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Abstract: Greenhouse emissions and air pollutants pose a global threat to the environment and
human health. Emission inventories are a valuable tool in understanding emission sources and
their overall impact on the environment. Most cities and countries do not include non-road mobile
machinery (NRMM) when compiling emission inventories. Furthermore, little effort has been made
to understand better the impact of this source of emissions on the environment. For these reasons,
this research examines the data from the existing NRMM emission inventories and other studies
concerning NRMM emissions. After careful literature review, three main problems in creating a
national NRMM emission inventory are identified and reviewed: lack of a comprehensive list of
NRMM and their activity data, lack of emission factor data, and lack of research. The data from
the existing inventories show that compared to some emissions, NRMM has a three times larger
proportion of emissions compared to the proportion of energy consumption. Furthermore, there
are significant differences in total emissions when comparing the same pollutants among different
countries. A general lack of data is the common denominator for all these problems and can only be
solved by creating national NRMM databases operated by a designated institution. This institution
must be able to annually update relevant NRMM data through questionnaires and experimental
research on the existing NRMM.

Keywords: air pollution; emission inventory; non-road mobile machinery; non-road emissions;
road emissions

1. Introduction

Air pollution has become the most significant global environmental health risk fac-
tor [1,2]. According to European Environment Agency (EEA), exposure to air pollution can
lead to a wide range of diseases like stroke, chronic obstructive pulmonary disease, trachea,
bronchus and lung cancers, aggravated asthma, and lower respiratory infections [3].

Most environmental pollutants are emitted through large-scale human activities like
industry, power production, or road transport [4]. With the growth of global emissions [5]
and their harmful effect on human health [6,7], it is necessary to control and decrease the
emissions. Much has been done in Europe, where emissions levels have been reduced
during the last decades [8]. Still, a lot of European mid-sized [9] and larger [10] cities have
problems with reducing emissions from various sources [11]. The European Union (EU)
has set a 20% emission reduction goal by 2020 compared to 1990 [12]. Additional tasks
have been set for a reduction of 40% by 2030 [13], with a proposal for a further reduction
of 55% by 2030 [14]. A reduction of 80–95% is to be accomplished by 2050 [15], with a
proposal for further emission reduction, by which the EU would reach climate neutrality
by 2050 [14]. For the purpose of meeting these goals, further reductions in emissions from
internal combustion engines have to be implemented, since only Sweden and Lithuania
of all EU member states had a reduction in emissions from road traffic in the period from
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1990 to 2017 [16]. In order to prepare a base for the emission reduction via legal restrictions,
the EEA collects data from multiple sources [17].

More stringent legal restrictions on engine emissions are also implemented on engines
used in non-road mobile machinery (NRMM) [18]. Similar regulations are in force in
the United States of America (USA) [19], China [20] and India [21]. In the EU, the first
emission standard (Stage 1) for NRMM emissions was introduced in 1999, and the fifth
was proposed in 2014, which widened the scope of the regulated engines from small
spark-ignition engines to large engines with the power of over 560 kW [22]. The main EU
regulation concerning NRMM, the Regulation (EU) 2016/1628 of the European Parliament
and of the Council, defines NRMM as transportable or mobile machines that are not
intended to transport passengers or goods on roads. It also includes machines installed
on passenger or transport vehicles. The regulation encompasses, among other machinery,
construction machines, mobile industrial and commercial appliances, snow groomers or
street cleaners, agricultural and forestry machines, household machinery, garden care
appliances, inland water boats and locomotives [23]. To achieve the emission reduction
stipulated by the Regulation (EU) 2016/1628, the engines should be replaced by a newer
model or equipped with various emission reduction devices, which brings additional costs.
The estimation of possible costs was done by [24], which showed that costs could vary
from 229 USD per engine for small engines with engine power less than 19 kW, to over
10,000 USD per engine for larger engines with over 450 kW of engine power.

However, even more stringent emission standards for NRMM are still less strict than
the standards for road vehicles. Rigorous road vehicles emission standards resulted in
lower emissions from road vehicles, especially from passenger cars [25]. Additionally,
NRMM is more durable and has a longer lifetime than road vehicles, so the impact on
the environment will be longer [26,27]. Although there are no official data concerning the
total NRMM emissions among the European countries, the 2019 edition of the EEA Air
Pollutant Emission Inventory Guidebook states that NRMM emissions from a single source
sector (e.g., construction machinery or handheld NRMM) range from 0.1 to 11% of the total
emission, but are typically less than 5% of the total emission [27]. Furthermore, a Review
of Directive 97/68/EC states that, in 2010, NRMM was responsible for 100 million tonnes
of CO2 equivalent, which was 2% of the total EU greenhouse gas emissions [28]. A report
from 2017 by [29] stated that in the EU, NRMM was responsible for 15% of the total NOX
emissions and 5% of the total PM emissions.

When comparing energy consumption and emissions, research shows that the impact
of NRMM emissions is greater than the one from road vehicles. The results in Switzerland
showed that, in 2015, there were roughly 3 million pieces of NRMM. Although those ma-
chines consumed 17.9 PJ of energy, which accounted for 9% of the total energy expenditure,
they were responsible for 28% of CO, 18% of HC, 19% of NOX, 33% of PM and 8% of
CO2 in the total transport (road + non-road) [30]. In 2010, NRMM accounted for 20% of
NOX emissions and 48% of PM emissions in Germany [31]. Another study by Faber et al.,
examined the impact of emissions from earthworks, road construction, and asphalt paving
in Germany. The experiments were conducted in working conditions and under different
weather conditions. It was concluded that construction site emissions contributed to 3%
of total NOX emissions from traffic and 17% of total PM10 emissions from all sources in
Germany [32], while NRMM only has a proportion of 9% of energy consumption compared
to road vehicles only [33]. The Swedish inventory for 2019 shows that the major NRMM
pollutants, compared to road vehicles, were PM and HC. Their numbers have fallen by
11.4% and 30.3%, respectively, compared to the values in 2010. However, their proportions
compared to PM and HC emissions from road vehicles were 164.17% for PM emissions and
89.23% for HC emissions. This indicates that NRMM emitted more PM than road vehicles,
which could be due to the slower fleet renewal of NRMM compared to road vehicles [34,35].
In Denmark, the results show that the agricultural sector had the largest proportion in
2016, but also the largest reduction in all pollutants from 1985 to 2016. Compared to road
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vehicles, the most significant pollutants were PM, CO, and NOX, with proportions of 174%,
92%, and 92%, respectively [36].

Research outside the European countries offers similar results. In China, in 2019,
56% of PM emissions from mobile sources were emitted by 40 million construction and
agricultural machinery units, and 24% of PM emissions were from 340 million road ve-
hicles [37]. In 2016, a study [38] concluded that NRMM was responsible for 1435.9 kt of
CO, 345.1 kt of HC, 2426.6 kt of NOX and 188.2 kt of PM. Another study which focused
on agricultural machinery concluded that this machinery was responsible for 1448.16 kt of
CO, 1211.39 kt of HC, 2192.05 kt of NOX, 25.14 kt of SO2, 262.69 kt of PM10 and 249.25 kt of
PM2.5 [39] (unfortunately, neither of these two studies compared the data to total emissions
or emissions from road transport). Refined oil products account for 53% of China’s oil
consumption, most of which is used in road vehicles and NRMM [40]. From 2015 to 2025,
total emissions from construction and agricultural machinery are predicted to increase
by 9% in the Beijing-Tianjin-Hebei region [41]. One study on emissions of construction
machinery in Australia [42] focused on emissions from construction machinery powered by
diesel engines. The emissions were higher than expected: this machinery was responsible
for 50% of NOX, 24% of SO2, 76% of PM10, 99% of PM2.5, and 10% of volatile organic
compounds (VOC) compared to road traffic.

More stringent NRMM emission limits positively impact the process of lowering
overall NRMM emissions. This can be seen in the example of London. The London
Atmospheric Emissions Inventory provides detailed data for NRMM. In 2013, in the
Greater London Area, construction machinery was responsible for 7% of NOX, 8% of PM10,
and 14.5% of PM2.5 of total emissions [43], and between 6 and 10% of toxic pollution in
London [44]. The results for 2016 show that NRMM was responsible for 7.5% of NOX, 4.7%
of PM10, 9.5% of PM2.5 and 0.9% of CO2. Compared to road traffic emissions, NRMM was
responsible for 15.4% of NOX, 17.7% of PM10 31.4% of PM2.5 and 3.1% of CO2 [45]. As shown
in Table 1, the results for 2016 present a decrease compared to the 2013 and 2010 results,
except for CO2 emissions. This indicates that phasing out of older engines and replacing
them with newer machines equipped with newer emission reduction technologies lowered
the overall NOX, PM10, and PM2.5 emissions from NRMM. However, a study from 2020,
carried out on 29 construction machines in London, showed that in working conditions 63%
Stage III-A, 67% Stage III-B and 67% Stage IV NRMM exceeded the NOX limit values [46].
This indicates that the overall emissions rates could be higher than that which is estimated
by the official Greater London Authority.

Table 1. Emissions from non-road mobile machinery (NRMM) in the London area in 2010 [47],
2013 [48], and 2016 [45].

Pollutant 2010 2013 2016

CO2

tonnes/year 187.126 179.956 200.388
% of total emissions 0.7% 0.8% 0.9%

% of road traffic emissions 2.6% 2.7% 3.1%

NOX

tonnes/year 5833.2 3967.5 3214.2
% of total emissions 10.6% 8.4% 7.5%

% of road traffic emissions 20.7% 16.3% 15.4%

PM10

tonnes/year 629.2 439.6 373.2
% of total emissions 6.9% 5.6% 4.7%

% of road traffic emissions 26% 20% 17.7%

PM2.5

tonnes/year 617.8 428.9 360.7
% of total emissions 13.1% 10.8% 9.5%

% of road traffic emissions 43.1% 34.2% 31.4%

To further decrease the overall NRMM engine emissions, London authorities plan to
lay down more stringent requirements for NRMM in the Greater London area. From 1
January 2025, the NRMM operating at all sites within Greater London will be required to meet
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Stage IV engine emission levels, while the NRMM fitted with constant speed engines will be
required to meet Stage V. From 1 January 2030, the NRMM will have to meet Stage V engine
emission levels, and the final aim for London is to be emission-free as of 1 January 2040 [44].

The first step in implementing the policies to reduce NRMM emissions is to develop
an emission inventory, i.e., determine the total NRMM emissions in a specific area. A
developed emission inventory offers a platform to track the main sources of emissions
by pollutant type and quantity. Inventories are usually developed either by a bottom-up
method, which estimates the emissions from statistical analyses of activity data together
with country-specific emission factors, or by a top-down method, which collects data on a
regional or national level and then distributes these based on ancillary data [49]. However,
there can be significant discrepancies between top-down and bottom-up inventory results.
A research on the Norwegian NRMM emission inventories [50] compared an NRMM
emission inventory developed by bottom-up and top-down methods. The results indicated
that the ratio of emissions calculated by the bottom-up approach in relation to the top-
down method was 0.3–0.5 for NOX and around 0.2 for PM10. The 2019 edition of the EEA
Air Pollutant Emission Inventory Guidebook is one of the most important documents
concerning NRMM emission inventories. It lists three possible methods for estimating
emissions: Tier 1, Tier 2 and Tier 3, depending on the available data [27]. The Tier 1 method
uses only basic NRMM data, i.e., vehicle stock and fuel consumption. Tier 2 is more precise,
as it uses data on fuel consumption for each equipment type and technology level. The
Tier 3 method is the most detailed one and uses more specific data, e.g., annual hours of
use, engine size, deterioration factor adjustment and load factor adjustment. However,
estimating emissions from NRMM and compiling an emission inventory is still a difficult
task for most countries due to the lack of data. Due to these significant data uncertainties,
further research of NRMM emissions and inventories are needed.

2. Materials and Methods

This paper aims to give an overview of the main problems related to NRMM emissions
and NRMM inventories. The literature review included scientific databases, such as
Scopus, Web of Science, IEEE Explore, Google Scholar, Research Gate, Science Direct
and SpringerLink. The Boolean operators “or” and “and” were combined with NRMM-
related keywords, such as “NRMM”, “non road”, “machinery”, “inventory”, “scenario”,
“emissions”, “mobile”, “regulations”, “methods” and “overview”. The literature search
was conducted from January 2020 to June 2021, and it was last updated in February 2022.

Over 200 papers have been analysed, 40 of which had data or conclusions which
pointed to the need for scientific research in order to develop national NRMM emission
inventories and gave recommendations for the development of such inventories. The
papers that were not taken into consideration:

(a) did not have data or conclusions related to NRMM emission inventories;
(b) did not have data or conclusions pointing to major differences between various engine

working conditions (e.g., different fuels); and
(c) did not refer to the fact that there was a lack of research in the field of NRMM.

Additionally, over 50 various governmental documents and databases were analysed,
36 of which are included in this review. These documents and databases provided ad-
ditional data on NRMM or inventories and their relation to emissions of road vehicles.
Special care was taken to ensure that the references are as up to date as possible; thus, only
fifteen of all the references listed here are more than five years old.

To gain a better insight, the countries of origin of publications (papers and other
documents) are shown in Figure 1. The geographical locations related to journal papers are
based on the information about the corresponding author’s affiliation. The numbers in the
figure correspond to the numbers in references. In the case of other types of documents,
the locations of headquarters of the publishing institutions are taken. It can be seen that
most of the publications are from the USA, Europe and China.
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Figure 1. Origin of publications globally.

Since it is difficult to see all the European publications and publications from the
USA, they are additionally presented in Figure 2 in more detail. Furthermore, there are
no publications found in the rest of the world, except in Australia, Thailand, and Jordan,
which indicates a lack of research related to NRMM globally.

Figure 2. Origin of publications marked with references: (a) from Europe; (b) from the USA.

Additionally, although the European Union is, besides the USA, at the forefront of
NRMM legislation, most European countries still do not have a legally resolved NRMM
sector. Publications at the EU level come from virtually only a few sources, mainly the
developed countries, as can be seen in Figure 2a. Some of the countries are represented by
several publications like the UK, Belgium, or Germany, while most are not covered at all.

An even worse situation is noticed in the USA, where the first federal standards
(Tier 1) for the new non-road diesel engines were adopted in 1994. However, according
to available sources, the number of scientific publications related to NRMM emissions is
significantly lower than in the EU, which may imply that not enough importance has
yet been given to emissions from the NRMM sector even in the developed countries, as
shown in Figure 2b.
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3. Results

After a comprehensive literature review, it was noticed that NRMM emissions and
their impact on the environment were not given much importance as it should and there
is globally a lack of research in this area. Scientific research and government institutions
focused mainly on the emissions from road vehicles, which contributed to the enactment
of more stringent emission regulations. In turn, this has further intensified research on
emission reduction technologies, such as oxidation catalysts, selective catalytic reduction,
NOX adsorbers, diesel particle filters, and gasoline particle filters [51]. Additionally, elec-
trification and hybridization of IC engines have proven to reduce the road traffic carbon
footprint [52,53]. These technologies and new technology approaches can be very useful
in reducing emissions from NRMM as well. To apply stricter regulation and such mod-
ern emission control equipment in the NRMM, first it is necessary to analyze the current
situation with NRMM emissions and their inventories.

3.1. Impact of NRMM Emissions Based on the Existing NRMM Emission Inventories

To better understand the impact of NRMM emissions, the current NRMM emission
inventories from six European countries have been presented and compared with data for
road vehicles. Exhaust emissions country-specific data emitted by the non-road mobile
machinery sector and road vehicles powered by internal combustion engines are given in
Table 2. The main pollutants restricted by legislation for both sectors and CO2 emission
are presented.

From Table 2 and Figure 3, Significant differences in emissions when comparing
the same pollutants among different countries can be observed. Possible reasons can be
found in different NRMM types on national levels, NRMM use, climatic and economic
circumstances, etc. Further research could explain these differences.

Assuming that the energy consumption is represented through CO2 emissions, accord-
ing to data presented, in most countries, the energy consumption of the NRMM sector is
around 17% of the total energy consumed by road vehicles and non-road mobile machinery.
The lowest share of 6.25% is found in Germany. This could be a consequence of a signifi-
cantly higher number of road vehicles compared to the number of NRMM. The ratio of the
number of road vehicles to NRMM in Germany was 4.61 in 2019 [54,55], compared to 3.46
in Denmark [36], 1.72 in Switzerland [30], and 1.57 in Finland [56].

If emissions from both sectors are calculated in relation to the energy consumed,
represented through CO2 emission, the influence of sectors on emissions can be additionally
analysed. The emissions of pollutants, in relation to CO2 emission, from the NRMM sector
and road vehicles, as well as their ratio, are given in Table 3 and presented in Figure 4.

Figure 3. Cont.
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Figure 3. Proportions of NRMM and road vehicle emissions in inventories of: (a) Netherlands;
(b) Sweden; (c) Finland; (d) Denmark; (e) Germany; (f) Switzerland.

Figure 4. Total NRMM emissions compared to road vehicle emissions for the Netherlands, Sweden,
Finland, Denmark, Germany, and Switzerland.
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Table 2. NRMM and road vehicle emissions for Finland, Denmark, Germany, Switzerland, the
Netherlands, and Sweden [30,31,33–36,54,56–58].

Country Sector CO2 [kt] CO [kt] HC [kt] NOX [kt] PM [kt]

Netherlands

NRMM 5707.90 76.80 0.25 51.90 1.90
Road vehicles 28,446.00 387.50 2.40 73.10 4.10

TOTAL 34,153.90 464.30 2.65 125.00 6.00
NRMM share 16.71% 16.54% 9.43% 41.52% 31.67%

Sweden

NRMM 2865.70 62.03 0.28 14.78 1.97
Road vehicles 14,813.70 69.51 0.88 44.46 1.20

TOTAL 17,679.40 131.54 1.16 59.24 3.17
NRMM share 16.21% 47.15% 24.19% 24.95% 62.15%

Finland

NRMM 2281.69 43.28 4.19 9.68 0.67
Road vehicles 10,448.00 33.05 3.54 27.63 0.70

TOTAL 12,729.69 76.33 7.73 37.31 1.37
NRMM share 17.92% 56.70% 54.16% 25.95% 48.93%

Denmark

NRMM 2393.00 29.59 0.20 14.77 0.73
Road vehicles 12,307.00 60.84 0.37 30.54 0.54

TOTAL 14,700.00 90.43 0.57 45.31 1.27
NRMM share 16.28% 32.72% 34.51% 32.59% 57.70%

Germany

NRMM 12,294.00 219.00 23.90 69.20 6.60
Road vehicles 184,540.00 1094.00 110.00 536.00 8.30

TOTAL 196,834.00 1313.00 133.90 605.20 14.90
NRMM share 6.25% 16.68% 17.85% 11.43% 44.30%

Switzerland

NRMM 1238.60 36.71 2.71 7.56 0.36
Road vehicles 14,132.70 90.80 12.58 32.24 0.74

TOTAL 15,371.30 127.51 15.29 39.80 1.10
NRMM share 8.06% 28.79% 17.71% 19.00% 32.76%

Table 3. NRMM and road vehicle emissions related to CO2 emissions.

Country Sector CO
[t/kt CO2]

HC
[t/kt CO2]

NOX
[t/kt CO2]

PM
[t/kt CO2]

Netherlands
NRMM (a) 13.455 0.044 9.093 0.333

Road vehicles (b) 13.622 0.084 2.570 0.144
Ratio (a/b) 0.99 0.52 3.54 2.31

Sweden
NRMM (a) 21.644 0.098 5.158 0.687

Road vehicles (b) 4.692 0.059 3.001 0.081
Ratio (a/b) 4.61 1.65 1.72 8.49

Finland
NRMM (a) 18.967 1.835 4.243 0.293

Road vehicles (b) 3.164 0.339 2.644 0.067
Ratio (a/b) 6.00 5.41 1.60 4.39

Denmark
NRMM (a) 12.364 0.081 6.172 0.307

Road vehicles (b) 4.944 0.030 2.482 0.044
Ratio (a/b) 2.50 2.71 2.49 7.02

Germany
NRMM (a) 17.814 1.944 5.629 0.537

Road vehicles (b) 5.928 0.596 2.905 0.045
Ratio (a/b) 3.00 3.26 1.94 11.94

Switzerland
NRMM (a) 29.641 2.186 6.105 0.290

Road vehicles (b) 6.425 0.890 2.281 0.052
Ratio (a/b) 4.61 0.22 0.23 0.49

In most countries, CO or HC emissions from the NRMM sector calculated in such a
way are 2.5 to 6 times larger than emissions from road vehicles. Similarly, this is noticed
with NOx emissions where the NRMM road vehicles ratio is from 1.5 to 3.5. The worst
ratios are present with PM emissions, which are on average 5.8 times higher in the NRMM
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sector compared to road vehicles, with a particular concern in Germany, where the ratio is
almost 12.

From the data presented it can be concluded that the proportion of NRMM emissions
is much larger compared to the proportion of the energy consumed. This is the case for all
the countries considered, and it is an indication of the overall technological obsolescence of
the existing NRMM. To overcome this, the trends applied to road vehicles, such as stricter
emission standards, or real driving emission tests, will have to be used in NRMM as well.

3.2. Main Causes of Difficulties in Developing NRMM Emissions

The quality and availability of data are especially important in the process of creating
an emission inventory. However, for NRMM, there are mostly only partial or no data. It
is complicated to determine the total emissions of NRMM, mainly due to the following
three reasons:

• Lack of a comprehensive inventory of NRMM and activity data;
• Lack of emission factor data; and
• Lack of research in the field of NRMM, especially concerning emission factors.

3.2.1. Lack of a Comprehensive Inventory of NRMM and Activity Data

The most significant limiting factor in compiling an accurate NRMM emission in-
ventory is that there is no repository of NRMM, especially of handheld devices in most
countries, which makes it almost impossible to make an accurate inventory of NRMM
emissions. Quantitative research on NRMM is rare, and when it is conducted, the results
vary considerably [59]. There are also significant differences among studies [39]. Some
studies give inaccurate estimations due to disparities in vehicle fleets or economic develop-
ment [60]. Different calculation methods, sources of emission factors, activity data, types of
machinery or base years can cause these differences.

The existing NRMM emission inventories are most often made using machine im-
ports or vehicle sales data. Statistics Netherlands provides data on NRMM emissions via
its Open Data StatLine platform, but only uses data on vehicle sales, and activity data
are assessed from secondary sources from other countries [58,61]. For the inventory in
Switzerland, custom correction factors to approximate real-world activity data regarding
load factors or work dynamics are used. In addition, corrective factors for dynamic use,
engine deterioration and diesel particulate filters are used depending on the engine age.
This method of collecting data can be compared to the Tier 3 method in the 2019 EEA Air
Pollutant Emission Inventory Guidebook. However, these data are not collected but based
on assumptions and expert judgement [30]. The Federal German Environment Agency uses
vehicle stock data, but these data are compiled using data from various resale platforms.
The detailed data on stock are available only for tractors, while other data are calculated
based on the sales numbers, while activity data are obtained by estimations [33]. In Den-
mark, there is partial collection of data on agricultural and construction machinery, but
other data are based on assumptions [36].

Some NRMM inventories use more detailed data. Finland is an example of a country
that has a detailed NRMM emission model. It uses the TYKO calculation model, consistent
with the EEA Air Pollutant Emission Inventory Guidebook Tier 3 method [62], to estimate
Finland’s NRMM emissions and energy consumption. The model includes information on
the engine type, average power in the power class, median age, annual use, and average
load factor based on type, number of units, and sales. The data collection is based on sales
and registration figures, as well as on national and international research. The results are
presented for five different NRMM types: diesel driveable machines, gasoline driveable
machines, diesel moveable machines, gasoline moveable machines, and gasoline handheld
machines. The inventory data have been collected from 1980 onwards, and the model
predicts emissions until 2040. However, the activity data are only partially collected [56].
The Swedish NRMM emission inventory also uses data gathered on an annual basis,
which includes information on vehicle type and average annual use. It also provides
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detailed emission data, such as data about real-world emissions [63]. There is also room for
improvement, as only partial data are available, which are then extrapolated on a national
level [64].

Even though each of the researched NRMM emission inventories can be compared to
either the Tier 1, Tier 2, or Tier 3 method in the 2019 EEA Air Pollutant Emission Inventory
Guidebook, most of the data are assumed, sometimes without any concrete numbers to
back them up.

For an NRMM emission inventory to be developed, sufficient activity data must be
collected. This includes primarily stock and operating hours, with small handheld machin-
ery used in households being the exception since it is challenging to acquire those data.
However, to obtain complete data, annual queries in households should be conducted by na-
tional statistical bureaus, in which questions about machinery type, fuel consumption and
hours of work would be required. A lack of a comprehensive standard [65] which would
provide a more accurate estimation of emission factors presents a limitation on how activity
data should be collected depending on the machinery purpose and working conditions.

The main problem of all the methods as mentioned earlier is that they lack a platform
by which detailed data could be collected. This could be solved with the introduction of a
national NRMM fleet and emission inventories. The minimum information package should
contain data about the manufacturer (brand, type, model), year, number of machinery units,
fuel type, and regulation tier. Although this is quite difficult to establish, if at all possible,
the data on hours of operation for each NRMM type should also be included. This can
be adequately solved by conducting annual large-scale surveys and could provide more
accurate data compared to the existing methods [39]. A designated institution responsible
for the annual collection of data is needed to conduct such a survey.

3.2.2. Lack of Emission Factor Data

Every engine type sold on the EU market must undergo type approval tests. These
tests are developed to determine the engine emissions to ensure that the engines meet
relevant environmental and safety regulations. Standard ISO 8178 from the International
Standard Organisation (ISO) is the most commonly used testing procedure.

The main problem with NRMM is the lack of a clear standard on how NRMM emission
factor data should be determined, collected and documented, as well as the question of
who should collect the data [29]. This requires a political decision which must be addressed
for the essential data to be collected.

The lack of emission factor data makes it difficult to determine which NRMM cate-
gories have the most significant proportions in total NRMM emissions. However, some
of the studies considered have shown that the construction and agricultural industries
have the largest proportions of total NRMM emissions, although other machinery types
represent large proportions of some emission types as well. An emission inventory in
Switzerland [30] has shown that construction and agricultural machinery is responsible
for the largest proportion of NRMM emissions. Garden care and hobby appliances were
the second largest emission emitters of CO and HC compounds, which further strengthens
the claim to collect more accurate activity data for such machinery. A study on non-road
equipment emissions in China [38] showed that the emission factors vary by equipment
type and between different studies. The highest to the lowest values ratio can be as much
as 4.2 for HC emissions, 9.6 for CO, 3.5 for NOX, and 6.6 for PM emissions.

Data on emission factors should be collected under the operating conditions for the
final NRMM emission inventory to represent actual emissions. The laboratory tests lead
to unsatisfactory NRMM emission inventory results, as test procedures cannot represent
the actual emission under the operating conditions [66]. This can lead to a lack of precise
regulation and control concerning various NRMM. Ten-year research of emissions in the
construction industry in Australia showed that the main difficulty in making an accurate
emission inventory is the lack of data and considerable variability in the results due to
different working conditions of NRMM. The results varied even when the project site area
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and size were similar. The research also showed a lack of publicly available data for NRMM
emissions [42]. In Germany, the emission factors are calculated based on the fuel type,
power class, and emissions standards. Due to the lack of data of NRMM emission factors,
they are estimated by comparing literature values from other countries, emission limit
values and expert judgement [33]. The NRMM emission inventory showed that, although
NRMM accounted for 193 PJ of energy in 2014, which is 10% of energy consumption of road
traffic, it was responsible for 123 kt of NOX and 13.5 kt of PM, which is more than 25% and
100%, respectively, compared to NOx and PM emissions produced by road traffic. These
data are mostly the result of lower limit values set for NRMM and the lack of research on
NRMM, which slowed down the introduction of regulatory restrictions, as opposed to the
area of road traffic [31]. However, as in most inventories, the data availability is limited
and varies between sectors.

3.2.3. Lack of Research concerning NRMM, Especially Emission Factors of Activity Data

As emissions from the NRMM were considered negligible in relation to road transport,
all research activities were focused on road vehicles, and concerning NRMM they were
quite lacking. Further government, professional, and especially scientific research would
enable new approaches and methods to examine the impact of NRMM on the environment.

As shown in [67], the regulatory bodies should enable the collection and public access
to the data on NRMM. Unfortunately, the current models for determining the emission
factors lack representativeness. Furthermore, even if the NRMM emission data have already
been calculated, in most emission inventories they are incorporated in other emission source
categories instead of being shown separately as NRMM data. This is an essential step if
emission factors are to be calculated more accurately and future research on this topic is to
be enabled [68].

Research is mainly done on agricultural and construction machinery. Due to a large
number of engine models which vary in size and working conditions, the research has been
funded mostly to investigate the groups of machinery responsible for most of the emissions.
In addition, conducting a study on NRMM is often harder than conducting a study on
road vehicles. Measuring air quality in the area where NRMM is in use often requires a
portable emission monitoring system (PEMS) as in [59,69,70], or a mobile aerosol research
laboratory (MoLa) as in [32].

It is important for scientific research to collect and process data on NRMM emission
factors based on the working conditions, various fuel types and mixtures, and propulsion
type (engine, hybrid or electric) used in NRMM. Such research can provide unbiased
and accurate data for estimating the total NRMM emissions in an emission inventory, as
concluded in [26].

As mentioned in Section 3.2.2, the emission factors during the working conditions
are an especially important research area. Due to many variations in engine models and
even more variations in conditions during fieldwork, current models relying on laboratory-
conducted experiments and expert assessments leave room for improvement [66]. This
would also have an impact on the safety of the work environment, with new data on the
real harmfulness for the workers operating the machinery [71] and people in general [9].
Different fieldwork studies do not apply the same procedures, complicating data and result
comparison, as concluded by [72]. Applying a unified method for measuring NRMM
emissions during real working conditions would result in much more accurate data [68].
Most research is done on construction machinery, but the results for agricultural machin-
ery [73,74] and machinery used in forestry [75] also show that research during real working
conditions is crucial. Unfortunately, current research rarely yields reliable results which
could be compared to the results of other studies [76].
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4. Conclusions and Recommendations

Although the contribution of NRMM to overall emissions is significant, there is a
lack of a more serious approach towards acquiring and processing such data to fully
understand the ecological and health risks posed by the emissions from NRMM. The
data show significant disparities between NRMM emission proportions compared to their
energy consumption. In most countries, CO or HC emissions from the NRMM sector are
2.5 to 6 times larger than those from road vehicles. NOX emissions are also up to several
times higher, where the NRMM to road vehicles ratio is 1.5 to 3.5. The worst case is with the
PM emissions, which are on average 5.8 times higher in NRMM sector compared to road
vehicles. The ratio is the highest in Germany, where it is almost 12. For NRMM emissions to
be understood and reduced, the emissions inventories with quality data must be developed.
However, this is not the case in most countries. In this paper, the main problems have been
recognised and described.

Firstly, there is a lack of a comprehensive list of NRMM. Creating and maintaining a
solid repository of NRMM is the first step in compiling an emission inventory. Unfortu-
nately, many countries do not have any type of NRMM emission inventory, and most of
those who do create their inventories based mostly on assumptions with little to no data.
As a more systematic approach in compiling an emission inventory is needed, this can be
only done by regulatory bodies. Yearly questionnaires with the largest retailers organised
by a regulatory body or a regulation requiring data on the NRMM put on the market in a
country would solve this problem.

Secondly, data on NRMM activity are the missing link between the number of units of
NRMM and their emission factors. The construction, agricultural and forestry machinery
are the most important groups to collect these data from since research shows that they are
responsible for most NOX and PM NRMM emissions. The examples of this can be found in
four references in this paper. The 2019 EEA EMEP/EEA Air Pollutant Emission Inventory
Guidebook [27] states that, based on the available results, agriculture and construction
sectors/sub-sectors seem to be of the greatest importance for NOX and PM emissions.
An NRMM emissions inventory in Switzerland shows that agriculture and construction
machinery has the largest proportions in NOX and PM emissions [30]. In the document “The
updated China IV non-road emission standards”, agricultural and construction machinery
are recognised as the largest NOX and PM emitters [37]. The Danish Emission Inventories
for Road Transport and Other Mobile Sources [36] also mentions agricultural machinery as
the largest NOX emitter. The activity data of other NRMM subgroups, such as household
machinery, could be collected via a questionnaire. However, there is still the problem with
the validity of data, which would have to be collected only by trained officials to ensure
that high-quality data are obtained for the inventory.

Thirdly, since emission factors play an important role in determining the overall
NRMM emissions, special emphasis should be put on determining the accurate emission
factors for various working conditions, especially during transient machinery activities.
More accurate emission data can prevent overestimation or underestimation of a part of or
of overall NRMM emissions. While fuel consumption data can be adequately collected via
a survey, the emission factors require additional tests and research.

Fourthly, the aforementioned studies showed that the emission factors measured
during work in real conditions differ significantly from those measured in laboratory con-
ditions. More accurate data on emission factors measured during work in real conditions
would improve the overall understanding of the impact on the environment and the ma-
chinery operators. Thus, further research is needed, especially new methods for collecting
or estimating the emission factors. Due to a large variety of engine models and fieldwork
conditions, a method which could group emission factors for several NRMM models would
reduce the amount of work.

The common denominator in all the problems is the lack of data. Some of the data,
such as a list of NRMM units and total fuel consumption, can only be adequately collected
by government bodies. Countries which already have some form of an NRMM emission
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inventory, such as Finland, Sweden, or Germany, can share their experience with other
countries. A lot of data could be collected automatically by using digital tools, but they can
only be acquired constantly through government funding. The national statistical bureaus
are usually best equipped and have the knowledge to take on this task. For most of the
data, changes in the existing questionnaires would be sufficient to gather basic data about
NRMM numbers and activity. Apart from the national statistical bureaus, an institution
specially oriented on NRMM emissions could process the data and produce accurate and
up to date NRMM emission inventories.
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