disaggregation into regions is based on the regional disaggregated by (SFA, 2018b) and then manually
adjusted (with approximation) to the regions of SFSTMII presented by Carlsson (2012).

SpruceLog PineLog NonConLog SprucePulp PinePulp NonConPulp

North 44 46 47 29 29 29

East 49 47 47 27 25 27
West 49 47 47 27 25 29
South 61 52 47 29 28 35
ROW 51 42 37 19 18 35

Table 11: Roundwood prices in EUR/m3fub, after price calibration.

SpruceLog PineLog NonConLog SprucePulp PinePulp NonConPulp

North 51 37 26 25 12 26
East 51 36 31 25 22 26
West 40 35 25 25 23 25
South 41 35 25 14 13 25
ROW 50 25 21 25 12 14

Table A12: Prices of Prices of final output products. Data on SpruceSawn and PineSawn are from UNECE (2018). Paper product prices and
NonConSawn are from export prices from FAO Statistics (2018) divided by exported volume. Exchange rate 0.9 EUR/US$.

EUR/unit

SpruceSawn (m3) 189
PineSawn (m3) 185
NonConSawn (m3) 339
NewsPaper (ton) 432
PrintPaper (ton) 611
OtherPaper (ton) 793
FiberBoard (m3) 325
ParticleBoard (m3) 272
PlywoodBoard (m3) 581

Table A13: Prices of intermediate products. The pellet price is from SPA (2017). The price of MechPulp, ChemPulp and RecoveredP are from FAO
Statistics (2018) export prices divided by exported volume. Exchange rate 0.9 EUR/US$.

EUR/unit

MechPulp (ton) 401
ChemPulp (ton) 553
RecoveredP (ton) 151
Pellets (ton) 285

Table A14: Prices of industry by-products in EUR/unit from SCB (2017). The price of Black liquor is assumed to equal the price for densified wood
fuels. Wood fuel prices at thermal power stations, using a conversion factors of 1.608 MWh/m3 of bark and 1.920 MWh/m3 of wood chips and
sawdust.

EUR/unit

Chips (m3) 37
Dust (m3) 31
Bark (m3) 26
Black liquor (MWh) 29
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A.4 Heat and power

Table A15: Sweden’s energy demand for chips and sawdust. The total use in district heating sector (TWh) is derived from Swedenergy (2016).
Reference use in industries (TWh) is derived from SDC (2017). A conversion factor of 1.92 MWh/m3f is used for both woodchips and sawdust to
calculate the total reference use (million m3).

Wood chips Sawdust Total

North (TWh) 1,04 0,83 1,86
East (TWh) 0,65 0,20 0,65
West (TWh) 0,30 0,02 0,32
South (TWh) 2,72 0,94 3,66
Tot. use in district heating sector (TWh) 4,70 1,95 6,69
Reference use in industries (TWh) 8,70 0,88 9,56
Total reference use (TWh) 13.40 2.85 15.02
Total reference use (million m3) 7.00 1.49 7.82

Table A16: Feedstock composition in the HP sector (TWh) for large users (district heating plants and forest industries) and small users
(households and small industries). Regional HP produced from forest biomass and fossil fuels in Swedish district heating plants is compiled from
Swedenergy (2016). The energy use in forest industries is derived from Statistics Sweden (SCB, 2018b) and regionally divided according to the shares
presented in Carlsson (2012). The use of harvesting residues are approximate calculations based on by-product data from Swedenergy (2016). The
use of woodchips and sawdust in Sweden are derived in Table A15, to which 5.45 TWh has been added from other industries derived from SCB
(2018b). Domestic bark and liquor are by-products from sawnwood and paper production, and are derived from observed production multiplied with
the generated by-product volumes according to the input-output tables presented in Carlsson (2012). All liquor and bark are assumed to be consumed
in the same region as it is produced. ROW use of bark and liquor is arbitrary chosen. Swedish Pellets Large and Pellets Small are derived from SCB
(2018b), BET (2017) and The Swedish Pellet Association (2017). ROW use of Pellets Small is arbitrarily chosen. Small households’ use of firewood
for heating is not included.

Region Harv res. Wood chips Sawdust Bark Black liquor Tot. by-prod Pellets Large Pellets Small Tot. Pellets Fossil Large Fossil Small Tot. Fossil Total

North 0,75 2,09 0,22 2,57 13,19 18,81 0,27 0,35 0,62 8,7 0,43 9,13 28,56
East 2,59 7,77 1,19 6,04 8,65 26,24 1,39 0,62 2,01 1,8 1,6 3,4 31,65
West 1,77 2,07 0,36 1,18 9,16 14,54 0,15 0,70 0,85 1,4 1,16 2,56 17,95
South 4,13 6,95 1,08 5,24 9,3 26,7 0,51 1,06 1,57 32,6 1,3 33,9 62,17
Tot 9,24 18,88 2,85 15,02 40,3 86,29 2,32 2727 5,05 44,5 4,49 48,99 140,33
Row 0 0 0 80 180 260 0 42 42 640 71 711 1113

Table A17: Regional population density in Sweden in 2016. Municipality population data are obtained from Statistics Sweden (2018).

Population Population share

North 880,221 8,81%
East 2,487,848 24,91%
West 2,204,536 22,07%
South 4,416,723 44,21%
Sweden, total 9,989,328

A.5 Reference use for forest industry products

Table A18: Reference use of sawnwood in 1000 m3. Reference demand for NonConSawn is an approximate calculation based on net export (FAO
Statistics, 2018) minus reference production, assigned to the regions in proportion to the regions’ population density (Table A17). Data on demand
for SpruceSawn and PineSawn are only available on national scale. Regional disaggregation is calculated manually in consultation with the Swedish
Forest Industries Federation (2018-05-18). Consumption in ROW is the difference between world production FAO Statistics (2018) and the con-
sumption in Sweden. Thus, all produced sawnwood produced is assumed to be consumed.

1000 m3 SpruceSawn PineSawn NonConSawn

North 221 108 11
East 625 304 30
West 554 269 27
South 1109 539 53
ROW 75,714 23,210 10,095
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Table A19: Reference use of wood boards in 1000 m3. Reference demand for wood board products is based on approximate calculations, in turn
based on net-export from FAO Statistics (2018) minus reference production, assigned to the regions in proportion to the regions’ population density
(Table A17). Wood board consumption in ROW (FAO Statistics, 2018) equals the difference between world production and consumption in Sweden.
Thus, all produced wood board products produced in the world are assumed to be consumed in the world.

Table A20: Reference use of paper products in 1000 tons. Reference demand for paper products is based on approximate calculations, in turn
based on net-export from FAO Statistics (2018) minus reference production, assigned to the regions in proportion to the regions’ population density
(Table A17). Paper consumption in ROW is the calculated difference between world production (FAO Statistics, 2018) and consumption in Sweden.
Thus, all paper produced is assumed to be consumed.

A.6 Trade

Table A21: Trade of pellets and forest industry by-products (wood chips, particles and residues) between Sweden and ROW.
Source: FAO Statistics (2018).

Table A22: Imports of roundwood, in m3f millions. Column two is reference data of imports from FAO Statistics (2018), and column three is the
model’s calibrated data for imports (based on the reference data).

Reference data Calibrated data

Coniferous roundwood 4,34 4,47
Non coniferous roundwood 2,46 2,15

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.forpol.2019.102022.
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Abstract: Biofuels and biochemicals play significant roles in the transition towards a fossil-free society.
However, large-scale biorefineries are not yet cost-competitive with their fossil-fuel counterparts,
and it is important to identify biorefinery concepts with high economic performance. For evaluating
early-stage biorefinery concepts, one needs to consider not only the technical performance and
process costs but also the economic performance of the full supply chain and the impacts on
feedstock and product markets. This article presents and demonstrates a conceptual interdisciplinary
framework that can constitute the basis for evaluations of the full supply-chain performance
of biorefinery concepts. This framework considers the competition for biomass across sectors,
assumes exogenous end-use product demand, and incorporates various geographical and technical
constraints. The framework is demonstrated empirically through a case study of a sawmill-integrated
biorefinery producing liquefied biomethane from forestry and forest industry residues. The case study
results illustrate that acknowledging biomass market effects in the supply chain evaluation implies
changes in both biomass prices and the allocation of biomass across sectors. The proposed framework
should facilitate the identification of biorefinery concepts with a high economic performance which
are robust to feedstock price changes caused by the increase in biomass demand.

Keywords: supply chain; partial equilibrium; biofuel; soft-linking; price formation

1. Introduction

Lignocellulosic biorefineries producing biofuels and biochemicals are likely to play a significant
role in the transition towards a fossil-free society [1,2]. This is especially true for forest-rich countries
such as Sweden, Finland, and Canada, where the prevalence of forestry and forest industries provides
by-products (such as sawdust, bark, and harvesting residues), which could be a potential future
feedstock for large-scale biorefinery deployment. Sweden has, for example, projections of biofuels
accounting for 57% by 2030, and 91% by 2045 of the energy use in the road transport sector to reach
targets for greenhouse gas emission reductions [3]. The use of forest and forestry by-products makes
eventual biofuel products compliant with the EU renewable energy directive (RED II), which restricts
the use of primary biomass for biofuel production [4], and also makes it possible to integrate the
biorefinery supply chain with the traditional forest industries. Since biomass that can be considered to
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be sustainable is a limited resource [5,6], it is important to optimize the environmental and economic
performance of biorefineries [7]. Many technologies with a potential to contribute a significant share
to greenhouse gas emission reductions are currently not available in commercial scale and are not
yet cost-competitive with their fossil-fuel counterparts. Early-stage evaluations are therefore needed
to identify promising low-cost biorefinery concepts. This article proposes—and demonstrates—an
interdisciplinary framework for conducting such evaluations.

A variety of design variables affect the economic performance of a biorefinery, such as choice of
location, feedstock, conversion technology, and final product(s). These aspects are commonly included
in assessments conducted using supply chain optimization models [8,9], which minimize the system
costs for a given set of constraints. Typically, feedstock and product transport costs are determined
endogenously, whereas biomass-to-product yields and feedstock prices are included exogenously.
However, some supply chain modeling frameworks have also included selection of key process design
variables [10,11]. While all main design decision variables are considered in these cases, the output
may nevertheless be misleading since market price interactions are typically not acknowledged.

Firstly, the implementation of large-capacity biorefineries will affect a variety of feedstock prices
due to the increased demand for the specific feedstocks used in the process. Secondly, the price signal
from increased competition for a given feedstock will lead to a re-allocation of other feedstocks in the
biomass market. This will result in complex price formation mechanisms for the feedstocks included
in the model, which in turn means that the feedstock prices assumed in the supply chain evaluation
model may no longer be valid when the concept is assumed to be deployed in large scale. Since biomass
feedstock costs generally constitute a large fraction of a biorefinery’s total production costs [12,13],
unrealistic assumptions regarding cheap and abundant feedstocks risk giving rise to misleading
results [14]. Previous research has also highlighted that, to fully assess the future environmental
performance of emerging technologies, the system in which these will be implemented needs to be
considered in full [15], this reasoning is extended to the economic performance in this work.

Uncertain price developments, if accounted for, are usually managed in supply chain modeling
approaches of biorefineries or bioenergy projects through the use of various price and demand
scenarios [10,16,17], or stochastic price processes to simulate future prices [18]. Both historic price data [19]
and future price predictions from established analytics centers [20] have been suggested as commodity
price data to be used in techno economic assessments. Relatedly, previous research has combined market
analysis with techno-economic analysis [21], and vice versa [22]. However, these approaches do not
consider the price dynamics caused by the change under evaluation, e.g., impacts on biomass feedstock
prices resulting from the introduction of large-scale forest-based biofuel production, and/or the effects on
other users. This has been acknowledged by Mustapha et al. [23], who combined economic modeling
with energy system modeling to analyze the effects on the Nordic heat and power sector of large-scale
forest-based biofuel production. The results showed significant impacts on the use of biomass for heat
and power production, and the authors stressed the importance of accounting for the competition for
biomass when evaluating large-scale introduction of bioenergy conversion technologies.

There is a current need for increased interdisciplinary efforts when assessing the performance
of emerging biorefinery concepts [24], and disciplinary boundaries that limit the scope of analysis
have been identified as a key challenge for sustainability assessments of biorefineries [25]. While there
is a significant body of knowledge related to biomass-to-product yield estimations, supply chain
evaluations, and biomass feedstock markets, there is, to the best of the authors’ knowledge, a lack of
studies that combine knowledge from all three domains into a coherent analytical framework that can
be used to evaluate the performance of biorefinery concepts.

In this article, we propose an interdisciplinary modeling framework for evaluating the full
supply-chain performance of biorefinery concepts. It addresses techno-economic aspects as well as
endogenously determined feedstock prices, and thus the competition for feedstock. The proposed
framework is illustrated empirically through a case study which builds on the observation that
integration of biorefinery concepts with different host industries can offer benefits regarding overall
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efficiency and economic performance [7,26–28]. In this context, existing forest industries are of
particular interest due to the potential availability of biomass-derived by-products that can be
used as feedstock, as well as significant experience in operating large-scale biomass supply chains.
Therefore, we consider the possibility for the biorefinery to be co-located at existing industrial sites,
including the need for appropriate descriptions of the integration synergy gains. The case study
aims to explicate the differences in the economic performance of the biorefinery supply chain when
considering endogenous instead of exogenous biomass prices.

Figure 1 provides a general overview of the proposed modeling framework including the data
flows between three generic models; a plant-level model for process evaluation (left), a supply chain
model (in the middle), and a market model (right). The supply chain model feeds techno-economic
data to the market model, which in turn provides market-based feedstock price data back to the supply
chain model and to the plant-level model, for which new data are generated to the market model.
After a sufficient number of iterations, the market model will generate new biomass equilibrium price.
The economic performance can be assessed by testing different combinations of technologies and
biomass feedstocks in an iterative process, as well as price changes in the forest and bioenergy sectors.

Figure 1. Overview of the proposed modeling framework.

The remainder of this paper is organized as follows: Section 2 identifies and summarizes key
aspects from the literature regarding the evaluation of biorefinery concepts. Section 3 presents the
proposed framework for combining these aspects for modeling purposes, followed by the case study
that demonstrates the framework (Section 4), and a concluding discussion (Section 5).

2. Evaluating Biorefinery Concepts: Lessons from the Literature

This section introduces the main perspectives used for evaluating the economic performance
of integrated biorefineries. These perspectives include: (1) detailed plant-level process evaluation
for identifying integration benefits, biomass-to-product yields and process costs, (2) supply chain
considerations for identifying economically beneficial localizations and supply chain configurations,
and (3) economic market modeling for identifying the biomass market impacts in terms of biomass
prices. We also give a brief overview of examples of combined or integrated assessment approaches
from the literature.

2.1. Techno-Economic Aspects

The full techno-economic system performance of a biorefinery concept depends on several
decisions related to the supply chain configuration—from the supply side concerning the biomass
feedstock to the final product. We differentiate between the methods needed to determine the
plant-level performance, which relates to the choices of equipment and process parameters at
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each site, and the methods needed to quantify the supply chain performance. The latter includes
plant-level performance but also decisions concerning, for instance, harvesting site, modes of transport,
and localization of the facilities.

2.1.1. Plant-Level Aspects

A biorefinery generally includes biomass handling and pre-treatment units, followed by the
main processing unit or units, which can be based on thermochemical or biochemical conversion.
Thereafter, unwanted by-products are removed and the remaining components are converted to the
desired end-product(s). The performance of the biorefinery will depend on the equipment and the
chosen operating parameters, which determine the biomass-to-product yield and the plant’s energy
and mass balances. It is also important to apprehend the plant’s investment cost as well as costs for
integrating the plant at the host site.

Techno-economic evaluations are needed to assess the biomass-to-product yield, energy efficiency,
and production cost [29–31]. Such studies typically investigate and/or optimize the production costs
of a biorefinery process in a bottom-up model that includes detailed descriptions of process equipment
and material and energy flows. The system boundaries are often limited to the process, thus ignoring
both the supply-chain perspective and the biomass feedstock market impacts. This implies that,
e.g., emissions and their related costs, and feedstock re-allocation and relative price changes that can
be derived from an altered feedstock demand, are effectively excluded.

The methods used for modeling the plant-level performance of a biorefinery concept are
dependent on the specific technology and technical maturity. Models of commercially available
processes, or processes that have been thoroughly researched, can be validated against existing
operating data. For ex-ante assessments of new biorefinery concepts, modeling is a more complex
issue. Several methods aimed at modeling thermochemical biorefinery processes at the conceptual
design stage have been suggested [32–34]. For processes with robust experimental data, a bottom-up,
statistical approach can be used to validate a process model to establish the mass and energy balances
of the process [35,36]. However, for processes where available experimental data are not sufficient
for statistical evaluations, simulation models accounting for reaction kinetics or thermodynamic
restrictions can be used to simulate the processing unit [30,33]. Using kinetic data can give satisfactory
results for limited reactions, but the modeling of all physical and chemical interactions often becomes
too complex. Additionally, thermodynamic or restricted thermodynamic models can be introduced
in flowsheet simulation software, but this approach often deviates substantially from experimental
data. Such approaches are, however, common in, e.g., gasification modeling, mainly due to a lack of
better alternatives.

Plant-level models can be used for estimating the process capital costs (CAPEX) and operating
costs (OPEX) including feedstock, utilities, operation and maintenance, and revenues from process
by-products. The capital costs include the direct equipment purchase cost of each process unit as well
as indirect costs such as costs for start-up, contingency, and installation. Biorefineries typically benefit
from economies of scale, i.e., specific CAPEX costs decrease with plant size [37,38].

2.1.2. Supply Chain Aspects

The techno-economic performance of a biorefinery concept can be significantly affected by plant
location. Plant-level evaluations commonly take into consideration detailed site-specific characteristics.
However, these characteristics can vary significantly between different sites, e.g., in terms of feedstock
availability, regional characteristics, modes of transport, localization of potential host industries for
integration (and their characteristics), and the prevalence of competing biomass users, which can
impact the total supply chain costs [39–41]. These variables affect transport costs which can constitute
a significant part of the total cost of the supply chain configuration [42,43]. It is therefore important to
include the decision variables affecting the biomass transport cost when evaluating the total biorefinery
supply chain cost.
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The configuration of the supply chain considering these decision variables can be analyzed using
supply chain optimization models. These models can include a variety of components, e.g., supply
chain design, planning and operation, technology selection, and different environmental sustainability
metrics [41]. The aim is to capture larger fractions of the costs and emissions that occur for a biorefinery
concept, and that is typically not addressed in plant-level evaluations.

The supply chain optimization models that investigate facility localization problem have mostly
been implemented as mixed integer linear problems (MILP), where binary variables are used to
represent the establishment of a facility at a given site, and the continuous variables represent the
material flows in the studied system [44]. The MILP implementation is suitable both because it
facilitates the representation of large-scale problems, and since it can be used to describe a large
number of variations of the supply chain problem, including social and ecological objectives [45],
as well as strategic, tactical, and operational perspectives [46,47]. However, this approach requires
a large number of decision variables to describe complex problems, and can, therefore, lead to long
computational times [46,48]. MILP problems also have difficulties in incorporating supply chain
uncertainties, such as demand fluctuations, biomass supply variations, and biomass price changes [47].
Moreover, due to the linear nature of the modeling approach, it is difficult to account for nonlinear
behavior, such as fully capturing the costs for increases in production capacity (economies-of-scale).
This can be mitigated by using discrete capacity steps as inputs to the model; alternatively, the facility
capacities can be determined outside the optimization procedure.

When using a supply chain model that includes not only the characteristics of potential
localizations but also other industrial sites that compete for the same feedstock, it is possible to capture
the changes in costs for transportation in the entire studied system [28,49,50]. Generally, such models
rely on plant-level evaluations to determine the biomass-to-product yield and the investment costs
(or investment cost function), which are used as exogenous input data. These types of studies typically
minimize total system cost to identify economically viable biorefinery concepts.

2.2. Market Aspects

The economic performance of a biorefinery concept will depend on the prices of the biomass
feedstock used. However, the introduction of a large-scale biorefinery will in turn affect these
feedstock prices. For this reason, it is essential to consider the price formation in the biomass market.
Biomass markets involve different types of feedstocks and products, which often serve a diverse set of
industries. This leads to a competition for the feedstock, and the allocation of feedstocks and products
between competing industries will be influenced by changes in relative prices.

Furthermore, the nature of the products sold in the biomass market differs. For our purposes,
it is useful to distinguish between two main categories: main products and by-products. The main
product alone determines the economic viability of a given plant; the by-product is instead produced in
association with the main product (e.g., sawdust generated at a sawmill), and its price will not influence
output decisions at the plant. This distinction is important for understanding supply behavior in the
market. In particular, production of by-products is often comparatively inexpensive (since no joint costs
are incurred), but since the supply is constrained by the output of the main product, the own-price
elasticity of supply could be very low. For this reason, the by-product market price will increase
significantly if the demand for the goods which use the by-products as inputs increases [51].

Two key points can be made concerning the competition for feedstock in the context of novel
biorefinery concepts [52]. Firstly, to be economically attractive for the production of new end products,
the biomass feedstock must be priced low enough so that it can compete financially with, most notably,
fossil fuels as feedstock (e.g., in the transport sector). Secondly, the financial returns on biomass
feedstock production must be high enough to allow the suppliers of the processed biomass-based
products to compete with alternative users for the required biomass resources. In other words,
if a by-product is to be allocated to the production of, e.g., liquefied biomethane (see Section 4),
this sector’s willingness to pay for the by-product must be higher than the corresponding willingness



Sustainability 2020, 12, 7126 6 of 27

to pay by actors that manufacture other products (e.g., particleboard) using the same feedstock. A high
willingness to pay in one sector thus implies higher costs for these other producers, and, in the case of
by-products, this price increase can be significant, as discussed above.

To analyze how the introduction of new biorefinery concepts will affect prices and resource
allocation patterns in biomass markets, it is necessary to adopt an economic model that addresses the
demand and supply conditions for all feedstocks and products in these markets. For this purpose,
the partial equilibrium (PE) modeling approach can be adopted, which has been used extensively for
the analysis of forest product markets [53–59]. In PE modeling, market behavior is often described using
supply and demand functions with some pre-defined behavioral parameters, e.g., price elasticities.
By maximizing the sum of producer and consumer surplus under certain restrictions (e.g., biomass
feedstock constraints), the model is solved and endogenous feedstock prices and resource allocation
patterns are generated. A common approach is the so-called activity analysis in which input–output
(IO) coefficients define the inputs used to produce one unit of output [60]. A PE model can contain
many IO coefficients for many combinations of feedstocks and end-use products, including also
various locations.

While PE models typically address the interactions between a selection of economic sectors,
so-called Computable General Equilibrium (CGE) models provide a consistent description of how all
sectors of the economy interact following changes in relative prices. Such models also include the public
sector and address the impacts on the national budget. CGE models can, therefore, be particularly
useful when analyzing the effects of changes in economy-wide policy instruments, such as carbon and
energy taxes. Thus, in studies focusing less on the specific behavior of the biomass market and more
on the domestic effects of biofuel policies, CGE models are often used [61–63]. However, the ability
to describe all feedback mechanisms in the overall economy is often associated with less-detailed
representations of the key sectors of interest. For our purposes, it is important to as far as possible
avoid the latter, and, for this reason, the PE modeling approach will constitute one component of the
proposed framework.

2.3. Integrated Assessments

Most studies evaluating various biorefinery concepts focus on either techno-economic or
environmental aspects of bioenergy projects (or a combination of the two), as concluded in a
comprehensive review of forest biomass supply chains [64]. There is, nevertheless, a recent trend to also
integrate social aspects to analyze trade-offs between economic, environmental, and social dimensions
of sustainable forest biomass supply chains [65,66]. Multi-criteria assessment has been proposed
as a suitable approach to assess the overall sustainability of biorefinery and bioenergy processes
and systems; it enables the simultaneous inclusion of biophysical, economic, and social factors [67].
Multi-objective optimization approaches can be used to analyze trade-offs between different objectives
in biorefinery supply chains [68,69].

However, the price dynamics of the biomass feedstock and the associated by-products, as triggered
by the introduction of large-scale biorefinery production have largely been excluded in previous
research. The importance of accounting for such price dynamics when evaluating forest biomass
systems was demonstrated by Mustapha et al. [23], who hard-linked a PE forest sector model with a PE
energy model to analyze the effects on the heat and power sector following large-scale forest-based
biofuel production. The results indicated that disregarding the competition for the biomass feedstock
might lead to an over-estimation of future bioenergy production levels.

When hard-linking models (“formal linking”), the models are fully integrated and used to solve
a simultaneous optimization problem, i.e., the constituent models are merged into a single model with
a single objective function (compare multi-objective optimization). An alternative to this approach
is so-called soft-linking (“informal linking”), which is characterized by an iterative process where
the models are optimized or solved separately and data are then exchanged between the models.
According to [70], the main advantages of soft-linking are practicality, transparency, and learning,
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and those of hard-linking are productivity, uniqueness, and control. Hard-linking often implies a
simplified description of one or both of the sub-models, whereas soft-linking enables the complexities of
even relatively large sub-models to be kept more or less intact [71,72]. Furthermore, soft-linking provides
flexibility regarding the choice of interacting models and has been shown to work successfully for the
linking of marked-based (PE or CGE) models with techno-economic energy system models [73–75].
Soft-linking thus offers the potential to combine the respective strengths of a detailed technology
representation in energy system models, with the market price formation in PE models.

As mentioned above, a biorefinery model includes many decision variables and several of these can
be broken down into disaggregated models to increase the accuracy of the final results. Compared to
hard-linking where the models share a common objective function, which adds much more requirements
on data similarities and similar modeling structures, soft-linking has many benefits for a flexible
interdisciplinary framework evaluating various biorefinery concepts. Furthermore, models can be
removed in favor of another model, all depending on the research question of interest.

3. An Inter-Disciplinary Modeling Framework: A Proposal

Our proposed interdisciplinary modeling framework combines techno-economic approaches
and a market approach to evaluate biorefinery concepts accounting for endogenous feedstock price
formation. To illustrate key theoretical aspects in techno-economic and market evaluations, respectively,
we first present three schematic modeling approaches and describe the iteration of models with
different modeling structures and objective functions. While our framework and the case study
focus on the evaluation of forest-based biorefineries based on thermochemical conversion pathways,
other biorefinery routes could also be evaluated by adapting the included models and input data.

The framework is constructed with three central key performance indicator (KPI) categories in
mind: (i) biomass feedstock prices, (ii) biomass feedstock allocation and production levels among
sectors and industries, (iii) and production costs for the biorefinery products. These are chosen to
provide insight into the market effects related to implementing biorefinery concepts, as well as to gain
information regarding the production cost of the end-use products of interest. However, the KPIs may
be exchanged depending on the purpose of the application of the framework.

3.1. Plant-Level and Supply Chain Modeling: Techno-Economic Performance

The first step to identify the full techno-economic performance is the evaluation of the plant-level
process configuration, which is needed to determine both the mass and energy balances and
the required capital investment. This can be challenging when evaluating emerging biorefinery
technologies and concepts, where reliable data can be difficult or impossible to obtain [76]. If sufficient
information about the process is available, we advocate the application of process heat integration
methods (e.g., pinch analysis) to estimate the minimum net energy that needs to be added to the
process [77]. This is recommended when designing integrated production systems, where special
emphasis shall be put on the efficient use of energy and minimization of environmental impacts [78].
The proposed modeling framework includes the capability to account for the exchange of heat between
the biorefinery process and the host industrial site. Process integration methods and tools can also be
used to guide modifications to the energy system of the host process. Heat integration of a biorefinery
plant at the host site can often result in a combined primary energy usage that is lower compared to
stand-alone operations of the two process plants. Furthermore, some types of biorefinery may have
a total heat surplus that is large enough and at a sufficiently high temperature to enable electricity
generation in a high-efficiency steam turbine cycle.

Figure 2 shows the proposed generic process model for evaluating biomass-to-product yields
for a biorefinery plant integrated with a given host industry (e.g., a sawmill, refinery, or chemical
cluster). The model input includes biomass feedstock composition and moisture content, as well as
process unit operating parameters (e.g., reactor temperatures and pressures). The model quantifies the
energy and mass balances of the plant; this is in turn required to calculate the net heat and electricity
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generated or required by the process, and the overall efficiencies. Generally, we suggest to not model
host industries individually, since these industries already exist and are therefore not subject to design.
Instead, process stream data or generalized models of different process types can be applied to capture
potential process integration opportunities. Typical industries suitable for energy integration include
pulp and paper mills, sawmills, petrochemical plants, and oil refineries. District heating networks
could also be suitable as hosts for new biorefineries.

Figure 2. Overview of the plant-level process model of a generic forest biomass-based biorefinery
integrated with a host industrial process plant. For a stand-alone application of the plant-level model,
see [26].

The output data from the plant-level process model includes biomass conversion yield,
i.e., the quantity of biorefinery product(s) produced per quantity of biomass input, together with the net
energy balances. Together with capital cost data and the running costs of the process, this constitutes
the input data to the market and supply chain models, respectively.

The next step is to apply a supply chain optimization model, which also considers procurement
of the biomass feedstock, including transport, as well as changes in supply for other industries due to
the new biomass demand of the biorefinery. We propose the use of a geographically explicit MILP
model for the analysis of the localization of biorefineries, given that the model must be able to handle
both geographical aspects, such as the spatial distribution of biomass supply and demand and the
potential locations and plant configurations that were determined in the plant-level model. The system
performance can thus be determined considering various geographical restrictions, not only due to net
feedstock availability but also due to restrictions related to integration opportunities. Figure 3 presents
a schematic overview of the inputs and outputs of the supply chain model.

The model is driven by the exogenously specified end-use product demand for one or more
biorefinery products. This demand may be determined based on, for instance, policy objectives or
forecasted market demand. Based on this demand, the supply chain optimization model can identify
the biorefinery supply chain configuration with the lowest total system cost, and in this way, the system
performance cost of various biorefinery concepts can be determined. Depending on the design of the
study, a multi- or single-technology problem can be investigated; the lowest cost solution could result
in one or more biorefineries needed to satisfy the product demand.

In the proposed modeling approach, the total system cost includes all supply chain costs addressed
in the model, e.g., transport costs, feedstock costs, technology costs, etc. The total transport cost is
endogenously determined in the supply chain model depending on modes of transportation and
transport distances. To limit the size of the total problem to be solved, we propose that the electricity
market is handled exogenously and viewed as a fixed demand market. This entails that surpluses or
deficits of electricity at biorefineries are assumed to be resolved by selling or purchasing electricity.
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The output from the supply chain model is a set of biorefinery localizations and concepts that
achieve the lowest total system cost. From this output, the system performance for each biorefinery
site can be determined. The biorefinery performance costs are then used as inputs to the market model.

Figure 3. Overview of the suggested supply chain optimization model. Data in the left-hand boxes
are exogenous parameters to the model. For stand-alone applications of the supply chain model, see,
e.g., [28,50].

3.2. Market Modeling: Feedstock Allocation and Prices

The contribution of the market model in this framework is to allow for endogenous price formation
of biomass feedstock considering the competition for the biomass. Key output variables from the
market model are biomass feedstock allocation and prices, and biorefinery production costs and
production levels. We propose to use a single-country generic PE model describing, for instance,
the forestry and bioenergy sectors covering the same geographical scope as the supply chain model,
to investigate price formation in the forest biomass market. The reason for choosing a PE model is that
it allows for disaggregated data, which is desirable in the context of the forest biomass markets with
many products and actors. The proposed modeling structure is similar to several previous PE forest
sector models [23,60,79]. It is a microeconomic model focusing on a single country’s forest biomass
market. The demand for end-use products and energy is exogenous, whereas production, conversion,
and demand and supply of intermediate products are endogenously determined. International trade
is represented through trade with one aggregate region (‘rest of the world’), which is a competitor to
the domestic regions.

Figure 4 illustrates the main actors and biomass flows in the proposed model. In this setting,
the forest industries, and the bioenergy sector both demand biomass, either as a feedstock or as fuel.
The forest industries also act as suppliers of by-products both within the sector, and to the bioenergy
sector. The dashed box in Figure 4 represents the interconnection between the forestry industry and the
bioenergy conversion sector. The smaller boxes inside this box represent the industries and bioenergy
conversion activities (representing different technology conversion options e.g., combined heat and
power, heat-only production, or gasification for production of biofuels) which are represented by
input–output coefficients.

The objective of the market model is to maximize social welfare, i.e., the producer and consumer
surplus, and to identify the corresponding optimal allocation of biomass given the exogenously given
demand and supply constraints. This in turn generates endogenous feedstock prices, which can be
fed back to the supply chain model and the plant-level model. For a policy scenario in which a given
quota of, e.g., all transportation fuel must come from forest biofuels, the market model will choose the
least-cost option to produce both forest industry and energy products given this constraint. This will
lead to a reallocation of feedstocks and will therefore also affect the biomass market prices.
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Figure 4. Overview of the suggested forest biomass market model. Supply of raw forest biomass and
demand for energy and forestry end-use products are expressed exogenously to the model, shown as
the upper and lower box, respectively. PPI = Pulp and paper industry. For a stand-alone application of
the market model, see [53].

3.3. Integrated Assessment: Overall Economic Performance

Figure 5 provides an overview of our suggested iterative model-linking process between the
three different models. This enables the evaluation of the performance of various biorefinery concepts
using techno-economic evaluations while at the same time considering changes in feedstock prices
associated with the introduction of the biorefinery concept(s).

Figure 5. Iteration procedure of the modeling framework.

As noted above, the respective individual models have different modeling structures, including
different data aggregation levels of the data. Therefore, some data must be modified before the model
integration. It is particularly important to make sure that biomass assortments are classified into the
same categories in the supply chain model as in the market model. In addition, differences related
to spatial resolution must be managed. In our case, the supply chain model includes exogenously
determined plant-specific data and also generates plant-specific output data, whereas the market
model is aggregated on sectors and large geographical regions. Our proposed solution is to adjust
the output data from the supply chain model before entering the market model, by aggregating the
supply chain model results per biorefinery technology and type of host. By creating a single cost for
conversion for each process technology and industry type, rather than for each process technology and
specific industry localization, some discrepancy between the technology representations in the supply
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chain and market model will occur. However, by using this approach, the specific site characteristics
are implicitly included also in the market model.

The iteration procedure, as shown graphically in Figure 5, can then be summarized as follows:

1. Biorefinery product yield and derived overall plant mass and energy balances are the main output
data from the plant-level model. Together with the inventory of heat integration opportunities
and process plant costs (CAPEX and OPEX), they constitute the input variables to the supply
chain model.

2. Together with biomass prices from the market model, the supply chain model will identify the
technology mix that satisfies the demand for the specified biorefinery product at the lowest cost.

3. The biomass prices and industrial production levels determined through the market model
constitute new input data to the supply chain model through an iterative feedback loop

4. The new biomass prices influence the performance cost for the different technology options in the
supply chain model, which may in turn influence the lowest-cost supply chain configuration. If the
new cost-minimizing supply chain differs from the previous solution, the resulting biorefinery
technology choices and localizations constitute an input to the plant-level model through a second
feedback loop.

5. The new results from the plant-level modeling again constitute inputs to the supply chain model,
and the latter will generate an updated performance cost. These new results provide updated
biomass requirements and cost data to the market model that generate new biomass prices and
allocation to competing sectors.

6. For each iteration N, the new biomass prices and forest industry production levels determined
by the market model are compared to the results generated in iteration N − 1 When the results
from at iteration N differs from the results from iteration N − 1 by less than the specified
convergence criterion, the solution is assumed to have converged. The biomass price, forest
industry production levels, and biorefinery product costs of the last iteration are retained as the
final resulting output data.

Theoretically, the data iterated between the models will eventually converge (defined as the
difference between output data from iteration N and N − 1). However, given the structure of the
framework, with separate models interconnected through soft-linking, convergence issues may arise.
If the supply chain model responds to the changes in prices and production levels with substantial
changes to supply chain configurations, the model solutions may diverge. This can be handled by
applying an under-relaxation factor, by which the changes in output prices and production levels
from the market model between the iterations are decreased by a specified factor. This means that if,
e.g., the feedstock prices and production levels increase a lot between two iterations, the feedback to
the supply chain model is lowered by a certain factor, compared to the actual output data from the
market model.

4. Case Study: Demonstrating the Framework

The proposed integrated framework is demonstrated for a case study of a biorefinery concept
integrated with a sawmill. The biorefinery produces liquefied biomethane (LBG) through gasification
of forest biomass is followed by downstream conditioning and synthesis of the product gas. The case
study aims to highlight the differences in the economic performance of the biorefinery supply chain
when using exogenous biomass prices and forest industry production levels (current-exogenous
biomass market scenario), and when the changes in biomass prices and forest industry production
levels are endogenized (iterative-endogenous biomass market scenario)by applying the iterative
soft-linking framework. The geographical scope is the national borders of Sweden, and the analysis is
static over one year.

As described above, both the supply chain model and the market model are driven by an
exogenously determined biorefinery product demand. We set the demand for LBG to be 4 TWh/a,
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assuming it to be used in the transport sector. This can be compared to future fuel usage scenarios
for the Swedish transport sector, which include up to 4.2 TWh/a of gaseous biofuels by 2040 [80],
and to the recent Swedish biomass market state public inquiry, which proposes a production target for
non-aerobic digestion-derived biogas of 3 TWh/a by 2030 [81].

The biomass assortments allowed for the production of LBG are limited to forest and forestry
industry by-products, tops and branches, industrial by-products, and wood chips. This complies with
the EU renewable energy directive (RED II), which restricts the use of primary biomass for biofuel
production [4].

As the focus of the case study is to demonstrate the soft-linking between the supply chain and
market model, the option to modify the site-specific configuration—i.e., the “process reconfiguration”
feedback loop in Figure 5—is excluded from the analysis.

4.1. Applying the Modeling Framework

4.1.1. Plant-Level Model

Two different site-specific configurations for sawmill integrated LBG production are considered.
Both were pre-optimized using different heat-integration targets, as described in a previous publication
by several of the authors [26]. The configurations are:

Configuration A: All sawmill residues. The LBG plant is sized to be able to process all
by-products from the hosting sawmill. This allows the biorefinery to be self-sufficient regarding
feedstock for LBG production and enables minimized transport costs for the LBG supply chain.

Configuration B: All sawmill residues excluding wood chips. The biorefinery is sized to be able
to process all by-products from the hosting sawmill except the wood chips. This restriction recognizes
that this assortment constitutes an important feedstock for the domestic pulp and paper industry.

Both biorefinery configurations are allowed to use harvesting residues (tops and branches) as
feedstock. In both cases, the excess heat from the biorefinery is used to cover a portion of the hosting
sawmill’s heat demand for product drying.

4.1.2. Supply Chain Model

The techno-economic supply chain performance is analyzed using the geographically explicit
biorefinery localization model BeWhere Sweden. This model includes spatial data for, e.g., feedstock
supply and demand, with a detailed site-specific representation of both potential host sites and
competing industries, including also a description of the internal energy flows and demands of host
sites for biorefinery integration. The model encompasses the national boundaries of Sweden and is
divided into grid cells with a half-degree spatial resolution, resulting in 334 grid cells. It is a mixed
integer linear programming (MILP) model written in GAMS using CPLEX as a solver. For a more
detailed description, see [50,82,83]. The objective of the model is to minimize the total system cost to
satisfy the demand for domestically produced LBG, while simultaneously satisfying the exogenously
defined biomass feedstock demand in the other industries (forest industry, stationary energy sector).
The total system cost includes costs for biomass, transport and distribution, electricity, as well as
CAPEX and OPEX for new plants.

The objective of the model is to minimize the total system cost to satisfy the demand for
domestically produced LBG, while simultaneously satisfying the exogenously defined biomass
feedstock demand in the other industries (forest industry, stationary energy sector). The total system
cost is dependent on the decision variables (continuous as well as binary). The decision variables
included in the supply chain model were: choice of localization of facilities (binary), the flow of LBG
from production sites to demand site (continuous), and the flow of biomass from harvesting sites
to biomass demand sites (continuous). The LBG production capacity is dependent on the size of
the hosting sawmill; therefore, the nonlinearity of the capital investment was addressed outside of
the optimization.
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4.1.3. Market Model

The market model used is the Swedish forest sector trade model (SFSTM II), which is a PE model
that simulates the Swedish forest biomass market (based on [84–86], including the Swedish forest sector,
and the bioenergy-using heat and power sector and transport (biofuel) sectors. The model encompasses
the national borders of Sweden divided into four regions, and an additional region covering trade
with the rest of the world. The model is a nonlinear programming model written in GAMS using
CONOPT as the solver, and the model objective is to maximize total consumer and producer surplus
to obtain equilibrium prices, industry production levels, and resource allocation; see [53,86] for a
more detailed overview of the model as applied in the chosen context. The maximization of the
producer and consumer surplus is dependent on the following decision variables, which are all
continuous: demand of consumer goods (e.g., sawn wood, heat, and power), harvest of roundwood
and harvesting residues, new industrial production, output of main products (e.g., production from
forest industries), roundwood delivered, new industrial production capacity, quantity traded between
regions, and quantity of energy demand. The reference year for industrial production levels and
biomass prices is described in Section 4.2.2.

4.1.4. Model Linking

For the implementation of the soft-linking procedure involving BeWhere Sweden and SFSTM II,
the following data are passed between the models:

• From BeWhere Sweden: biomass assortments and quantities used in the LBG production.
• From SFSTM II: forest industry production levels and new equilibrium biomass prices.

The different output parameters from the different sub-models together with the data treated as
exogenous to this study are shown in Figure 6.

Figure 6. Schematic description of the iterative framework and the system studied in this case study.

Thus, in our case study demonstration, the iterative procedure proceeds according to the following:

1. Initialization of the process. Using the market model SFSTM II to generate the current industrial
production and biomass prices without the introduction of the biorefinery; these data are used as
inputs to the supply chain model BeWhere Sweden.

2. BeWhere Sweden minimizes the total system cost while simultaneously satisfying a specified
biofuel demand and the biomass demand from industries (which are dependent on their
production levels). The specific biomass assortments used for producing the biofuel are used as
inputs to SFSTM II to represent the biorefinery production technologies.
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3. SFSTM II is used to simulate new biomass prices and forest industry production levels given the
new biofuel production levels.

4. The iterative process (steps 2–3) continues until the convergence criteria are fulfilled.

In this case study, convergence is assumed to have been reached when the normalized outputs
from SFSTM II between two iterations differed by less than 10−5.

There are differences in how biomass assortments are represented in the different models.
For instance, BeWhere Sweden distinguishes between biomass assortments from final felling and
thinning, but not between different species, while SFSTM II has the opposite representation. To resolve
this, price differences between biomass from final felling and thinning are removed in BeWhere
Sweden, and the differences in prices between biomass species in SFSTM II are averaged against
harvested volumes to be used as inputs in BeWhere Sweden. Likewise, the conversion of the biomass
assortments used in LBG production from BeWhere Sweden is weight-adjusted for the representation
in SFSTM II.

Differences occur also in the geographical representation of the models, and therefore all biomass
grid cells in BeWhere Sweden assume the same biomass prices as the corresponding region in SFSTM
II to which they belong. The industrial production is aggregated to a national level rather than keeping
changes in industrial production region-specific.

4.1.5. Case Study Evaluation

After the iterative procedure, the total system cost from BeWhere Sweden is used to calculate the
biofuel supply cost from the total system cost. The output from SFSTM II is used to identify the impacts
on the forest industry production levels and the new biomass market equilibrium prices. We then
evaluate the effects of applying the framework by comparing the model outputs when using BeWhere
Sweden only (current-exogenous biomass prices and production levels), versus when applying the
proposed framework (iterative-endogenous prices and production levels). For this, we consider the
converged industrial production levels and biomass prices from SFSTM II, as well as the total system
cost and LBG cost of supply from BeWhere Sweden.

We also evaluate the effect of applying relaxation factors on the convergence of the framework by
running the framework both with and without applying relaxation factors. The relaxation factors are
applied on data passed in both directions. In this case, a maximum of 30 iterations is used as stopping
criteria, applying relaxation factors of 1, 0.5, 0.1, and 0.05, respectively, where a relaxation factor of
1 means that no relaxation is applied. The convergence is then assessed by calculating the sum of
the normalized differences in the output from SFSTM II based on the regional biomass prices and
industrial production levels, with convergence defined as a change of less than 10−5.

4.2. Model Input Data

4.2.1. Biomass Availability

The “Today’s forestry” scenario from the Swedish Forest Agency’s impact assessment (SKA 15) [87]
forms the basis for the theoretical potentials for future harvest (final felling and thinning) assuming current
practices. The annual supply potential of sawlogs, as modeled in both BeWhere Sweden and SFSTM
II, amounts to the equivalent of 89 TWh, of pulpwood to 66 TWh, and tops and branches to 37 TWh.
A bottom-up approach described in detail in [40,50,82] was applied to model the spatial distribution of
forest biomass. Both BeWhere Sweden and SFSTM II describe the availability of industrial by-products as
functions of the production levels of the forestry industries.

4.2.2. Biomass Prices and Industrial Production

SFSTM II consists of two sub-models: one trade-cost model that calibrates prices and feedstock
allocation to a reference year, and one that simulates the prices and feedstock allocation is given
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the introduction of new biorefinery production. The trade-cost model maximizes the sum of
producer and consumer surplus and yields the market equilibrium prices, production, and biomass
allocation patterns assuming competitive markets. For the calibration procedure, all production
and consumption levels are fixed at the reference year values, and the other values are calculated
in the model. As data reliability regarding production and consumption levels can sometimes be
unreliable, manual adjustments to production levels can be necessary when observed biomass prices
(in the reference year) are significantly different compared to the calibrated biomass prices, as large
differences are likely to be caused by errors in underlying data. The reference year prices and industrial
production levels are presented in Tables 1 and 2, respectively.

Table 1. Reference year (2016) market prices of biomass assortments and electricity.

Commodity Price [EUR/MW HLHV ] Source

Electricity sold 29.1 [88]

Electricity purchased 41.7 [89]

Sawlogs

Pine 22.0

[90] b

Spruce 25.0

Non-Coniferous 21.6

Pulpwood

Pine 12.8

Spruce 12.2

Non-Coniferous 13.5

Industrial by-products Sawdust 24.4 [91]
Bark a 11.0

Harvest residues (tops and branches) 17.1 [84] c

Wood chips 18.7 [91]

Pellets 25.7 [92,93]
a Assumed to be 20% lower price than sawdust on a volumetric basis. b Roundwood prices in EUR/m3fub,
before price calibration. The basic disaggregation into regions is based on the regionally disaggregated
data [90], and then manually adjusted (with approximation) to the regions of SFSTMII. The conversion factor
used for coniferous wood equals 0.458 m3fub/MWh, and the one for non-coniferous 0.386 m3fub/MWh [94].
c There is no official price data for harvest residues (tops and branches); instead, the price of this
assortment was based on estimations in [84,86]. The conversion factor used for tops and branches equals
0.208 tonDS/MWh [94].

Table 2. Reference year (2016) forest industry production levels, aggregated by product category [95–97].

Industry Product Production 2016

Pulp and paper industry Chemical pulp 7.81million tonnes
Mechanical pulp 3.85 million tonnes

Sawmill
Sawn pine 6.7 million m3

Sawn spruce 10.4 million m3

Sawn non-coniferous 0.12 million m3

Pellets Wood pellets 1.7 million tonnes

4.2.3. Technology Data

The LBG facility is based on a dual fluidized bed gasifier integrated with a generic Nordic sawmill.
The facility also includes a back-pressure steam turbine. The energetic performances of the two studied
LBG plant configurations are presented in Table 3.

Table 4 shows the overall investment cost function for the LBG facility, derived from data presented
in [26].
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Table 3. Energy performance (LHV) of the biorefinery configurations, derived from [26]

Config. A Config. B

LBG produced [MWLBG/MWBiomass] 0.69 0.69
Electricity used [MWel/MWBiomass] 0.104 0.083
Electricity produced [MWel/MWBiomass] 0.057 0.155
Additional biomass for heating [MWBiomass/MWLBG] 0 0.042

Table 4. Investment cost correlation depending on the size of the hosting sawmill. C is the annual
production of sawn wood in m3.

InvestmentCost = a · Cb[MEUR2016]

a b

Config. A 0.014 0.73
Config. B 0.0283 0.69

For the economic evaluation in BeWhere Sweden, a capital recovery factor (used to annualize the
investment cost) of 0.1 was assumed, e.g., corresponding to a discount rate of 8% and an economic
lifetime of 20 years.

The biomass assortments allowed to be used for different activities in BeWhere Sweden are shown
in Table 5.

Table 5. Biomass assortments allowed to be used for different productions in BeWhere Sweden.

Biomass Assortments

Demand Sector Sawlogs Pulpwood Tops and
Branches

Wood
Chips

Industrial
by-products

Waste
Wood Pellets

Sawmills
(sawn products) x

Sawmills
(heat demand) x x x

Pulp and paper
mills (pulp) x x x

Pulp and paper
mills (heat) x x x x x

Pellets
production x x

Stationary
energy a x x x x x x

LBG
production x x x

a District Heating and Combined Heat and Power plants.

4.3. Case Study Results

4.3.1. Biorefinery System Performance

Figure 7 shows three different resulting biomass prices from STSTM II: the current exogenous
prices without introduction of biorefinery production (blue bar), and the final endogenous prices at
the end of the iteration procedure when considering the introduction of the two different biorefinery
technology configurations (light brown and green bars). Correspondingly, Figure 8 shows the resulting
biomass use in the different industries and sectors, and Figure 9 the change in industrial production
resulting from introduction of the biorefinery.

Interestingly, even though both technology configurations were sized to be able to be feedstock
self-sufficient using only internal by-products, the cost-minimizing solutions also include biorefineries
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that import feedstock in the form of tops and branches. The reason is that the usefulness of tops and
branches for other uses is lower than that of the by-product assortments, since they cannot be used for
pulp production or pellets production.
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Figure 7. Biomass prices before (“current-exogenous”) and after (“iterative-endogenous”, relaxation
factor = 1) the introduction of biorefinery production. Output from SFSTM II. Config. A = using all
sawmill by-products, Config. B = excluding the wood chips.

Figure 8. Biomass use (TWh/a) in the different industries before (“current-exogenous”) and after
(“iterative-endogenous”, relaxation factor = 1) the introduction of biorefinery production. Output from
SFSTM II. Config. A = using all sawmill by-products, Config. B = excluding the wood chips.

The most prominent effect from the biorefinery introduction on existing industries is noted for
the pellets industry. This is not due to a physical shortage of industrial by-products, as those are
indeed available in sufficient quantities (Figure 8). Instead, it is a result of the high feedstock market
prices (Figure 7), which render pellets production unprofitable. All biomass assortments allowed for
the biorefinery production, i.e., industrial by-products, wood chips, and tops and branches, show a
significant price increase when the LBG production is introduced. The price of pellets also increases due
to the increase in feedstock prices, despite pellets not being used as biorefinery feedstock. In contrast,
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the production in both the sawmills and the pulp and paper industry is relatively unaffected by the
biorefinery introduction, despite the potential new competition for feedstocks.
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Figure 9. Change in forest industry production after the introduction of biorefinery production,
when applying the iterative framework. Calculated from SFSTM II output. Config. A = using all
sawmill by-products, Config. B = excluding the wood chips.

Next, let us examine the effect of applying the iterative framework on the LBG supply cost,
shown in Figure 10 for the current-exogenous and iterative-endogenous scenarios, respectively.
The cost shown is the total system supply cost, which includes both the direct costs related to
the biorefineries, and the indirect costs in the form of increased costs for other biomass users.
Unsurprisingly, the system supply cost of LBG increases when endogenous biomass prices are
considered, and most significantly so for the biorefinery configuration with the higher specific biomass
demand (see Table 3) and higher ultimate market prices for sawmill residues (Figure 7).
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Figure 10. Total system supply cost of produced LBG when using exogenous and endogenous biomass
prices, respectively. Output from BeWhere Sweden. Config. A = using all sawmill by-products,
Config. B = excluding the wood chips.
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4.3.2. Convergence and Relaxation Factors

The convergence of the case study was explored by running the framework both with, and without
applying relaxation factors. The same same relaxation factor was applied for both directions in the
iterative process. Figure 11 displays the average national biomass prices from STSTM II at different
iteration counts for the two studied biorefinery technology configurations, Figure 12 the total system
cost from BeWhere Sweden at the same iteration counts, and Figure 13 the normalized biomass usage
in the biorefineries.

Noticeably, the relaxation factor has a modest impact on the biomass prices, which all move
towards convergence. However, while the biomass prices suggest that the models have converged
for all relaxation factors, the total system cost shows that this is not fully the case for the lowest
relaxation factors (0.1 and 0.05). In addition, the biomass usage has not converged, as the integrated
model framework oscillates between different solutions when lower relaxation factors are applied.
While all different relaxation factor scenarios approach the same total system cost, 30 iterations are not
enough to reach full convergence. This shows that, for the case demonstrated here, there is no benefit
regarding prices and biomass allocation in applying a relaxation factor. This conclusion may, however,
be different when evaluating scenarios with higher biorefinery product demand, as this might induce
a geographical oscillation between model solutions.
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Figure 11. Biomass prices during the iterative process. Output from SFSTM II. (Top) Config. A = using
all sawmill by-products. (Bottom) Config. B = excluding the wood chips.
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Figure 12. Total system cost during the iterative process. Output from BeWhere Sweden. Config. A = using
all sawmill by-products, Config. B = excluding the wood chips.
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Figure 13. Biorefinery feedstock composition during the iterative process. Output from BeWhere Sweden.
(Top) Config. A = using all sawmill by-products. (Bottom) Config. B = excluding the wood chips.

5. Discussion and Future Research

The barriers associated with linking models from different traditions of research is a real
obstacle—as not only do the models differ in structure and objective function, but the researchers
representing the fields also have different agendas. The use of soft-linking enables models to be
brought together representing different aspects of a topic while keeping the integrity of the models
intact. The proposed framework is an example of how to soft-link models from the techno-economic
tradition with the models in economics built upon market behavior.

Regarding future developments of this framework, it should be noted that so far it has been
developed to improve the economic assessment of biorefinery concepts. However, as the main political
interest in new biorefinery concepts lies in the possibility of substituting fossil-fuel products and
energy carriers, additional variables in the form of, for example, greenhouse gas emissions related to
the biorefinery supply chain can be included in the framework by attributing the different flows with
the corresponding emissions. Extending the framework by including external environmental costs
in the objective function enables further analysis of the cost associated with large-scale deployment
of biorefinery technologies, as both the impact on the supply chain and the competing industries
are captured.

Depending on the chosen system boundaries in the techno-economic evaluation of the biorefinery
technology, the economic performance could be affected differently by the changing biomass market
prices. To further evaluate how the proposed framework can provide additional insights into the
economic performance of biorefinery technologies, it needs to be tested for case studies with a larger
set of technologies and biofuel demand scenarios.

The current literature regarding economic evaluations of emerging technologies emphasizes that
future market prices need to be considered. However, this is rarely done in a way that endogenizes
the market price impacts from the deployment of the technology; see, for example, [8–11,28],
which risks overestimating the economic performance. Combining the presented framework with
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scenario-based future market prices should provide a comprehensive understanding of the possible
future economic performance of a technology and make it possible to reduce the risk of guiding policy
support and investment towards technologies prone to future cost escalations due to changes in the
feedstock market.

The framework developed and demonstrated here is particularly focused on the evaluation of
lignocellulosic biorefinery concepts. However, it should be noted that the framework structure can be
extended to other areas as well. This framework is particular of interest for evaluations of emerging
technologies where the feedstock constitutes a significant portion of the total cost, and especially where
the potential feedstock is currently traded in a competitive market, which improves data availability
for formulating the market model.

Finally, to further increase the accuracy of the economic assessment, the framework may also be
soft-linked with other national models covering other countries (biomass markets) to simulate trade
effects as a consequence of changing feedstock prices. A more sophisticated trade analysis would also
provide insights regarding the exporting possibilities for a product produced in a specific biorefinery
concept, as well as contribute to a broader environmental assessment.

6. Conclusions

We have proposed and demonstrated a soft-linking framework in an attempt to bridge the gap
between techno-economic modeling and market modeling in the assessment of emerging biorefinery
concepts. We showed that the final price effects of introducing a new biorefinery concept at a large
scale are far from straightforward to forecast, as prices are formed in markets where any price changes
affect both feedstock allocation and production levels in affected industries and sectors.

Three general insights can be discerned from the case study. Firstly, the use of static supply
chain optimization models and exogenous biomass prices for the analysis of the biorefinery supply
chains neglects the availability of suitable feedstocks due to changed allocations on the biomass
markets. Secondly, neglecting the biomass price changes that are induced by the implementation of
the biorefinery leads to erroneous relative biomass market prices. This might lead to specific biomass
assortments being identified as preferable to use for the biorefinery, which might not be the case given
their price changes as a result of the increased demand. Thirdly, the underestimation of the effect
of higher feedstock costs might lead to overestimations of the potential of forest-based biorefinery
products to penetrate the market.

Based on this, we argue that the framework developed in this paper can be used to facilitate the
identification of biorefinery concepts with high economic performance and that in turn are robust to
feedstock price changes caused by the biorefinery introduction. Furthermore, the proposed framework
complements forest sector models used to analyze exogenous shifts in biomass markets, in that it also
enables the explicit inclusion of flexible technology and supply chain optimization, focused on the
final biorefinery product. In contrast to a static pre-selection of technology to be included in a market
model, the benefit of the iterative framework is the iteration of information between the model that
generates one stable solution considering all the decision variables included. The cost-minimizing
choice of technology depends on feedstock prices. The feedstock prices are in turn dependent on the
technologies included. Thus, optimal technologies included in a market model may not be optimal
when feedstock prices have adjusted to the new production. The proposed framework ensures that
the technologies included in the market model are chosen to minimize total supply cost also when
the feedstock price changes. A biorefinery has many decision variables, and ignoring some of the
key aspects is likely to result in misleading conclusions, with the risk of sending out conflicting
policy recommendations.
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The following abbreviations are used in this manuscript:

CAPEX capital expenditure
CGE computational general equilibrium
IO input–output
KPI key performance indicator
LBG liquefied biomethane
LHV lower heating value
MILP mixed integer linear programming
OPEX operational expenditure
PE partial equilibrium
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Abstract 

The purpose of this paper is to investigate the relationship between green industrial policies and 
domestic biofuel production among OECD countries. The analysis builds on a data set including 
24 OECD countries over the time period 2000-2016. This panel is estimated using a variant of 
the so-called Poisson pseudo-maximum-likelihood model and includes the mix of demand-pull 
(biofuel blending mandates) and technology-push policies (government R&D), as well as the 
interaction between these two types of instruments. The results suggest a positive relationship 
between blending mandates and domestic biofuel production. Thus, a more stringent blending 
mandate does not only increase the use of biofuels, but also domestic production (as a share of 
total fuel use). Government R&D has not, however, induced domestic biofuel industrialization 
processes. The results even suggest a negative interaction effect between government R&D and 
blending mandates, in turn implying that these two polices target different technological fields. 
The blending mandates tend to primarily favor commercialized first-generation biofuels, while 
government support to biofuel R&D has instead been focused on advanced biofuel technology.  

Key words: biofuel production; ethanol; blending mandates; government R&D; policy mix.  
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1. Introduction  
There is a rich literature addressing the relationship between environmental policy and technical 

change and innovation (see Popp (2019) for a recent overview). This research has investigated 

the dynamics of the development and diffusion of zero-carbon technologies, including wind 

power, solar energy, and biofuels. During the last decade, the literature has increasingly raised 

the question of how policy can be introduced to ensure that the novel, sustainable technologies 

can grow into fully-fledged industrial structures, which, besides greenhouse gas mitigation, also 

promote competitiveness, industrial growth and job creation. Governments increasingly pursue 

such green industrial policy ambitions (Rodrik, 2014; Schmidt and Huenteler, 2016; Gomel and 

Rogge, 2020). Through green industrial policies, it is argued, the domestic industry could gain 

a first-mover advantage and thus tilt the future path of technological development closer to the 

country’s initial comparative advantages (Altenburg and Assmann, 2017). In this paper, we 

investigate the impact of various green industrial policies – and their interaction – on domestic 

industrialization processes in the empirical context of biofuel production in OECD countries.  

The road transport sector is the largest contributor to global warming (EC, 2016; Fuglestvedt et 

al., 2008), and this has led to a strong push for climate policy interventions targeting this sector, 

including policies promoting the production and use of biofuels. Not only are biofuels 

considered carbon-neutral,1 the support of domestic biofuel production could also, it is argued, 

help attain other political goals such as improved energy security, job creation in rural areas, 

and improved terms-of-trade (e.g., Ackrill and Kay, 2014; Ng et al., 2010; Pilgrim and Harvey, 

2012; Stefanescu-Mihaila Olivia, 2016; Tosun, 2016; Uria-Martinez et al., 2018). Ebadian et 

al. (2020) find energy security, rural development and job creation to be the main drivers behind 

the initial development of biofuels in countries around the world. These types of benefits are in 

turn often emphasized in the various national bioeconomy roadmaps (see Bracco et al. (2018) 

for an overview), which tend to form the basis for the implementation of specific policy 

instruments. 

                                                           
1 Not all biofuel use is carbon neutral, and the climate impacts associated with substituting biofuels for fossil fuels 
vary with technology, inputs, and feedstock (Don et al., 2012; Williams et al., 2016). Even negative environmental 
effects of biofuels have been observed (Hoekman et al., 2018; Hoekman and Broch, 2018). The focus of this paper 
is however on the impacts of policy on biofuel production, and not on the performance of this production in terms 
of carbon mitigation and/or other types of environmental footprints.  
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Green industrial policies in the context of biofuel development have typically comprised a mix 

of so-called demand-pull and technology-push instruments (see further Section 2). In the former 

case, many countries have adopted so-called biofuel blending mandates requiring a minimum 

percentage of biofuels in transport fuels sold to the consumers at the pump (Hunsberger et al., 

2017).2 Such policies can be expected to stabilize the domestic demand for biofuels, something 

that in turn could encourage new investment in the sector (Charles et al., 2013). The technology-

push instruments include government support for research and development (R&D), including 

pilot and demonstration projects (Hellsmark et al., 2016a; Palage et al., 2019a). This support 

facilitates the provision of basic and applied knowledge, which will be needed to progress novel 

biofuel technologies and improve their performance (Costantini et al., 2015). The link between 

this mix of policy instruments and domestic industrialization could in turn be strengthened by 

the presence of so-called home bias in global trade and technology development (Bacchiocchi 

and Montobbio, 2010).  

Since the turn of the century, we have witnessed a substantial increase in the use of biofuels. 

Specifically, over the time period 2000-2016, global biofuel use increased by 668 % reaching 

a total of 2.3 million barrels per day (EIA, 2020a). Previous studies confirm that the biofuel 

blending mandates have contributed to this rapid growth (Hunsberger et al., 2017; Lamers et 

al., 2011; Swinbank et al., 2011). Moreover, existing literature also shows that both blending 

mandates and government R&D have assisted in inducing technological development in the 

biofuel field, typically measured through patenting activity (Constatini et al., 2015; Brolund 

and Lundmark, 2014; Karmarkar-Deshmukh and Pray, 2009; Palage et al., 2019a).  

Nevertheless, while the above research has addressed the relationship between biofuel policies 

on technological change and innovation, there is a lack of studies addressing the policy impacts 

on industrialization. It should be clear that the nature of this relationship is far from certain; 

biofuel blending obligations can typically be met by both domestic and imported biofuels, and 

while government R&D support has led to significant technological advancements, these may 

not necessarily be intertwined with the development of domestic industries. For this reason, the 

following research question is posed: have green industrial policy instruments, including their 

interaction, influenced the development of domestic biofuel production?   

                                                           
2 A limited number of countries have instead introduced blending mandates at the production side. In this paper, 
however, we focus on blending mandates that regulate the use of biofuels (see further Section 3.2).  
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The purpose of this paper is to investigate the influences of blending mandates and government 

R&D on the emergence of domestic biofuel producing industries. This is achieved in the context 

of biofuel development in 24 OECD countries over the time period 2000-2016. The empirical 

analysis relies on a panel data set, which is estimated using a variant of the so-called Poisson 

pseudo-maximum-likelihood model. The data include the mix of demand-pull and technology-

push policies as well as the interaction between these two types of instruments.  

In the next section, we outline a few key lessons from the literature, and with a special emphasis 

on the functioning of blending mandates. Section 3 displays the data sources and definitions, 

including an overview of the variables included in the empirical investigation. In Section 4, we 

outline the econometric model specifications. The empirical results are presented in Section 5 

and discussed in Section 6. Finally, Section 7 provides some concluding remarks and points out 

a few important avenues for future research. 

2. Green Industrial Policy: Lessons from the Literature 

2.1. Demand-pull and technology-push instruments 

The environmental and energy economics literature has devoted increased attention to the role 

of endogenous technological change and innovation (Gillingham et al., 2008; Popp, 2019). This 

implies addressing the feedback mechanisms by which market signals and policy could change 

the direction of technological change towards cleaner technologies. As noted above, the policy 

measures that attempt to manage structural change in ways that account for both productivity 

and environmental (including climate) challenges in a harmonized way, are often referred to as 

green industrial policies (Rodrik, 2014). While previous research has had a strong focus on the 

policy impacts on innovation and technological change, we address the corresponding effects 

on structural change in the form of the emergence of domestic industrialization. 

The green industrial policy mix tends to build on two types of policy instruments. The first type 

includes so-called technology-push instruments that facilitate the provision of basic and applied 

knowledge. This knowledge typically has strong public good characteristics, implying that the 

knowledge spillovers provide benefits to the public, but not to the innovator. As a result, private 

companies do typically not have strong-enough incentives to provide an efficient level of R&D 

activities (Popp, 2019). Government support to R&D thus represents one way of internalizing 

such technology market failures, and in this paper, we investigate whether such policy support 

has induced the build-up of domestic biofuel production. 
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The second type concerns so-called demand-pull instruments, which aim at the diffusion of new 

technologies, and help promote various learning processes by “driving down” the technologies’ 

learning curves (Sagar and Zwaan, 2006). Specifically, learning-by-doing represents the tacit 

knowledge acquired at the manufacturing stage, while learning-by-using instead reflects the 

improvements in the technology as a result of feedback from user experiences. Such knowledge 

generation could also be associated with significant spillovers (e.g., Lehmann and Söderholm, 

2018; Peters et al., 2012). While the demand-pull instruments do encourage different learning 

processes, previous work confirms that the impacts of different types of support schemes (e.g., 

feed-in tariffs, quota schemes) may differ (Del Río & Bleda, 2012; Johnstone et al., 2010; 

Palage et al., 2019b). In this paper, we focus on the specific role of biofuel blending mandates, 

which are further introduced in Section 2.2.  

It is important to acknowledge that technology-push and demand-pull instruments may interact 

in important ways. The introduction of new technology will normally affect future innovations 

through different learning processes. The process of technology development is thus complex, 

and highly iterative. An important reason for the existence of such feedback effects is that the 

experiences gained from the production and use of a technology often lead to the emergence of 

new problems as well as opportunities, in turn raising the rate-of-return of additional R&D (e.g., 

Rosenberg, 1982).3 One important implication of this is that demand-pull instruments, which 

are designed and implemented in isolation from the government R&D programs, could be less 

effective (and vice versa) (Arrow et al., 2009).  

A positive interaction effect between public R&D support and various demand-pull instruments 

on innovation – i.e., patenting outcomes – has been reported for renewable energy technologies 

in the electricity sector (e.g., Palage et al., (2019b) for solar PV, and Lindman and Söderholm 

(2016) for wind power). In this paper, we test for the existence of a corresponding positive 

interaction effect in the context of biofuels, i.e., that the impact on domestic biofuel production 

of increased government R&D support will be more profound when combined with a biofuel 

blending mandate (and vice versa). Since the blending mandate stabilizes the domestic demand 

for biofuels, and government R&D helps enable the growth of a domestic biofuel sector to meet 

that demand, these two types of policy instruments can be expected to reinforce each other.  

However, it is important to recognize that in contrast to both solar PV and wind power, biofuel 

technology is a more complex field, and unlike electricity, biofuels are heterogeneous products. 

                                                           
3 This is also consistent with the so-called ‘chain-linked’ model of innovation (Kline and Rosenberg, 1986). 
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Biofuels can be divided into two main categories: first-generation fuels and advanced biofuels 

(second, third, and fourth generations). The first-generation biofuels are fuels made from food 

crops grown on arable land, e.g., crop's sugar, starch, or oil content, and converted into ethanol 

and/or biodiesel. This conversion technology is relatively mature, and the feedstock is available 

in the world market. Close to all ethanol in the world is, and has from the start, been derived 

from starch- and sugar-based feedstock (OECD, 2019). This has led to growing concerns about 

an increased competition for arable land and – occasionally – rising food prices. Policy efforts 

to develop non-food biofuel production have therefore been initiated, in particular an increased 

focus on second-generation biofuels from lignocellulosic biomass (Ho et al., 2014; Panoutsou 

et al., 2013). Even though second-generation biofuel technologies have looked promising for a 

while, they have not yet reached commercialized production scales. The above implies that 

government R&D and the blending requirements may promote different types of processes and 

biofuels (Bacovsky et al., 2013), the former primarily addressing advanced biofuel technologies 

and the latter the first-generation biofuels.  

For this reason, the policy interaction effect may not be profound, potentially insignificant or 

even negative. For instance, more stringent biofuel blending mandates4 may primarily increase 

the demand for biofuels that are cost-effective from a short-term perspective, e.g., imported 

first-generation biofuels (Hansson et al., 2018). This could in turn lead to a decreased interest 

in further developing advanced biofuels with high long-run potentials, since stringent blending 

mandates make it easier to comply with existing national targets relating to biofuel use in the 

transport sector. It is also argued that the production and use of first-generation ethanol will not 

likely bridge the conversion to advanced biofuels (Eggert and Greaker, 2014). There should 

therefore in turn be less scope for positive feedback loops, and even a more intense competition 

for the limited expertise in the field (e.g., process engineers). For this reason, the (marginal) 

impacts of more stringent blending mandates on domestic biofuel production may be unaffected 

(or even more modest) in the presence of generous government biofuel R&D support. This 

occurs if the mandate crowds-out the interest in novel technologies, which may often have more 

favorable carbon footprints, but that are less commercially mature. 

Finally, while green industrial policies may help address technology and environmental market 

failures, they will also include inherent risks of misallocation and regulatory capture (Altenburg 

and Assmann, 2017). It is often argued that policies that target specific sectors or technologies 

                                                           
4 In this paper, more stringent blending mandates refer to increases in the percentage ethanol share required in the 
fuel mix; it does not refer to requirements concerning the type of biofuel (e.g., advanced versus first-generation).  
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are more prone to regulatory capture by different interest groups than more neutral (economy-

wide) policy instruments (Lerner, 2009; Aalbers et al., 2013; Lehmann and Söderholm, 2018). 

For this reason, Rodrik (2014) argues, the institutional design of green industrial policies needs 

to be characterized by embeddedness, discipline, and accountability. For our purposes, it is also 

important to note that since biofuels come in many forms, some interest groups will lobby for 

certain technologies and fuels while yet other groups will instead promote different alternatives 

(Oliveiraa et al., 2017).  

2.2. The economics of biofuel blending mandates 

A blending mandate is a demand-pull policy that regulates the ratio of biofuels to total fuels 

sold to consumers at the pump. Consumers can choose different fuels, but these will contain at 

least the percentage stipulated by the mandate. The motivations behind adopting or increasing 

a blending mandate are often twofold: to replace fossil fuels with biofuels and to encourage the 

development of a domestic biofuel producing sector (Ebadian et al., 2020). Nevertheless, since 

a blending mandate can be met by either domestic production or imported biofuels, this policy 

is far from certain to lead to an increase in domestic biofuel production. 

The idea is that the blending mandate will encourage ethanol producers to start producing even 

though the fuel is currently not competitive with conventional fuels. The coupling of ethanol to 

the conventional transport fuel (petrol) stabilizes demand for ethanol by guaranteeing a market, 

as well as reducing price volatility originating from price fluctuations in the ethanol feedstock 

prices. The latter results since ethanol is mixed with petrol for which demand tends to be own-

price inelastic. Moreover, without a blending mandate, biofuels and fossil fuels become close 

substitutes, which would lead to biofuels losing competitiveness during times of low oil prices 

and/or expensive feedstock prices (Arnold et al., 2019; Ghoddusi, 2017a; 2017b).  

The economics of biofuel mandates often departs from the notion of the U.S. biofuel fuel market 

with the contextual appropriate assumptions such as an endogenous price formation of oil and 

arable crops, and that the blending mandate is met with domestically produced ethanol.5 De 

Gorter and Just (2009), theoretically, as well as Wu and Langpap (2015), empirically, predict 

decreasing petrol prices and increasing crop prices as a consequence of combining a blending 

mandate with ethanol subsidies in the USA. In the context of the 24 countries assessed in this 

study, though, policies are not expected to cause changes in world prices. Instead, the countries 

                                                           
5 The U.S. blending mandate is implemented on the supply side (see also Section 3).  
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are expected to compare the (exogenous) world price of ethanol to domestic ethanol production 

prices, something that in turn will determine the share of imported versus domestic fuels. This 

expectation is in line with the economic theory of an integrated world market and the law of 

one price; countries will essentially adjust production levels and trading patterns to obtain the 

lowest-cost supplies (Fabiosa et al., 2010; Feenstra and Taylor, 2012).  

The domestic ethanol prices will vary with domestic policies and feedstock price fluctuations. 

Theoretically, a domestic blending mandate could affect the domestic ethanol price through 

increased competition for the feedstock and/or economies of scale in production. In practice, 

however, such price effects can be expected to be small since domestic ethanol can be replaced 

with imported ethanol or imported feedstock under a demand-pull blending mandate. In sum, 

biofuel blending mandate regulate the ratio of biofuels to total fuel volumes sold to consumers 

at the pump, and the relative ethanol prices influence the share of domestically versus imported 

ethanol. The relative price differences for ethanol will in turn depend on the relative prices of 

production, as well as comparative advantages and policies in various countries.  

3. Data   
In this paper, we employ data for 24 OECD countries over the time-period 2000-2016, i.e., a 

total of 408 annual observations in the base model estimations. All countries in the sample are 

listed in Table A1 in the Appendix, and Table A2 provides descriptive statistics for all included 

variables. This choice of time-period and countries has been based on the nature of the data, as 

well as on data availability and reliability. Prior to 2000, ethanol production was concentrated 

to a few countries in the world (e.g., Brazil), and so were policies supporting domestic biofuel 

production. Government biofuel R&D has, however, existed in several countries since the mid-

1970s. Still, in this case, data availability is limited, in particular prior to 2000. Our data sample 

ends in 2016 due to lags in data reporting in some countries. All countries in the panel are 

OECD members, although eleven OECD countries had to be excluded: Chile, Estonia, France, 

Greece, Iceland, Israel, Luxembourg, Norway, Portugal, Slovenia, and the U.S. The U.S. and 

France have been excluded since these countries have adopted supply-side blending mandates; 

i.e., their production of biofuels is predetermined. This should not be confused with the biofuel 

blending mandates implemented on the fuel users, which, as noted above, can be satisfied with 
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both domestic and imported biofuels.6 The remaining countries were excluded (dropped in the 

estimation) due to being either singletons or separated by a fixed effect.7  

The reason for focusing on OECD countries is twofold. First, they are all high-income countries 

and would naturally specialize in capital intensive economic activities. For this reason, they are 

likely to be impacted by specific policy instruments in similar ways (compared to any impacts 

on low-income countries). Second, harmonized data for ethanol production levels as well as 

government bioenergy R&D expenditures are available for all OECD member states (e.g., from 

the International Energy Agency and the US Energy Information Administration, respectively). 

It should also be noted that even if some countries had to be excluded due to data availability 

reasons, deliberate efforts have been made to obtain a data set consisting of both the most 

progressive nations in the biofuel field (e.g., Canada, Finland, and Germany), and countries 

with less-developed biofuel sectors (e.g., South Korea and Japan.).  

In sum, given this paper’s focus on the policy impacts on domestic biofuel production, we have 

chosen a time-period for which biofuel policies and ethanol production have emerged at a wider 

scale. Countries have been chosen based on comparability, both in terms of income level and 

data definitions, yet providing enough variation along the scale of industry matureness.  

3.1. The dependent variable 

Our dependent variable is domestic ethanol production as share of total fuel use in the transport 

sector, i.e., the ethanol production share (EPS). The data needed to construct this variable were 

extracted from EIA (2020a). Ethanol production and aggregate fuel use are measured in average 

thousand barrels per day over one year. It is important to comment on one limitation of this 

variable. As noted above, biofuels are heterogeneous goods, and can be divided into two key 

categories: first-generation versus advanced biofuels. Figure 1 illustrates first-generation and 

advanced (i.e., second-, third- and fourth-generation) biofuel production in different regions of 

the world (in 2019). It displays how the first-generation fuels still dominate the world biofuel 

market, while the market shares for the advanced fuels remain low.  

As for ethanol produced worldwide, about 60% comes from corn, 25% from sugar cane, 7% 

from molasses, 4% from wheat, and the remainder from other feedstock such as grains, cassava, 

                                                           
6 The U.S. is also difficult to include since there is a lot of policy variation across states, and we want to avoid the 
intermingling of federal and state levels. 
7 A singleton refers to a singleton group which means that there is only one observation in the group. Failing to 
remove singletons can lead to overstated statistical significance (Correia, 2015; Correia et al., 2020, 2019).  



10 
 

sugar beets and lignocellulosic biomass (OECD, 2019). In other words, in essence all ethanol 

produced in the world is derived from starch- and sugar-based feedstocks and thus belong to 

the category first-generation biofuels, but our data do not distinguish between ethanol based on 

different feedstock. This will affect the interpretation of some of the empirical results, e.g., with 

respect to the role played by government R&D support (see also Section 3.2).  

 
Figure 1: Production of biofuels (PJ) from first-generation and advanced biofuels by world region, 2019. Data limitations 

prevent us from showing ethanol separated from biodiesel, as well as disaggregated by country. Source: OECD/FAO (2019).  

In the early 1990s, total production of ethanol in the OECD countries was virtually non-existent, 

but it has grown consistently since then. Apart from the USA, the three countries with the largest 

volumes of domestic ethanol production in the OECD region are (in descending order) Canada, 

Germany, and Spain. Nevertheless, in 2016, about a quarter of the total use of ethanol was 

imported, primarily from Brazil (EIA, 2020a). Figure 2 illustrates the development of the 

ethanol production share (EPS) in our 24 sample countries over the time-period 2000-2016.  
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Figure 2: The development of the ethanol production share (EPS) in 24 OECD countries, 2000-2016. Source: EIA (2020a) 

 

 

In the early 2000s, EPS was close to zero for all sample countries, but it has since then grown 

at a fairly rapid pace in some parts of the world (e.g., Hungary, Belgium), at a more moderate 

pace in others (e.g., Spain, Poland), and not at all in a few other ones (e.g., Denmark, Japan). 

3.2. The independent variables  

Green industrial policy variables  

The focus of this paper is the role of policy for stimulating the production of ethanol, and we 

address both demand-pull and technology-push policies. As noted above, the key demand-pull 

instrument in the case of ethanol production has been the blending mandate. In our sample, 

many countries have introduced separate mandates for ethanol and biodiesel, respectively. Our 

blending mandate variable, BLEND, incorporates the respective ethanol mandates, but also a 

few “open” mandates for which the biofuel type is not specified in advance.  

The BLEND data were collected mainly from ePURE (2018) and USDA (2017, 2018), but have 

also been complemented with data from various government webpages. Figure 3 illustrates how 

the respective blending mandate shares have developed over the chosen time period, and how 

they differ across the 11 sample countries that introduced a blending mandate during the period. 

Among these, Germany was first out to adopt a blending mandate (4.4% in 2009), followed by 

Belgium (7%), Canada (5%), Latvia (4.5%), and Japan (0.6%) in 2010. The mandates typically 

stayed stable at the introduction level or increased over the six remaining sample years, except 
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for Spain that eliminated its blending mandate in 2016, and Belgium that, in 2014, reduced its 

mandate from the highest level in the sample to a level closer to the sample average.8  

Our technology-push policy variable builds on government biofuel R&D expenditures. Such 

support to R&D has historically played a key role for the fast growth of first-generation biofuels 

produced from arable crops. Today, these biofuels are associated with developed production 

technologies and supply chains and are produced commercially in several countries. During the 

last two decades, therefore, government support to biofuel R&D has been heavily focused on 

the advanced biofuels (Palage et al., 2019a; IRENA, 2013; Kumar et al., 2013; Toivanen and 

Novotny, 2017). For this reason, we may not necessarily detect a positive statistical relationship 

between government R&D support and the ethanol production share (EPS). 

 
Figure 3: The development of blending mandates (percentage shares) in 11 OECD countries, 2000-2016. The countries in our 
sample that did not have a blending mandate at any point in time during the chosen period are not shown. These are Australia, 
Denmark, Finland, Ireland, Italy, Netherlands, New Zealand, Poland, Slovakia, South Korea, Sweden, Switzerland, and the UK. 

Governments of countries, which do not possess a comparative advantage in first-generation 

biofuel production, may be more likely to invest in building up an advanced biofuel sector. This 

has been especially evident among the Nordic countries, such as Finland and Sweden, which 

face a strong demand for zero-carbon transport fuels and with low production volumes of first-

generation biofuel production. These countries focus on the development of second-generation 

production based on the conversion of forest biomass (residues) into biofuels (Hedeler et al., 

                                                           
8 There are indications that some countries have had years during which they were not successful in complying 
with their blending obligations (Ebadian et al., 2020). Nevertheless, these deviations have overall been small, and 
we do not expect these to alter the interpretation of the empirical results. 
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2020). However, since Finland and Sweden are pioneers in advanced biofuel technology, they 

may not necessarily be able to fully appropriate the spillover benefits of past R&D efforts in 

terms of domestic production (Miremadi et al., 2019). In other words, countries that invest a lot 

in government biofuel R&D support are not necessarily large producers of biofuels.  

Government R&D expenditures will have long-lasting impacts on knowledge accumulation and 

technological change, and it is therefore important to abstain from a sole emphasis on annual 

changes in government expenditures. Instead, we assume that lagged government biofuel R&D 

outlays add to a knowledge stock (see also Palage et al., 2019b). Specifically, we have:  

𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡 =  𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡−𝑥𝑥 +  (1 − 𝛿𝛿)𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡−1  (1) 

where 𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡 denotes the government R&D-based knowledge stock; i indexes the sample 

countries and t years. Equation (1) builds on the so-called perpetual inventory model in which 

a given fraction of the previous year’s stock adds to this year’s stock. This is in turn an outcome 

of the rate of knowledge depreciation, 𝛿𝛿 (0 ≥ 𝛿𝛿 ≤ 1). Furthermore, 𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡−𝑥𝑥 denotes the 

annual government expenditures to biofuel R&D, and x is the number of years it takes before 

these expenditures generate new knowledge, and thus add to the stock. In other words, through 

this specification, we acknowledge that government R&D support does not have instantaneous 

effects on knowledge generation, and any acquired knowledge depreciates in the sense that the 

knowledge generated through past government R&D efforts gradually become outdated.  

In order to construct the R&D-based knowledge stock, in the baseline case, we assume a time 

lag of one (1) year, and a depreciation rate of 10 percent (𝛿𝛿=0.10). The choice of depreciation 

rate builds on Nordhaus (2002), and this assumption reflects the relatively rapid development 

of bioenergy technology during the last decades. Popp (2015) shows, however, that the time lag 

between government R&D expenditures in the energy field and private energy patents can be 

extended, up to four-five years. For this reason, we also consider alternative estimations based 

on two-, three- and four-year time lags in the R&D-based knowledge stock (i.e., x = 2, 3, 4).  

The International Energy Agency provides on “Detailed Country RD&D Budgets” (code 34, 

“Biofuels incl. liquids, solids, and biogases”) in IEA data services (2020) for the year 1974 and 

onwards. In 1974, the respective domestic R&D expenditures were close to zero, and these low 
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numbers represent our initial conditions when constructing the R&D-based knowledge stock.9 

The data on government expenditures used in the calculations are in million USD based on 

2017 prices and exchange rates.  

Figure 4 shows the resulting knowledge stocks for our sample countries over the period 2000-

2016. Overall, Japan has the largest R&D-based biofuel knowledge stock, followed by Canada, 

the Netherlands and Sweden, while the developments of this stock have been significantly more 

modest in countries such as, for instance, Turkey, Mexico, and Latvia.   

In order to address the potential policy interaction between the demand-pull and the technology-

push instrument, we also introduce an interaction variable. The BLEND variable is multiplied 

with the R&Dstock variable, and the resulting variable, R&D_BLEND, will be used to test the 

null hypothesis that a marginal increase in, for instance, the mandated biofuel share will have 

the same impact on the ethanol production share regardless of the magnitude of the R&D-based 

knowledge stock. We also test an alternative specification of this interaction effect in which we 

take the product between the R&D variable, R&Dstock, and a dummy variable taking the value 

of one (1) if a blending mandate is in place, i.e., if BLEND>0, and zero (0) otherwise. This new 

interaction variable is denoted R&D_BLEND_D. 

                                                           
9 For instance, the R&D knowledge stock reported in 1990 for a specific country is (in the baseline case), a function 
of the accumulated R&D expenditures during the period 1974–1989, and with a 10 % depreciation rate attached 
to the stock. 
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Figure 4: The development of government biofuel R&D-based knowledge stocks for 24 OECD countries, 2000-2016 (million 
USD, 2017 prices and exchange rates). Source: IEA data services (2020). 

As noted in Section 2, in general, one would expect these two types of policies to reinforce one 

another in a positive manner; whereas a blending mandate stabilizes the domestic demand for 

biofuels, government R&D helps enabling the growth of a domestic biofuel sector to meet that 

demand. Still, in the specific case of biofuel development, such a positive interaction is far from 

certain. This interaction may even be negative if, for instance, more stringent blending mandates 

primarily promote the use of first-generation biofuels while at the same time contributing to a 

crowding-out of the domestic interest in advanced biofuels.  

Control variables  

In addition to the above policy factors, we also test a set of control variables. First, we address 

the role of end-user petrol prices (including any taxes). The domestic petrol price can influence 

the incentives to invest in domestic ethanol production through two channels: consumers’ fuel 

choices, and/or the optimization of the produced quantity. The impact of changes in the petrol 

price on ethanol use depends on the presence of blending mandates, i.e., a decrease if a blending 

mandate is in place (ethanol and petrol are complements), and an increase in the absence of a 

blending mandate (fuels are substitutes). In the case of the 24 countries assessed in this paper, 

the two fuels are predominantly complements due the increasing trend of blending mandates, 

and because flexi-fueled cars so far remain relatively few. We also anticipate low transmission 

from changes in total fuel demand induced by changes in the petrol price to domestic production 

of ethanol, this since overall fuel demand tends to be own-price inelastic.  
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In terms of production, domestic ethanol producers should in principle be able to take advantage 

of domestic price fluctuations in the relative prices between various feedstock and fuels in the 

world market. In practice, however, due to international trade, the domestic arable crop prices 

are highly correlated with world crop prices, and this reduces the gains from intertemporal price 

optimization. The coupling of ethanol to fossil fuels has led to a causal price relationship where 

fossil fuel prices influence the arable crop prices, even though not all fossil fuel price shocks 

will transmit to the agricultural sector (Duc Hong et al., 2019; Taghizadeh-Hesary et al., 2018). 

For the above reasons, we do not expect domestic variations in end-use petrol prices to influence 

domestic ethanol production. The main reason for including domestic petrol prices is to account 

for national (e.g., carbon) taxes, which overall constitute around 50-60 % of the consumer petrol 

price. By accounting for such influences, we reduce the risk for endogeneity caused by omitted 

variable bias following the presence of country-specific time-varying policy change.10  

In the empirical part, we employ data on domestic petrol prices to create the variable PETROL, 

and an interaction variable PETROL_BLEND_D. The PETROL variable is the household end-

user price per liter of petrol (constant 2015 USD using PPP), i.e., the petrol price (including 

taxes) at the pump. The petrol can contain up to 10% ethanol. The data have been drawn from 

the database OECD.stat (2020).11 The BLEND_D component in the new interaction variable is 

a dummy variable that takes the value of one (1) in case the country has introduced a blending 

mandate (and zero (0) otherwise).  

Tariffs on imports are classical industrial policy measures aimed at supporting infant domestic 

industries. Information about tariffs specifically targeting biofuels is however not available,12 

and we have only been able to explore the consequences of an average measure of import tariffs 

for all agricultural raw materials. For our purposes, the variable TARIFF is a simple average 

(%) of so-called AHS, which stands for ‘effectively applied’, and measures the lowest available 

tariff. These data are drawn from the World Bank through their database the World Integrated 

Trade Solution (WITS, 2020). While it makes sense to incorporate this variable for robustness 

                                                           
10 Clearly, the time-invariant effects are already accounted for with the inclusion of country-specific fixed effects 
(see further Section 4).  
11 The OECD.stat (2020) dataset is originally from the World Energy Prices in Transport dataset provided by the 
International Energy Agency, and it can be accessed at EIA (2020b). The PETROL variable is calculated as the 
arithmetic average of the household end-user price for the unleaded premium 95, unleaded premium 98, and 
unleaded regular petrol (OECD, 2017).  
12 Attempts were pursued to address the role of farm subsidies and tariffs on imported ethanol, this based on data 
from WITS, OECD, World Bank, and FAO. Still, for data availability reasons, we could not address this.  
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reasons, the role of trade tariffs is aniticipated to be limited due to the significant presence of 

EU countries, which do not put tariffs on other Member States, in the data sample.  

Finally, we also tested to include a number of additional independent variables, including GDP 

per capita, GDP, arable land (ha), cereal yield (per ha), agricultural employment (% out of total 

workforce), the value of the oil rent (as share of GDP), and financial support to the agricultural 

sector. However, none of these variables were found to have a statistically significant effect on 

the ethanol production share, and their inclusion did not alter any of the results reported below 

(specific estimation results are available from the authors on request).  

4. Model Estimation and Econometric Issues 

4.1. Model specification  

In all model specifications, the dependent variable equals the domestic ethanol production as a 

share of total fuel use in the transport sector, i.e., the ethanol production share (EPS). In the 

base model specification, we assume that EPS will be affected by: (a) demand-pull instruments 

in the form of blending mandates (BLEND); (b) technology-push instruments in the form of 

government R&D support to biofuel development (R&Dstock); and (c) fixed effects. We have:  

𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡 = 𝛽𝛽1𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽2𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑡𝑡 + 𝜌𝜌𝑖𝑖 + 𝜂𝜂𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑡𝑡                   (2) 

where i indexes country (i=1,….N) and t indexes time (t=1,….T). In this model specification, 

𝜌𝜌𝑖𝑖 represents the country-specific fixed effects, 𝜂𝜂𝑡𝑡 represents the time-specific fixed effects, 

while all residual variation is captured by the additive idiosyncratic error term, 𝜀𝜀𝑖𝑖𝑡𝑡.  

By decomposing the error term into a country-specific, time-specific and idiosyncratic part, any 

biases arising from unobserved time-invariant effects and year-specific effects, are reduced. In 

this way, therefore, we account for comparative advantages that are relatively stable over time 

(infrastructure, land area, length of farming season, institutions).13 These represent unobserved 

effects that are likely to correlate with our independent variables. The time-specific effects 

account for, for instance, movements in the global crude oil price, natural hazards affecting the 

international supply of feedstock, and other global macroeconomic shocks.  

                                                           
13 First-generation biofuels produced from arable crops are widely available worldwide, and access to arable land 
clearly gives some countries a comparative advantage in such production. While this notion is addressed in our 
use of country-specific effects, we instead tested the hypothesis that a blending mandate will have a stronger impact 
on the ethanol production share (EPS) if the country possesses large arable land areas. However, this test resulted 
in statistically insignificant results.  
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Building on the discussion in Section 2, we also test for the presence of an interaction effect 

between government biofuel R&D, i.e., R&Dstock, and the stringency of the biofuel blending 

obligations, BLEND. Specifically, we test the null hypothesis that a marginal increase in R&D-

stock will have the same impact on EPS regardless of the stringency of the biofuel blending 

mandates, BLEND (and vice versa).14 Thus, this alternative specification can be expressed as:  

𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡 = 𝛽𝛽1𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽2𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽3𝑅𝑅&𝐷𝐷_𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷𝑖𝑖𝑡𝑡 + 𝜌𝜌𝑖𝑖 + 𝜂𝜂𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑡𝑡                     (3) 

As noted in Section 2, the sign of the 𝛽𝛽3 coefficient is a priori ambiguous; it will depend on the 

extent to which there are positive feedback loops between technology diffusion and R&D but 

also on whether blending mandates promote biofuel production based on the same technologies 

as those supported by government R&D. We also incorporate an alternative interaction variable, 

R&D_BLEND_D, in which the latter part simply describes whether there is a blending mandate 

in place or not.  

In two additional model specifications, we investigate the role of domestic petrol prices. The 

variable PETROL (USD per liter in 2015 prices) is added, and in another model specification, 

we incorporate the interaction variable PETROL_BLEND_D. We have:  

𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡 = 𝛽𝛽1𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽2𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽3𝐸𝐸𝐸𝐸𝑃𝑃𝑅𝑅𝑃𝑃𝐵𝐵𝑖𝑖𝑡𝑡 + 𝜌𝜌𝑖𝑖 + 𝜂𝜂𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑡𝑡                  (4)  

𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑡𝑡 = 𝛽𝛽1𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽2𝑅𝑅&𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑡𝑡 + 𝛽𝛽3𝐸𝐸𝐸𝐸𝑃𝑃𝑅𝑅𝑃𝑃𝐵𝐵_𝐵𝐵𝐵𝐵𝐸𝐸𝐵𝐵𝐷𝐷_𝐷𝐷𝑖𝑖𝑡𝑡 + 𝜌𝜌𝑖𝑖 + 𝜂𝜂𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑡𝑡   (5)  

We also estimate a model in which both PETROL and PETROL_BLEND are included. As noted 

above, we do not expect these variables to have profound influences on the ethanol production 

share. Still, including them also provides an opportunity to test the robustness of the estimated 

policy impacts. Finally, as noted above, the robustness of the results is also investigated by 

including tariffs on imports (TARIFF), as a single addition, and in addition to PETROL, and the 

two interaction variables. As noted above, some additional variables were also tested, but all of 

these generated statistically insignificant estimates while the remaining results were robust.  

4.2. Econometric issues 

The nature of our dependent variable requires an estimator that can generate unbiased estimates 

in the presence of truncated data, in our case involving several zeros, as well as country- and 

                                                           
14 It is in order to add a note on cautiousness when interpreting the presence of statistically insignificant interaction 
variables as the underlying effect may be under-detected. For a more in-depth discussion about variable power and 
sample size considerations in relation to detecting interaction variables, see Shieh (2009, 2010) and Durand (2013).  
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year-specific fixed effects. Specifically, the dependent variable EPS contains 143 zeroes, which 

represent 35 % of all the observations. In this respect, the Poisson pseudo-maximum-likelihood 

(PPML) estimator is an interesting candidate. PPML is a member of the glm (generalized linear 

models) family, and it will generate unbiased and consistent estimates in the case of a dependent 

variable containing non-integers, many zeros, as well as fixed effects (e.g., Silva and Tenreyro, 

2011). Moreover, unlike log-linear OLS, the PPML is robust to heteroskedasticity (Santos Silva 

et al., 2015; Silva and Tenreyro, 2006, 2011).   

Other estimators will also produce unbiased and consistent parameter estimates in the case of a 

non-negative, non-integer dependent variable with many zeros. Specification tests exist, which 

can be used to discriminate between the various estimators.15 Still, for the purpose of this paper, 

the modeling choice is limited. Other estimators that are able to handle non-normality (many 

zeros), e.g., the Zero-inflated Poisson (ZIP) estimator and the Negative Binomial regression, 

both of which are similar to the PPLM, have, however, been developed for count data and would 

therefore generate biased estimates for our data sample. Although the PPML is a Poisson type 

of estimator, i.e., also developed for count data, it permits applications on continuous data (Silva 

and Tenreyro, 2011).  

The PPML estimator has gained popularity in trade gravity modeling, this since trade flows are 

often zero, something that has introduced bias using the classic OLS estimator (e.g., Brodzicki 

and Uminski, 2018; Dal Bianco et al., 2016; Sun and Reed, 2010). A simulation study assessing 

the performance of different estimators used in trade gravity modeling confirmed that the PPML 

will be less affected by heteroskedasticity than alternative estimators (Martínez-Zarzoso, 2011). 

There is also simulation evidence suggesting that the PPML estimator involves less bias in the 

presence of many zeros in the dependent variable (Martin and Phamb, 2020).  

Despite the above advantages, the PPML estimator is fairly new in the context of policy impact 

analyses. Groba (2014) bridges this gap by using the PPML estimator to assess the impact of 

renewable energy policy on trade flows. Moreover, Zhaoa et al. (2013) use a panel data set to 

estimate the impacts of various policies on renewable energy generation while accounting for 

year and country fixed effects. They also estimate the models with OLS for comparison, and 

find that the PPML estimator is superior to the (biased and inconsistent) OLS estimates.  

                                                           
15 See, for instance, the so-called “hpc” test developed by Santos Silva et al. (2015), which builds on Davidson 
and MacKinnon (1981).  
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Other models suitable for addressing “corner solutions” including many zeros, such as the Tobit 

model and the double hurdle model by (Cragg, 1971), would have been appropriate candidates 

if it was not for the fact that both these estimators produce biased and inconsistent estimates in 

the case of a fixed effect approach. These models do not permit a parametric conditional fixed 

effects model, this since there is no sufficient statistic allowing fixed effects to be conditioned 

out of the likelihood. Even though attempts have been made, such as by Honoré (1992) who 

developed a semiparametric estimator for fixed-effect Tobit models, the unconditional fixed-

effect estimates are still biased. Since the double hurdle models (e.g., the Cragg) include a Tobit 

model as well as a Probit model – also biased and inconsistent with fixed effects – such models 

are also inappropriate. The closest to a fixed effects double hurdle model is the two time period 

panel estimation method presented by Honoré (1992). Our panel, though, has 17 time periods.  

For the above reasons, this paper relies on the PPML estimator. Since we have both country- 

and time-specific fixed effects, we employ a version of the PPML model that allows for multiple 

levels of fixed effects without having to estimate dummy variables, namely the so-called 

PPMLHDFE16 estimator developed by Correia et al. (2019, 2020).17 This estimator drops 

regressors that may cause the non-existence of the (pseudo) maximum likelihood estimates. If 

any of the regressors that are dropped is a dummy variable, by default, the standard PPML will 

drop the observations with the less frequent value of the excluded dummy, something that may 

not be appropriate (i.e., it is perhaps better then to drop the entire set of dummies). Thus, by 

using the PPMLHDFE estimator (instead of PPML), which does not estimate dummy variables 

to capture fixed effects, the risk of dropped variables is reduced.   

Our model specifications suggest that an increase in the stringency of blending mandates could 

lead to higher domestic ethanol production levels, but the presence of a reverse causality cannot 

be dismissed. In other words, the presence of significant ethanol production in a country could 

lead to the introduction of a more stringent blending mandate, e.g., as a result of rent-seeking 

behavior on the part of farmer organizations. One classic approach to deal with reverse causality 

is the use of lagged explanatory, e.g., policy, variables. The R&D variable is expected to have 

                                                           
16 PPMLHDFE stands for “Poisson pseudo-likelihood regression with multiple levels of fixed effects” (Correia et 
al., 2019).  
17 The PPMLHDFE estimator allows for estimations of high-dimensional fixed effects. That is, even in a situation 
where the number of groups (dummy variables) is large – the estimation can still be carried out with fixed effects 
without having to introduce group dummy variables in the model. Moreover, the PPMLHDFE estimator has been 
developed to converge faster in the presence of several fixed effects. In our case, there is no notable difference in 
output results between using the PPML or PPMLHDFE, neither in convergence time nor in parameter estimates. 
Nevertheless, we use the latter since it is specifically developed to deal with more than one fixed effect. 
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a lagged effect on EPS, and this is accounted for in the construction of the domestic R&D-based 

knowledge stocks. As noted above, we also test for different time lags. The BLEND variable is 

not lagged. The reason for this is that the introduction of the blending mandates has generally 

been announced well in advance (including also the stringency of obligations over time), and 

this permits companies to pursue their investment plans well ahead of policy implementation 

(see Hedeler et al., (2020) for examples). For this reason, we have not introduced time lags in 

the BLEND variable.  

Two alternative approaches employed to reduce the risk for reverse causality are to estimate a 

first difference model or include one or more AR terms in the original model. These approaches 

are appropriate in the presence of so-called path dependency, i.e., if any of the variables are 

non-stationary, which would make the order of events blurred. Non-stationarity in panel data 

has traditionally not been a concern, but with an increased use of data sets comprising extended 

time periods and relatively few cross-section units, a growing concern has emerged that also 

panel data sets should be subject to non-stationarity examination.  

Our use of year-specific fixed effects will take a stochastic trend common to all units of the data 

into account, but not the country-specific unit-root processes. Still, non-stationarity is less of a 

concern when the time series (T) is short compared to the cross-section (N). One rule of thumb 

suggests that if N > T, traditional panel data analysis is custom, at least if T is small (30 or less) 

(Baltagi, 2005). In this paper, T equals 17, i.e., clearly lower than 30 as well as larger than the 

number of countries (N), which equals 24. The unit root problem is a matter of time dimension, 

and a 17-year-long period does not necessarily convey the time series features for the variables. 

For this reason, we do not address non-stationarity any further in this paper, since is not likely 

to be blurring the order of events.  

Although the fixed effects approach and the sample structure provide some protection against 

reverse causality, it cannot be entirely dismissed. Still, one aspect that supports the assumption 

of exogenous policy impacts is that our sample is dominated by EU Member States, and these 

have been subject to supranational legislation leading to the introduction of blending mandates. 

Specifically, in 2009, the EU passed the Renewable Energy Directive (2009/28/EC), and this 

stated that all EU Member States had to ensure that at least 10% of their transport fuel use come 

from renewable sources by the year 2020. Many EU countries chose to adopt domestic blending 

mandates from 2009 and onwards (see Figure 3), in part since this was the most straightforward 

way to comply with the directive. The significance of EU policy implies, we argue, a reduced 



22 
 

risk for reverse causality. In fact, even countries with ambitious development in the biofuel 

sector have been reluctant to implement the requirements in the EU directive (e.g., Hedeler et 

al., 2020). Furthermore, the competition for the underlying feedstock limits the possibilities for 

individual interest groups to lobby for policy changes. For instance, in Sweden, the industry 

organization Swedish Forest Industries has argued against the introduction of more stringent 

biofuel blending mandates in the country (Beckeman and Larsson, 2020).  

Our sample includes 16 EU Member States and eight non-EU countries. Due to the suggested 

exogeneity of EU policy, we test the robustness of the results by also considering a more limited 

sample consisting only the EU countries. If the results remain overall robust, we argue, there 

should be little reason to suspect reverse causality in the full sample.18  

5. Results 
In this section, we present the results based from the Poisson pseudo-likelihood regression with 

multiple levels of fixed effects (PPMLHDFE), with two categorical variables to be absorbed 

(country and yearly fixed effects) along with clustered standard errors stratified by country. For 

all model specifications, the iteratively reweighted least-squares (IRLS) algorithm converged 

to a maximum after relatively few iterations; around 10 iterations were required for fitting each 

model. All model specifications were statistically significant at the one percent level,19 thus 

rejecting the null hypothesis that all the estimated coefficients equal zero.  

Table 1 shows the model estimation results when we include the policy variables BLEND and 

the R&Dstock variable calculated with different time lags, i.e., 1-4 years. The corresponding 

marginal effects have been employed to predict the ethanol production shares that follow from 

introducing blending mandates in the 1-10% range (Figure A1 in the Appendix).20 For instance, 

an increase in the blending mandate from 5% to 7% would on average lead to an increase in the 

ethanol production share from around 2.6% to 3.0%. This finding is overall not sensitive to the 

inclusion of R&D knowledge stocks based on more extended time lags. Still, the results display 

no statistically significant relationship between R&Dstock (regardless of lag period) and the 

                                                           
18 A structural approach using the same logic would be to perform an instrumental variable (IV) analysis. However, 
this approach comes with its own challenges where the lack of strong instruments is a key one. EU membership is 
a binary variable and does not involve enough variation to perform a nonlinear IV estimation. As no other suitable 
instruments could be identified, a proper IV estimation could not be carried out.  
19 The Wald Chi-square statistic ranged between 0.0066 and 0.0096, which corresponds to P<0.01.  
20 The predicted effect of BLEND on EPS represent average effects for the whole sample period. The effect of the 
mandate increases somewhat over time (see Figure A1 in the Appendix).  
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ethanol production share.21 In other words, countries that invest a lot in government R&D in 

the biofuel field do not appear to produce more ethanol.  

 Model 1a Model 1b Model 1c Model 1d 

     
BLEND 0.066*** 0.068*** 0.072*** 0.074*** 
 (0.02) (0.02) (0.03) (0.03) 
R&Dstock (1y lag) -0.002    
 (0.00)    
R&Dstock (2y lag)  -0.002   
  (0.00)   
R&Dstock (3y lag)   -0.002  
   (0.00)  
R&Dstock (4y lag)    -0.001 
    (0.00) 
Constant -3.645*** -3.689*** -3.836*** -3.917*** 
 (0.49) (0.44) (0.41) (0.39) 
     
N 408 408 408 408 

Table 1: Model estimation results: green industrial policy variables. Statistical significance levels: * stands for P<0.10, ** for 
P<0.05, and *** for P<0.01. Clustered standard errors stratified by country in parentheses. 

Table 2 shows the estimated coefficients from five alternative model specifications. The first 

and second column results (models 2a and 2b) illustrate a negative and statistically significant 

interaction effect between biofuel blending obligations and the R&D-based knowledge stock. 

Specifically, the results in model 2a suggest that a given increase in R&Dstock will have a lower 

impact on the ethanol production share if a blending mandate is in place (compared to if such a 

demand-pull instrument is absent). Moreover, the corresponding result in model 2b is consistent 

with the notion that a given increase in the stringency of the blending mandates will, ceteris 

paribus, have a more modest impact on the ethanol production share when a biofuel blending 

mandate is accompanied by high investments in government biofuel R&D (and vice versa). The 

resulting coefficients, though, are only statistically significant at the ten percent level (P<0.10). 

The individual coefficients for BLEND and R&Dstock, respectively, are robust to the inclusion 

of both these interaction variables.  

The remaining results presented in Table 2, i.e., models 3-5, display the impacts of introducing 

the domestic petrol price (PETROL) in the regressions. Models 3 and 4 indicate that the isolated 

effect of this price on the ethanol production share is negative and statistically significant at the 

                                                           
21 It should be noted that overall, there are no high correlation rates between the BLEND and R&Dstock variables. 
The country-specific pair-wise correlation rates are above 0.70 only in four cases (Austria, Canada, Japan and 
Mexico). For the remaining countries they are low, and in a few cases (Latvia and Turkey), even slightly negative.  
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five percent level (P<0.05). This negative effect is unexpected but, as illustrated below, it is not 

robust to the use of alternative model specifications. In addition, the results show no statistically 

significant interaction effect for PETROL and having a blending mandate in place. The results 

for BLEND and R&Dstock are robust also to these inclusions.  

 Model 2a Model 2b Model 3 Model 4 Model 5 

      
BLEND 0.095*** 0.097*** 0.061*** 0.088** 0.075*   
 (0.02)    (0.02)    (0.02) (0.04) (0.04)    
R&Dstock (1y lag) -0.001    -0.001    -0.002 -0.002 -0.003    
 (0.00)    (0.00)    (0.00) (0.00) (0.00)    
R&D_BLEND_D -0.002*     
 (0.00)     
R&D_BLEND  -0.000*      
  (0.00)       
PETROL   -1.060** -1.096**                 
   (0.52) (0.53)                 
PETROL_BLEND_D    -0.068 -0.018    
    (0.08) (0.14)    
cons -2.864*** -2.882*** -0.347 -0.235 -2.702*** 
 (0.22)    (0.53)    (1.09) (1.13) (0.46)    
      
N 408 408 403 403 403 

Table 2: Model estimation results: green industrial policy variables, petrol prices and interaction effects. Statistical significance 
levels: * stands for P<0.10, ** for P<0.05, and *** for P<0.01. Clustered standard errors stratified by country in parentheses. 

Table 3 explores the effect of import tariffs for all agricultural raw materials (TARIFF) on EPS, 

along with blending mandates, government biofuel R&D, petrol prices, and a few interaction 

variables. Overall, TARIFF is shown to have a statistically insignificant impact on EPS. It is 

important to note, though, that the results for both our policy variables appear robust in all of 

these alternative model specifications, i.e., positive and statistically significant estimates in the 

case of BLEND and insignificant results for R&Dstock (also when the one-year lag is replaced 

by a four-year lag). The result suggesting a negative interaction between R&D support and the 

stringency of the blending mandate is also robust. However, as mentioned above, the negative 

– and statistically significant – result for PETROL cannot be detected in these alternative model 

specifications (see models 8-10). 

 

 

 



25 
 

 Model 6 Model 7 Model 8 Model 9 Model 10 

      
BLEND 0.071*** 0.081*** 0.062*** 0.101** 0.095*** 
 (0.02) (0.02) (0.02) (0.04) (0.02)    
R&Dstock (1y lag) -0.003  -0.003 -0.004 -0.001    
 (0.00)  (0.00) (0.00) (0.00)    
R&Dstock (4y lag)  -0.002                    
  (0.00)                    
TARIFF -0.016 0.083 -0.013 -0.003 -0.124    
 (0.28) (0.25) (0.28) (0.28) (0.27)    
PETROL   -0.870 -0.564 -0.820    
   (0.57) (0.56) (0.57)    
PETROL_BLEND_D    -0.147                  
    (0.16)                  
R&D_BLEND     -0.000*   
     (0.00)    
_cons -2.759*** -3.158*** -0.935 -0.732 -0.856   
 (1.04) (0.79) (1.01) (1.24) (1.19)    
      
N 321 321 316 316 316 

Table 3: Model estimation results: green industrial policy variables, tariffs, petrol prices, and interaction effects. Statistical 
significance levels: * stands for P<0.10, ** for P<0.05, and *** for P<0.01. Clustered standard errors stratified by country in 
parentheses. 

As noted above, we also re-estimated four of the models above employing a more limited data 

sample consisting of only the 16 EU Member States, this in order to discern the risk of reverse 

causality. The results from these model estimations are reported in Table A3 in the Appendix; 

these show that the estimates with respect to blending mandates remain robust. 

In brief, our results suggest that whereas blending mandates are positively correlated with EPS, 

government biofuel R&D is not. Moreover, there is a negative and robust interaction between 

government R&D and blending mandates. We find, though, that neither petrol prices nor import 

tariffs have any statistically significant impacts on ethanol production shares. As noted above, 

this also goes for a set of additional independent variables that were tested (e.g., oil rents, GDP, 

arable land, etc.). One reason for these statistically insignificant results is that many of the added 

variables are relatively constant over time (for a given country), and the corresponding effects 

are therefore picked up in the country-specific fixed effects.  

6. Discussion  
While previous studies have assessed the impacts of demand-pull policies (Palage et al., 2019a; 

Freitas and Kaneko, 2012) and technology-push policies (e.g., Arnold et al., 2019) on biofuel 

innovation, we find robust evidence that such policies, not least demand-pull policies in the 
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form of biofuel blending mandates, may also influence the domestic industrialization process. 

In this section, we provide a discussion of our results in the light of previous studies. The section 

is divided into four separate parts: (a) demand pull policy in the form of blending mandates; (b) 

technology-push policy in the form of government R&D support; (c) the interaction between 

demand-pull and technology-push policies; and (d) political economy aspects.  

6.1. The link between biofuel blending mandates and domestic ethanol production 

Blending mandates, the main demand-pull instrument employed to stimulate the establishment 

of biofuels markets, regulate the ratio of biofuels to total fuel volumes sold at the pump. These 

mandates do not specify where the ethanol can be produced, and demand-pull policies will often 

lead to inter-country spill-over effects (e.g., Hoppmann et al., 2013; Peters et al., 2012; Palage 

et al., 2019a). Thus, even though the blending mandates guarantee a market share for biofuels, 

they do not guarantee an increase in domestic ethanol production. The results reported in this 

paper show robust evidence for the notion that more stringent blending mandates are associated 

with increases in domestic ethanol production; this is in spite of the fact that most countries in 

our sample are not competitive ethanol producers. Below, we discuss two possible reasons for 

this finding: (a) factors holding back market integration and that thus prevent behavioral change 

following relative price movements; and (b) how a domestic demand for ethanol may stimulate 

biofuel production but not necessarily innovation.  

First, international trade patterns do not always (fully) respond to changes in relative prices. 

The presence of trade barriers and underlying (national) preferences may hold back the level of 

market integration (Nelson and Hertel, 2011). Olper and Raimondi (2008) analyze agricultural 

market integration among the OECD countries; to overcome the issue of deficient data on trade 

tariffs, they use an indirect estimation approach and find that crossing a national border within 

the OECD induces an average trade-reduction effect of a factor 13. While part of this effect can 

be explained by the presence of trade tariffs, not all of it can. Even in the absence of any tariffs 

(as is the case among the EU Member States), other factors will contribute to reduced trade 

volumes. These include non-tariff trade barriers such as various regulations (import licensing 

and rules of origin) (WTO, 2020), but also national preferences in the form of ‘home bias’.  

Even though international comparisons show that the OECD area has relatively few non-tariff 

trade barriers (e.g., Ing et al., 2018), home bias is likely present. The latter stems from the strong 

political will in some countries to pursue green industrial policy ambitions, and thus develop a 

domestic bio-economy (Ebadian et al., 2020). Previous literature has found strong evidence for 

https://en.wikipedia.org/wiki/Rules_of_origin
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home biases in global trade, in technology development (Bacchiocchi and Montobbio, 2010), 

for agricultural products (Morey, 2016), and in the OECD area (Wei, 1996; Olper and Raimondi 

2008). Nelson and Hertel (2011) reject the null hypothesis of global market integration for 

biofuels and conclude that geography matters due to product differentiation by place of origin. 

This also contributes to the interpretation of our finding of a positive relationship between the 

biofuel blending mandates and domestic production of ethanol.  

Second, as noted above, creating a stable demand through blending mandates is expected to 

encourage investments even though the biofuel market is not yet mature. Though previous 

studies typically do not find strong evidence for blending mandates leading to innovations (i.e., 

patenting) in the biofuel sector (e.g., Palage et al., 2019a), our study shows a positive impact 

on domestic biofuel production. This is in line with the notion of the first-generation biofuels 

dominating the global biofuel market, and with previous research suggesting that blending 

mandates primarily tend to favor mature technologies (Costantini et al., 2015; Ebadian et al., 

2020; Hoppmann et al., 2013). In other words, blending mandates will likely help expand the 

biofuel sector also in the case of a non-competitive supply chain. Over time, this sector will 

benefit from cluster formation, labor pooling, and input-output linkages, which will make it 

more productive, though not necessarily induce a switch to the advanced biofuel technologies.   

6.2. The link between government R&D and domestic ethanol production  

Our results show that government R&D support to biofuel development has not tended to be 

correlated with higher ethanol production shares in the OECD area. Even if R&D historically 

has played a key role in developing the first-generation biofuels, government R&D during the 

last two decades has mainly focused on advanced biofuel technologies. The advanced biofuels 

are still not commercial, and most biofuel production occurs in pilot and demonstration plants 

(Bacovsky et al., 2013).  

Our results should therefore not be interpreted as suggesting that government R&D plays no 

role in overall biofuel development. For instance, the results presented by Palage et al. (2019a) 

and Costantini et al. (2015) suggest that government co-funding of key experimental pilot and 

demonstration plants22 has had clear positive impacts on advanced biofuel patenting in Europe, 

                                                           
22 Experimental pilot and demonstration plants aim at testing the viability of new technologies, i.e., by providing 
opportunities for the technology to be optimized, fine-tuned, and permit progressing towards an optimal design 
(Karlström and Sandén, 2004). This is in contrast to the so-called exemplary pilot and demonstration plants, which 
instead aim to demonstrate the value of the new technology to potential adopters, thus creating awareness and 
legitimacy (see also Palage et al., 2019a).  
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and this may help promote increased production of advanced biofuels in the future. During the 

last two decades, however, government support for biofuel R&D and blending mandates have 

largely targeted different categories of biofuels, i.e., first-generation versus advanced biofuels, 

respectively. This notion is, in part, also reflected in the results for the interaction effect between 

these two policy instruments.  

6.3. The interaction between blending mandates and government R&D 

Our results show a negative and (weakly) statistically significant interaction between blending 

mandates and government R&D. Since both basic knowledge generation as well as various 

learning process, which help improve the performance of the technology through increased 

production and use, are deemed necessary for enabling the growth of novel biofuel value chains, 

this result is somewhat unexpected. Still, as noted above, a negative or statistically insignificant 

interaction effect could well be consistent with the notion that government R&D and the biofuel 

blending mandates tend to target different technological fields, i.e., advanced technology versus 

commercial first-generation technologies. In such a situation, more stringent biofuel blending 

requirements will not necessarily generate significant feedback loops to R&D, and vice versa. 

Indeed, the adoption of blending mandates could even lead to less interest in advanced biofuel 

R&D if existing policy targets can be met using first-generation biofuels. Palage et al. (2019a) 

argue along similar lines, and report a corresponding negative interaction effect in their study 

on advanced biofuel patenting outcomes.  

Furusjö and Lundgren (2017) present results that partly support this conclusion in the context 

of the Swedish blending requirement (reduction quota). During the first years, the quota has 

been met primarily through imports of less advanced biofuels (e.g., HVO); marginal increases 

in the quota are not likely to change this pattern. Still, the country’s R&D efforts in advanced 

biofuel technology have been significant, but these have instead focused on making use of side-

streams from the forest industries (Hellsmark et al., 2016b). This has therefore provided meagre 

scope for positive feedback loops unless the blending requirements become considerably more 

stringent and/or targeted towards specific (advanced) biofuels.  

6.4. The political economy of green industrial policies 

Our results show that green industrial policies, not least in the form of demand-pull instruments, 

may induce the emergence of domestic industrial production. The findings also point to the 

importance of implementing demand-pull and technology-push instruments that reinforce each 

other rather than encouraging a competition between different technological fields. Ebadian et 
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al. (2020) reach a similar conclusion and argue that countries with a mix of demand-pull and 

technology-push policy instruments have been most successful in developing domestic biofuel 

sectors (see also Hellsmark and Söderholm, 2017). Still, even if green industrial policies may 

be effective, designing and implementing these in practice is likely to be difficult.  

Oliveiraa et al. (2017) shed light on this complexity in the biofuel sector; domestic production 

could be the result of lobbying and corporate interests maximizing profits at the expense of 

environmental goals, energy security, and food security (see also Deppermann et al., 2016). It 

is often argued that domestic biofuel production has advanced furthest in countries where major 

corporate sectors such as agroindustry and petroleum, have aligned with each other (Oliveiraa 

et al., 2017). As noted above, policies targeting specific sectors and/or technologies are prone 

to regulatory capture by interest groups (Lerner, 2009; Aalbers et al., 2013), and this could lead 

to inefficient outcomes, thus neglecting broader societal values. For instance, it is well known 

that blending mandates primarily create incentives for mature technologies, but first-generation 

biofuels come with negative side-effects such as land use change implying reduced biodiversity 

(Langpap and Wu, 2011) and increasing food prices (Chakravorty et al., 2009). Moreover, green 

industrial policies supporting biofuel development risk “locking-in” inefficient first-generation 

biofuels, and thus forestall the transition to more advanced biofuels (Berti and Levidow, 2013; 

Oberling et al., 2012; Klitkou et al., 2015; Oliveiraa et al., 2017).   

Still, the negative impacts following rent-seeking behavior should not be exaggerated. Previous 

work shows that advanced biofuels can be integrated into first-generation biofuel processes (see 

Bamidele Ayodelea et al. (2020) for a recent literature review). Thus, the lock-in effect could 

be mitigated, and first-generation biofuels can constitute a stepping-stone towards the advanced 

biofuels. This requires, though, a well-aligned mix of technology-push and demand-pull policy 

instruments.23 It is also important to recognize that in the biofuel industry, the scope for rent-

seeking behavior could be limited due to the competition among various interests. In his seminal 

study. Becker (1983) points out that as a result of interest group competition, governments may 

avoid inefficient redistribution policies. In the biofuel industry, there is often competition for 

the underlying feedstock, in turn implying that some groups lobby for more stringent blending 

mandates while others argue for the opposite (e.g., Beckeman and Larsson, 2020).  

                                                           
23 Recent research has emphasized that this policy mix also needs to involve so-called systemic instruments, e.g., 
including activities deliberately implemented to influence the structure and the substance of actor networks as well 
as the collaborative processes taking place in these networks (e.g. Rogge and Reichardt, 2016; Söderholm et al., 
2019).  
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7. Concluding Remarks and Avenues for Future Research 
This paper investigated the role of green industrial policies – and their interaction – on domestic 

industrialization processes in the context of biofuel production among OECD countries. The 

results show that blending mandates are positively correlated with domestic ethanol production, 

but this is not the case for government biofuel R&D support. These findings are robust across 

the various model specifications, and thus suggest that a more stringent blending mandate does 

not only increase the domestic use of ethanol, but also domestic production (as a share of total 

fuel use). Nevertheless, the blending mandates tend to primarily favor commercialized first-

generation biofuels. Our results even suggest a negative interaction effect between government 

R&D and blending mandates, thus implying that these two polices target different technological 

fields, i.e., advanced biofuel technology versus commercial first-generation technologies. In 

such case, there is little scope for positive feedback loops between the technology-push and 

demand-pull instruments.    

For future assessments of green industrial policies in the biofuel sector, we encourage further 

research on the role of demand-pull and technology-push policies, and their interaction, in the 

biofuel sector. Our inability to fully resolve these issues illustrates the importance of collecting 

(not yet unavailable) disaggregated data by feedstock and technology. In addition, future work 

should also recognize that a few countries (e.g., USA, Austria, Denmark and the Netherlands) 

have – or will quite soon – adopt blending mandates targeting advanced biofuels, this in order 

to  promote the transition towards more sustainable biofuels (Babcock et al., 2011; Ebadian et 

al., 2020). Future research should monitor and evaluate these novel demand-pull initiatives in 

order to generate more knowledge on how green industrial policies in the biofuel sector affect 

domestic industrialization, and interact with other policies.  
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Appendix 
 

Austria Germany Mexico  Spain 
Belgium Hungary Netherlands  Sweden 
Canada Ireland New Zealand  Switzerland 
Czech Republic Italy Poland  Turkey 
Denmark Japan Slovakia  UK 
Finland Latvia South Korea  Slovakia 

Table A1:  Countries included in the data sample used in this paper (24 in total). 

 

 

 

Variable Description and units N Mean Std. Dev. Min Max 
Dependent variable      
EPS  
 
 
 

Domestic ethanol production as a 
percentage share of total fuel use1 (both 
measured in average daily production in 
thousands of barrels over one year) 

 
408 

 
 

2.10 
 
 
 

3.89 
 
 

0.00 
 
 
 

23.78 
 
  
 

Independent variables       
BLEND 
 
 

Blending mandate (lowest percentage 
share of biofuel in fuels sold at the 
pump)2 

408 
 

0.52 
 
 

1.46 
 

0.00 
 
 

7.00 
 
 

R&Dstock 
 
 

Government R&D knowledge stock, 
one-year lag (million USD. 2019 prices 
and exch. rates) 

408 
 
 

84.08 
 
 

91.38 
 

0.00 
 
 

424.43 
 
 

R&D_BLEND 
 

Interaction variable between BLEND and 
R&Dstock. 

408 
 

60.79 
 

251.95 
 

0.00 
 

1999.93 
 

R&D_BLEND_D 
 

Interaction variable between BLEND>0 
and R&Dstock 

408 
 

19.10 
 

71.12 
 

0.00 
 

424.43 
 

PETROL 
 

Domestic end use petrol price incl. taxes 
(US dollars per litre, 2015 prices) 

403 
 

1.95 
 

0.97 0.77 
 

6.27 
 

PETROL_BLEND_D 
 
 
 

Interaction variable between PETROL 
and a binary variable taking the value of 
one (1) if a blending mandate is in place 
(and zero otherwise) 

401 
 
 
 

0.17 
 
 
 

0.52 
 
 
 

0.00 
 
 
 

3.91 
 
 
 

TARIFF 
 

Import tariffs (AHS4 Simple Average 
(%) for Agricultural Raw Materials) 321 

3.21 
 

 
2.00 

2.09 
 

18.32 
 

Table A2: Descriptive statistics. The sample period is 2000-2016 (yearly data) and includes 24 OECD countries, which form a 
panel with a maximum of 408 observations per variable. 1Fuel use refers to petrol sold at the pump (often a mix of petrol and 
ethanol). 2For countries that have separate blending mandates for ethanol and biodiesel, we use their ethanol blending 
mandate. For countries where the mandate is not specified to type of biofuel, we have used that biofuel mandate available. 
3AHS stands for “Effectively Applied” and is defined as the lowest available tariff by The World bank. 4The exchange rate is 
calculated as an annual average based on monthly averages (local currency units relative to the U.S. dollar). Note that the 
exchange rate is the same for EURO member states.   
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 EU: model 1a EU: model 2a EU: model 3 EU: model 8    

BLEND 0.070*** 0.096*** 0.063*** 0.051**  
 (0.02) (0.02) (0.02) (0.02)    
R&Dstock -0.001 -0.001 -0.002 -0.003    
 (0.00) (0.00) (0.00) (0.01)    
R&D_BLEND -0.002                  
  (0.00)                  
PETROL   -1.585** -1.646*   
   (0.75) (0.90)    
TARIFF    0.000    
    (.)    
cons -2.724*** -2.777*** 0.891 0.952    
 (0.35) (0.34) (1.51) (1.70)    
     
N 241 241 240 198 

Table A3: Model estimation results: green industrial policy variables, tariffs, petrol prices, and interaction effects using the 
sample of 16 EU Member States. Statistical significance levels: * stands for P<0.10, ** for P<0.05, and *** for P<0.01. Clustered 
standard errors stratified by country in parentheses. 

 

 

 
Figure A1: Predicted effect of BLEND (for 1%-10% blending mandate) on EPS for the full sample (2000-2016), illustrated with 
a 95% confidence interval. R&Dstock is not added to the prediction since it is statistically insignificant. The predicted mean of 
EPS is presented in shares; multiply by 100 for percentage share of domestic production of consumption.  
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Abstract 

The objective of this paper is to investigate the determinants of the adoption of green public 
procurement (GPP) practices at the local authority level. An important contribution of the paper 
is the recognition of the complexity of GPP practices, i.e., that involve (endogenous) decisions 
on both the adoption of and reliance on strategy documents (guidelines for GPP) as well as on 
the use of green requirements in specific tenders. The empirical study rests on survey responses 
from civil servants representing 140 Swedish municipalities, complemented by secondary data. 
This material provides information about both individual (e.g., gender, education, experience) 
and organizational characteristics (e.g., strategies, size, political rule), and was used to estimate 
a bivariate ordered probit model. Our results confirm the endogeneity of GPP decision-making 
processes. In contrast to previous research, the results illustrate that municipality size increases 
the likelihood of adopting a GPP strategy but decreases the likelihood for GPP uptake. This is 
in line with the notion that larger municipalities imply increased complexity, which in turn calls 
for formalization of work procedures but also implies a larger organizational distance between 
the procuring and environmental departments.  

Key words: public procurement; sustainable transport; local government; Sweden.  
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1. Introduction 
By using the purchasing power of public authorities to choose environmentally friendly goods, 

so-called Green Public Procurement (GPP) can help green technologies and/or products become 

competitive in the private market while at the same time contributing to existing environmental 

targets (Bouwer et al., 2006; Ghisetti, 2017; OECD, 2015; Rainville, 2017).1 In most developed 

countries, public procurement constitutes a considerable share of GDP. For instance, in many 

OECD countries, the public officials are responsible for procurement expenditures representing 

between 10% and 15% of total GDP (Hall et al., 2016). For instance, the Member States of the 

European Union (EU) spend on average 14% of GDP on publicly procured goods and services 

(EC, 2020b). This, therefore, provides an opportunity for public procurement to significantly 

influence the diffusion of green technologies and products.  

Almost all OECD countries have developed strategies or policies that support the incorporation 

of environmental ambitions in the public procurement process, and a majority of these countries 

monitor the outcomes of their policy initiatives (OECD, 2021). Nevertheless, despite the many 

strategy documents promoting, guiding, and monitoring the uptake of various GPP practices, 

the inclusion of environmental considerations in the procurement processes at the local – e.g., 

municipal – level is typically voluntary (Pouikli, 2021). For this reason, it is essential to increase 

the knowledge about the factors that influence the propensity of local authorities to pursue GPP 

practices (see also EC, 2020a; Testa et al., 2012).  

The objective of this paper is to investigate the determinants of the adoption of GPP practices 

at the local authority level. This is achieved in the empirical context of the uptake of GPP in the 

transport sector among Swedish municipalities, and the analysis rests on survey responses from 

civil servants representing 140 municipalities. This is complemented by various secondary data. 

Combined, the above material provides information about both the individual characteristics of 

the respondents (e.g., education, age, gender), as well as about the organizational characteristics 

(e.g., strategy documents, municipality size, political rule).  

This paper contributes to the existing literature by more explicitly addressing the complexity of 

the GPP practices. In other words, our analysis recognizes the fact that GPP involves decisions 

on both the reliance on strategy documents (guidelines for GPP) as well as on the use of green 

 
1 The EU Commission defines GPP as a process through which “public authorities seek to procure goods, services 
and works with a reduced environmental impact throughout their life cycle when compared to goods, services and 
works with the same primary function that would otherwise be procured," (EC, 2020b). 



3 
 

requirements in specific procurement processes. Furthermore, the influence of individual civil 

servants on these decisions may be significant. The literature identifies the important role often 

played by so-called street-level bureaucrats, i.e., civil servants working at the end of the policy 

chain, making operational decisions and taking action based on official policy, individuals that 

may also have a say in the design of this policy at the local level (Cheng et al., 2018; Vejaratnam 

et al., 2020). Our analysis also differs from earlier research in that it addresses how civil servant 

characteristics could interact with various organizational characteristics, such as the size of the 

municipality.  

This contrasts with existing work on the determinants of GPP uptake; earlier studies typically 

use reduced form modeling approaches, which treats both the individual and the organizational 

characteristics as exogenous variables (see also Section 2). Specifically, we instead estimate a 

bivariate probit model. This approach addresses the endogeneity of the GPP process, and it also 

provides an opportunity to explore whether the factors influencing GPP practices have differing 

impacts on the propensity to adopt and rely on GPP strategy documents on the one hand, and 

the adoption of green requirements in specific procurement tenders on the other.2 Failures to 

address the endogeneity of these decisions can lead to incomplete understanding of the barriers 

to increased GPP uptake.  

As noted above, this paper focuses on the adoption of GPP practices in Swedish municipalities, 

and in the context of sustainable transport solutions (e.g., procurement of bio-fueled or electric 

vehicles). This empirical case is interesting and relevant for several reasons. First, the transport 

sector constitutes a significant share of total greenhouse gas emissions (25 percent at the global 

level), and GPP has the potential to contribute to the decarbonization of this sector by helping 

market actors overcome technological hurdles and stimulate technology diffusion (Adhikari et 

al., 2020; IMF, 2018). Moreover, Sweden has ambitious climate policy goals and municipalities 

have a lot of discretionary power, something that combined motivates a more in-depth study of 

their GPP practices (see Hall et al., 2016; SEPA, 2020). For instance, through various policy 

support mechanisms, including GPP at the local level, the country has become a forerunner in 

the development of upgraded biogas for transport sector use (Larsson et al., 2016), and there is 

also evidence of various municipalities procuring electric vehicles (Palm and Backman, 2017). 

Still, our paper illustrates that there is great heterogeneity across the different municipalities in 

 
2 This paper does not explore the efficiency of GPP, e.g., in comparison to alternative environmental and climate 
policy instruments (e.g., Cheng et al., 2018). Still, also such evaluations could likely benefit from addressing the 
complexity (endogeneity) of GPP practices at the local level.  
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terms of GPP practices, and it is therefore useful to exploit this variation in the data to provide 

a more in-depth understanding of the determinants of these practices in the country.  

The remainder of the paper proceeds as follows. Section 2 provides an overview of the existing 

literature that has investigated the uptake of GPP. In Section 3, we present a simple analytical 

framework, which constitutes the basis for the empirical investigation. This framework outlines 

the interaction between the role of individual civil servants and the characteristics of the local 

government and its organization in the GPP process. Section 4 presents the design of the survey 

and other data collection issues while Section 5 introduces the econometric model specification. 

The empirical results are presented in Section 6 and discussed in Section 7. Section 8 concludes 

the paper and provides some avenues for future research.  

2. Literature Review 
Previous research on the determinants of the uptake of GPP has addressed the roles of individual 

(civil servant) and organizational characteristics. The motivations of the civil servants that are 

involved in the GPP process, have been found to influence the uptake of GPP in various public 

authorities. Lipsky (1980) introduced the concept street-level bureaucrats, which refers to civil 

servants that interpret and execute public policy by using a great amount of discretion. Street-

level bureaucrats may often become informal policy makers (Bouchard & Carroll, 2002; Gains, 

2009; Hall et al., 2016); they develop practices to reduce uncertainty in their daily work.3 

The motivation among civil servants to procure green products has been shown to emerge from 

both awareness and know-how (Cheng et al., 2018; Vejaratnam et al., 2020) where awareness 

will precede know-how (Sonnichsen and Clement, 2020; Vluggen et al., 2019; Jiménez et al., 

2019). Without individual beliefs and values, the procurer is likely to opt for low-cost options 

rather than the green alternatives (Vejaratnam et al., 2020). Individual awareness is affected by 

several factors, such as the attitudes of senior civil servants (Brammer and Walker, 2009; Zhu 

et al., 2013) and the use of economic incentives (Ahsan and Rahman, 2017; Palm and Backman, 

2017). Know-how is closely related to formal training, e.g., courses in GPP, but also to learning 

and interaction among civil servants. Marsden et al. (2011) remark that civil servants can rely 

 
3 Lipsky (1980) remarks that “the decisions of street-level bureaucrats, the routines they establish, and the devices 
they invent to cope with uncertainties and work pressures, effectively become the public policies they carry out,” 
(p. 3).  
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on their “trusted networks of peers for lessons, as here they can access the ‘real implementation’ 

story and the unwritten lessons,” (p. 511). 

The empirical evidence on the role of civil servant characteristics and motivation is mixed. For 

instance, Testa et al. (2012, 2015) identify civil servants’ lack of training in GPP as a key barrier 

to GPP uptake, but this result is not found in other work (Cheng et al., 2018; Vejaratnam et al., 

2020). Marsden et al. (2011) report that interaction among civil servants was the most important 

source of learning whereas official training was not (see also Walker and Brammer (2009) who 

emphasize the importance of awareness rather than formal education). Moreover, there is some 

evidence that female civil servants are more inclined to address green values in the procurement 

process compared to male civil servants (e.g., Mansia and Pandey, 2016), but also in this case, 

previous research provides a mixed picture and there are other studies that show no such effect 

(e.g., Grandia, 2016). 

Previous research shows that the regulations and principles surrounding the procurement efforts 

typically play important roles for the propensity of local authorities to pursue GPP. Financial 

constraints are clearly one key reason for the decision not to procure green (Cheng et al., 2018; 

Brammer and Walker, 2011; Preuss, 2007); cost-effectiveness is one of the strongest guiding 

principles of the procurement process, and it could override green criteria associated with higher 

costs (Nykvist and Nilsson, 2009).  

Public authorities that wish to pursue GPP could, though, assist this process by adopting a GPP 

strategy, which helps provide clarity and increase the civil servants’ abilities to prioritize among 

offers (Brammer and Walker, 2011; Hall et al., 2016; Meehan and Bryde, 2011). The existing 

literature confirms the importance of GPP strategies, but this strategy should not be too vague 

or too detailed (Walker and Phillips, 2009; Preuss and Walker, 2011). For instance, in Sweden, 

the lack of clear environmental requirements in the strategy was found to be the main barrier to 

GPP in the case of road maintenance tenders (Faith-Ell et al., 2004). Still, there are also 

examples of too rigid GPP strategies creating problems, e.g., in the transport sector (Aldenius 

and Khan, 2017). Previous research has also illustrated how follow-ups and evaluations of the 

strategies can help increase GPP uptake (Vluggen et al., 2019).  

As noted above, the characteristics of the procuring public authority will in turn influence the 

propensity to both rely on a GPP strategy as well as green requirements in specific procurement 

processes (Keranen, 2017; Hall et al., 2016; Vejaratnam et al., 2020). Previous studies have 

shown that lack of political leadership could be an important barrier to the uptake of GPP (Hall 
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et al., 2016; Smith et al., 2016; Vluggen et al., 2019). Political parties with a green agenda can 

be expected to be keener to pursue more ambitious GPP practices. For instance, green party 

representation in Swedish municipality political leadership has been shown to influence local 

environmental politics (Folke, 2014; Pettersson-Lidbom, 2008; Sjöberg, 2016), while a similar 

effect has not been found in the U.S. context (Ferreira and Gyourko, 2009; Warren, 2008).  

In this paper, we devote particular attention to the role of the size of the public authority (see 

further Section 3). A typical argument in the existing literature is that small organizations imply 

a lack of sufficient resources, i.e., economic resources but also competence, and this decreases 

the propensity for the uptake of GPP (Testa et al., 2012). Still, also here, the empirical evidence 

is mixed. Whereas Testa et al. (2012) as well as Michelsen and de Boer (2009) find size to have 

a positive effect on GPP, Brammer and Walker (2011), Prier et al. (2016), and Sonnichsen and 

Clement (2020) report no such effect. For instance, Prier et al. (2016) argue that small local 

authorities are capable of adopting GPP practices to the same extent as larger ones; instead, the 

presence of environmental criteria, i.e., GPP strategies, plays a more profound role. Finally, it 

should also be noted that various previous studies adopt different operationalizations of size, 

such as the size of the population governed by the local authority (Testa et al., 2012; Michelsen 

and Boer, 2009; Sonnichsen and Clement, 2020) or the number of employees in this authority 

(e.g., Prier et al., 2016). 

An important contribution of the present paper is to move beyond the ‘reduced form’ approach, 

which has dominated earlier work on the determinants of GPP uptake. Specifically, the existing 

literature focuses on explaining the propensity to adopt environmental criteria in procurement 

contracts (the dependent variable), and then treats individual and organizational characteristics, 

such as the presence of GPP strategy documents, as independent (exogenous) variables. In this 

paper, though, we devote attention to both the propensity to rely on GPP strategy documents 

and the adoption of green requirements in procurement tenders (two dependent variables), while 

at the same time acknowledging the simultaneity of these decisions. Section 3 elaborates on the 

underlying rationales for the chosen approach and outlines a simple analytical framework.  

3. Analytical Framework 
Figure 1 provides an illustration of a simple analytical framework, which some of the important 

relationships underlying our empirical analysis of GPP practices in Swedish municipalities. As 

noted above, we focus on two outcomes of these practices: (a) the adoption and reliance on GPP 

strategy documents, and (b) the implementation of green requirements in specific procurement 
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tenders. The framework illustrates how decisions regarding these practices will be influenced 

by exogenous factors such as general policies and regulations at both the national and the local 

level, as well as by the organization of the municipal administration. It is reasonable that these 

factors will in turn be related to the political rule of the organization and, as elaborated in more 

detail below, the size of the municipality.  

 
Figure 1: Green Procurement Practices at the Municipal Level: A Simple Analytical Framework 

Previous research makes it clear, though, that human behavior in organizations can be explained 

by a combination of organizational and individual factors, as well as by various internal and 

external adaptation processes (Argyris, 1957). Figure 1 displays how the presence of individual 

street-level bureaucrats may influence both the adoption and use of GPP strategy documents 

and the uptake of GPP in tenders, thus suggesting that these two decisions will be endogenously 

determined. This notion has gained support in previous research. For instance, Sevä and Jagers 

(2013) as well as Sevä and Sandström (2017) studied bureaucrats holding office in Swedish 

municipal administrations, and the authors found these to be key players in the implementation 

of environmental policy, both in terms of influencing the governing structures and processes, 

and the uptake of policy (see also Clement et al., 2003; Christoph Erdmenger, 2017). Thus, the 

discretion of street-level civil servants implies that the decision on the adoption and use of GPP 
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strategy documents will likely not be separable from the corresponding decision process leading 

up to the implementation of green criteria in specific tenders.4  

Clearly, local civil servants will not act in isolation. Management research has emphasized the 

importance of inter-personal, intra-organizational, and inter-organizational communication for 

successful policy uptake (see Yang and Maxwell (2011) for a review, and Gattiker and Carter 

(2010) for an environmental policy context). Hence, civil servants share information, integrate 

knowledge and meaningfully collaborate in the relevant decision-making processes (Temby et 

al., 2016). For our purposes, it is useful to note that individual learning will be determined by 

both formal training (e.g., GPP courses) and interaction with other professionals in the daily 

practices. The latter can be assumed to be correlated with the length of work experience, among 

other things (e.g., Marsden et al., 2011).  

An important implication of the proposed analytical framework is also that the organizational 

characteristics may determine the civil servants’ ability to influence GPP practices at the local 

level. In this paper, we emphasize the role of the size of the municipality organization. As noted 

in section 2, being a small municipality can be a barrier to GPP due to financial constraints and 

lack of competence (Testa et al., 2012), but that this explanation does not gain strong empirical 

support in the literature. Even though many local authorities face difficulties when prioritizing 

between cost minimization and various green criteria, the financial constraints are not the main 

reason. Instead, there is a need for clearer instructions on how to decide on these prioritizations 

(Cheng et al., 2018; Vejaratnam et al., 2020).5  

While the larger organizations may imply more resources, higher competence, and an ability to 

influence existing markets through GPP, they also involve important challenges. As the size of 

an organization increases, its complexity becomes higher (Miller, 1993; Williamson, 1976). To 

deal with this, there will typically be an increased division of labor, more levels of hierarchy, 

and an increased formalization of procedures (Kahn et al., 1964). In the procurement context, 

larger municipalities typically deal with the higher level of complexity by pooling all purchases 

 
4 The civil servants can even become the main policy makers and implementers, not least in areas where a large 
degree of discretion is required and if the elected politicians find the area controversial or difficult (Bouchard and 
Carroll, 2002; Greg Marsden and Stead, 2011).  
5 The literature suggests that limited economic resources may primarily be a barrier to GPP among non-western 
countries (Vejaratnam et al., 2020), such as Saudi Arabia (Islam et al., 2017), Ghana (Adjei-Bamfo and Maloreh-
Nyamekye, 2019) and China (Geng and Doberstein, 2008; Zhu et al., 2013).  



9 
 

to a centralized procurement unit (e.g., Glock and Broens, 2013; Glock and Hochrein, 2011; 

Michelsen and Boer, 2009; Wood, 2005). 

This, though, leads to a difficult trade-off. On the one hand, the centralization of procurement 

can lead to efficiency gains through pooling of expertise, formalized procedures, and economies 

of scale (Karjalainen, 2011; Patrucco et al., 2020; Patruccoa et al., 2019). On the other hand, 

the centralization increases the formalization of the GPP practices as well as the 

(organizational) distance between the civil servants in charge of the environmental policy and 

procurement units, respectively. This reduces flexibility, including the ability to accommodate 

specific requests in the procurement process (Clement et al., 2003; Dimitri et al., 2006; Glock 

and Hochrein, 2011; Grandia, 2016; Keranen, 2017). Previous studies have concluded that such 

reduced flexibility tends to decrease the likelihood for the uptake of green criteria in tenders 

(Cheng et al., 2018; Hall et al., 2016; Keranen, 2017; Lidberg, 2011).6 Moreover, while the 

procurement and the environmental policy units may jointly adopt GPP strategy documents as 

a one-time effort, the organizational distance between the two units makes collaboration harder 

in the continuous efforts to design and issue specific tenders (Cheng et al., 2018).  

Finally, the above also suggests that the relationship between the uptake of GPP and the size of 

the municipality may be non-linear, and follow an inverted U-shaped pattern (see Hortas-Rico 

and Rios (2020) and Solé-Ollé (2006) for applications to other forms of public spending). The 

efficiency gains could be modest in smaller municipalities. These efficiency benefits grow with 

size, but they also induce the emergence of less flexible organizations in which voluntary GPP 

efforts may not be prioritized to the same extent, in particular in cases where no GPP strategy 

documents (guidelines) have been adopted.  

In sum, based on the above, we can conclude that (a) it is essential to recognize the complexity 

of GPP practices, which involve (endogenous) decisions on both the adoption of and reliance 

on GPP strategy documents as well as on the use of green requirements in specific tenders; and 

(b) difficult trade-offs between efficiency and flexibility could affect the relationship between 

the size of the municipality and GPP practices, including the presence of heterogeneous (and 

possibly non-linear) impacts on the adoption of strategies and the uptake of GPP, respectively.  

 
6 Organizational changes leading to the procurement process moving upwards to the political or top management 
level is also known to lead to diminished priorities for GPP (Preuss and Walker, 2011; Vejaratnam et al., 2020). 



10 
 

4. Data 

4.1. Green Public Procurement among Swedish Municipalities 

In Sweden, public procurement is regulated in the Public Procurement Act (2016:1145), which 

in turn is based on the EU Public Procurement Directives (2014/24/EU and 2014/25/EU). Still, 

although strongly recommended, the uptake of GPP is pursued on a voluntary basis (EC, 2020a; 

SCA, 2016; Swedish Government, 2015). Overall, in 2018, total public procurement amounted 

to 14% of Sweden’s total GDP, and out of this as much as 71% was reported green (EC, 2020a; 

NAPP and SCA, 2018; ECB Statistics, 2020). One reason for this relatively high share is that 

the national Swedish Transport Administration accounts for a large share of total procurement 

volumes, and it is fully (100%) committed to GPP.  

However, the adoption of GPP practices at the municipal level is less frequent and differs a lot 

across municipalities. Compared to many other countries, Sweden has a relatively decentralized 

government structure with strong municipalities (Hall et al., 2016), which thus experience a lot 

of discretion in deciding whether to pursue GPP or not. There are 290 municipalities in Sweden, 

and some of these are therefore relatively small. For this reason, it has been recommended (e.g., 

SOU 2013:12) that small municipalities should cooperate and form joint procurement units. So 

far, however, this has not been common, and we ignore this issue in the empirical analysis.7  

A more common approach to support public procurement processes in Swedish municipalities, 

not least the uptake of GPP, has been to adopt strategy documents. As noted above, these offer 

a framework (a guideline) for decision-making, e.g., on how to prioritize among economic and 

environmental criteria. In the Swedish context, these strategies cannot be enforced similarly to 

a law or an administrative rule. Moreover, the guidelines are expressed in general terms, thus 

leaving significant room for interpretation and requiring a civil servant’s discernment, although 

they also provide some guidance, e.g., environmental criteria (Lindfors and Ammenberg, 2021). 

4.2. Survey Logistics and Design 

Most of the data used in this investigation were collected in a web survey targeting civil servants 

at all (290) municipalities in Sweden. In May 2018, the final survey was distributed by e-mail 

 
7 Previous studies show that the efficiency gains from such cooperation may not emerge in the same way as if the 
centralization take place within the government (Allers & Greef, 2018; Smith et al., 2016). It should also be noted 
that our sample consisting of 48 percent of all Swedish municipalities include very few examples of municipalities 
directly cooperating with others. For instance, the municipalities Essunga, Grästorp, Lidköping, Skara and Vara 
have recently decided to form a joint procurement unit, but out of these, only Lidköping is part of the data sample 
(see Table A1 in the Appendix).  
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to the civil servants that could be identified as procurement managers. Three reminders were 

sent out by e-mail, and the final response rate was 48 percent, i.e., 140 out of 290 municipalities. 

The web questionnaire contained a total of 15 questions concerning, first of all, the propensity 

to adopt GPP practices in terms of: (a) the reliance on strategy documents (guidelines for GPP); 

and (b) the use of green requirements in specific procurement contracts. Furthermore, the web 

survey collected information about a set of individual and organizational characteristics, which 

could help explain the outcomes in (a) and (b), respectively. The variables that were constructed 

based on the survey responses are presented and explained in Section 4.3, which also introduces 

the (independent) variables that were drawn from various secondary sources. 

Several measures were taken to secure the quality of the survey. First, as suggested by Bryman 

and Bell (2007) and Testa et al. (2012), the survey was complemented with information on key 

definitions to minimize the risks of misinterpretation. Notably, this information made it clear 

that the focus on GPP in the transport sector implied a focus on procurement of transport fuels 

(e.g., biogas), public transport services (e.g., buses), vehicles (e.g., cars used by employees), 

and/or transportation services (e.g., school taxi). Based on previous research, we know that GPP 

for transport at the municipality level in Sweden concerns mostly, but not exclusively, purchase 

of cars used in the municipality’s services (Lundberg et al., 2009). The environmental criteria 

involve, for instance, fuel efficiency requirements and environmental classification of wheels.8 

Second, a first version of the web survey was tested on a few civil servants in one Swedish 

municipality (Luleå). This test confirmed that the survey questions were clear and relevant, and 

only resulted in a few amendments in the questions posed. The responses from this test survey 

are not included in our data sample.  

4.3. Operationalization of Variables and Descriptive Statistics 

Table 1 provides descriptive statistics for all variables included in the empirical investigation. 

As noted above, we study two dependent variables. First, the propensity to use environmental 

criteria in the procurement contracts, GPP uptake, was measured on a five-point Likert scale 

where zero (0) indicates “never” and four (4) “always”. Second, the municipality’s reliance on 

GPP strategy (guideline) documents, GPP strategy, was measured along the same scale (0-4). 

Hence, the GPP strategy variable measures not only whether such strategy documents exist or 

not, but also the extent to which they are relied on in the decision-making process. From Table 

 
8 GPP can be pursued by applying so-called technical specifications, selection criteria, award criteria, and contract 
performance clauses. However, the survey did not address the specific nature of the environmental criteria used in 
the procurement contracts.  
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1, it is evident that there is a lot of variation across municipalities in both of these variables. For 

instance, 22% of the respondents indicated that their municipality never (9%) or rarely (13%) 

pursue GPP, while 46% stated that they do this often (37%) or always (9%). The corresponding 

data for the GPP strategy variable show that 39% responded that they never (19%) or rarely 

(20%) rely on GPP strategy documents, while 42% stated that they rely on such guidelines often 

(22%) or always (20%). 

Variable name Description Mean Std. Dev. Min Max 

Dependent variables  
    

GPP uptake   

The extent to which the municipality adopts 
green criteria in tenders, five-point ordinal 
scale where 0 is “never” and 4 “always” 

2.26  1.08  0  4  

GPP strategy 
  

The extent to which the municipality relies 
on formal GPP strategies, five-point ordinal 
scale where 0 is “never” and 4 “always” 

2.04 
  

1.42 
  

0 
  

4 
  

Independent variables   
    

Gender One (1) for female, and zero (0) for male. 0.54 0.50 0 1 

Work experience The respondent’s work experience in terms 
of number of years at the municipality 8.47 8.99 1 40 

GPP education 
  

Dummy variable that takes the value of one 
(1) if the respondent has completed a GPP 
education (and zero (0) otherwise). 

0.49 
  

0.50 
  

0 
  

1 
  

Price 
  

The extent to which price is prioritized in 
the choice between different tenders, four-
point ordinal scale where 0 is “disagree 
entirely” and 3 “agree entirely” 

1.44 
  

1.04 
  

0 
  

3 
  

Size(log) 
 

The logarithm of public expenditures of the 
municipality (million SEK) 

21.28 
 

0.87 
 

19.26 
 

24.40 
 

Green party 
 

Dummy variable that takes the value of one 
(1) if the Green party formed part of the 
local government coalition in 2018 (and 
zero (0) otherwise). 

0.41 
 

0.49 
 

0 
 

1 
 

Table 2: Descriptive Statistics for the Dependent and Independent Variables 

The independent variables first include a set of individual characteristics of the respondents, 

such as gender, work experience in terms of number of years employed at the municipality, and 

a dummy variable equaling one (1) if the respondent had completed a course in GPP (and zero 

otherwise).9 Furthermore, in an attempt to measure the priorities given to cost-minimization in 

the public procurement process, the civil servants were asked to which extent they agreed with 

 
9 The responsible civil servants were also asked about their age in years, but this variable was excluded from the 
sample due to its relatively high correlation with the work experience variable (a correlation rate of 54%). 
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the following statement: price is always a decisive factor in the choice between different tenders 

in the procurement process. The responses were used to construct the variable Price, which is 

measured on a four-point Likert scale where one (0) indicates “disagree entirely” and four (3) 

corresponds to “agree entirely”. It should also be noted that in line with most previous research, 

the GPP strategy variable was also used as one of the explanatory variables in the GPP uptake 

model specification (while at the same addressing the simultaneity of these variables).  

The impact of the size of the municipality, Size, is addressed by including a variable measuring 

the total public expenditures for each municipality. Specifically, this variable was constructed 

by multiplying the municipality expenditures per capita from the database Kolada (2020) with 

the total population based on Statistics Sweden (2020). These data are for the year 2018. In the 

model estimations, we take the natural logarithm of Size to reduce the risk of overstated effects 

due to outliers. For instance, the municipality of Gothenburg has public expenditures that are 

15 times larger than the average municipality in the sample. As noted above, the relationship 

between Size(log) and the adoption of GPP practices (i.e., GPP uptake and GPP strategy) is a 

priori ambiguous. It can either be positive due to efficiency gains or negative due to the rigidity 

and complexity of large public authorities. For this reason, we also test non-linear specifications 

by incorporating the square of Size(log), thus allowing us to test for the presence of an inverted 

U-shaped relationship between municipality size and GPP practices. 

Finally, the propensity of municipalities to promote the adoption of GPP practices may also be 

influenced by the constituency of the governing political parties. We therefore hypothesize that 

the participation of the Green party in the local government will have a positive influence on 

GPP. This hypothesis is tested by including one dummy variable, Green party, which takes the 

value of one (1) if the Green party of Sweden is part of the local government coalition (and zero 

otherwise). The required data were collected from the Swedish Association of Local Authorities 

and Regions (SKR, 2020). Our focus on green political positions rather than the share of green 

votes is motivated by the fact high vote shares do not necessarily imply that green preferences 

will be able to influence the GPP decision-making process unless the green parties can collude 

with other political parties and assume power in that way (see also Lauf et al., 2020). 

5. Model Specifications 
Since our two dependent variables are measured on an ordered scale, we specify ordered probit 

models. As benchmark, we first estimate two univariate ordered probit models, which assume 

that the data-generating processes for GPP uptake and GPP strategy, respectively, are entirely 
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independent. In a second step, we instead adopt the seemingly unrelated bivariate ordered probit 

model, thus recognizing that GPP uptake and GPP strategy are simultaneously (endogenously) 

determined. Failing to address such endogeneity and assuming that the municipalities’ various 

GPP practices are conditionally independent could produce inconsistent parameter estimates, 

which in turn lead to erroneous statistical inference (Wooldridge, 2010). The need to consider 

endogeneity in a GPP context, e.g., due to organizational complexity, has recently been raised 

also by Chen et al. (2021).  

We first introduce the univariate ordered probit model whose general form can be specified as 

in equation (1):  

𝑦𝑦𝑖𝑖∗ =  𝑥𝑥𝑖𝑖′𝛽𝛽 + 𝑢𝑢𝑖𝑖      (1) 

where 𝑦𝑦𝑖𝑖∗ denotes the magnitude of the dependent variable for each municipality i, and 𝑥𝑥𝑖𝑖′ is the 

vector of independent variables. 𝛽𝛽 is the vector of regression coefficients. Since 𝑦𝑦𝑖𝑖∗ is a latent 

variable that cannot be observed, we instead make use of the categories of responses so that:  

𝑦𝑦 =

⎩
⎪
⎨

⎪
⎧

0, 𝑦𝑦∗ ≤ 0
1, 0 < 𝑦𝑦∗ ≤ 𝑎𝑎1

 2, 𝑎𝑎1 < 𝑦𝑦∗ ≤ 𝑎𝑎2 
3, 𝑎𝑎2 < 𝑦𝑦∗ ≤ 𝑎𝑎3
4, 𝑎𝑎3 < 𝑦𝑦∗ ≤ 𝑎𝑎4

    (2) 

This can be reformulated as:  

𝑦𝑦𝑖𝑖 = 𝑗𝑗   if   𝑎𝑎𝑗𝑗−1 < 𝑦𝑦𝑖𝑖∗ ≤ 𝑎𝑎𝑗𝑗     (3) 

where a thus represents the unknown cut-off point for the latent variable. Furthermore, the 

probability that observations i, i.e.,  the five orded responses (0-4), will ‘select’ alternative j can 

be expressed as: 

𝑝𝑝𝑖𝑖𝑗𝑗 = 𝑝𝑝(𝑦𝑦𝑖𝑖 = 𝑗𝑗) =  𝑝𝑝� 𝑎𝑎𝑗𝑗−1  < 𝑦𝑦𝑖𝑖∗ ≤ 𝑎𝑎𝑗𝑗� = 𝐹𝐹�𝑎𝑎𝑗𝑗 − 𝑥𝑥𝑖𝑖′𝛽𝛽� −   𝐹𝐹�𝑎𝑎𝑗𝑗−1 − 𝑥𝑥𝑖𝑖′𝛽𝛽�  (4) 

where F is the normal cumulative density function in the standard probit model. As our analysis 

builds on the use of five response alternatives (j), the ordered probit will have four intercepts 

(j-1) and five marginal effects. The signs of the estimated coefficients tell us whether the latent 

variable 𝑦𝑦𝑖𝑖∗ increases following an increase in the independent variables, while the associated 

marginal effects must be calculated separately. Specifically, the marginal effect of an increase 

in a regressor 𝑥𝑥𝑟𝑟 on the probability of selecting alternative j can be calculated as: 

∂𝑝𝑝𝑖𝑖𝑗𝑗/ ∂𝐱𝐱𝑟𝑟𝑗𝑗 = �𝐹𝐹′�𝑎𝑎𝑗𝑗−1 − 𝑥𝑥𝑖𝑖′𝛽𝛽� − 𝐹𝐹′�𝑎𝑎𝑗𝑗 − 𝑥𝑥𝑖𝑖′𝛽𝛽��𝛽𝛽𝑟𝑟    (5) 
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Moreover, the marginal effects of each variable on the different alternatives (j = 0, 1, 2, 3, 4) 

sum up to zero.  

The univariate ordered probit models will be estimated using the standard maximum likelihood 

technique. We investigate two ordered dependent variables, GPP uptake and GPP strategy, and 

include all the independent variables outlined in Table 1. As noted above, we also introduce a 

set of interaction effects. Specifically, we interact Size (log) with the individual characteristics 

of the respondents, i.e., Gender, GPP education, and Work experience. This is done to test if 

the role of the individual, and her attributes, becomes less profound in the GPP decision-making 

process in larger compared to smaller municipalities.  

Previous research has employed various probit models to explore topics in public procurement, 

e.g., various legal issues (Buccino et al., 2020), barriers from a supplier perspective (Uyarra et 

al., 2014), the adoption of green criteria (Yu et al., 2020) and GPP uptake (Testa et al., 2012). 

However, since it is likely that the error terms resulting from our separate ordered probit models 

are likely to be correlated, we adopt the seemingly unrelated bivariate ordered probit approach 

(Greene, 2003). In this specification, the two univariate models are estimated jointly, and the 

GPP strategy variable is included as an independent variable in the GPP uptake model. We 

therefore have:  

  𝑌𝑌𝑖𝑖𝑈𝑈∗ =   𝑥𝑥𝑖𝑖′𝛼𝛼𝑖𝑖 + 𝜑𝜑𝑌𝑌𝑖𝑖𝑆𝑆 +  𝑢𝑢𝑖𝑖𝑈𝑈,   𝑌𝑌𝑖𝑖𝑈𝑈 =

⎩
⎪
⎨

⎪
⎧

0, 𝑦𝑦∗ ≤ 0
1, 0 < 𝑦𝑦∗ ≤ 𝑎𝑎1

 2, 𝑎𝑎1 < 𝑦𝑦∗ ≤ 𝑎𝑎2 
3, 𝑎𝑎2 < 𝑦𝑦∗ ≤ 𝑎𝑎3
4, 𝑎𝑎3 < 𝑦𝑦∗ ≤ 𝑎𝑎4

    (6) 

  𝑌𝑌𝑖𝑖𝑆𝑆∗ =   𝑥𝑥𝑖𝑖′𝛼𝛼𝑖𝑖 +  𝑢𝑢𝑖𝑖𝑆𝑆,                  𝑌𝑌1 =

⎩
⎪
⎨

⎪
⎧

0, 𝑦𝑦∗ ≤ 0
1, 0 < 𝑦𝑦∗ ≤ 𝑎𝑎1

 2, 𝑎𝑎1 < 𝑦𝑦∗ ≤ 𝑎𝑎2 
3, 𝑎𝑎2 < 𝑦𝑦∗ ≤ 𝑎𝑎3
4, 𝑎𝑎3 < 𝑦𝑦∗ ≤ 𝑎𝑎4

    (7) 

where 𝑌𝑌𝑖𝑖𝑈𝑈∗ denotes the latent variable measuring the uptake of GPP, while 𝑌𝑌𝑖𝑖𝑆𝑆∗represents the 

corresponding latent variable for the adoption of GPP strategy documents. The two error terms 

𝑢𝑢𝑖𝑖𝑈𝑈 and 𝑢𝑢𝑖𝑖𝑆𝑆  are assumed to be jointly normal with correlation ρ.   

The strength of the ordered probit model is that it allows us to explore direction of effects, and 

the statistical significance level of those, on an outcome variable. It should be noted, though, 

that the marginal effects cannot be calculated for the bivariate ordered probit model due to 
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variable dependencies between the two different parts of the model. What is left to explore are 

changes in predicted outcomes for marginal (manual) changes in variable magnitudes, keeping 

everything else constant in the model. To gain some information about the magnitudes of the 

independent variable Size(log) on GPP practices, we estimated predicted probabilities of GPP 

uptake and GPP-strategy for the different uptake levels (0-4) based on the original modeling 

outcome, and for outcomes based on a re-estimated model where the Size(log) model has been 

manipulated to be 10% larger. In this way, we can evaluate the impact of municipality size on 

the two GPP practices.  

6. Results 
Table 2 presents the estimated coefficients from our two univariate ordered probit models, and 

the bivariate ordered probit model specification (models 1-3). The statistical significance levels 

are based on robust standards errors. The results from the two univariate models suggest that 

the most important determinant of the uptake of GPP is the reliance on GPP strategy documents. 

The reliance on such guidelines tends in turn to be more profound in larger municipalities and 

in the cases where the respondent is a woman. Moreover, the propensity to rely on GPP strategy 

documents decreases with the priorities attributed to cost-minimization in the procurement 

process. The associated marginal effects at the means are reported in Table A2 in the Appendix.  

 Univariate ordered probit models Bivariate ordered probit model 
    Model 1          Model 2 Model 3 

       GPP-uptake     GPP-strategy     GPP-uptake GPP-strategy 

GPP-strategy ***0.406    ***0.873  
Size(log) 0.108  ***0.417  **-0.266  ***0.393  
Price -0.092  *-0.161  0.061  -0.154  
GPP education 0.246  0.185  0.004  0.167  
Gender 0.018  **0.412  -0.279  *0.370  
Work experience -0.002  0.004  -0.006  0.005  
Green party        -0.049  0.095  -0.061  0.064  

       rho   ***0.88    

Table 2: Maximum Likelihood Estimates from the Univariate and Bivariate Ordered Probit Models (models 1-3). 

However, the results from the bivariate ordered probit model indicate a statistically significant 

rho (P<0.01), thus suggesting correlation between the various unobserved factors affecting the 

municipalities’ decisions to rely on GPP strategy documents and the use of green requirements 

in procurement contracts, respectively. The seemingly unrelated bivariate ordered probit model 
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is therefore preferable over the univariate models as it accounts for the endogeneity in the GPP 

decision-making process.  

The results from the bivariate order probit model (model 3) are presented in Table 2, while the 

predicted probability changes are reported in Figure A1 in the Appendix. The choice to rely on 

GPP strategy documents at the municipal level tends, just as in the univariate specification (i.e., 

model 2), to be positively related to the size of the municipality. This relationship is statistically 

significant. For instance, the average predicted probability that a municipality will "always" 

adopt GPP strategy documents is 20%. With a 10% increase in Size (log), the average predicted 

probability increases to 46%, i.e., a 132% increase in the predicted probability. All percentage 

changes in predicted probabilities in strategy document adoption and GPP uptake for a 10% 

increase in Size(log) are shown in Figure A1.  

Our results also suggest that municipalities with female respondents appear to be more likely 

to report a reliance on GPP strategy documents. Other individual characteristics, such as GPP 

education and Work experience, are not found to have any statistically significant impacts on 

GPP strategy. As in the univariate model, there is also no Green party effect.  

Table 2 shows that GPP uptake is positively related to GPP strategy (P<0.01). However, while 

we find no statistically significant relationship between the municipality size and GPP uptake 

in the univariate model, the bivariate ordered probit model reports a negative and statistically 

significant impact when controlling for the presence of GPP strategies. In other words, once the 

reliance on GPP strategy documents, including its positive relationship with municipality size, 

is accounted for, the likelihood for GPP uptake in the transport sector decreases with higher 

municipality sizes. For instance, a 10% increase in municipality size implies that the predicted 

probability for GPP to equal 4 (“always”) decreases from 29% to 18% (a percentage decrease 

of 39%), while the corresponding change in the probability for GPP to equal 3 decreases by 

10% (see Figure A1 in the Appendix).  

Given the profound role of municipality size in shaping GPP practices at the municipal level, 

we explore this relationship further. In a first step, we include the interaction between Size(log) 

and the individual characteristics Work experience and Gender. Table 3 shows the results from 

these alternative model specifications (models 4-5), which also serve as robustness tests of the 

results presented in model 3.  
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 Bivariate ordered probit model Bivariate ordered probit model 
 Model 4 Model 5 

       GPP-uptake     GPP-strategy     GPP-uptake GPP-strategy 

GPP-strategy ***0.875    ***0.868  
Size(log) **-0.349  ***0.487  **-0.268  *0.294  
Price 0.060  -0.154  0.053  *-0.166  
GPP education 0.025  0.144  0.010  0.137  
Gender -0.267  *0.355  -0.873  -0.392  
Work experience -0.200  0.222  -0.006  0.006  
Green party -0.061  0.064  -0.059  0.061  
Size(log)*Work 0.009  -0.010      
Size(log)*Gender     0.028  0.201  

                                rho  ***0.88                                                rho ***0.88    

Table 3: Maximum Likelihood Estimates from the Bivariate Ordered Probit Models with Interaction Effects (models 4-5). 

The results suggest that none of the added interaction effects were statistically significant. Thus, 

in our sample, there is no evidence for the notion, e.g., put forward by Clement et al. (2003), 

that the influence of individuals (street-level bureaucrats) on GPP practices is more profound 

in smaller municipalities (since these could offer more discretion on the part of the individual 

civil servants). We also tested the corresponding size interaction effects for GPP education and 

the age of the individual, respectively, but also these were statistically insignificant. However, 

the results in Table 3 also indicate that the remaining results are overall robust to the inclusion 

of such interaction effects.  

Finally, to further challenge the robustness of our results, we test other ways of operationalizing 

the size of municipalities. Specifically, we explore two alternative operationalization, one in 

which the total population in each municipality is divided into three categories – small, medium, 

and large – and another in which the total public expenditures of each municipality are divided 

into the same three categories. Table A3 in the Appendix illustrates the results from these two 

alternative model specifications, and this table confirms that our results remain overall robust 

to the different operationalizations. Furthermore, we also tested a model specification in which 

Size(log) could have a non-linear – e.g., an inverted U-shaped – influence on the GPP practices. 

Still, the added squared term, Size(log)2, was not statistically significant (neither for GPP uptake 

nor for GPP strategy).  
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7. Discussion 
Our findings support the notion that GPP practices at the municipal level, i.e., the reliance on 

strategy documents and the use of green criteria in specific tenders, tend to be simultaneously 

determined. Both these decisions will be influenced by the same key players, i.e., street-level 

bureaucrats that may (or may not) be committed to GPP. The (simultaneous) unobserved factors 

can, in principle, be any organizational and/or individual characteristics that influence the two 

decision processes. Nevertheless, given the central role attributed to civil servants in the design 

and implementation of GPP practices (Clement et al., 2017; Erdmenger, 2017), the unobserved 

factors are likely to be – at least in part – individual (civil servant) characteristics. GPP at the 

local level is voluntary and therefore requires some of amount of personal motivation as well 

as competence. Providing a more in-depth understanding of these civil servant attributes, e.g., 

values, attitudes, etc., constitutes an important avenue for future research (see also Section 8).  

One important reason for acknowledging the simultaneity of GPP practices is to avoid drawing 

incorrect conclusions about the role of various explanatory factors. Our results concerning the 

role of municipality size illustrates this. While the regular (unconditioned) ordered probit model 

results showed no statistically significant effect of municipality size on the likelihood for GPP 

uptake, the seemingly unrelated bivariate model did. Larger municipalities are more likely to 

rely on GPP strategy documents than smaller ones. However, once this reliance on guidelines, 

including the positive relationship with municipality size, is accounted for, the results suggest 

that larger municipalities are less likely to introduce green criteria in the procurement process.  

These results are interesting as they reveal some of the complexity of GPP practices at the local 

level that has previously not been addressed in the literature. The increased adoption of GPP 

strategy documents with increasing municipality size is in line with existing literature – a larger 

organization implies increased complexity, which calls for formalization of work procedures 

(Chen et al., 2021; Wang et al., 2020). Moreover, this formalization increases the likelihood for 

GPP uptake, which is also in line with the existing literature (e.g. Cheng et al., 2018; Vejaratnam 

et al., 2020).  

A novel result, however, is the negative relationship between the size of the municipality and 

the uptake of green criteria in tenders. The rationale behind this finding can, as suggested above, 

be traced to the complexity of large organizations. These organizations are typically associated 

with several levels of hierarchies, and in the context of public procurement, centralization to 

specific procurement units (Glock and Broens, 2013). Centralized procurement has been shown 
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to be associated with less flexibility, short-termism, and a reduction in the accommodation of 

specific requests (Clement et al., 2003; Da Costa and Motta, 2019; Dimitri et al., 2006; Glock 

and Hochrein, 2011; Grandia, 2016; Keranen, 2017). As GPP is voluntary and framed as a 

request (on the part of the environmental unit), there is a risk that environmental targets 

therefore will receive less attention in an organizational structure where GPP is centralized.  

These are general remarks, but they are likely to be relevant in the specific context of Swedish 

municipalities. In 2018, the same year as when our survey was sent out, a supporting agency 

for Swedish municipalities, SKL kommentus, conducted an evaluation of ‘sustainable’ public 

procurement practices in the country. The authors conducted interviews with representatives of 

ten Swedish municipalities, and identified the division of responsibilities within municipalities 

as one of the key reasons why the uptake of GPP has not been more frequent (SKL kommentus, 

2019). The report also concludes that in the case of a centralized procurement unit, the procurer 

is not expected to take part in the municipality’s environmental work, and she is typically not 

obligated to translate the organization’s environmental goals into GPP. This disconnect, the 

authors argue, implies increased risks for environmental criteria to fall between the cracks. For 

this reason, the procurers’ personal motivation and dedication to environmental considerations 

are often keys to increased GPP (SKL kommentus, 2019).  

The above suggests that our paper complements the previous studies that have addressed the 

relationship between municipality size and the uptake of GPP, including Michelsen and Boer 

(2009) on Norway and Testa et al. (2012) on Italy. They conclude that larger municipalities are 

more likely to procure green. While this may very well be a reasonable ‘reduced-form’ finding, 

it ignores the fact this impact tends to be mediated through the higher reliance on GPP strategy 

documents in large municipalities.10 Larger municipalities, though, also involve challenges, and 

once we control for the presence of strategy documents, the relationship between organizational 

size and GPP uptake is negative.  

Finally, our results indicate no significant impact of neither GPP education nor work experience 

on the adoption of GPP practices. This is in contrast to earlier literature, such as Bouwer et al. 

(2006) and Testa et al. (2012). Still, a closer look at these two studies reveals that they primarily 

address awareness rather than know-how and formal training per se. Awareness is also found 

 
10 To illustrate this point, we applied the econometric approach used by Michelsen and Boer (2009), and estimated 
pariwise Kendall’s tau-b correlations using our data sample. Just as Michelsen and Boer (2009), we find a positive 
and significant (P<0.01) correlation. The coefficient of 0.214 between municipality size and GPP uptake is also 
strikingly similar to their esitmate of 0.272.  
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to be important in the international reviews by Cheng et al. (2018) and Vejaratnam et al. (2020). 

Altough training is one way to increase awareness, it is not the only one. In addition, while our 

results on the role of individual training and work experience could be interpreted to suggest 

that there is little scope for discretion on the part of the street-level bureaucrats, we would argue 

against this. As noted above, the unobserved factors can likely be attributed to a number of civil 

servant characteristics, and disentangling the nature of these represents an important avenue for 

future research.  

8. Conclusion and Avenues for Future Research 
The objective of this paper was to investigate the determinants of the adoption of GPP practices 

at the local authority level, and we have pursued this in the empirical context of municipalities 

in Sweden. In brief, our results suggest that it is essential to recognize the complexity of GPP 

practices, which involve (simultaneous) decisions on both the reliance on GPP strategies as well 

as on the implementation of green requirements in specific tenders. The recognition of this type 

of complexity will in turn lead to novel conclusions about the determinants of GPP practices, 

not the least the role of municipality size. The empirical results indicate that large municipalities 

are more prone to rely on GPP strategy documents than smaller ones. Nevertheless, once this 

effect is accounted for, the results suggest that larger municipalities are less likely to implement 

green criteria in the procurement process. These findings, we argue, in part reflect the difficult 

trade-off between efficiency and flexibility in large organizations.  

Clearly, though, our investigation also involves gaps and weakness, which should be addressed 

further in future research. Previous studies have emphasized the civil servants’ motivations for 

successful GPP uptake, but these factors deserve more attention by considering different ways 

of addressing and operationalizing value, preferences, awareness, and know-how. As remarked 

above, the (simultaneous) unobserved factors in our econometric analysis are likely to consist 

– at least in part – of individual (civil servant) characteristics. Future work that can address the 

role of civil servants in influencing the organization of public procurement, e.g., decisions on 

centralization, is also called for (see also Patruccoa et al., 2019). Moreover, our results suggest 

that disconnected organizational structures may constitute a key barrier to the uptake of GPP, 

but this notion could be further problematized. For instance, Da Costa and Motta (2019) argue 

that the rigidity in organizational structure does not have to be a problem if managed properly. 

The theoretical framework developed by Albano and Sparro (2010) on how to develop flexible 

centralized procurement units could serve as a point of departure for additional empirical work.  
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Appendix 
 

Alvesta Hagfors Krokom Perstorp Vaggeryd 
Arboga Hallsberg Kumla Piteå Vallentuna 
Arvika Halmstad Kävlinge Ragunda Varberg 
Bengtsfors Haninge Köping Ronneby Vaxholm 
Berg Haparanda Laholm Sala Vellinge 
Bjurholm Hedemora Landskrona Salem Vetlanda 
Boden Helsingborg Lidingö Simrishamn Vårgårda 
Bollnäs Hofors Lidköping Sjöbo Vänersborg 
Borlänge Hudiksvall Linköping Skellefteå Värmdö 
Borås Hylte Ljungby Skurup Värnamo 
Bromölla Hällefors Ludvika Smedjebacken Västervik 
Bräcke Härjedalen Lund Sotenäs Växjö 
Eda Härnösand Malung-Sälen Staffanstorp Ydre 
Ekerö Härryda Malå Stenungsund Ystad 
Eksjö Höganäs Mariestad Strängnäs Ånge 
Emmaboda Järfälla Mark Strömsund Åre 
Enköping Jönköping Markaryd Sundbyberg Årjäng 
Eskilstuna Kalix Mjölby Sundsvall Älvdalen 
Eslöv Kalmar Mora Sunne Ängelholm 
Falkenberg Karlskoga Motala Svedala Öckerö 
Filipstad Karlskrona Mullsjö Tanum Örebro 
Gnesta Karlstad Nacka Tierp Örkelljunga 
Gotland Katrineholm Norrtälje Tranemo Örnsköldsvik,  
Grums Kil Nykvarn Trelleborg Östersund 
Gällivare Kinda Nyköping Trosa Österåker 
Gävle Kiruna Nynäshamn Tyresö Östhammar 
Göteborg Knivsta Orsa Ulricehamn Östra Göinge 
Habo Kristianstad Osby Umeå Övertorneå 

Table A1: The 140 Swedish Municipalities Included in the Data Sample 
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                GPP uptake: dy/dx               GPP strategy: dy/dx 

GPP strategy     
1 -0,04 ***   
2 -0,06 ***   
3 -0,06 ***   
4 0,11 ***   
5 0,05 ***   

Size(log)     
1 -0,01  -0,09 *** 
2 -0,01  -0,05 *** 
3 -0,01  0,00  
4 0,03  0,05 *** 
5 0,01  0,10 *** 

Price    
1 0,01  0,04  
2 0,01  0,02  
3 0,01  0,00  
4 -0,03  -0,02  
5 -0,01  -0,04  

GPP education     
1 -0,02  -0,05  
2 -0,04  -0,02  
3 -0,04  0,00  
4 0,07  0,02  
5 0,03  0,05  

Female     
1 0,00  -0,10 * 
2 0,00  -0,05 ** 
3 0,00  0,00  
4 0,01  0,05 * 
5 0,00  0,11 ** 

Work experience     
1 0,00  -0,00  
2 0,00  -0,00  
3 0,00  -0,00  
4 0,00  0,00  
5 0,00  0,00  

Green party     
1 0,00  -0,02  
2 0,01  -0,01  
3 0,01  -0,00  
4 -0,01  0,01  
5 -0,01  0,02  

Table A2: Marginal Effects based on the Bivariate Order Probit Model Results (Model 3 in Table 2) 
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(a) Predicted average probability that a municipality will 
adopt and rely on GPP strategy documents 

(b) Predicted average probability that a municipality will adopt 
green criteria in tenders (conditioned on the choice to rely on 
GPP strategy documents) 

Figure A1: Predicted percentage changes in the Probabilities for GPP uptake and GPP strategy given a ten percent increase in 
Size(log).  

 

 

 Bivariate ordered probit model Bivariate ordered probit model 
 Population size (categories) Public expenditures (categories) 

       GPP-uptake     GPP-strategy     GPP-uptake GPP-strategy 

GPP-strategy ***0.869    ***0.865  
Size **-0.298  ***0.434  **-0.264  ***0.415  
Price 0.066  *-0.167  0.071  *-0.171  
GPP education 0.001  0.171  -0.019  0.199  
Gender -0.261  *0.326  -0.252  -0.320  
Work experience -0.006  0.004  -0.006  0.004  
Green party -0.061  0.070  -0.066  0.069  

                                rho  ***0.88                                                rho ***0.88    

Table A3: Maximum Likelihood Estimates from the Bivariate Ordered Probit Models with Different Size Operationalizations. 
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