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Machines with an open-cutting system, such as chainsaws and harvesters, are utilized in
foresting, gardening, and home and urban landscaping projects. However, these tools require
the use of a lubricant, the droplets of which are scattered across the surrounding environment
during operation. This use of an oil base and refining additives of petroleum origin in
lubricants negatively impacts forest health and the environment. Therefore, the regulation
that replaces petroleum-based lubricants with biodegradable lubricants requires improvement
in both ecological and economical aspects. Numerous countries have made various efforts to
realize sustainable forest management (SFM) and sustainable forest operation (SFO). From
the perspective of those working to minimize environmental damage and realize SFO, it has
been determined that the negative impact of lubricant droplets that are scattered during forest
operations worldwide is not a significant global problem. However, logging is necessary
for SFM, and, in many countries, non-biodegradable lubricants are typically used for forest
operations because of their lower cost. Thus, to encourage the replacement of the mineral and
synthetic oils typically used in forest operations with biodegradable lubricants, price reduction,
federal regulations, and considerable research are required. This manuscript is intended to
(1) provide information about the effects of lubricants on the environment, (2) raise awareness
about the amount of lubricant that can be scattered across ecosystems over a single year of forest
operations, and (3) discuss how developed and developing countries differ in terms of their
approach to creating and implementing lubricant-use-related regulations. The overall goals of
this review are to raise awareness about the need to improve regulations related to lubricants
and to find alternatives to mineral-oil- and synthetic-oil-based lubricants. In future studies, it
is expected that the area and quantity of lubricant scattered during chainsaw operation can be
measured accurately on-site without labor-intensive sampling and subsequent works with more
efficient ways using sensing techniques.
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1. Introduction

Forests are essential to the long-term well-being of local populations, national economics,
and the entire earth’s biosphere. When managed sustainably, forests can provide a wide range
of economic, social, and environmental goods and services for the benefit of current and future
generations."  In 1992, the United Nations Conference on Environment and Development
raised awareness about the importance of incorporating social values into sustainable forest
management (SFM).(z)

Because forest management and forest operations are inextricably linked, discussion on
the value and idea of sustainable forest operation (SFO) is being heavily promoted. These
interests have merged to form the concept of forest operation sustainability. The effective
implementation of SFM is dependent on the application of sustainable methods in forest
operations. The silvicultural system of forest operations may substantially affect environmental,
economic, and social performance characteristics, as well as sustainability.(3)

The field of forest operations is defined as a scientific and problem-oriented discipline
that serves to provide solutions for technological problems in forestry.Y Therefore, varying
social demands, climate, and working conditions should be considered as major driving factors
in the future development of forest operations, as this is necessary to promote economic,
environmental, and societal well-being.

Tools with an open-cutting system, such as chainsaws and harvesters, require lubricants and
are utilized in forestry, gardening, home landscaping, and urban greenery projects. During
their operation, droplets of the lubricants are scattered across the surrounding environment.
Consequently, the use of an oil base and petroleum-based refining additives in these lubricants
negatively impacts forest health and the environment. In a natural environment, mineral oils,
which have low biodegradability, cause primary hazards during forest operations and secondary
hazards through their accumulation in groundwater and plant and animal tissues in the
surrounding environment.®) In terms of the physical properties of soil, mineral oil can occlude
soil pores, resulting in a reduced aeration and water infiltration capacity@ Subsequently, these
cause secondary hazards through rainfall or storms. When soil contaminated by lubricants is
eroded and transported to water systems, it can result in the critical contamination of drinking
water.”) Lubricants also can affect vegetation and plants by changing the physicochemical
properties of the soil. Certain differences can occur depending on the species, initial plant
growth, and germination; physiological properties are also negatively affected.®? The
replacement of petroleum-based lubricants with biodegradable Iubricants requires improvement
from both ecological and economic perspectives. Above all, technical efforts are needed to
improve the properties of biodegradable lubricants to the level of mineral lubricants mainly
used so far. In terms of economic, efforts are required in various parts to lower the price of
biodegradable lubricants. For example, there are ways to impose sanctions such as fines or
to provide subsidies by redefining regulations on the use of petroleum-based oil. Also, there
are other ways to mass-produce biodegradable lubricants at low prices through technological
improvements. Another way is to create exact standards that can be used for measuring the area
and quantity of scattered lubricant using advanced technologies such as radar scanning. In this
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paper, we focused on improvements in both economic and ecological aspects by implementing
regulations to improve people's awareness.

The environmental performance of a forest operation is evaluated on the basis of local,
regional, and global environmental impact minimization. There are six areas of consideration
in this performance evaluation: energy consumption, soil, air, water, remaining stand and
regeneration capacity, and biodiversity. Among these, energy consumption and soil are directly
affected by the lubricant. In the case of energy consumption, the amounts of lubricant and
renewable energy consumed during operation are taken into account with respect to the timber
volume; in the case of soil, the levels of contamination and modification of its physicochemical
and biological properties are considered.®)

SFOs should maximize ecosystem services and increase the public recognition of well-
managed forests. It is also important to note that various stakeholders are involved in decisions
related to forest operations, that SFOs must comply with existing laws and regulations, and that
SFOs require improvement and monitoring through certification processes@

The European Union (EU) revised EU ecolabel criteria for lubricants in 2018 by preparing
a preliminary technical report on ecolabeling lubricants; this report covered product group
classification, scope, and definitions. According to this report, lubricant products should be
classified as total loss lubricants (TLLs), partial loss lubricants, or accidental loss lubricants.
The TLL group comprises chainsaw oils, wire rope lubricants, concrete release agents, total
loss greases, and other TLLs. TLLs are most commonly used in chainsaws purposed for forest
operations. %)

In 1995, some researchers reported on the environmental damage caused by these lubricants.
According to their research, a ban on chainsaw lubricants will, at best, yield a net neutral
effect on the environment. Thus, six environmentally related considerations were suggested:
(1) production should be environmentally neutral, (2) renewable resources should be employed
where feasible, (3) the lubricant should be physiologically harmless, (4) the lubricant should
be (eco-)toxicologically acceptable, (5) the lubricant should biodegrade rapidly, and (6) there
should be no disposal problems. These environmental considerations focused on health and

water hazards.(!?

At present, developed countries tend to be more compliant with these
environmental considerations, whereas some developing countries are implementing the past
regulations of developed countries, and the remaining countries need even more regulations.
The aims of this review are (1) to provide information about the effects of chainsaw
lubricants on the environment, (2) to raise awareness about the amount of lubricant that can
be scattered across ecosystems over a single year of forest operations, and (3) to discuss how

lubricant-use-related regulations differ between developed and developing countries.

2. Characteristics of Lubricants

Lubricants act as the fluid component of machines and devices. Specifically, they create
a film layer between the moving parts of a device. Owing to their specialized properties,
lubricants are able to perform many functions, such as the minimization of friction, the
prevention of scuffing on the surfaces of two contacting elements, the washing of carbon
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deposits and microparticles, the prevention of corrosion, and cooling. Additionally, lubricants
must be developed in consideration of their environmental impact and application properties.!>)

(14-16) 1,

Lubricants comprise a mixture of a base oil (>85%) and enriching additives.
general, the toxicological potential of lubricants, base oils, and additives must be considered.!!?
The purpose of incorporating additives is to improve the quality of lubricants, and the process
of organically synthesizing these additives is often expensive. In general, refined additives can
be synthetic, organic, or metal-organic chemicals, or products of natural raw materials. The
types of additives include oxidation inhibitors, rheology modifiers, depressants, detergents,
dispersants, de-emulsifiers, emulsifiers, lubricants, anti-wear agents, anti-seize compounds,
friction modifiers, corrosion and rust inhibitors, passivators, anti-foaming agents, dyes,
fragrances, and other multifunctional additives.!? Additionally, refined additives of natural
origin can be useful alternatives to petroleum-based products.(m

In general, the global lubricant market is dominated by petroleum-based products. Most of
the lubricant base oils are produced during crude oil processing, and these base oils are much
lower in cost than synthetic or natural base oils.!3!)

Most existing lubricants comprise a material with an oily consistency, a characteristic
chemical composition, and lubricating properties; additionally, lubricants can be classified
according to the type of constituent oil, i.e., mineral oils, synthetic oils, or oils of natural origin.(19)

Lubricants produced from crude oil are commonly referred to as mineral oils and are
subjected to conventional oil-refining processing methods. Regarding their composition, they
are mainly mixtures of liquid, low-volatile aliphatic hydrocarbons, and alicyclic, aliphatic
substituted hydrocarbons that are produced during distillation at a temperature above 360 oc.®
Mineral oils contain many classes of chemical compounds, including paraffins, naphthenes,
aromatic compounds, and heteroatomic compounds. There are various processing technologies
and types of petroleum bases; thus, mineral oils can have diverse compositions that may
include branched-chain aliphatic—aliphatic and alicyclic—alicyclic hydrocarbons, and aliphatic
or alicyclic aromatic hydrocarbons. These kinds of hydrocarbons are mainly derivatives of
benzene, biphenyl, diphenylmethane, triphenylmethane, naphthalene, anthracene, phenanthrene,
and chrysene.(14’20)

These chemical compounds, which are sourced from crude oil, negatively impact the
environment and human health.? Nevertheless, the need to increase the device efficiency
and the demand for more efficient lubricants have increased. Synthetic-oil-based lubricants
have been created to maximize lubricating performance and economic benefit, and improve
performance.

Synthetic bases such as poly-alpha-olefins (PAOs), alkylated aromatics, esters, polyglycols,
polybutenes, and polynectolefines are widely used in the lubricant industry.(14’20’22) Synthetic
oils are synthesized from petrochemical industry raw materials or via the hydrocatalytic process
of hydrocarbon backbone conversion from natural gas.'¥ Globally, more than 80% of synthetic
base oils are produced from three main classes of materials, i.e., PAOs (45%), esters, including
dibasic and polyol esters (25%), and polyalkylene glycols (PAGs) (10%).(23) The most popular
fully synthetic oils are PAO oils. The efficiency and cost of these oils are relatively high, but
some synthetic oils can pose a threat to the environment.'®
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The biodegradability rate and physicochemical properties, such as the viscosity index range,
dynamic viscosity at negative temperatures, melting temperature, flashpoint, evaporability,
and basic or acidic number, must be precisely and accurately predicted prior to the commercial
release of a lubricant.(!¥

An increase in public awareness about the impact of lubricants on the environment
and human health has pushed researchers, and the industry as a whole, to develop fully
biodegradable lubricants of natural origin.(m) More specifically, the public has become
concerned about lubricants entering the biosphere as a result of forest operations, industrial
accidents, and oil spills in water bodies.'® Consequently, the acceptance and usage of
biodegradable products have been growing, especially in European forestry.

According to previous reports, vegetable oils have a biodegradation rate that is 70-100%
higher than those of other types of base oils; additionally, vegetable base oils comprise
triacylglycerols and their derivatives, i.e., diacylglycerols, monoacylglycerols, free fatty acids,
and liquid glycerol, at room temperature.(14’24) The primary advantage of vegetable base oils
is that they are environmentally friendly; in particular, they have high biodegradability and
low toxicity in an aquatic environment.!¥ Furthermore, these oils are known to have good
lubricity, high efficiency over a wide temperature range, high viscosity index, and polarity,
which ensures a high cleaning effect. However, these oils are natural products; therefore, their
chemical composition may differ according to the crop type. Moreover, the prices of vegetable
oil products vary; in general, they are approximately twice the cost of petroleum-based oils."

As previously intimated, forest-operation-purposed machines disperse lubricants that
penetrate soils, infiltrate water systems, and may harm the ecosystem.(lo) Therefore, from the
perspective of environmental protection, these lubricants should rapidly and easily biodegrade.>)
Moreover, legislative bodies should enact regulations that encourage the use of biodegradable
lubricants and establish practical procedures for the supervision and quality control of
lubricants, especially those that are prone to infiltrating ecosystems, so that they can be applied
in field operations and production processes.!?)

Note that there are differences in how developed and developing countries regulate
lubricating oil. These regulatory differences consequently translate to differences in the
type and amount of environmental damage caused by lubricants. It is for this reason that,
as previously mentioned, research and regulations should be purposed to reduce the cost of
biodegradable lubricants.

3. Quantity of Lubricant Scattered by Forest Operations

In the past, most of the public attention was focused on the threat of large oil spills and
related problems. However, current circumstances mandate that low-level pollution sources are
also considered to be serious problems. The main problem here is the lack of ability to conduct
the necessary research on contamination.!¥

As lubricant use is imperative when trees are harvested, the global statistics on the amount of
lubricant that is scattered across environments as a result of forestry projects can be represented
by the global statistics for roundwood removal (Fig. 1). For this review, statistics on the removal
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Fig. 1.  (Color online) Roundwood removal by continent during 2017. According to the statistical yearbook of
forest product production from FAO, roundwood removal worldwide in 2017 was 3.8 x 10° m. The percentage
shown in each pie chart represents the ratio of worldwide roundwood removal for each continent. The largest
amount of removal is in Asia, at 29.7%, followed by Europe with 20% (62.2% of it from EU member countries),
Africa with 19.8%, Northern America with 15.1%, Latin America Caribbean with 13.2%, and Oceania with 2.1%.

of roundwood in Asia, Europe, Africa, North America, South America and the Caribbean,
Oceania, and EU countries (the removal of roundwood from EU countries accounted for 62.2%
of Europe) were evaluated.*®

A chainsaw requires 0.05 L of lubricant to obtain 1 m* of wood, whereas a harvester requires
less than half of this amount (i.e., only 0.02 L). On the basis of this assumption, on average,
1 m® of secondary oil requires 0.035 L of lubricant; therefore, annually, 132900000 L of
lubricant enters the biosphere (Fig. 2).!¥

4. Effects of Lubricant on Forest Ecosystems

Lubricants become dispersed throughout the environment in the form of oil mist and
droplets, which negatively impact the environment. The effects and intensity of interactions
among lubricant compounds are highly dependent on the composition, emission volume, and
frequency in a given area, as well as various features of the open-cutting device.®

In a natural environment, mineral oils, which have low biodegradability, cause primary
hazards during forest operations and secondary hazards through their accumulation in
groundwater and the tissues of plants and animals in the surrounding environment.(!?
Moreover, these oils also pose a very significant threat to aquatic ecosystems; for example,
water containing 1 ppm of oil is considered to be contaminated.!?)

Soil is a very complex system with extremely high biodiversity. Consequently, soil
remediation, and more specifically, the removal of petroleum contaminants, is a difficult
and long-lasting process.?”” Moreover, petroleum-based oil contaminants are detrimental
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Fig.2. Comparison of amounts of lubricant used for forest operation during 2017. The amount of scattered
lubricants worldwide in 2017 was 1.3 x 10% L. The quantities of lubricant scattered on forest ecosystems were
calculated assuming that, on average, 1 m? of secondary oil requires 0.035 L of lubricant during forest operations.(m

to soil biodiversity because they induce multiple physicochemical changes by modifying the
distribution of organic matter such as carbon, water, nitrogen, and phosphorus. As previously
mentioned, this type of pollution may not only critically impact biodiversity but also disrupt
the function of the ecosystem. In terms of the physical properties of soil, mineral oils can
occlude soil pores, resulting in a reduced aeration and water infiltration capacity. Consequently,
permeability is reduced and soil degradation occurs as a result of oxygen deficiency.®) In
addition, hydrocarbon contamination through mineral oil introduction causes soil to become
water-repellent, thereby reducing the soil moisture retention capacity at low levels of soil
suction. At 100 g/m?, a mineral oil was found to reduce the air-filled soil porosity by 4%; the
largest amount of oil (200 g/m?) was found to reduce the air-filled soil porosity by nearly 10%
relative to non-contaminated soil.*® This means that rainfall or storms may trigger erosion
and transport contaminants to nearby water bodies or groundwater systems, resulting in the
critical contamination of drinking water.!? Regarding the effects of erosion, the presence of
understory in the contaminated area may help to regulate the flow of water to surface water.
Furthermore, vegetation roots serve to inhibit topsoil erosion. However, when rainfall causes
flooding in harvested sites, topsoil that is not protected by vegetation is easily eroded; this soil
disruption may negatively affect road construction projects, transport contaminants along with
the topsoil, and exacerbate various problems, causing landslides and creep.(!®

Lubricant contaminants in soil also affect vegetation by changing the physicochemical
properties of the soil. Oil contamination at 4—5% w/w was previously reported to consistently
inhibit the germination of hot peppers (Capsicum annum L. and tomatoes (Lycopersicon
esculentum Miller). For hot pepper plants that germinated in oil-contaminated soil, the mean
height and leaf area were measured to be small 48 days after seeding and all tomato plants

29

were observed to die prematurely. In other reports, Ricinus communis L. grown in oil-

contaminated soil at a minimum of 2% w/w had smaller plant height and stem girth than the
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control group.®? Furthermore, mangroves growing in oil-contaminated soil showed different
symptoms according to the species and soil type. One such species, B. gymnorrhiza, showed
a distinctly severe reaction to lubricants. When treated with a single initial lubricant dose of
5 L/m?, the plant height, the number of leaves, and the biomass decreased significantly during
the initial growth period, and the malondialdehyde content, free radical activity, and antioxidant
enzyme activity increased in the same period.(g) Moreover, lubricants also affected the
germination of Gmelina arborea. The success of germination was dependent on the lubricant
dose. In 9% w/w of lubricant, at least 41.3% of seeds germinated; however, no germination was
observed in 12% w/w of lubricant.”)

These lubricant-contamination-related effects on the environment are also dependent on the
extent of heavy metal contamination. Heavy metals readily interact with the hydrocarbons in
lubricants but hardly bond with these compounds.(3 1,32)

Although it is known that lubricants negatively impact the environment, that more
comprehensive studies on their use are required, and that they need to be appropriately
regulated, few countries are currently enacting lubricant regulations to protect the environment.

5. Regulations

As stated, scattered lubricant droplets pollute soil and water systems, and governments
worldwide need to develop regulations, standards, rules, and so forth to reduce the risks of
contamination and pollution. However, it is difficult to treat water bodies and groundwater
that have been contaminated by the lubricants used in timber-harvesting tools. This is because
rainfall and wind storms cause these pollutants to be transported along with soil particles from
harvested sites to watersheds and groundwater. Thus, proper lubricant-related regulations are
required to reduce their negative effects, as lubricants are not biodegradable or eco-friendly.
Furthermore, these regulations must mandate the use of alternatives to mineral and synthetic
oils to reduce the risk posed to the environment.

As previously mentioned, we evaluated the global statistics on roundwood removal to
investigate whether countries with relatively developed and developing forestry programs had
any regulations related to the use of lubricating oil during forest operations. We assumed that
the level of development of the forestry program was representative of the related technical
skills of the relevant country. Consequently, the EU, the United States (US), Canada, Japan,
and South Korea were classified as countries with developed forestry programs, whereas Brazil,
China, India, and Indonesia were classified as countries with developing forestry programs.

5.1 Developed countries
5.1.1 EU member countries
The demand for environmentally friendly lubricants is steadily increasing in Europe,

particularly for use in agricultural, earthmoving, and construction machinery, as well as for
chainsaws, motorboats, railway switchgear, and concrete molds. Europeans began to show
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interest in biodegradable lubricants in the 1980s. Biodegradable lubricants were initially
accepted in Northern Europe, then public pressure to protect the environment by using
biodegradable lubricants spread to other parts of Europe. Consequently, Sweden introduced
the first lubricant of natural origin in 1988 when they began using rapeseed-oil-based
hydraulic fluids. During the preparation of this review, we found that Sweden had the strictest
lubricant-use-related regulations. Specifically, in Sweden, nearly all forestry operations
use environmentally friendly lubricants, including gear and chain bar oils, because they are
currently mandated for all forestry operators.(33)

The biodegradability of lubricants has been assessed through the implementation of standard
tests. The Coordinating European Council developed biodegradation test methods by utilizing
Organization for Economic Cooperation and Development (OECD) 301 A-F methods. These
methods assess biodegradability by injecting the prescribed oil into specific microorganisms
and studying its biodegradation over a period of 28 d on average. Consequently, after 28 d, any
lubricant with approximately 60% degradation means that 40% of the lubricant remains in the
environment. This also indicates that the biodegradation rate may be undesirably low. After
performing this test, it was found that, even if the amount of lubricant that contaminates that
environment is reduced, fundamentally, there is no way to solve the pollution problem.1%3%

To overcome these problems, the EU has been continuously developing their regulations
on lubricants. To support this, the EU has recently revised the European ecolabel criteria
for lubricants. The current criteria focus on two main aspects. First, the scope of applicable
lubricants was expanded to cover a higher market share of lubricants; this resulted in the
establishment of three main categories of lubricants (i.e., TLLs, partial loss lubricants, and
accidental loss lubricants) that differed according to the risk that the lubricant poses to the
environment. Secondly, to clearly define the covered categories, a definition of each category
was added to the complementary definitions section. These revisions have consequently
extended the applicability of EU ecolabels to cover more lubricants and have clarified some of
the ambiguity surrounding the types of lubricants covered by these revisions.!?

512 US

To date, the US has tended to focus on water pollution. They have described the
implementation of specific environmentally preferable lubricants as best management practices
(BMPs). The US has also described the standards related to the biodegradability, toxicity,
and bioaccumulation potential of BMPs that minimize the probable negative impact on water
systems, and performed comparative analysis using conventional lubricants. Because much of
the lubricant spilled from a vessel is directly transported to water systems, the US has focused
on encouraging the implementation of environmentally acceptable lubricants (EALs) on vessels.
In any case that a lubricant has direct access to water, the implementation of EALs with a
biodegradable oil base, such as vegetable oils, biodegradable synthetic esters, or biodegradable
PAGs, as opposed to mineral oils, has been demonstrated to reduce the environmental impact.
Although the results of their research have increased the use of EALs, they continue to make up
a small share of the lubricant market.®>
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The US employs generalized test methods developed by the OECD, Coordinating European
Council, and American Society for Testing and Materials to ascertain lubricant biodegradability.
There are two types of tests, i.e., ready biodegradability and hydrocarbon degradability
screening tests. OECD 301 A-F, ASTM D-5864, and EPA 560/6-28-003 are used to evaluate
the ready biodegradability. Complete mineralization rates are defined as up to 60 to 70%.
Alternatively, CEC L-33-A-934 is used to evaluate the hydrocarbon degradability. According to
this standard, complete mineralization rates are defined as up to 80%.%> The biodegradability,
potential for bioaccumulation and the toxicity of each type of lubricant were summarized by
Mudge(36) (Table 1).

Although Japan, South Korea, and Canada have relatively developed forestry programs,
there are few lubricant-use-related regulations for forest operations. In the case of Japan,
the concept of EALs was introduced by the US; however, Japan has yet to enact most of the
regulations within the country. In South Korea, research is currently underway to assess the
damage caused by lubricant contamination; more specifically, current research is focused on
risk assessment methods and the development of petroleum total hydrocarbons.®” However, at
present, there are few federal regulations related to the use of lubricants in tools purposed for
forest operations.

In addition to the above-mentioned regulations, other efforts are being made to reduce the
environmental pollution caused by lubricants. One approach is related to labeling. To specify
and label environmentally acceptable products, authorities and institutions in different countries
have created environmental labeling schemes and various marks/labels. These labels were
designed to garner the interest of lubricant suppliers and EAL users.!1?)

5.2 Developing countries

The main problem related to the use of lubricants in developing countries is the price of
biodegradable lubricants. This is because it is common practice in most developing countries
to prioritize economic burden over environmental impact. Because of this, regulations that
encourage the use of biodegradable lubricants, as well as research to find alternatives for
mineral and synthetic oils, are required.

Table 1

Biodegradation, potential for bioaccumulation, and toxicity of different lubricant base 0ils.®% Lubricants are
categorized into four types: mineral oils, PAGs, synthetic esters, and vegetable oils. The main factor to consider
is the base oil, which leads to differences in biodegradation, the potential for bioaccumulation, and toxicity.
In particular, mineral oils showed contrary results to the other lubricants in biodegradation, the potential for
bioaccumulation, and toxicity.

Potential for

Lubricant Base oil Biodegradation . . Toxicity
bioaccumulation
Mineral oils Petroleum Persistent / inherent Yes High
PAGs Petroleum-synthesized Readily No Low
hydrocarbons
Synthetic esters S'ynthe.51zed Readily No Low
from biological sources
Vegetable oils Naturally occurring Readily No Low

vegetable oils
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China and India are very important countries in Asia, and they continue to be active in
forestry. However, as compared with their levels of economic activity, they are relatively
indifferent to the environment. Although the amount of roundwood removal in each of these
countries exceeded 3 x 10® m? in 201729 it is unclear whether the environmental impact is
considered or whether regulations related to the use of lubricants during forest operations are
enforced. Despite this uncertainty, we found that both countries have conducted many studies
on soil contamination and biodegradable lubricants.

Some researchers in China have reported on the need for regulations to evaluate soil
contaminated by petroleum-based hydrocarbons, including those contained in lubricants. 34?0
They also reported on the feasibility of using biodegradable lubricants to estimate the

(41,42)

physicochemical properties of vegetable oils and studied technical report.*> India has also

demonstrated efforts to improve environmental conditions, as some researchers have reported
on the importance of using environmentally friendly lubricants.#4~46)

In Indonesia, the environmental impact of lubricants does not seem to be important, as they
have problems that are much more serious than lubricant contamination. Large-scale palm
oil and timber plantations in the region have contributed to more than two-fifths of global
deforestation between 2001 and 2016, with a peak in the rate followed by a notable decline
up to 2016.47  Although they are primarily focused on solving these problems, Indonesian
researchers have conducted a few studies on biodegradable lubricants.“%>0

Regarding Brazil, biodegradable lubricants are mentioned in legislative documents; however,
we found that related regulations did not exist, and that there was a lack of awareness about the
environmental impact of lubricants. This is because Brazil is a crude oil producer and is thus
more interested in producing and exporting crude o0il.®!

Thus, although many people in Brazil are aware of the effects of waste oil on different
types of ecosystems, such as soil and water systems, as well as the need for regulations,®? it
is difficult to expect the governing authorities to create legislation that regulates lubricant use
during forest operations.

Although all of the governing bodies investigated for this review had relatively developed
forestry programs, most of them did not regulate the Iubricants used during forest operations.
Regarding the environmental impact of forestry-purposed tool lubricants, a considerable
amount of research related to pollution and remediation methods has been conducted; however,
the research focused on crude oil or waste oil contamination, and reports on regulations tended
to focus on the pollution caused by crude oil spills in the ocean. Nevertheless, we assume that
the lack of public interest in the problem of lubricant pollution associated with forest operations
has led to a lack of regulations.

6. Conclusions

Various efforts have been made to realize SFOs worldwide. From the environmental
perspective, it has been determined that the negative impact of lubricants that enter the
biosphere during forest operations has not been given adequate consideration. In 2017,
1.32 x 10® L of lubricants entered the biosphere as a result of chainsaw and harvester use
during forest operations. The dispersed lubricants may contaminate soil and vegetation,
which can be transported, along with soil particles, to water bodies by rainfall or wind; these
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conditions can even create the secondary hazard of water pollution. Nevertheless, logging is
necessary for SFM, and, in many countries, the economic burden associated with the use of
biodegradable lubricants for forest operations prevents their use. Thus, to replace the mineral
and synthetic oils used during forest operations with biodegradable lubricants, various efforts
are needed for both ecological and economic aspects. For example, in terms of technology, it
is necessary to improve the properties of biodegradable lubricants to the level of the mineral
lubrication properties or to develop technologies to mass-produce biodegradable lubricants at
low prices. However, the first step in this effort is to make people aware of the problem and
thereby to inspire the need for legislation. During the preparation of this review, studies on
biodegradable lubricants were underway in technologically advanced countries; however, the
EU and US were the only regulatory bodies to have created legislation that regulates lubricant
use. EU member countries have been particularly active in encouraging strong regulations
to protect the environment; furthermore, the OECD and EU have been leading the way in the
creation of regulations and standards purposed to prevent environmental damage caused by
lubricants. Non-EU member countries were found to have few regulations related to the use of
biodegradable lubricants during forest operations, and only a few countries have demonstrated
any interest in implementing the standards and regulations created by the EU and US. Thus,
as a result of considering the environmental impact of scattered lubricant droplets, as well as
how these droplets affect SFM and SFO, we conclude that the lack of adequate regulations
is not restricted to developing countries and that the countries with regulations related to the
use of lubricants during forest operations need to tighten them and enforce them more strictly.
Moreover, the adequacy of regulations requires not only people's awareness but also standards
for lubricants scattered during forest operation. To set standards, accurate technologies that can
measure the scattered lubricant are needed. Existing technologies were used to collect soils on-
site and analyze them in laboratories, which is time-consuming and expensive. Therefore, in
future studies, it is necessary to apply more advanced efforts such as sensing techniques. For
example, when tracking lubricant scattering during chainsaw operation by rapidly developed
remote sensing technology as a radar, it is expected that the area and quantity of lubricant
scattering can be measured accurately on-site without labor-intensive sampling and subsequent
works.
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