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Abstract: The manufacturing industry is often caught in the sustainability dilemma between eco-
nomic growth targets and climate action plans. In this study, a Log-Mean Divisia Index (LMDI)
decomposition analysis is applied to investigate how the amount of industrial energy-related CO,
emissions in Latvia has changed in the period from 1995 to 2019. The change in aggregate energy-
related CO, emissions in manufacturing industries is measured by five different factors: the industrial
activity effect, structural change effect, energy intensity effect, fuel mix effect, and emission intensity
effect. The decomposition analysis results showed that while there has been significant improvement
in energy efficiency and decarbonization measures in industry, in recent years, the impact of the
improvements has been largely offset by increased industrial activity in energy-intensive sectors such
as wood processing and non-metallic mineral production. The results show that energy efficiency
measures in industry contribute most to reducing carbon emissions. In the future, additional policies
are needed to accelerate the deployment of clean energy and energy efficiency technologies.

Keywords: decomposition analysis; LMDI; CO, emissions; manufacturing industry; energy
policy; sustainability

1. Introduction

The 2021 Emissions Gap Report from UN states that current targets in national climate
action plans are insufficient to meet the commitments of the Paris Agreement. In fact,
it is estimated that at the current rate of improvement, global temperatures will rise by
2.7 °C by the end of the century, well above the 2 °C target, and would, therefore, cause
irreversible damage to the Earth’s climate. To limit the rate of global warming and keep
the temperature increase below 1.5 °C, global yearly GHG emissions must be reduced by
at least 50% by 2030 [1].

Industry, and in particular carbon- and energy-intensive manufacturing, will play a
crucial role in meeting global climate change mitigation targets. Since energy-intensive in-
dustries and power plants account for nearly half of world’s total greenhouse gas emissions,
they are key cornerstones in achieving net-zero carbon emission goals [2]. The constant
battle between economic growth targets and climate commitments in industry makes it
particularly difficult to achieve long-term sustainability in industrial companies [3,4].

The latest study assessing progress in reducing carbon emissions by European industry
shows alarming results. A study by [2] analyzed CO, emissions data from the European
Union Emissions Trading System (EU ETS) for the 13 years of operation of the program for
the United Kingdom, Spain, France, Italy, and Germany, which are the largest European
economies. The results show that the largest European manufacturing sectors have not yet
achieved significant reductions in carbon emissions. Only a few plants have managed to
achieve gradual decarbonization and reduce emissions, while a large number of companies
have increased their annual emission levels. The study’s findings make it urgent for
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European manufacturing companies to adopt alternative technologies to restructure the
energy mix currently used towards cleaner production. The authors argue that additional
policies are needed to meet the binding targets of achieving net zero emissions by 2050. In
addition, more in-depth research is needed to examine the key drivers of carbon emissions growth
and barriers to the implementation of decarbonization measures by manufacturing firms [2].

Research on energy efficiency and decarbonization in the industrial sector is very
complex due to the different production processes in the various industrial subsectors and
the importance of the energy sources used for energy supply and as production feedstock.
Due to this heterogeneity and the multitude of factors to be taken into account, it is difficult
to make a sufficient assessment of the key factors affecting changes in the sector’s energy
consumption and carbon emissions [5]. Due to the fragmented nature of industry, most
studies on energy efficiency and decarbonization in industry tend to narrowly focus only
on a sub-sector of industry, and therefore, ignore the whole industrial energy system,
which does not allow for a comprehensive assessment of the industrial pathway towards
adaptation to low-carbon energy systems [6]. For industry to meet ambitious net-zero
emissions targets over the next three decades, deep decarbonization is required at all levels
of industrial processes and economic activity. Therefore, an integrated examination of
industrial carbon emissions across all sub-sectors is crucial to shape more effective future
climate policy [2].

This study aims to fill the research gap in the assessment of mitigation progress in
carbon emissions from the manufacturing sector in the European Union. This study takes
the Latvian manufacturing industry as a case study for assessing changes in industrial
emissions using Log-Mean Divisia Index (LMDI) methodology. LMDI is applied to study
the changes in energy-related carbon emissions of ten different manufacturing sub-sectors
and their cumulative impact on the overall decarbonization level of Latvian industry. It
allows for a comprehensive and complete assessment of industrial carbon emissions and
draws relevant conclusions for a sector as a whole, leading to relevant results that can
be used by governments for more efficient climate and energy policymaking. Latvian
industrial energy efficiency and climate policy has undergone significant changes over
the last decade [7]. Fiscal instruments, subsidies, and mandatory energy efficiency audits
and monitoring have been imposed on industrial companies to promote and support
decarbonization, energy efficiency, and the transition to more sustainable energy systems
in manufacturing companies in order to move closer to climate neutrality goals [8]. There-
fore, it is necessary to assess what progress Latvian industry has made in achieving the
carbon reduction targets and whether any improvement can be observed as a result of
the implemented policies. In Latvia, there is no research that uses LMDI decomposition
analysis to decompose changes in energy-related CO; emissions from industry. Therefore,
this research will make an important contribution to the general knowledge generation in
the field of energy policy.

2. Literature Review
2.1. Methods for Analyzing Changes in CO, Emissions in the Manufacturing Industry

A lot of research has been done to analyze the factors affecting energy consumption
and carbon emissions in different sectors of the economy. However, there is no consensus
among scholars on a universal method for in-depth assessment of carbon emission changes
in manufacturing industries.

A study by [9] developed an econometric model and analyzes different pathways
of industrial carbon emissions in China through regression analysis and Monte Carlo
simulation [9]. Econometric methodology is also used by [10], who built a random effects
panel model to study the relationship between climate policy goals and manufacturing
industry investment in energy efficiency [10]. A novel econometric method was intro-
duced by [11], who used second-generation tests to investigate how innovation, export
diversification, and fiscal decentralization affect the achievement of climate neutrality
goals [11]. An advanced dual-channel supply chain network (DCSCN) equilibrium method
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was constructed by [12], which analyzed the effectiveness of a progressive carbon tax policy
in the manufacturing industry [12].

When analyzing changes in energy intensity and carbon emissions in various sectors
of the economy [13], including manufacturing industry, decomposition analysis is one
of the most commonly used methods, both by scientists and international regulatory
organizations, such as the International Energy Agency (IEA), European Commission,
United Nations, and others [14].

2.2. Theoretical Foundation of Index Decomposition Analysis (IDA) Methods

The use of the index decomposition analysis method (IDA) has increased in energy
policy and sustainability research since the 1980s, when its theoretical framework began
to appear in energy studies around the world [15,16]. The method allows to measure the
impact of the main factors influencing changes either in total energy consumption [17] or in
the emissions [18] produced by specific sectors [16]. The method has gained its recognition
in energy policy research due to several advantageous features, such as the availability of
data to build the model, the ease of interpretation, and comparison of the results [19].

The methods of IDA are generally divided into two main approaches, namely the
methods of Laspeyres IDA and Divisia IDA [19,20]. The main difference between the
methods lies in their basic assumptions. The Laspeyres approach considers that when
one aggregate value changes, other factors remain unchanged. Moreover, the Laspeyres
framework is expressed as a percentage change. The Divisia approach, on the other hand,
considers the change in factors over time and is expressed as logarithmic change. While
the Laspeyres approach is easier to comprehend, it lacks precision and the representation
of real change. The Divisia approach, on the other hand, is considered more scientific and
reasonable [15,19].

The Divisia IDA method is further subdivided into the Arithmetic Mean Divisia Index
(AMDI) method or the Logarithmic Mean Divisia Index (LMDI) method. The disadvantage
of the AMDI method, which is based on the arithmetic mean, is that it produces a large
residual value and cannot handle zero values. In contrast, the LMDI method that is based
on logarithmic mean provides a perfect decomposition and provides techniques for dealing
with zero values in the dataset. Furthermore, the LMDI method can be further divided
into an additive and a multiplicative approach. The additive approach measures the
change in quantitative volume, while the multiplicative approach measures the change as
a proportion [15,19].

2.3. LMDI Decomposition Analysis in the Manufacturing Industry

Scientists around the world have conducted extensive research using the LMDI ap-
proach to conduct ex post analyses for changes in carbon dioxide emissions from global
economies [15,16]. However, in recent years, only a few papers have been found that focus
specifically on the manufacturing industry.

A study by [21] conducted a multisectoral decomposition analysis of CO, emissions
in China’s 22 economic sectors. The emission intensity effect was the main compensator
for the growth of embodied carbon emissions in the sectors analyzed. The authors argued
that international exports, which are strongly linked to economic growth, have the great-
est impact on the increase in carbon emissions in the manufacturing sector. Therefore,
effective policy measures should be taken to reconcile the rapid growth of exports with
environmental sustainability in the long run [21].

A study by [22] combined Log-mean Divisia Index (LMDI) decomposition analysis
with two-stage data envelope analysis (DEA) to analyze the drivers of change in en-
ergy consumption and carbon emissions of four sectors of BRI (Belt and Road Initiative)
countries, namely (1) agriculture, fisheries, and forestry; (2) manufacturing; (3) transport;
(4) other sectors. To measure changes in energy efficiency, indicators such as energy in-
tensity, economic structure, labor productivity, and labor market were used as input
parameters in DEA. To measure changes in CO, emissions, indicators such as emission
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intensity, energy structure, population, and energy consumption per number of inhabitants
were used in DEA. The results show that energy intensity and labor market productivity
have the largest impact on the increase in total energy consumption, while emission in-
tensity and population trends influence most changes in aggregate CO, emissions. The
study concludes that economic growth and activity factors have a significant impact on
both energy consumption and the CO, emissions generated. Developed countries have
higher levels of eco-efficiency, but should focus more on improving the environmental
sustainability of the manufacturing sector [22].

Another study [23] used the LMDI decomposition of the multiplicative approach to
analyze the changes in CO; emissions and carbon intensity in the Thai manufacturing
sector over a 12-year period. The results showed that while the structural shift to man-
ufacturing sectors with lower carbon intensity contributed significantly to the reduction
of CO, emissions, increasing energy intensity and production volume increased both
total emissions and emission intensity in manufacturing. The authors pointed out that
more stringent policy measures should be taken to reduce energy intensity in Thailand’s
manufacturing sector. Otherwise, the economic benefits of industrial growth will be off-
set by a larger increase in emissions generated, with negative implications for long-term
sustainability [23].

The importance of energy efficiency in manufacturing sectors was highlighted in a
study by [24]. The authors applied LMDI decomposition analysis to examine whether
national policies aimed at reducing emissions intensity in industry have led to reductions
in CO, emissions in 28 subsectors of China’s manufacturing industry over a 15-year period.
The results show that both the effect of industrial activity and the effect of energy intensity
are the main drivers of the increase in CO, emissions. It is important to consider sectoral
heterogeneity, as larger reductions in CO, emissions can be achieved through tailored
policies targeting high carbon intensity sectors. The authors recommend that governments
increase investment in industrial technology development by introducing policy instru-
ments that encourage manufacturing firms to adopt energy-saving measures, as energy
efficiency is the most important factor in reducing overall emissions in industry [24].

A study by [25] came to similar conclusions. The study focused on examining changes
in CO, emissions from six highly energy-intensive sectors in China, which together con-
sume 90% of total industrial energy consumption. The results of the LMDI decomposition
analysis show that over the period from 1986 to 2013, the rapid increase in industrial
activity was the main driver of the increase in carbon emissions. Energy efficiency is
the largest contributor to the decline in CO; emissions, with the chemical and non-metal
manufacturing subsectors being particularly affected. Compared to other factors, structural
changes and changes in the energy mix had a relatively smaller impact on the changes in
CO; emissions in industry. The authors put forward number of policy recommendations
to reduce both total industrial energy consumption and the CO, emissions generated. It
is assumed that promoting industrial agglomeration will lead to large energy savings. In
the past, mergers and acquisitions of large industrial companies producing steel and iron
products have led to more efficient large-scale production. Therefore, the consolidation
of energy-intensive companies should be encouraged in the future in order to achieve
the climate targets in the manufacturing industry. In addition, the authors argue that
technological advancement in this industry should be significantly accelerated. Although
the results showed significant improvements in reducing the overall energy intensity of
manufacturing, the pace of improvement was not fast enough to compensate the impact
of industrial activity that increased emissions. Therefore, more incentives are needed for
manufacturing companies to adapt advanced technological solutions that will lead to sig-
nificantly higher energy savings. Moreover, the study concludes that governments should
use fiscal instruments to encourage the restructuring of the energy mix of energy-intensive
industries that are currently dependent on high fossil fuel consumption. Clean energy
should be made more attractive by using policy instruments such as taxes or subsidies to
encourage the transition to low-carbon systems in companies [25].
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A study by [26] applied extended LMDI decomposition analysis to study how CO,
emissions in China’s manufacturing industry have changed in the period from 1995 to
2015. Fifteen manufacturing subsectors are included in the decomposition model that
represents the overall structure of industry. The changes in total CO, emissions of the
manufacturing industry are decomposed by eight different indicators, such as CO, emission
factor of a particular fuel, energy mix, total energy consumption, production volume
per unit of R&D expense, R&D investment per level of fixed asset investment, level of
fixed assets, and share in value added. The authors conclude that sectors with high
emissions and high energy intensity, such as the production of ferrous metals, chemicals,
and non-metallic minerals, account for the largest share of total industrial emissions. The
authors argued that the differences between subsectors have a significant impact on the
achievement of overall industrial climate targets and should, therefore, be taken into
account by policy makers. The increase in industrial activity over the period studied was
the main factor that increased carbon emissions, while the effect of energy intensity was
the main offsetting factor that decreased emissions. The results show that investment
intensity was also an important factor in the increase in carbon emissions. However,
investment in research and development played a crucial role in reducing CO, emissions
in the manufacturing sector [26].

A research paper by [5] used the LMDI decomposition to analyze how technolog-
ical progress and economic growth have influenced changes in greenhouse gas (GHG)
emissions in Canadian industry from 1990 to 2014. The study found that the shift to less
carbon-intensive industries and cleaner energy has contributed greatly to the reduction in
GHG emissions. However, the effect of industrial activity was the main dominant effect
driving the overall increase in GHG emissions in industry during the period analyzed.
Based on the results of the decomposition analysis, the authors set out three policy recom-
mendations, each targeting the main contributors to LMDL. First, eco-efficiency should be
significantly promoted, and therefore, more aggressive policies should be adopted that
promote the transition to carbon-neutral energy systems while supporting stable economic
growth. Second, industry-specific requirements that set concrete benchmarks for energy
and emissions intensity are necessary to promote energy efficiency in industry. Third, the
government should continue to support policies that promote clean energy by phasing out
fossil fuels and carbon-intensive energy sources such as coal in power generation [5].

To summarize, a study by [27] was one of the first to propose and formulate a decom-
position analysis model for industrial energy efficiency and decarbonization analysis. This
study applied the LMDI method and determined that changes in the total industrial energy
consumption are measured by three main factors—the activity effect, structure effect, and
energy intensity effect. To assess changes in industrial carbo emissions two additional
factors are added to energy consumption decomposition analysis. As a result, changes in
industrial carbon emissions are measured by five main factors—the activity effect, structure
effect, energy intensity effect, energy mix effect, and emission factor effect [27]. Numerous
studies have followed the approach introduced by [27] to decompose industrial carbon
emissions—[28] for China’s industrial sector, [29] for the Korean manufacturing sector, [30]
for the Turkish manufacturing industry, [5] for the Canadian industrial sector, and [31] for
the Mexican industry. However, no such study has yet been performed in Latvia. Given its
sound theoretical basis and proven practical applicability, as well as the in-depth analysis
and valuable findings found in previous studies applied in other countries, the model
developed in this study is based on the framework introduced by [27], which uses the same
factors to decompose energy-related carbon emissions from industry.

3. Methodology

Total energy-related CO; emissions in the manufacturing industry is determined as
a sum of energy-related CO, emissions of each industrial sub-sector. The manufacturing
sub-sectors are selected according to the classification nomenclature NACE Rev. 2 and
grouped according to the statistical subdivision of the industrial sector [32]. Energy-related
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CO; emissions in industry are decomposed according to Equation (1). The following
steps for decomposing industrial energy-related CO, emissions are based on the equations
and procedures demonstrated in the studies by [5,27]. The LMDI decomposition analysis
indicators for industrial energy-related CO, emissions are summarized in Table 1.
Qi E; Eij G
C=Y,Cij = Lij QO E E; Y.i;QSiliFijM;; @D

where:

C—total aggregated energy-related CO, emissions;
Q—total produced volumes expressed as total value added;
E—total energy consumption;

S;—industrial production activity;

Ii—energy intensity;

Fji—tuel mix;

Mjj—emission factor.

Table 1. LMDI decomposition analysis indicators for industrial energy-related CO, emissions.

Indicator Notation Time Period Variable Explanation Data Source
. . Measures changes in the
Activity effect Act 1995-2019 Aggregzteccl:l md;zg;al :] alue growth of the total [33,34]
added (¥ i) production output
Share of production output of a reszjcs:greiithienlierfglllgtfr
Structural effect Str 1995-2019 subsector in the total industrial by shif tiﬁ to less y [33,34]
production (EUR;/ }_; EUR;) * ys &
energy-intensive sectors
Energy intensity The amount of energy consumed Measures the level of
“ffect Int 1995-2019 per unit of production output energy efficiency [34,35]
(GWh;/EUR;) * improvement
Share of energy consumption of Measures the
Fuel mix effect Fuel 1995-2019 non-renewable energy products decarbonization effect of [35]
(Eij/ X Ei) the industry
Emission intensity Emi 1995-2019 Emission intensity of consumed Measures the emissions 136]

effect

energy resources (tCO,/GWh) * intensity of the fuel mix

* chain-linked volumes of base year 2015.

A subscript i denotes the representative value of a subsector; the absence of a subscript
i represents the total value of the industry. A subscript j denotes the type of energy product
in the total energy balance, e.g., natural gas, electricity, biofuels, and others. S; (=Q;/Q)
and I; (=E;/Q;) are the levels of production activity and energy intensity of each industrial
subsector, and thus, they represent the structural and energy intensity effects. F;; (=E;;/E;)
represents the fuel mix of a sector and M;; (=C;;/E;;) the emission factor of a particular fuel
in the overall energy balance.

Since change in the aggregate level of C changes from initial year 0 to year T, then
generated CO, emissions in a base year E'=Y; QOS?I?FZ.(}M% and ET =Y QTSI«TIZ.TFZ.]T.M;.
The effect of each component is determined using LMDI I additive decomposition analysis
technique, according to Equation (2), which was chosen for its ability to measure the
absolute change in CO, emissions and the ease of interpreting the results:

AC=CT-C"= ACact + ACstr + ACepi + ACfuel + ACem; 2)

where:

act—effect from changes in industrial activity;
str—effect from changes in structure;
eni—effect from changes in energy intensity;
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fuel—effect from changes in fuel mix;
emi—effect from changes in emission intensity.
Each effect is further expressed in Equations (3)—(7):
cTr o QT
AChp= Yji——L—In = 3
akt 21] lncl]]“ — lnCl]]“ QO ( )
cT _ o sT
ACapp=5i U i 4
= L 1T T S0 &
T_ 0
L —CE Ir
AC, =Y U i 5
ent Zl] lncl']]‘ o lncl']]‘ IZO ( )
I_co FT
ACfy= Ljj——a——Lrln—2 6
fuel Zz] lncg — lncg n Fg ( )
T_ 0 T
AConi= L1 )
/ lnClg - lnClg M?j

where:

ET—energy consumption in future year T;
E%—energy consumption in initial year.

Data utilized in this study were collected from the Eurostat and Central Statistical
Bureau of Latvia (CSB) databases [33-35]. For industrial energy consumption, data on
the final consumption of each industrial subsector were used. Chain-linked values of
value-added data were used in order to consider possible variations in the data due
to price changes affecting the representation of industrial output produced. Data on
emission factors for utilized fuels were taken from IPCC guidelines for national greenhouse
gas inventories on default emission factors for stationary combustion in manufacturing
industries and construction [36]. Emission factors were converted from T] to MWh, using
the conversion factor of 277.78. Table 2 summarizes the emission factors of fuels used in
the decomposition analysis.

Table 2. Emission factors of fuels.

Fuel Type Emission Factor, tCO,/MWh

Anthracite 0.354

Other bituminous coal 0.341

Coke oven coke 0.385

Natural gas 0.202

Gas oil and diesel oil 0.267

Fuel oil 0.279

Other oil products n.e.c. 0.264
Renewables and biofuels 0

Peat 0.382

Liquefied petroleum gases 0.227

Motor gasoline 0.249

Other kerosene 0.259

Lignite 0.364

Petroleum coke 0.351

Non-renewable waste 0.330

Kerosene-type jet fuel 0.257

The data for CO; emission factor for electricity produced in Latvia were collected
from the European Environment Agency [37]. The CO, emission factor for heat produced
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in heat plants and combined heat and power plants in Latvia was calculated according to
the Equation (8), which was obtained from Cabinet Regulation No. 42. of the Republic of
Latvia “Methodology for Calculating Greenhouse Gas Emissions” [38]:

Z(ch (fossil) 'Cfuel)
Cheat = O, (8)

where:

Creat—CO; emission factor for heat produced in heat plants and combined heat and power
plants in Latvia, tCO,/MWh;
Qi (fossiny—amount of produced heat in heat and CHP plants in Latvia using fossil fuels;

Crues—emission factor of the utilized fuel according to the Appendix 1 of the Cabinet
Regulation No. 42.

The data for the calculations were obtained from the Central Statistical Bureau of
Latvia [39,40]. Data on produced heat in heat and CHP plants in Latvia and utilized
fuel included the values for the time period from 2012 to 2019. Since the scope of the
decomposition analysis included the historical data analysis for the time period from 1995
to 2019, the emission factor for heat for the years from 1995 to 2012 was assumed to be equal
to the emission factor of natural gas, taking the value 0.202 tCO, /MWh. This should be
considered as a limitation of the study; however, it has a low impact on the overall results.

4. Results and Discussion
4.1. Manufacturing Industry Description
4.1.1. Total Energy Consumption and CO, Emissions in Latvian Manufacturing Industry

A historical data analysis of the Latvian manufacturing sector shows that in the period
from 1995 to 2019, the total CO; emissions in the industry decreased by 41%. Figure 1
illustrates the aggregated values of total energy consumption and CO, emissions of the
Latvian manufacturing industry. However, while the overall trend is downward, the total
CO; emissions have fluctuated over the years. The largest decreases were observed in the
period from 1995 to 2000. A large drop in the period is explained by the significant decrease
in the consumption of coal (—11%), peat (—100%), oil and petroleum products (—39%), and
heat (—67%) in 2000 compared to 1995 levels. The decrease in fossil fuel consumption was
offset by the increase in renewable energy and biofuels, which increased by 16% over this
period. The second largest decrease in CO; emissions was observed during the period of
the global financial crisis, when total CO, emissions decreased by 21% in 2009 compared
to 2008. However, after the financial crisis, CO, emissions increased back to the original
level and then gradually decreased on an annual basis until 2017. CO, emissions data
in recent years show that a significant increase in CO, emissions was observed in 2018,
when emissions increased by 31% compared to 2017. Therefore, more attention should be
paid to investigating the possible sustainability and energy efficiency gaps in the Latvian
manufacturing industry in recent years.

Regarding the distribution of energy consumption between sectors, it can be noted
that a significant structural change has taken place in this sector in the last decade. The
manufacturing sector in Latvia experienced a significant structural change in the period
from 2000 to 2019, as after the bankruptcy of the largest metal producer, the share of iron and
steel in total energy consumption decreased from 25% in 2000 to 0.13% in 2019. However, a
huge increase was achieved by the wood and wood products sector (44 percentage points)
and the non-metallic minerals sector (8 percentage points). In 2019, the three largest
manufacturing sectors in Latvia—wood processing (5676 GWh), non-metallic minerals
production (1888 GWh) and food processing (907 GWh)—consumed 89% of the total
manufacturing energy consumption.
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Figure 1. Energy consumption of the Latvian manufacturing industry.

There are differences between the sectoral contributions to total energy consumption
and the total CO, emissions generated. Figure 2 shows the cumulative contribution to the
total CO, emissions of the manufacturing industry. The non-metallic minerals production
sector produced the highest amount of total CO, emissions in 2019, accounting for 46% of
the total CO, emissions generated by the Latvian manufacturing sector. The second largest
emitter was the wood processing sector, which produced 27% of the total CO, emissions of
the manufacturing sector in 2019, followed by the food processing sector, which produced
15% of the total CO, emissions of the manufacturing sector. The impact of structural change
in the period from 2010 to 2015 was also observed for the CO; emission distribution of the
Latvian manufacturing sector. In 2010, the metal processing sector in Latvia accounted
for a quarter (25%) of total emissions, while in 2015, it accounted for only 3%. A sharp
decrease in the share of the metal sector in total CO, emissions changed the overall CO,
emission distribution between sectors in the following years. The highest increase in the
share of CO, emissions was observed in the wood processing (+15 pp and non-metallic
mineral production (+10 pp) sectors.

The amount of CO, emissions generated by the sector is highly dependent on the
overall fuel mix used for combustion and the overall production processes of the sector.
Figure 3 shows the fuel mix for each manufacturing subsector and presents the average
values for the period 2015-2019. Significant differences between sectors can be observed.
Part of the explanation behind higher generated CO, emissions by the non-metallic mineral
sector can be explained by the fact that the sector consumes a considerable amount of
solid fossil fuels, non-renewable waste, and natural gas, which each individually possess
high emission factors. The wood processing sector stands out with the highest share of
renewables, where biomass accounts for 80% of the total consumed energy products. The
advantage of wood processing sector is that one of the main production byproducts are
wood residues and wood chips, which can later be utilized for the combustion process.
The metals sector (59%), textile and leather sector (54%), paper, pulp, and printing sector
(45%), food processing sector (41%), and chemicals and petrochemical sector (38%) each
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consume considerable amounts of natural gas accounting for a substantial share of the
subsector’s total energy mix. The transport equipment manufacturing sector stands out
as the most electricity-intensive compared with other subsectors. Electricity accounts for
57% of the total energy consumption in the transport equipment manufacturing sector.
High electricity consumption is also observed in the paper, pulp, and printing sector (46%)
and machinery sector (47%) where electricity accounts for almost half of the total energy
consumption in the representative sectors.
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Figure 2. Cumulative contribution of CO, emissions by sector.
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Figure 3. Fuel mix of manufacturing sub-sectors.

4.1.2. Energy and CO; Emission Intensities

In order to examine the specifics of energy consumption patterns of each sector and
make comprehensive comparison between the sectors, energy and emission intensities
are calculated for each subsector. According to the obtained values sectors are classified
into three groups—high, medium, and low intensity, as illustrated in Figures 4 and 5. The
energy intensity indicator is expressed as the ratio between energy consumed in the sector
(GWh) and value added generated in chain-linked volumes (MEUR).
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Figure 5. Emission intensities of Latvian manufacturing industry sectors.

High energy intensity group included three sectors—wood processing (8.45 GWh/MEUR),
non-metallic mineral production (7.94 GWh/MEUR), and metals manufacturing
(5.02 GWh/MEUR). The energy intensity values of the medium intensity group are on
average five times lower than for the high energy intensity group. Moreover, low en-
ergy intensity group values are on average almost twelve times lower than high intensity
and three times lower than medium intensity group values. Medium energy intensity
group also included three sectors—chemical and petrochemical (1.74 GWh/MEUR), food,
beverages, and tobacco (1.69 GWh/MEUR), and other or not elsewhere specified sectors
(1.15 GWh/MEUR). Low energy intensity group included four sectors—transport equip-
ment (0.81 GWh/MEUR), textile and leather (0.72 GWh/MEUR), paper, pulp, and printing
(0.51 GWh/MEUR), and machinery (0.35 GWh/MEUR).
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From the assessment of energy intensity and grouping, it can be concluded that the
production of basic goods and raw materials such as wood products, building materials,
and metals requires high energy input and the goods produced are not realized at high
prices. Therefore, the overall ratio of energy consumption to value added generated is
much higher in these sectors than in sectors that produce higher value-added final goods
that can be realized at a much higher selling price. Wood, non-metallic minerals, and
metal products are usually not an end product in the overall production supply chain,
but an important raw material that is further used for the assembly of the higher value
final product. On the contrary, high value-added sectors such as machinery and transport
equipment show low energy intensity, since these sectors produce end products that
are usually sold at significantly higher prices due to their production complexity, which
requires high knowledge intensity.

The emission intensity indicator is expressed as the ratio between the generated
energy-related CO, emissions and the consumed energy resources (tCO, /MWh). Figure 5
shows the emission intensity values for each subsector. Similarly, as was shown in the
energy intensity analysis, the emission intensity values were grouped according to high,
medium, and low emission intensities.

The high emission intensity group include four sectors—the non-metallic mineral pro-
duction sector (0.23 tCO,/MWh), textile and leather production sector (0.16 tCO,/MWh),
transport equipment manufacturing sector (0.15 tCO, /MWh), and paper, pulp, and print-
ing manufacturing sector (0.15 tCO, /MWh). The high emission intensity in these sectors
can be explained by the energy mix used, as described above. All these sectors have the
lowest concentration shares of renewables in the overall fuel mix and natural gas is a strong
component in the overall energy balance of these sectors.

The medium emission intensity group include four sectors—the food processing sector
(0.14 tCO,/MWh), machinery manufacturing sector (0.13 tCO,/MWh), and chemical
and petrochemical manufacturing sector (0.12 tCO,/MWh). Low intensity group sectors
possess on average three times lower emission intensity than for the high emission group
and two times lower emission intensity than for the medium emission intensity group.
The low emission intensity group include three sectors—the metals manufacturing sector
(0.09 tCO, /MWMh), other or not elsewhere specified sectors (0.07 tCO, /MWh), and wood
processing sector (0.04 tCO, /MWh). Wood processing and other sectors contain the highest
share of biomass in the overall energy mix, which explains the substantially lower emission
intensity compared to other sectors.

4.2. Decomposition Analysis Results

Measures to save carbon dioxide emissions in the manufacturing industry are par-
ticularly challenging, as the sector faces a constant struggle between economic growth
drivers and sustainability issues [3]. Decomposition analysis have been constructed for
Latvian manufacturing industry to monitor changes in total industrial CO, emissions
over the period from 1995 to 2019 determined by five main factors—the industrial activity
effect, structure effect, energy intensity effect, fuel mix effect, and emission intensity effect.
The study period was divided in five groups, each accounting for a 5-year time interval,
except for the last group, which represents the time period from 2015 to 2019 and, thus,
includes a 4-year time interval. Since there were no data on 2020 yet available, year 2019
values were the latest available data that were included in the study. Figure 6 shows the
results of the decomposition analysis in combination with the CO, growth rates during the
representative period.

The overall CO, growth rate in the Latvian manufacturing industry have been fluctu-
ating over the study period. Steady decreases were observed for the periods from 1995 to
2000 and from 2010 to 2015, when the CO, growth rates were —22% and —26%, respectively.
However, in the intervals from 2000 to 2005 (+1%) and from 2005 to 2010 (+3%), the CO,
growth rate indicated an upward trend, while in the interval from 2015 to 2019, the CO,
growth rate was equal to —1%. It can be concluded that CO, reduction in the manufactur-
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ing industry has stagnated in recent years, and there has been little improvement in the last
5 years. Furthermore, the fluctuations in the results show that the changes in CO, emissions
are unsteady, so a more detailed study of the influencing factors should be conducted.
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Figure 6. Aggregated decomposition analysis results for the time periods.

Table 3 summarizes the main decomposition results in total absolute values. Signifi-
cant differences are observed between periods. In the first period (1995-2000), the main
driver of changes in industrial CO; emissions was a decrease in energy intensity. This
can be explained by the significant changes in the general economic restructuring and
structure of the economy, when, after the restoration of independence in Latvia, the existing
enterprises were forced to reorganize their original production methods and numerous
new manufacturing companies entered the market. Therefore, significant investments
were made and modernization measures were carried out in the manufacturing companies,
which led to an increase in efficiency. In addition, the consumption of coal and petroleum
products was significantly reduced during this period, which contributed to the overall
reduction of CO, emissions.

Table 3. Decomposition analysis results in aggregated values for the determined periods.

1995-2000 2000-2005 2005-2010 2010-2015 2015-2019
A Activity effect 353.1 336.8 —154.7 86.9 186.9
A Structure effect 123.9 814 225.3 —3242.6 26.5
A Energy intensity effect —668.5 —248.8 —88.5 2956.1 —1515
A Fuel mix -19.5 —62.2 -27.0 —21.4 —23.3
A Emission intensity effect —119.1 —95.0 78.8 —96.9 —49.4
A CO; emissions —330.2 12.3 33.8 —317.8 —-10.7

In the second period (2000-2005), an increase in CO; emissions from manufacturing
industries was observed. In the first period, the main driver of changes in CO, emissions
was the effect of industrial activity. Increasing demand in both local and export markets
led to a significant increase in production volumes, which increased production capacity
and drove the overall development of the industry. Improvements in energy and emissions
intensity could not compensate for the effect of increasing industrial activity, so CO,
emissions increased during this period.

In the third period (2005-2010), similar to what was observed in the second period,
total CO, emissions increased by 33.8 thousand tons in absolute values and showed a 3%
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CO, growth rate. The period is characterized as the period before the global financial crisis,
when a general decrease in industrial activity was observed in all manufacturing subsectors.
During this period, a significant shift to more energy-intensive sectors was observed.

The fourth period (2010-2015) shows a large decrease in CO; emissions. The period
is characterized by a large significant restructuring that occurred due to the existence of
the largest metal producer in the market. As the metal production sector accounted for
25% of the total CO, emissions of the manufacturing sector in the past, the bankruptcy of
the largest player in the market subsequently affected the overall reduction of industrial
CO; emissions. During this period, a large effect was also observed in the factor of energy
intensity, which can be explained by the inefficiency of the production processes of the
respective metal production company.

The fifth period (2015-2019), or the period representing the latest trends in the industry,
showed a modest reduction in CO, emissions, where the total decreased in absolute terms
by 10.7 thousand tons of CO, emissions and a negative growth rate of —1%. Although a sig-
nificant improvement in energy efficiency and decarbonization measures can be observed,
the effect from the improvements was largely offset by the increasing industrial activity.
This suggests that the current pace of improvements may not be sufficient to achieve greater
CO; emission reductions in industry in the future. Table 4 summarizes the main events
during the analyzed time intervals that influenced the change in CO, emissions.

Table 4. Main events during the representative period driving change in CO, emissions.

Main Events during the Representative Period Driving Change in CO,

Time Period . .
Emissions

Period after the restoration of independence during which the entire Latvian
economy, including the manufacturing industry, was significantly restructured.

Significant reforms in the form of ownership and changes in the foreign trade

regime affected the overall development of manufacturing industry. Imported

1995-2000 raw materials and energy resources were now subject to world market prices,
which meant that some factories that had previously been successful due to low

energy costs were no longer competitive in export markets. This forced
manufacturing companies to redesign production processes and invest in energy
efficiency measures.

The period before the financial crisis was mainly characterized by high economic
growth and the increase in industrial production and energy consumption.
Investments in the modernization of factories and in energy efficiency could not
compensate for the effect of increasing activity, which drove up CO, emissions.

2000-2005

Period of the global financial crisis, during which a sharp decline in total
production volumes was observed from 2006 to 2009. As a result, a significant
reduction in energy consumption and emissions produced was achieved.
2005-2010 However, in 2010, a sharp increase in industrial activity led to an increase in total
CO; emissions during this period. A shift towards more energy intensive sectors
was observed during this period. The entire industrial sector experienced a
significant structural change.

Bankruptcy and market exit of the largest metal producer led to significant
structural changes in the entire industry. The sudden decline in metal
production was largely offset by the rapid expansion of the wood processing
sector, which drove up energy consumption overall in the industry.

20102015

Higher economic growth and rising demand in the largest export markets led to
an increase in production output and caused energy consumption to rise.
2015-2019 Although there is a positive trend in the overall decarbonization of the fuel mix
and reduction of the emission factor, the overall growth rate of CO, emissions
shows an upward trend and reduction of CO, is stagnating.

Figure 7 illustrates year-to-year changes in the contribution of each decomposition
factor to the changes in CO, emissions and the overall growth rate of CO, emissions with
all subsectors included and Table 5 summarizes the results in absolute values. The growth
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rate of CO; emissions is negative and shows a fluctuation pattern. However, two significant
peaks are observed in the periods from 2009 to 2010 and from 2017 to 2018. The first one is
explained by the recovery of the manufacturing industry after the financial crisis. However,
a more detailed investigation is carried out to explain the reasons for the second peak
observed in recent years.
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Figure 7. CO, emission decomposition results for the manufacturing industry.

Table 5. Aggregate year-to-year changes in decomposition factors and CO, emissions.

2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019

A Activity effect
A Structure effect
A Energy intensity effect
A Fuel mix
A Emission intensity effect
A CO, emissions

58 24 -7 -30 42 17 49 66 55
19 —23 —3787 3 545 24 -7 11 -1
-176 90 3677 24 —659 —133 29 59 —107
-17 —30 2 —4 28 40 —34 -9 —20
-30 —57 -2 —13 5 —61 —76 105 -17
—146 5 -117 -20 —40 -113 —40 232 -90

Over the period of ten years, the manufacturing industry experienced a shift from
one energy intensive sector (metal manufacturing) to other no less energy intensive sector
(wood processing). However, the competitive advantage of the wood products manufac-
turing sector is the high share of RES utilization where wood residues and chips are used
in thermal processes, which is a CO;-neutral fuel. If the aggregate values of the period are
analyzed excluding 2013, which distorted the entire industry, the energy intensity effect
played the most important role in reducing CO, emissions.

The overall decomposition results show a positive trend towards the implementation
of decarbonization measures, which in aggregate contributed to a reduction in overall
emissions intensity in the industry. However, energy efficiency measures had a more
than six times larger overall effect on CO, reduction compared to RES measures. The
results prove that energy efficiency improvements are the most important strategy for
the long-term development of companies to achieve energy and emission savings. The
main reason for the increase in industrial CO, emissions is the effect of industrial activity,
explained by the gradual annual increase in the volume of industrial production, which
subsequently also led to an increase in total energy consumption to compensate for the
increase in demand [6].

These findings are consistent with the decomposition results of the Odysee-Mure
energy efficiency decomposition model for Latvian industry [41]. The Odysee-Mure energy
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consumption decomposition of industry for the period from 2000 to 2018 showed that the
total energy consumption of industry increased by 2.5% annually in the studied period,
which is mainly due to the increase in industrial activity in two important subsectors of
Latvian industry—wood processing and non-metallic mineral production. The Odysee-
Mure decomposition of energy efficiency in industry concludes that the improvements in
energy efficiency, which enabled significant energy savings in industry and reduced the
overall energy intensity of industry, contributed to the fact that total energy consumption
did not increase even more [41].

In total, in the time period from 2015 to 2019, a larger decrease in energy intensity in the
manufacturing industry was observed compared with the first half of the decade. Part of the
explanation in energy efficiency activity in past five years can be explained by autonomous
developments in the companies, where in order to increase company competitiveness,
there is a constant need to look for ways to decrease energy costs. However, another part
of the explanation lies in the effect from policies that might have stimulated larger energy
savings and the achievement of more ambitious energy efficiency targets [34].

The results of the decomposition analysis showed that improvements in energy in-
tensity have contributed most to reducing CO, emissions in the manufacturing sector in
the past. Therefore, in order to observe how recent energy efficiency measures might have
affected the green transformation in industry, a more detailed analysis is conducted for a
period from 2015 to 2019. Figure 8 illustrates the contribution of each effect on changes in
CO; emissions and overall change in generated CO, emissions in each sub-sector in the
time period from 2015 to 2019.
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Figure 8. CO, emission decomposition for the time period from 2015 to 2019.

In total, in 2019, almost all manufacturing industry sub-sectors indicated a reduction
in CO; emissions compared to the levels of year 2015. However, three sectors reported
the opposite. In 2019, CO, emissions increased by 6% in transport equipment production
sector, by 26% in wood processing sector, and by 9% in other sub-sectors compared to 2015.
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The energy intensity effect was the main driver that contributed to the reduction of
CO; emissions in most of the sectors, except for not elsewhere specified sectors
(plastics, rubber, furniture, and other manufacturing) in the period of the last five years.
The wood processing sector and chemical and petrochemical production sector were the
only sectors that indicated a negative tendency towards increasing the share of RES. Both
sectors showed the opposite trend in their fuel mixes, indicating a decrease of RES in the
total energy mix. The results show that despite significant energy efficiency improvements
in these sub-sectors, total rise in industrial activity, structural effect, and fuel mix effect
counteracted the energy intensity effect. Therefore, the current energy efficiency improve-
ments could not compensate these effects, which drove up the overall CO, emissions at a
much higher pace than the implemented energy efficiency measures.

The structural effect shows the overall change in the contribution of a particular sector
to the total industrial activity. That is, if the structural effect is positive, then the total indus-
trial activity in the sector has increased as has the total contribution to the total industrial
value added. On the other hand, a negative value means that the sector’s contribution
to the total value added generated has decreased. The results show that the share of
metals production sector, food processing sector, and textile production sector in the total
industrial generated value added has decreased. This structural effect also contributed to
the achievement of higher CO; reductions in the sector. On the contrary, the chemicals
production sector, non-metallic mineral production sector, and transport equipment pro-
duction sector has raised their contribution to the overall generated industrial added value
over the period from 2015 to 2019.

Year-to-year changes in CO, emissions were examined in more detail for the largest
manufacturing sector in Latvia—wood processing, which alone consumes almost two-
thirds of all industrial energy use in Latvia. Figure 9 illustrates the results of the CO,
emission decomposition for the wood processing sector.
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Figure 9. CO, emission decomposition results for the wood processing sector (C16).

Industrial activity was the main reason for the sharp increase in the total energy
consumption of the wood processing sector during the studied period. The increasing
demand for wood chips, wood pellets, and other wood products in the largest global export
markets made the wood processing sector the fastest growing sector of Latvian industry
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and led to a significant annual increase in production volume over the last decade [6].
The influence of export demand on industrial manufacturing activity and its embodied
carbon emissions was demonstrated in the study of [21], where a decomposition analysis of
manufacturing CO, emissions in China showed that the growth of international exports of
produced goods had the greatest influence on the increase in industrial CO, emissions [21].
Similarly, Latvia’s wood processing sector has seen exports increase by 82% in the last
decade (over the period 2010-2019) [42] and 60% of the total wood products produced in
Latvia were exported in 2019. Thus, the development of the sector is strongly influenced
by the demand on international export markets [33].

According to the decomposition analysis results, the fuel mix effect in the wood
processing sector has been the main driver of the increase in CO, emissions over the last
five years. It shows that the sector has reduced its overall share of RES the total fuel mix,
signaling a negative trend. An increase in fossil energy consumption in the wood sector
was observed during the periods from 2014 to 2018. In part, this could be explained by
the fact that overall demand for wood products, particularly wood pellets and chips, has
increased across the global trade market, which has also pushed factories to increase their
capacity. As a result, deficiencies in wood residues and wood chips, which are mostly used
for combustion processes, have been compensated by natural gas or fossil energy. This also
increased the total CO, emissions generated in the industry.

Figure 10 illustrates the changes in the total distribution of energy products consumed
in the wood-processing sector during the last five years. The change index shows the
amplitude of how the consumption of certain products has changed compared to the
values of 2015, which is taken as the base year. In general, it can be observed that the
demand for heat has more than doubled; additionally, the consumption of oil products,
natural gas, and electricity has gradually increased. However, the consumption of wood
products has decreased. Therefore, the results indicate that there is an overall negative
trend towards higher consumption of fossil energy resources.
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Figure 10. Changes in the energy balance of the wood processing sector (C16).

Subsequently, this trend affects both the overall share of RES in the total fuel mix and
the emission intensity of the sector, as shown in Figure 11. It can be observed that the total
share of wood products in the total fuel mix gradually decreased except in 2019. As a result,
the emission intensity indicator fluctuates in the representative years. A significant peak in
emission intensity is observed in 2018, when the share of RES in the total fuel mix reached
the lowest value.
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Figure 11. Changes in emission intensity and share of RES in the wood processing sector (C16).

In addition, a correlation analysis was performed to investigate the relationship
between the volumes of wood products produced and the RES share in the energy balance
of the wood processing sector, as shown in Figure 12. The results for the period from 2013
to 2019 show a strong correlation (R% = 0.9059), with a downward slope between the two
variables. The correlation analysis confirms that the increase in industrial activity in the
wood processing sector caused the share of RES to decrease. The exception of 2019 can be
explained by the fact that in 2019 in Latvia was observed a winter with mild temperatures;
therefore, there was also a lower demand for wood products, including pellets.
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Figure 12. Correlation analysis between wood production amounts and share of RES.

5. Conclusions and Policy Recommendations

In this study, an ex-post assessment of industrial energy-related CO, emissions were
carried out. The Log-Mean Divisia Index (LMDI) decomposition analysis method was
applied to decompose changes of industrial energy-related CO, emissions based on five
main drivers, i.e., the industrial activity effect, structural change effect, energy intensity
effect, fuel mix effect, and emission intensity effect. Decomposition analysis results showed
that although there is a significant improvement in energy efficiency and decarbonization
measures in the industry, the effect from the improvements has been largely offset by
increasing industrial activity. In this paper, the relationship between economic growth and
climate change measures was demonstrated. The rapid growth of industrial production
activity, especially in energy-intensive sectors such as the wood processing sector, will
require a much greater improvement in industrial energy efficiency in the future. The
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results of this study confirm that energy efficiency measures have the greatest impact on
reducing carbon emissions in industrial companies.

The results suggest that sectoral heterogeneity should be taken into account to design
more efficient energy and emission saving policies, as there exist different incentives be-
tween high and low carbon intensity sectors. For high carbon intensive sectors, such as
non-metallic mineral manufacturing, emissions trading schemes or fiscal instruments such
as carbon taxes are effective mechanisms to achieve energy and carbon savings. For sectors
with low emission intensity, such as the wood processing industry, financial incentives,
subsidies, and obligation schemes, e.g., mandatory energy audits, could be used as effective
mechanisms to promote energy efficiency and decarbonization activities. Sector-specific
benchmarks and standards could potentially be created and defined in industrial energy
policy, as suggested in the study by [5]. Specific regulations and climate targets for each
sector would make it possible to identify underperforming companies and develop tailored
measures to promote decarbonization and energy efficiency in companies. Therefore, quan-
tifying and monitoring energy efficiency targets specifically for each industrial subsector
are the priority to realize the untapped energy efficiency potential of Latvian industry [5].

The results of this study suggest that greater upscaling of clean energy technologies
will be needed in the future to accelerate the pace of decarbonization, and additional
policy measures should, therefore, be taken. Policies should support both investment
in capital for companies deploying clean technologies and investment in research and
development to ensure the development of innovative technologies for sustainable energy
systems. Encouraging investment in R&D was highlighted as a critical policy measure in the
studies by [28,43], who examined the key drivers of changes in industrial carbon emissions
and used the findings to develop recommendations to promote deep decarbonization
in industry. Investment in R&D provides more opportunities for the development and
adaptation of energy-saving technologies and the further development of technological
solutions for energy conservation and clean energy adaptation, which bring both economic
and environmental benefits to industrial enterprises [28,43]. The government should
develop policy instruments to support R&D activities in industry. Mechanisms such as
financial subsidies, tax exemptions, and additional access to capital could be used as
effective tools for long-term industrial development and sustainability policies.

Given the high energy intensity of the manufacturing sector in Latvia, which is
mainly dominated by two sectors—wood processing and non-metallic mineral production—
investments in heat recovery technologies could be one of the main drivers of energy
and carbon emission savings in the industry. As both wood processing and non-metallic
minerals production require large amounts of heat for production processes, the installation
of heat recovery systems in companies, especially in large industrial plants, could lead to
CO, savings of up to 35% [44]. Therefore, the government should support the adaptation of
heat recovery technologies by providing financial incentives that would reduce the overall
payback period of these technologies.

Moreover, fiscal instruments such as energy taxes and carbon pricing could be used
as effective tools to promote clean energy sources and to restructure the overall energy
mix of sub-sectors that depend on high fossil fuel consumption [25]. Phasing out of
carbon-intensive energy sources could be achieved by making their price less attractive
and renewable energy sources more affordable for businesses [5,25].
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Nomenclature

C total aggregated energy-related CO, emissions

Q total produced volumes expressed as total value-added
E total energy consumption

S industrial production activity

I; energy intensity

Fj  fuel mix

M;;  emission factor

i representative value of a subsector

j the type of energy carrier in the total energy balance

act  effect from changes in industrial activity
str  effect from changes in structure

eni  effect from changes in energy intensity
fuel  effect from changes in fuel mix

emi  effect from changes in emission intensity
ET  energy consumption in future year T

EY  energy consumption in initial year
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