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This paper presents a systematic literature review on both the risks affecting wood supply security and risk
mitigation strategies by quantitative and qualitative data analysis. It describes wood-specific supply chain risks,
thereupon resulting impacts and counteracting strategies to ensure supply. Risks, impacts, and strategies are
documented as basis for a comparative analysis, discussion of results, challenges and research gaps. Finally, the
suitability and the limitations of the chosen methodology and the achieved results are discussed. Scanning wood
supply chain risks and supply strategies, most of the reviewed papers focus on wood supply for bioenergy
generation and only a few studies investigate wood supply chain risk issues for the sawing, wood panel, pulp and
paper industries, or biorefineries.

This review differs significantly from other reviews in this field as it considers the entire wood value chain
including recent studies on new chemical wood-based products and thus provides a more complete picture of the
wood-based bioeconomy. Consequently, it contributes to the literature by providing an overarching investigation
of the risks affecting wood supply security and possible side effects of a growing wood-based bioeconomy. It was
found that comprehensive value chain analyses considering established wood products, large-volume bioenergy
products, as well as established and new chemical wood-based products in the context of wood supply security
are missing. Studies that map the entire wood value chain with its multilevel interdependences and integrating

cascading use of wood are lacking.

1. Introduction

As a result of societal and political pressure to fulfil climate mitiga-
tion goals (e.g. Kyoto Agreement, Paris Agreement), the past 20 years
has seen governments initiate the promotion of wood based bioenergy
[1,2]. This had led to a rapidly increasing demand for wood fuels and
rising competition with the paper and panel industries for logs and
sawmill wood by-products in Europe [2-4]. Assessing fuel supply chain
risks is vital for the successful operation of large-scale bioenergy projects
[5]. Therefore, facilities are usually located close to the raw material
resource [6] or harbours or terminals which facilitate economic
long-distance ship or railway transport [7,8]. However, the bioenergy
sector has failed to develop comprehensive supply strategies despite the
rising need for such international and global strategies [9].

In Europe, the share of demand exceeding local supply is compen-
sated by wood imports. This raises concerns about the pressure on forest
resources, impacts of land availability and use changes abroad [10,11].

So, rising demand for bioenergy, as liquid biofuels or wood gasification
products, disrupts established wood markets [12]. Additionally, forest
management strategies promoting specific tree species can cause supply
security issues for other species [13,14]. In Germany, for instance, the
focus on hardwoods, as recommended by forest reconstruction guide-
lines, results in softwood supply risks in the long term [14]. To satisfy
the demand of a bio-based economy, availability and allocation of re-
sources have to be managed efficiently [9,15].

Established supply chain frameworks hardly cover the specific issues
of biomass supply chain systems. In particular long-term strategies for
mitigating wood supply chain risks and supply security issues of tradi-
tional wood supply chains (e.g. pulp and paper supply chain) are
insufficiently investigated [16-18]. So, complementary investigation in
related topics are needed [13]. Wood supply security, wood supply
chain risks, and risk mitigation strategies are pressing topics for wood
processing companies and for investors within the wood-based bio-
economy which is promoted as an essential component in mitigating
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climate change.

Therefore, this paper provides a systematic literature review
addressing wood supply chain risks, risk mitigation strategies, and
supply security as a basis for comparative analysis, specification of
challenges, and future research needs. As a results of literature search
the regional focus is on the northern hemisphere. Final conclusions on
suitability and limitations of both the chosen methodology and achieved
results are provided.

To this end, the proposed review will answer the following questions:
(a) What are the main supply chain risks influencing wood supply se-
curity? (b) What are the impacts of supply chain risks on wood supply
security? And (c) what are promising risk mitigation strategies to ensure
wood supply?

2. Methodology

The proposed methodology is the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [19] consisting of two
parts: literature review (search and eligibility) and meta analysis.
PRISMA was adopted as the meta analysis approach for study synthesis
throughout it has been widley replaced by the concept of textual
narrative synthesis, as this type of analysis fits to studies which “describe
the existing body of literature; identifying the scope of what has been
studied [...], and gaps that need to be filled” [20]. The textual narrative
synthesis uses a standard data extraction format (e.g. categories), to
extract parts of the reviewed literature. To compare the similarities and
differences within the manuscripts the findings were clustered in sub-
groups facilitating quantitative analysis [20,21].

2.1. Literature search and eligibility

The search was limited by language, but not by research design or
publication date. Only English papers were searched, since English is the
common language for researchers worldwide. The search was carried
out with the keywords wood, supply security, security of supply, supply
risk, and supply strategy. In order to include the most important data
sources covering the review field, the following databases and library
services (in alphabetic order) were searched: Science Direct/Elsevier
(http://www.sciencedirect.com), Scopus (www.scopus.com), and Web
of Science (www.webofscience.com). The review focused on scientific
literature describing the research’s state-of-the-art. Consequently, in-
dustry or government reports were not part of the search.

In this step the eligibility of each identified paper (n = 3397) was
proven stepwise. To be included, a paper had (a) to belong to the topic of
forestry, agriculture, environment, engineering, biochemical, energy,
business, economics, logistics, or supply chain; (b) had to be a research
paper, review paper, or conference paper; (c) must investigate wood
supply chain risks or related issues, or (d) wood supply security in
general, or (e) strategies mitigating wood supply chain risks, or (f) ef-
fects of a growing wood-based bioeconomy. Meeting concurrently (a),
(b) and one of (c), (d), (e), or (f) was obligatory. Papers with a focus on
renewable resources other than wood from forests were included if the
applied methods provided an analysis of supply chain risks.
Bioeconomy-related papers concerning food or feed resources as feed-
stock or, crops, plantation wood, and woody biomass, which discussed
supply chain risk issues were also included.

2.2. Quantitative and qualitative data extraction and summarizing

Two different ways to analyse the identified papers were applied.
First, in a quantitative analysis, a bibliographic analysis was conducted
including number of manuscripts by year, database, type, source,
geographical information, and keywords. In the second, a systematic
narrative summary is provided as a table to summarize and to compare
studies’ results. A standardized form for extracting data (i.e. authors,
geographical information, methodology (technique/application), aim of
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the research, and research gap) from papers was developed.
The following iterative steps were conducted to search and select the
literature.

1. Searching with the keywords in the databases resulting in 3397
paper.

2. Selecting review, research and conference articles written in English
(2754 paper remaining).

3. Eliminating all manuscripts that are not within the field of forestry,
agriculture, environment, engineering, biochemical, energy, busi-
ness, economics, logistics or supply chain (management) (2509
paper remaining).

4. Checking the manuscripts for duplicates: Duplicated papers were
identified by the authors’ name, the title and the abstract. Afterwards
repeated documents were be removed; Screening the title and the
abstract of remaining paper against the eligibility criteria and
through following screening questions based on the eligibility
criteria:

a. Does the paper treat wood and wood supply issues?

b. Does the manuscript contain issues related to wood supply chain
risks or supply security?

c. Does the manuscript contain impacts of supply chain risks on
wood supply security?

d. Does the manuscript contain strategies to ensure wood supply and
mitigating supply chain risks?

e. Does the paper treat supply security or supply chain risk issues
regarding renewables other than wood?

f. Does the manuscript contain effects or side effects of a growing
wood-based bioeconomy on wood supply security?
(134 paper remaining).

5. Assessing the full-length articles and prove the eligibility criteria
(105 papers remaining).

3. Main definitions

[22] summarised eight types of risks in the context of supply chains:
supply risks, operational risks, demand risks, security risks, macro risks,
policy risks, competitive risks and resource risks. The first four risks
connected strongly with internal supply chain factors, whereas the latter
four risks describe external factors influencing supply chains [22]
(Table 1). The eight categories serve as basis for supply chain risk cat-
egorisation in this review (see Table 2).

Risk management includes strategies to reduce risk events or miti-
gate the results of such events [22]. In the study at hand these strategies
are called wood supply chain risk mitigation strategies since they are
aiming to provide a stable and uninterrupted wood supply.

Wood supply security is “the ability to procure a certain volume of
roundwood at a stable price” [23] fulfilling the demanded assortment

Table 1
Categorisation of wood supply chain risks [22].

Risk category Risk source
Internal Supply risks E.g. failed access to material, inventory,
risks technology; quality or price issues
Operational E.g. breakdown of production or logistic
risks infrastructure; missing capability; changes in
processes
Demand risk E.g. fluctuating demands based on new products,
fads; demand distortion and amplification
Security risks Security breaches from terrorism, vandalism, etc.
External Macro risks E.g. changes in prices, interest rates, exchanges
risks rates
Policy risks E.g. governmental regulations, quotas, restrictions
Competitive Lack of historical information on competitors
risks

Resources risks ~ Unforeseen resource requirements
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Table 2 Table 2 (continued)
Wood supply chain risks: categories and specific risks. Wood supply Risk sub- Description of specific risk Authors
Wood supply Risk sub- Description of specific risk Authors chain risk category
chain risk category category (based
category (based on [22])
on [22]) . .
practices, special
Supply risk Over- Unsustainable use of forest [10,13, technology with limited
exploitation of resources, illegal logging, 31-36] replicability and
forest resources delayed replantation/ penetration
regrowth, trading in Operational difficulties [37,40,47,
uncertified wood (depots, road system), on- 66,67]
Deteriorating forest system [13,18,23, site logistics, insufficient
functions (e.g. 27,31,33, space (e.g. for chipping),
biodiversity), competition 37,38] unreliable carriers (delays,
for forest areas based on cancelled shipments,
alternative land use technical breakdown)
requirements, forest area Lack of investment in [8,17,37,
conservation infrastructure (e.g. 58]
Uncertainty in techno- [2,9,31,35, harvesting, collecting and
economical resource 37,39-48] storing, transport),
accessibility, promotion of intermodal transport, year-
wood harvesting, local round available terminals,
reduction in forested areas, pre-treatment
poor harvesting practices Demand risk Seasonal demand (e.g. [38,68]
Rising market demand [36,43,47] heating season)
Insufficient Complicated organisation [2,31,42] Purchasing power of [31,48]
resource supply of supply due to consumer
fragmented forestry Opportunistic behaviour of [40]
ownership structure biomass producers
Forest owner’s willingness [2,17,27,31, Volatile biorefinery [44,62,63,
to harvest wood, lack of 37,39,40, production volumes, 69]
interest of forest owners in 45,49,50] biorefinery location,
managing their forests, technology development
attitudes of stakeholders, regarding utilisation degree
unreliable biomass Lack of civil acceptance and [40,61,70]
producers (in volume, support for large-scale
quality), lack of qualified plants, food vs. fuel conflict
work force Macro risk Wood trade risk Lack/inaccuracy of [64]
Price fluctuations, market [2,4,31,44, production, trade and
price influences 50,51] consumption statistics
availability, price relation (national and
of both biomass price to international).
crude oil price or of biofuels International trade driven [8,44,53,60,
price to fossil fuels price by the political, economic 71,72]
Limited access to harvest [5,50] or social environment of
residues and industrial by- the wood importing/
products exporting countries (e.g.
Substitution between wood [36,43,50, national incentives) with
quality assortments 52,53] conflicting targets.
Resource Certification schemes, such [13,35,36] Supply dependence on [37,47,51,
scarcity as PEFC, FSC, assure other countries/foreign 60,71-76]
sustainable forest stakeholders, unreliable
management and by its delivery, international
introduction reduce the market disruption, bilateral
supply volume trade friction, reduction of
Wood quality Product instability and [29,40, domestic supply capability,
specific risk perishability (humidity, 54-57] exchange rate fluctuations
explosion risks, fungi) Policy risk Subsidies/regulations (e.g. [4,13,40,41,
High bulkiness of [7,54] promoting bioenergy, 47,60,64,
roundwood import/export barriers, 73,77,78]
Limited storability [31,58] bans, taxes)
Operational risk Information deficits and [31,40,59] Wood trade restricted to [48,79]
lack of coordination limited geographic areas,
(transparency) communal land tenure
Dependency on single [8,9,23,37, systems
transport mode/one 40,45,60, Country specific legislation [27,37,38,
supplier, lack of 61] (e.g. mandatory 40,41,47]
infrastructure, transport certification, proof of chain
route risk of custody)
Disperse biomass [8,49,50,52, Incompatible certification [64]
production, lack of 58,62-65] systems (e.g. PEFC, FSC)
significant volume, Varying sustainability [16]
distribution density, lack of criteria
pre-treatment technologies Different perceptions of [80]
to increase energy density stakeholder on policy
Technical inefficiency, lack [9,10,31, making and development
of technology, deficient 40] Competitive risk

(continued on next page)
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Table 2 (continued)

Wood supply Risk sub- Description of specific risk Authors

chain risk category

category (based

on [22])
Resource competition [5,13,17,37,
within wood-based 39,43,50,
industries 70,75,81]
Wood theft, illegal logging, [13,28,30,
fuelwood collecting for 34,48,56,

private purpose mainly in 82]
developing countries

Resource risk Ecosystem risk Natural disturbances [13,16,18,
(diseases, pests, weeds, 27,31,37,
fires, storm, floods, 40,49,56,
droughts) 70,83]
Disturbances by climate [13,37,38,
change impacts 45,49]
Unfavourable weather [8,13,18,31,
conditions (e.g. heavy snow 47,56], [84,

fall or rain hindering 85],
harvest operations and
forest road accessibility)

Seasonality risk Cyclic harvesting periods [25,31,49,
54,55,58,
84,86]
Seasonal fluctuations of [5,37,40,62,
yield and quality 85,87-891]

qualities without supply disruptions. So, supply security for this study is
defined as the ratio of fulfilled demand to total demand with sustainably
produced wood in a given time unit.

On the basis of Roos [24] this study defines wood-based products as
follows: (1) established wood products (e.g. sawmill products, building
material, furniture), (2) large-volume bioenergy products, as fuels, heat
and power, and (3) established and new chemical wood-based products
(e.g. cellulose-based products, biomaterials, chemicals or pharmaceuti-
cals) resulting from chemical or thermochemical processes applied to
wood material. Proceeding thereupon, the identified papers were clus-
tered by these three product types.

4. Results
4.1. Quantitative analysis

The keyword search resulted in 3397 papers (2213 Science Direct,
1167 Scopus, 17 Web of Science), whereof 105 papers (Fig. 1); 92
research papers, 11 reviews, and 2 conference papers) published be-
tween 1975 and 2019 met the inclusion criteria. Most articles were
published in the journal Biomass and Bioenergy (24%) (Fig. 2).

Fig. 3 shows the regions and countries that were investigated in the
reviewed papers. 16% of the papers had a global perspective, compared

100
80
60

40

w

20
0 ]

Web of Science

Scopus Science Direct

m\Web of Science mScopus mScience Direct

Fig. 1. Number of papers by database.
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to 10% for each of Europe and the United States of America. Papers with
a global perspective mostly focussed on bioenergy supply chain related
issues, e.g. international trade, securing biomass supply, certification
systems, sustainability and optimisation of biomass supply chain chains.
10 out of 11 Europe-concerning papers deal with trade and allocation of
biomass for bioenergy purposes mostly driven by political directives. All
of the papers covering the United States of America are shown in a
biorefinery context, whereof 10 out of the 11 discussed examine biofuel
production.

Nearly 80% (81 papers) of the total papers were published between
2010 und 2019. Only six papers were published before 2001, one per
year in 1975 [25], 1978 [26], 1993 [27], 1999 [28] and two in 1995
[29,30]. Wood use for bioenergy production was discussed for the first
time by the last four [27-30]. Since 2006, biomass supply chain risks
and related topics have been, in the context of bioenergy, frequently
investigated (Fig. 4). Biomass and wood supply chain risks and risk
mitigation strategies were in focus in the last years. Similarly, the
chemical conversion of wood has recently become an upcoming topic
(see Fig. 5).

Of the papers reviewed, 88% investigated risk mitigation strategies,
making it the most common topic. Supply chain risks, the impacts of
supply chain risks and supply security were less frequently addressed
with 71%, 43%, and 12%, respectively (Fig. 4).

4.2. Qualitative analysis

4.2.1. Categorisation of wood supply chain risks

Based on the eight categories of supply chain risks from Manuj and
Mentzer [22] seven wood supply chain risk categories were defined. As
no paper mentioned security risks (e.g. terrorism or vandalism) this risk
category was excluded. Table 1 summarises the results.

Table 3 lists wood supply chain risks and briefly summarises their
impact on supply security, following the previously introduced wood
supply chain risk categories. For five out of seven wood supply chain risk
categories, supply chain impacts were identified. Supply chain risks
impacts of demand risk and competitive risk were not discussed.

4.2.2. Wood supply chain risk mitigation strategies

Mapped risk mitigation strategies (92 papers) were grouped into the
categories: production optimisation, feedstock and source diversifica-
tion, long-term contracts, supply chain integration, logistics strategies,
process/technology innovation, increasing shelf-life, and policy strate-
gies. The reviewed papers show different time horizons of mitigation
strategies: strategic (long-term), tactical (medium-term) and operational
(short-term) (Table 4).

4.2.3. Reviewed research methods

Supply chain risks and risk mitigation strategies were most
frequently examined with policy analysis and literature reviews were
the most often chosen method (20 times), of which 15 papers were
written in the bioenergy context. Supply risk mitigation strategies were
mostly investigated by applied methods such as supply chain analysis/
design, optimisation or criticality assessment (20 times). With 16 supply
chain risk mitigation strategy papers the bioenergy sector was again the
most investigated one.

Raw material supply for established wood products was mostly
investigated with methods, such as policy analysis and literature reviews
as well as methods of supply chain analysis/design, optimisation or
criticality assessment (both each four times).

Comprehensive investigations considering the entire wood supply
chain with all the three types of wood-based products are lacking. First
approaches catching a more completely picture of the wood supply
chain are, for instance Refs. [53,72] focusing primarily on the bioenergy
sector. Ghafghazi et al. [43] and Chitawo et al. [10] enlarged in-
vestigations through consideration of the entire wood supply chain
looking at interdependencies by applying Material Flow Analysis or
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System Dynamics.

To sum up, the lack of studies on wood supply security and the
conjoint analyses of wood supply for established wood products (e.g.
sawnwood, veneer, panels) and established and new chemical wood-
based products (e.g. chemicals, cellulose fibres, pulp and paper) be-
comes obvious (Fig. 6).

5. Comparative analysis and discussions

Reviewed papers mostly considered bioenergy (biofuels, heat,
power) topics (75%, 85 papers). Infrequently studied were the two
topics of established and new chemical wood-based products (8%, 9
papers) and established wood products (19%, 20 papers). There is also a
strong connection between the country of investigation and the research
focus. Considering bioenergy, Austria (8 papers), Finland, and Sweden
(5 papers each) are the leading countries. Additionally, 10 papers
focusing on supply for bioenergy production considered Europe and the
United States of America. Thus, there seems to be a strong interest in
optimising biomass supply chain for bioenergy production in Europe

2001 2002 2003 2004 2005 2006

2007

before 2008

2001

mm established wood products
mm established and new chemical wood-based products

2009

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

mm|arge-volume bioenergy products, such as fuels, heat and power
—total

Fig. 4. Type of wood-based product examined by the reviewed papers (multiple answers possible).
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and the United States of America. That is in line with Santos et al. [16],
who found bioenergy supply chains to be mostly investigated in Europe
and North America, whereas in the United States of America biofuel
production and in Europe heat and power production have a higher
priority.

Contrarily, supply chain risk issues within established wood products
were mostly investigated in China (4 papers), mainly dealing with
import dependencies, followed by Canada (3 papers), mostly consid-
ering availability and distribution of by-products. Established and new
chemical wood-based products were themed in 9 papers with no
regional focus.

Unsurprisingly, since year-round supply in terms of volume, quality,
and price is critical for large-scale projects [4], large-volume bioenergy
products are the most investigated. For bioenergy, the most commonly
applied investigative methods are interviews, workshops, (Delphi-)
surveys, and case studies. Economic analyses are the most applied
method within biofuel production studies [63,95,101] considering
almost exclusively the feedstock crops, annuals, and waste [18,62,63].

Among the 75 papers dealing with supply chain risks, limited re-
sources are considered the most (41 papers), followed by supply and
operational risks (22 papers). Risk impacts were less discussed, but
“impacts” were also not explicitly searched among the keywords.
Nonetheless, it shows that multilevel interdependencies are only rarely
considered. Additionally, risks tend to be investigated separately and
rarely in the context of the entire wood supply chain, therefore level
interdependencies are mainly excluded (cf. [18]). Generally, buyers
have to accept trade-offs between cost reduction and supply chain risk
reduction through supply splitting [40,87] and storage [25]. Comparing
the previously mentioned supply chain risks with supply chain risks
addressed in general supply chain literature it is noticeable that generic
risks such as strikes [116,117], or infringement of traffic regulations
[116] (e.g. permissible load restriction) [118] are not mentioned within
the reviewed papers.

The most mentioned wood supply chain risk mitigation strategy is
resource and feedstock diversification (92 papers, 41%; cf. also [55]).
For bioenergy production multilevel redundancies (e.g. multi boiler
systems) and diversification are key risk management strategies [45,87].
Within biofuel production diversification is a common strategy, since
supply risks are mitigated through perennial woody biomass, logging
residues, import of feedstock [63], and blending [62]. Supply chain
integration (28 papers, 30%) and increasing shelf-life (25 papers, 27%)
are the next most frequently discussed risk mitigation strategies. The

former is often used in large-scale bioenergy projects [31,61], whereas
increasing shelf-life by pre-treatment is strongly connected to the import
of biomass [3,40,51,65]. Papers with a practical context applied
different combinations of risk mitigation strategies [39,61,66,94]. For
instance, a German case study dealing with a power plant’s wood supply
chain shows that diversifying suppliers reduces wood supply chain risks
and that investors claim for long-term contracts [39].

Wood supply security is a topic which is seldom addressed and the
implicit definition of supply security differs between both region and the
specifically addressed wood-based product. Only one paper explicitly
defines the term “supply security” within the context of wood supply:
“Supply security, that is, the ability to procure a certain volume of
roundwood at a stable price, is an important factor in roundwood pro-
curement planning.” [23]. A detailed investigation of strategies to
ensure fuel wood supply security in Austria was carried out by Ref. [37]
using portfolio and risk analyses. For a large energy plant in Vienna fuel
wood supply security was one important topic due to its suboptimal
urban location [61]. Generally, supply security in the Austrian bio-
energy sector has strong interdependencies with roundwood imports for
the wood processing industry, since the feedstock self-sufficiency rate of
the Austrian bioenergy sector is low. Roundwood importing and sawn
wood exporting countries such as Germany, Austria, Sweden, and
Finland often use sawing industry by-products for energy production.
Thus, in these countries, bioenergy sector supply security is partly
dependent on imports [72].

Internationalisation of wood and biomass trading offers an oppor-
tunity to ensure supply [35,60,74,76,100] as resource sources can be
diversified [41,88]. Imports from countries with large resources [60]
reduce domestic supply-side uncertainties [55] and trading with
different import countries diminishes the risk of import dependencies
[78].

An efficient logistic is essential to ensure competitive wood supply
[4,37,57]. There are two ways to achieve this: First, locating facilities
near the raw material resource [6] to shorten transport distances and
second, locating facilities near harbours or terminals to enable economic
long-distance ship or railway transport and enlarge the supply radius to
increase feedstock availability and to reduce supply risk [7,8].
Long-distance transportation and storage at transhipment points allow
the supply of large volumes by a single operator so that a stable quality
of delivered fuelwood resource can be achieved [89].

Ghafghazi et al. [43] stated that limited availability of surplus
sawmill by-products underlines the importance of developing wood
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Table 3

Impacts of wood supply chain risks on wood supply security.

Wood supply
chain risk
category
(based on

[22)

Risk subcategory

Supply chain risk impact

Authors

Supply risk

Operational risk

Macro risk

Policy risks

Overexploitation of

forest resources

Insufficient
resource supply

Resource scarcity

Wood quality
specific risks

Wood trade risk

Long-term degradation of
soil leads to unproductive
land, stricter sustainability
criteria affects both volume
and costs of wood supply,
inefficient use of wood
resource risks the overuse
of the sustainable resource
and depletion of mature
stands

Forest degradation, lower
fuel production, reduced
land productivity
Increasing pressure on
forests and agricultural
land, wood imports shifting
the pressure on foreign
forests

Expanding rotation lengths
decrease future harvest
volumes

Higher prices, spot market
supply, low self-sufficient
rate, import dependency
Competition between
bioenergy plants

Reduction in sawlog
demand diminishes also the
availability of pulpwood
and sawmill by-products
Scarcity within sawmill by-
products boosts
competition between
energy production and
pulp/panel production
Quality deterioration, need
of phytosanitary
treatments, lack of
international standards
Logistic complexity in wood
supply networks

Reduced efficiency through
long transport distances to
cover the demand for large
scale plants

Capacity constraints, long
lead-times, varying
transportation time, overall
operational difficulties
Failing wood supply
commitments affects the
local industry and
employment

Reduced job opportunities
and income

Limiting investment
decisions and capital flow,
decrease production
Overexploitation of local/
regional resources
International timber supply
fluctuations, legal
uncertainty in foreign
countries, dependency from
other countries, decreasing
wood import potentials
Influencing wood trade
(positively and negatively)
Regulations regarding
standardisation/

[4,10,32,
34,36]

[34,82]

[2,82]

[33]
[31,36,
70,731
[81]

[27]

[43,53,
72,771

[29,31,
56-58,
64]
[5,17,49,
58,66,85]
[47,70,
90]

[76]

[64]

[34,82]

[37,60,
71,72,75]

(64,771

[41]
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Table 3 (continued)

Wood supply Authors
chain risk

category

(based on

[221)

Risk subcategory Supply chain risk impact

certification exclude

smaller stakeholders

Resource availability and [65]
investment uncertainty
Fluctuations in wood
availability: sudden
oversupply for a short
period of time followed by a
significant supply shortage
(afforestation, regrowth of
next tree generation)
Geographic shifts in
growing conditions,
reduction of available wood
volumes of specific species
(e.g. spruce in lowlands and
low mountain range)
Long-term damages in wet
areas, fluctuations in
market price/harvest and
transport capacity

Forest accessibility (e.g. [8,9,31,
steep terrain), forest road 39,
accessibility (poor 45-48]
infrastructure condition)

Resource risk Ecosystem risks [13,31,
37,49,55,

70,72]

[33,70]

Seasonality risks [8,29,58,

70,84]

supply risk mitigation strategies for the emerging wood-based bio-
economy, taking into account the impact on regional fibre flows and
fibre availability for the existing secondary industry (e.g. pulp and panel
industry, pellets production). For example, the Canadian bioeconomy
largely depends on having direct access to primary wood from forests, as
sawmills usually supply in-plant facilities (e.g. combined heat and
power plant, pellets production) with a higher priority than third parties
due to benefits of co-production and economies of scale [50].

Large-scale storage increases supply security and absorbs supply and
demand shocks and smooths operations of large plants (e.g. biorefinery,
bioenergy) [84]. Karhunen et al. [47] show that only 8 out of 24 Finnish
CHPs are developing or have established supply security plans.
Furthermore, bioenergy producers lack contingency plans for the con-
sequences of climate change as forecasts mainly rely on historical data
and experience [45]. Process resilience can be increased by resource
diversification [25], by the raising availability of wood in the market
place [31], or developing contingency plans to reduce time-to-recovery.
The latter is strongly needed in times of supply disruptions [55].

One limitation of this review arises from the methodology applied
referring to the fact that not all studies concerning wood supply chain
risks, risk impacts, wood supply security, and wood supply risk miti-
gation strategies have been considered due to the selected keywords and
databases. Furthermore, as wood supply chain risks and risk mitigation
strategies are often discussed in general, managerial implications of risks
and strategy implementation issues are not examined in detail. Never-
theless, this review provides valuable insights and a good overview of
wood supply chain risks such as resource risk, operational risk, supply
risk, competition for resources, and policy issues.

6. Challenges and research gaps

Since future biomass supply is highly uncertain [51], but a key
success factor of wood-based bioenergy and biorefinery plants, sus-
tainable biomass supply in large volumes [4,44], and over several de-
cades [32] is crucial. The imperfect understanding of the complex global
biomass supply chain network [9] and the not fully traceable interna-
tional trade flows [64] require further research on wood supply security
and wood supply chain integration on a global level. As supply of
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Table 4
Wood supply chain risk mitigation strategies; strategic (s), tactical (t), opera-
tional (o).
t Harvest Genetic improvements, [26,31,48,70,91]
reforestation, increasing
harvesting quantities through the
use of more forest areas,
shortening the rotation period,
using new assortments
Limitation of annual cut for [10,13,92]
sustainable forest management,
strengthen the social licence to
operate
Transforming produced, but [81]
unavailable potential to available
biomass (e.g. collecting cultivated
brushwood or cleaning material in
plantations).
o Logging residues management [93]
minimising nutrient losses
Soil protection (brush mats, lighter ~ [29,82,93]
harvesting machines)

t Resource/ Resource diversification [4,25,40,57,58,
feedstock 70,75,88,94-97]
diversification Multiple feedstock/substitution [5,27,28,31,42,

strategy 55,70,81,82,93,
98-100]

Mixed biomass feedstock blending [62,69,101]

Interchangeable technology/ [45,47,53]

equipment

Internationalisation [35,55,60,74,76,
1001, [78]

Domestic mobilisation [102,103]

s Supply chain Cooperative supply [4,6,9,31,37,39,

integration 45,47,54,60,70,

73,80,82,102,
104]

New business models, new [31,54]

organisational structures,

integration of traders

Co-location strategy [6,86]

Horizontal integration and [8,9,26,31,37,38,

cooperation (e.g. private forest 40,47,60,61,66,

owner network) 73,102,103]

Vertical integration [42,99]

t Long term Fixed price quantity-inflexible [871

contracts contract strategy at early stage

Price index coupling contract [66]
strategy
Flexibility within long-term [40,88]
contracts by option contracts or
hedging
Supplier commitment for long- [31,58,66]
term contracts strategy
Combination of long-term [23,39,105]
contracts with supplier integration
Mixed strategy of long-, medium- [106]
and short-term contracts with
different suppliers

s Logistics strategy Contingency plans: reduced time- [45,55]

to-recovery

Supply chain optimisation: process
reengineering, transport of more
assortments, optimising
information flow, implementing
RFID, using real-time information
Multimodal transport strategy:
transhipment points, terminals,
train/vessel/container systems,
integration of harbours

Matching infrastructure regarding
demand and supply patterns,
asynchronous supply and demand
curves

Regional supply strategy
considering (forest) roads, road
network, regional terminals or
railway-loadings

[31,37,40,56,59,
83,1071

[7,8,42,50,67,69,

70,89,90,98,100]

[58,83]

[6,46,47,71,108]
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Table 4 (continued)

Spot market supply [45]
t Storing strategy Inventory-based strategy [17,25,46,49,55,
62,84,85,
109-112]
Third party logistics, consignment [89]
stocks
External storage [37,45,47,50,71,
88,89]
o On-site storage, short-term storage [26,40,45]
s Process Standards for biomass pre- [64,70]
innovation processing
t Technology capable of processing/  [65,70,95,96,101,
converting multiple feedstock 113,114]
Flexibility in operation and [70,106]
technology
o Pre-treatment: drying, chipping, [3,29,31,37,40,

pelleting, debarking, etc. 58,62,70,84,86,
87,95,108,111]
[3,112]

[9,31,34,48,115]

Pile covering

Regulatory frameworks:
production and use of biomass,
replacing inefficient technologies,
engage substitutes’ attractiveness,
funding of forest development,
governmental control, minimising
bureaucracy and
interorganisational transactions
Political stability: predictable [47]
taxation and subsidies, continuity

of labour availability

s Policy strategies

Reliable international wood flows: [38,52]
regular data, consistency in

supply, chain of custody,

certification, due diligence

Incentives to meet bioenergy and [37,50]1

bioeconomy requirements
Cascading use of wood: political
incentives, stable framework,
improvement of recycling
Regulations for a sustainable forest [13,26,29,35,65,
management, certification systems ~ 103]

[26,52,65]

biomass and biofuels from Central and East Europe to the European
markets is competitive [110], and large biomass potential exists for
bioenergy production are located in Latin America, Sub-Saharan Africa
and Eastern Europe [8], a year-round sustainable and secured supply has
to be carefully investigated. For instance, biomass-based chemical pro-
duction is forecast to result in an 80% import rate of biomass for the
Netherlands by 2030, with South America as the largest supplier [44].

Sustainable resource management on a global level is the main
challenge as limited natural resources face increasing demand in several
areas, so strategies to strengthen sustainable forest management should
be developed [48]. In 2006, a review of certification systems was pub-
lished which aimed to provide a basis for developing evaluation criteria
and certification systems for a more sustainable bioenergy trade [35].
However, more than one decade after that investigation, the develop-
ment of effective regulations is still needed to protect forests from illegal
logging and to decrease wood supply chain risks [13]. Despite existing
certification systems (PEFC, FSC) providing evaluation criteria and
control measures for sustainable forest management, there is still a need
for an effective measurement system to avoid overharvesting [13],
especially for wood used for energy production [29].

Domestic use versus the export of biomass is discussed at interna-
tional levels since socioeconomically, exporting and importing countries
are impacted differently. Developing countries benefit from the certified
and sustainable production of biomass whilst exporting the excess of
domestic demand [8]. However, in developed countries supply security
is a pressing topic for some forest products and wood species [13,14].
Future challenges include a growing dependence on exporting countries,
land use changes in those exporting countries, ecological and social
sustainability criteria and measurement. Therefore, reliable and
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established and new chemical
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Fig. 6. Methods, research topic and type of wood-based product.

transparent sustainability assessment, for instance within established
certification systems such as PEFC and FSC, for wood exporting and
importing countries are a promising future research topic [16]. Addi-
tionally, more insight is required into global impact assessment based on
transparent global forest and wood product trade flows when consid-
ering indirect imports, including direct and indirect land use changes
and the impact of competing markets for biomass resources and the
resulting biomass prices [8,44,51,53]. Identifying drivers and barriers in
wood flows combined with a study of historical and actual wood flows
will provide insights of how international trade effects local prosperity,
industrial development and sustainable forest management in devel-
oped, emerging and developing countries.

Thereby, it is strongly recommended to further investigate the im-
pacts of political regulations and agreements (e.g. Sustainable Devel-
opment Goals of the United Nations such as SDG 15 Life on Land, SDG 12
Responsible Consumption and Production) on international wood sup-
ply chains.

Wood supply chain research regarding supply security issues is very
limited, especially for the emerging established and new chemical wood-
based products [54]. Thus, the integration of these new wood-based
products in modelling technical, economic, and ecological impacts on
biomass resources [44] especially on wood resources are needed. In
order to mitigate supply chain risks, especially international trade risks,
long-term international sourcing strategies should be based on wood
utilisation studies. For instance, the growth of the Asian bioenergy will
demand more biomass in the future, thus creating an increasing need for
research on global wood supply chain strategies [17]. To analyse in-
ternational wood flows, reliable and regular data needs to be extracted
[52]. In order to develop overall supply chain strategies a dynamic
approach is suitable for the evaluation of different scenarios of: forest
management, wood utilisation, forest residues and bioenergy

production [10].

Secure wood supply for energy generation can be achieved by real-
ising a multi-stage wood utilisation approach [11,119-121] that has
considerable potential for reducing feedstock shortage and competition
in forest-based industries. This should be further evaluated in future
studies. Wood supply chain analyses considering all three types of
wood-based products are missing in the context of wood supply security.
Furthermore, studies viewing the entire wood supply chain with its
multilevel interdependences and integrating cascading use of wood and
wood-products are rare.

Regarding wood supply chain risks and risk mitigation strategies,
more research is needed in long-term contracts, diversification strategies
[87], supply chain integration [6], storage and pre-treatment [109], as
well as wood supply risks induced by forest ownership characteristics
[79]. Uncertainty in wood supply triggered by environmental (e.g. forest
disturbances by wildfire or insect diseases) [16] or social factors should
be investigated since especially the latter one is rarely addressed. Topics
may, for example be forest owners’ willingness to sell wood, civil
acceptance of large scale plants, feed versus fuel discussion, and the
social licence to operate [92]. Therefore, strategic wood procurement
planning should consider current and future biomass availability in re-
gions of potential supply. It is necessary to identify potential shortages
or price fluctuations [17] along with the diversification of feedstock
pre-treatments as well as storage strategies and contracting reducing
supply chain risks for established and new chemical wood-based prod-
ucts [87].

7. Conclusion

Most papers dealing with wood supply chain risks focus on fuelwood
supply risks affecting bioenergy generation [12,37,47,108]. Several
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studies were conducted to develop strategies to mitigate supply chain
risks for large-scale, generally bioenergy, plants [e.g. 5,61]. The growing
demand for forest residues driven by regulations, subsidies, or directives
precipitated numerous studies on risk mitigation strategies within the
bioenergy sector [44,51,65,77]. Europe especially has a focus in
securing bioenergy production. Only a few studies consider the estab-
lished and new chemical wood-based products and, therefore, rarely
investigate wood supply chain risk issues for the sawmill, wood panel,
pulp and paper industries, or biorefineries [23,33,60,78]. In this area,
China published the most papers, whereas established and new chemical
wood-based products have no clear regional focus.

The main risk mitigation strategies are resource and feedstock
diversification, supply chain integration, as well as increasing process
resilience, technology innovation and product shelf-life. Furthermore,
long-term contracts and supplier integration is a common way to reduce
supply chain risks.

Investigations of wood supply security are still rare, particularly for
established and new chemical wood-based products. Therefore, this
field offers a wide range of research opportunities. Developing and
evaluating a robust mix of strategies, especially the analyses of supply
potentials including cascading wood use and various resource re-
strictions (ecological, economical, technical, social) to calculate the
wood supply available in the market, provides great potential for further
research. Comprehensive analyses and investigations of the entire wood
value chain with its multilevel interdependences and integrating
cascading use of wood are missing.
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