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Abstract It is essential to abstract the key information

from accounting results of greenhouse gas (GHG) emis-

sions because it can provide a highly generalized and clear

picture of GHG emissions, which is especially helpful for

the public and policy makers. To clearly display the

composition of GHG emissions, the concept of spectrum

analysis is introduced and defined in this paper. Next, a

multilayer analysis framework for national GHG emissions

was proposed, which is represented by a pyramid of three

layers: total emissions (first layer), emissions decomposed

by gas type or sector (second layer), and emissions

decomposed by both gas type and sector (third layer).

Based on the analysis results from the first to third layers,

the main compositional information of national GHG

emissions was gradually summarized and analyzed until a

spectrum of GHG emissions was acquired. The spectrum of

GHG emissions displays the compositional structure of

national GHG emissions in the different layers, which is

helpful in identifying priorities for emissions reduction. A

case study of Germany’s GHG emissions during

1990–2012 was conducted, which indicated that CO2 and

the energy sector were the biggest contributors to the total

GHG emissions. Some suggestions for reducing GHG

emissions are offered based on the obtained results. And

the potential development of spectrum analysis for GHG

emissions is also expected from aspects of both research

and technology.

Keywords Greenhouse gas emissions � Spectrum
analysis � Sectoral decomposition � Multilayer analysis

framework � Germany

1 Introduction

Global climate change affects all our lives and it has

greatly influenced, and will continue to influence global

socioeconomic development. Stern has estimated that the

overall costs and risks of climate change are equivalent to

losing at least 5 % of annual global GDP, which could rise

to more than 20 % of annual global GDP where a wider

range of risks and impacts included (Stern 2006; Su et al.

2012). Considerable effort has been made globally to adapt

to and mitigate the effects of climate change. For example,

since its foundation in 1988, the Intergovernmental Panel

on Climate Change has issued the United Nations Frame-

work Convention on Climate Change (UNFCCC) in 1992,

published five assessment reports on climate change, as

well as other special reports, methodology reports, and

technical papers.

A series of studies has been published on the accounting

of GHG emissions on global (Houghton et al. 1995; Mat-

suo et al. 2012), national (Chen and Zhang 2010; Choi and

Ang 2001), regional (Garg et al. 2001; Salt and Moran

1997; Zhang et al. 2014), urban (Glaeser and Kahn 2010;

Hao et al. 2015; Zhao et al. 2014), and sectoral scales

(Flessa et al. 2002; de Jong et al. 2010; Liu et al. 2015; Lu

et al. 2013; Olonscheck et al. 2011). The accounting

methods used can be largely grouped into two types:

inventory methods and input–output analysis methods.

Based on the former method, Choi and Ang (2001)& Meirong Su
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estimated the energy-related carbon emissions in Korea,

Glaeser and Kahn (2010) estimated GHG emissions in 66

American cities, Dhakal (2004) estimated GHG emissions

in four Asian megacities, Perch-Nielsen et al. (2010)

evaluated the GHG emissions of tourism in Switzerland,

and Streets et al. (2001) estimated the CO2 emissions

caused by fossil fuel combustion in China in 2000. Based

on the latter method, Houghton et al. (1995) have estimated

the global CO2 emissions caused by fossil fuel consump-

tion and cement production in the 1980s, Chen and Chen

(2011) applied a multiregion input–output model to ana-

lyze CO2 emissions due to fossil fuel combustion on a

supranational scale, Chen and Zhang (2010) estimated the

GHG emissions by the Chinese economy in 2007, Liu et al.

(2011) evaluated China’s carbon emissions from urban and

rural households during 1992–2007, Fan et al. (2012)

evaluated the carbon emissions from urban households, and

Shao et al. (2014) estimated the carbon emissions of urban

buildings. In addition, there have also been other

accounting studies based on some specific models. For

instance, Houghton and Hackler (1999) estimated the car-

bon emissions caused by land-use change based on a

bookkeeping model, You et al. (2011) analyzed the carbon

emissions of urban buildings based on an integrated life

cycle model, and Christen et al. (2010) simulated carbon

emissions based on approaches involving urban metabo-

lism and remote sensing on the neighborhood scale.

Herein, we do not wish to judge which accounting

method is better. Indeed, it is arbitrary and unwise to

declare which method might be better because each has its

own advantages and disadvantages and different methods

could be adopted in different cases based on the research

goals and data acquisition situation (Salt and Moran 1997).

On the contrary, we want to discuss what information can

be obtained from the accounting results and how best to use

it in management.

There are two potential avenues: One is to conduct

further analysis (e.g., relationship analysis and factor

decomposition) by combining the results with other related

data (e.g., energy structure, energy intensity, population,

and economic growth) and the other is to summarize and

abstract the most important information directly from the

accounting results. Using the former method, Matsuo et al.

(2012) analyzed the effects of constraints on CO2 emis-

sions on the world’s energy supply/demand structure and

energy supply costs based on the MARKAL (MARKet

ALlocation) model. Hossain (2012) examined the dynamic

causal relationships between CO2 emissions, energy con-

sumption, economic growth, foreign trade, and urbaniza-

tion in Japan. Chang and Lin (1999) identified the key

factors affecting energy-induced CO2 emission changes

from 34 industries in Taiwan based on gray relational

analysis. Ren et al. (2014) applied the Log Mean Divisia

Index method to explore the impacts of energy structure,

energy intensity, industry structure, and economic output

on total CO2 emissions from China’s manufacturing

industry. However, scientific discussion about the latter

method oriented to efficient management appears to have

been somewhat neglected although some accounting

results have been displayed by many organizations and

institutes such as IEA (2014), IPCC (2014), EEA (2014),

WRI (2014), CDIAC (2015), and EDGAR (2015). It is

clear that the analysis of the former method can be sig-

nificant for identifying the key factors based on models and

for guiding GHG emissions reduction. However, the direct

abstraction of the accounting results is also essential,

because it can reveal a clear picture of GHG emissions for

the public and policy makers.

In this paper, the concept of spectrum analysis is pro-

posed, under whose guidance the important information is

abstracted layer by layer from the accounting results of

GHG emissions. The highly generalized spectrum of GHG

emissions is finally generated, which will facilitate the

decision-making process. Because of the abundance of

data, this paper focuses on national-scale GHG emissions.

The remainder of this paper is structured as follows:

Sect. 2 presents the concept of spectrum analysis and the

multilayer analysis framework for national GHG emissions

and also introduces the calculation methods. The following

two sections present the results and further discussion,

respectively, and our conclusions are offered in Sect. 5.

2 Methodology

2.1 Concept of spectrum analysis for GHG

emissions

Spectrum analysis is a concept widely applied in such

disciplines as physics, chemistry, and medicine. With

various connotations and emphases in different disciplines,

the common function for spectrum analysis is that it can

abstract the embodied information and illustrate the con-

crete composition of specific materials (or signals). In order

to clearly display the components of GHG emissions in a

concise and generalized way, the concept of spectrum

analysis is introduced in this paper, which is specified as

‘‘the information embodied in data of GHG emissions is

abstracted layer by layer to finally acquire a highly inte-

grated structure chart of GHG emissions where the con-

tributions of different gases and sectors are generalized

clear.’’ The basic steps of spectrum analysis for GHG

emissions are shown in Fig. 1, in which GHG emissions is

first decomposed by the sector and then by the gas type.

The reverse analysis order is also acceptable. It should be

pointed out that, besides the static spectrum analysis in a
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specific time point, the dynamic spectrum analysis can also

be conducted by investigating the changes in GHG emis-

sions in a period.

2.2 Multilayer analysis framework for national

GHG emissions

For national GHG emissions, there are usually two main

problems: establishing what gases are emitted and from

which sectors. When obtaining national data of GHG

emissions over several years, another important problem

emerges, i.e., the temporal trend of change. Emissions can

be described using the function in Eq. (1):

E ¼ f G; S; Tð Þ ð1Þ

where E is the national GHG emissions, G is the type of

gas, S means the emission sector, and T represents the time

interval.

Based on this function for national GHG emissions and

the idea of spectrum analysis, a multilayer analysis

framework can be established (Fig. 2), from which the

GHG emissions can be decomposed from different aspects

and the corresponding findings from the different layers

used in emission management. The analysis framework for

national GHG emission is represented by a pyramid that

includes three layers: total emissions (first layer), emissions

analyzed by gas type or sector (second layer), and emis-

sions analyzed by both gas type and sector (third layer).

First, the change trend of the total emissions of all kinds

of GHGs from all sectors is summarized to provide an

overall understanding of the national GHG emissions. The

function can be represented as Ei = f (G, S, Ti), where Ei is

the emissions of all GHGs from all sectors in the ith time

interval (usually in the units of years) and Ti represents the

ith time interval. The results of this layer are helpful in

comprehensively investigating the change trend of national

GHG emissions, checking the effects of certain policies

and measures such as energy saving and emission reduc-

tions, as well as for making comparisons with other

countries.

Second, the GHG emissions are decomposed from one

aspect, i.e., gas type or sector. The function on this layer is

represented as Epi = f (Gp, S, Ti) or Eki = f (G, Sk, Ti),

where Epi is the emission of the pth gas from all sectors in

the ith time interval, Eki is the emission of all GHGs from

the kth sector in the ith time interval, Gp means the pth gas,

and Sk represents the kth sector. The results of this layer

can be used for identifying the key sectors or gases, which

can help in realizing the contributions of different gases

and sectors to the total GHG emissions, and for providing

macroscopic guidance with regard to emission reductions.

Third, the GHG emissions are further decomposed from

both aspects of gas type and sector. The function can be

represented as Epki = f (Gp, Sk, Ti), where Epki is the

emission of the pth gas from the kth sector in the ith time

interval. The results of this layer provide detailed infor-

mation on the contributions of each gas and sector to the

total GHG emissions, and provide practical guidance for

the development of regulations.

2.3 Calculation methods

Although the multilayer analysis framework for GHG

emissions displays a top-down process, the actual data

collection and calculation is a bottom-up process. Based on

the data of Epki, further calculation and analysis is possible.

GE-Sector 1

GE-Sector 2

GE-Sector 3

GE-Sector 1-Gas A

GE-Sector 1-Gas B

GE-Sector 1-Gas C

GE-Sector 2-Gas A

GE-Sector 2-Gas C

GE-Sector 2-Gas D

GE-Sector 3-Gas B

GE-Sector 3-Gas E

Total GHG 
emissions 

(TGE)

Fig. 1 Sketch of spectrum

analysis for GHG emissions (the

composition of GHG emissions

becomes clearer and clearer

based on the step-by-step

spectrum analysis, which is

represented by the lighter and

lighter color of the columns.

The sectors (or gases) are

ranked according to their

contributions to the total GHG

emissions, i.e., the sector (or

gas) at the top of the column has

the biggest contribution to the

total emissions while that at the

bottom has the smallest

contribution)
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First, the amounts of GHG emissions on the layer of gas

type or sector can be calculated by Eqs. (2) or (3),

respectively:

Epi ¼
Xn

k¼1

Epki ð2Þ

Eki ¼
Xm

p¼1

Epki ð3Þ

where n is the total amount of sectors andm is the amount of

gas types. Sectors are usually divided into six categories

(i.e., n = 6), which include energy, industrial processes

(IP), solvents and other product use (SOPU), agriculture,

land use, land-use change and forestry (LULUCF), and

waste. Generally, gases include direct GHGs, i.e., those that

contribute directly to the greenhouse effect, such as CO2,

CH4, N2O, hydrofluorocarbons (HFCs), perfluorocarbons

(PFCs), and SF6, and indirect GHGs, i.e., those that do not

impact directly on the greenhouse effect in their own forms,

but quickly form substances that do, once they are released

into the atmosphere. Usual examples include NOx, CO,

non-methane volatile organic compounds, and SO2.

From the perspective of the greenhouse effect, different

GHGs should be first unified in a common unit to permit

their summing up and comparison. The unit transformation

is finished based on Eq. (4):

Ep ¼ GWPp � Ep�o ð4Þ

where Ep is the amount of the pth gas in the common unit,

Ep-o is the amount of the pth gas in the original emission

unit (e.g., g, kg, t, and other weight units), and GWPp is the

global warming potential of the pth gas. The global

warming potential is defined as the cumulative radiative

forcing between the present and specific time horizon (here

100 years is chosen; see IPCC 2016) caused by a unit mass

of gas emitted now, expressed relative to that for some

reference gas (IPCC 1996). Usually, CO2 is used for the

reference gas for which the GWP is defined as 1; thus, other

gases are expressed in the weight units of CO2 equivalent.

There is a lack of acknowledged GWP for the indirect

GHGs due to the difficulty of quantifying the relationships

among the indirect GHGs and the actual greenhouse effect,

which induces only the direct GHGs are considered herein.

2.4 Spectrum of national GHG emissions

Based on the calculation results from the first to third

layers, the main information of national GHG emissions

1st layer

Total GHG emissions from all sectors

2nd layer

Emission of different gases

Emission from different sectors

Each gas:
emission from

different sectors

Each sector: emission
of different gases
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Fig. 2 Multilayer analysis
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(e.g., the amount and proportion of GHG emissions to the

total GHG emissions at the higher layer) can be summa-

rized and decomposed step by step. Finally, the composi-

tion table of national GHG emissions for the different

layers can be acquired. We name it a spectrum of GHG

emissions because the step-by-step process of decomposi-

tion is similar to that used in analytical chemistry and the

composition table of GHG emissions layer by layer does

look like a spectrum. The spectrum displays the results for

the three layers, where the amount and proportion of GHG

emissions by different gases and sectors are generalized,

and it shows a clear structure of GHG emissions for the

different layers.

2.5 Data sources

A national emission inventory is required to complete the

national emissions analysis. The national inventory report

(NIR) and common reporting format (CRF) submitted

under the UNFCCC and the Kyoto Protocol provide

detailed data of all GHG emissions and removals

(UNFCCC 2014). In this study, we focus on Germany,

which in 1987, became the fourth largest contributor in the

world of CO2 emissions (Molt et al. 1996), and it is one of

the largest carbon emitters in the European Union (Schu-

macher and Sands 2006). The NIR 1990–2012 and CRF

submitted by the Federal Environment Agency of Germany

in April 2014 were obtained via the UNFCCC website.

3 Results

3.1 Total GHG emissions in Germany

The results from the first level of the multilayer analysis

framework are shown in Fig. 3, where the emissions of all

GHGs from all sectors are summed up in the units of CO2

equivalent. It can be seen that the total GHG emissions in

Germany gradually decrease from 1990 to 2012, while

there are certain fluctuations during 1995–1997,

2000–2004, and 2009–2012. In 1990, the total GHG

emissions were 1224 9 109 CO2 equivalent kg, which fell

to 936 9 109 CO2 equivalent kg in 2012, showing a rate of

decline of 23.5 %.

3.2 GHG emissions in Germany decomposed by gas

type or sector

The results from the second level of the multilayer analysis

framework are shown in Figs. 4 and 5, where the GHG

emissions are analyzed from the aspects of gas type and

sector, respectively. Figure 4 reveals that CO2 accounted

for 83–88 % of total GHG emissions during 1990–2012,

followed by CH4 and N2O, which accounted for 5–9 and

6–7 %, respectively, of total GHG emissions. The other

three gases (HFCs, PFCs, and SF6) in combination

accounted for only about 1 % of total GHG emissions.

Except for HFCs, all the other gases generally decreased

during the study period. Although HFCs gradually

increased during the study period (Fig. 4d) and SF6
exhibited an obvious increase during 1990–1995 (Fig. 4f),

this has not changed the overall decreasing trend of total

GHG emissions (Fig. 3). On the contrary, it was found that

the overall trend of change in total GHG emissions was

affected considerably by CO2 emissions, which is proved

by the similar trends of change shown in Figs. 3 and 4a.

This is predictable because CO2 is the biggest contributor

to the total GHG emissions.

Figure 5 shows that the energy sector contributed most

to the total GHG emissions, accounting for 82–85 % dur-

ing 1990–2012. The contributions from the other sectors in

decreasing order were IP (7–9 %), agriculture (7–8 %),

waste (1–4 %), and SOPU (0.2–0.4 %).In terms of

LULUCF, it contributed 0.8–0.9 % of the total GHG

emissions during 2002–2007, but it usually acts as a sink to

remove GHG emissions (Fig. 5e). The biggest rate of

removal of 2.7 % occurred in 2001, when the amount of

GHG removed reached 28 9 109 CO2 equivalent kg.

Except for LULUCF, the sectors contributing to GHG

emissions show a general trend of decline during

1990–2012, although there are certain fluctuations for

energy and IP (Fig. 5). Again, the biggest contributor was

the energy sector, which influenced the overall change in

total GHG emissions considerably, proved by the similar

trends shown in Figs. 3 and 5a.

It has been established that CO2 and the energy sector

were the biggest contributors to total GHG emissions in

Germany during 1990–2012, which indicates that the

results from the second level of the multilayer analysis

framework for national GHG emissions can help identify

the key gases and sectors. These findings are useful for

confirming the direction and emphasis of national emission
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reduction strategies. Greater attention focused on reducing

CO2 emissions and GHG emissions from the energy sector

will produce the greatest benefit to the reduction in GHG

emissions in Germany. And considering their obvious

fluctuations during the study period which implies high

uncertainty and entropy, certain attention also needs to be

paid to emission of HFCs and sectors of IP and LULUCF.

3.3 GHG emissions in Germany decomposed

by both gas type and sector

The results from the third level of the multilayer analysis

framework are shown in Figs. 6 and 7, where the contri-

butions of the different sectors to the emissions of each gas

and the contribution of the different gases to the emissions

from each sector are analyzed, respectively. For CO2

emissions during 1990–2012, the energy sector contributed

92–97 % while IP contributed 6–7 % (Fig. 6a). During

1990–2001, LULUCF removed about 2–3 % of the CO2

(Fig. 6a). Agriculture, waste, and the energy sector con-

tributed 31–53, 22–41, and 21–30 % of CH4 emissions,

respectively, during the study period (Fig. 6b). With

respect to N2O emissions, agriculture and IP contributed

53–78 and 6–33 %, respectively, during 1990–2012

(Fig. 6c). The other three gases (HFCs, PFCs, and SF6)

were emitted only by IP (Fig. 6d–f). From 1995 to 2012,

when PFCs and SF6 showed a decreasing trend, HFCs

showed an increase.
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Figure 7b indicates that IP emitted all kinds of GHGs

during the study period, of which CO2, N2O, HFCs, and

SF6 accounted for 57–77, 5–28, 5–14, and 4–8 %,

respectively. The energy sector produced CO2, CH4, and

N2O, of which CO2 emissions accounted for 96–98 %

(Fig. 7a). Although most active in removing CO2,

LULUCF also emitted N2O andCH4 during 1990–2012, of

which N2O was the principal emission (Fig. 7e). The other

three sectors (SOPU, agriculture, and waste) emitted two

gases during the study period: SOPU emitted 54–82 % of

CO2 and 18–46 % of N2O (Fig. 7c), agriculture emitted

58–63 % of N2O and 37–42 % of CH4 (Fig. 7d), and waste

emitted 80–94 % of CH4 and 6–20 % of N2O (Fig. 7f).

Based on the analysis results from the third level of the

multilayer framework for national GHG emissions, a more

detailed list of GHG emission composition can be acquired.

It provides clearer guidance for the actual work required for

energy saving and emissions reduction; i.e., it confirms the

priority of different regulations. For example, improving

energy use efficiency in the energy sector is likely to produce

more obvious effects on CO2 emissions reduction in Ger-

many than developing new techniques in the IP sector,

although both measures will undoubtedly contribute to

emissions reduction. In terms of the energy sector, identi-

fying the processes that produce CO2 and developing related

low-carbon techniques will contribute more to GHG
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emissions reduction than focusing attention on N2O. Com-

paratively, for sectors of IP and LULUCF, further investi-

gation of the reason of GHG emission fluctuations will be

more favorable for effective management than rashly

establishing specific measures on reduction of CO2 or N2O.

3.4 Spectrum of GHG emissions in Germany

Based on the step-by-step analysis, the spectrum of

national GHG emissions can be drawn. The spectrum dis-

plays the analysis results from all layers, where different

gases and sectors are ranked from high to low according to

their contributions to total GHG emissions.

3.4.1 Static spectrum of German GHG emissions in 2005

Herein, only the spectrum in 2005 is shown as an example

(Figs. 8, 9), which can provide a very clear picture of the

national GHG emissions to the public and policy makers.

Based on the spectrum, the emphasis and priority for

emissions reduction is confirmed, which is not only helpful

for government policy making, but also as a directive for

scientific research and technological developers. The gov-

ernment can dictate policy for reducing CO2 emissions,

e.g., by establishing strict and clear standards for CO2

emissions, confirming quantitative targets for the reduction

of CO2, and supporting research and development on CO2
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emissions reduction in the energy sector. Correspondingly,

researchers and developers can devote greater effort to the

subject of CO2 emissions reduction in the energy sector.

3.4.2 Dynamic spectrum of German GHG emissions

When comparing spectra from different years (herein

choosing that in 1990, 1995, 2000, 2005, and 2010 as

examples), temporal changes in the compositional structure

of GHG emissions will be easily identifiable (Figs. 10, 11),

which will help check the efficacy of measures imple-

mented to reduce emissions and thus provide guidance for

further regulation in the future.

It is indicated that the proportion of CO2 emissions to

total GHG emissions gradually increased from 83.1 to

87.5 % during the study period, although the total amount

of CO2 emissions gradually decreased during the study

period (Fig. 10a). Following big contributors to total GHG

emissions were CH4 and N2O, whose emission amount and

the corresponding proportion to total GHG emissions both

gradually decreased during the study period. Although the

total amount of CO2 emissions from energy sector gradu-

ally decreased, the contribution of the energy sector to CO2

emissions maintained at a high level, fluctuating between

92.2 and 96.3 % (Fig. 10b). Furthermore, the contribution
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of the energy sector to GHG emissions fluctuated between

81.8 and 84.3 % during the study period (Fig. 11a), and the

proportion of CO2 emissions to total emissions from the

energy sector has gradually increased from 96.1 to 97.9 %

(Fig. 11b). The gradually declined amount of GHG emis-

sions declares the positive effects of emission reduction in

the past, while other data imply that CO2 and the energy

sector will remain of critical importance to the reduction in

GHG emissions in the future. It still have a long way to go,

on which such measures are necessary as establishing strict

standards for CO2 emissions of energy utilization,

improving the public’s low-carbon consciousness, and

quantifying the relationships between the optional mea-

sures and potential effects on GHG emissions.

4 Discussion

4.1 The role of spectrum analysis

It needs an objective understanding of the role of the

spectrum analysis and the relationship between the spec-

trum analysis and the traditional study, e.g., the most

widely used emission inventory analysis. On the one hand,
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the inventory of GHG emissions provides basic data for the

spectrum analysis. On the other hand, the spectrum anal-

ysis is a reprocessing of the emission inventory. They can

be regarded as a unity of synthesis and analysis, in which

the spectrum provides an overall contour of GHG emis-

sions in a highly generalized and orderly pattern while the

emission inventory provides the basic data and various

calculation results in a more detailed pattern. The main

advantage of spectrum analysis is that it can help the public

and policy makers fast capture the keys of GHG emissions

at a glance.

As a baseline, the spectrum analysis of GHG emissions

proposed in this paper can be further developed in the

future. The following two subsections are two examples.

4.2 Real-time spectrum analysis of GHG emissions

based on automatic monitoring

The first potential development of spectrum analysis for

GHG emissions depends on the progress in monitoring

technology (NASA 2010; Powell 2015), which is entitled

as real-time spectrum analysis. It is expected that the
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composition of GHG emissions can be obtained once the

GHG passes through the monitoring equipment, similar to

what we do in analytical chemistry. It is difficult to realize

the real-time spectrum analysis of GHG emissions at the

national or regional scale. Attempts can be first made at a

smaller scale, e.g., an enterprise, and then extend to a

bigger scale, e.g., a city.

4.3 Low-entropy management based on spectrum

analysis of GHG emissions

The feature of hierarchy and order is implied in the pro-

posed concept of spectrum analysis of GHG emissions,

which is consistent with the universal goal of pursuing low

entropy for various systems. This inspires us the possibility

of establishing the low-entropy management framework for

GHG emissions in the future.

Entropy, a basic concept describing the disorder degree

of a system, has been developed and widely applied in

physics, cybernetics, information science, environmental

science, ecology, and enterprise management (Duan 2012;

Ma 2005; Xu 2010). To avoid the terminal maximum

disorder (or the dead silence) of the universe, the earth and

other systems, we always make efforts to pursue low-en-

tropy systems with higher order and attempt to obtain more

and better services from various systems. Similarly, low

entropy is always one of the important objectives of

management, although such factors are taken into account

as the economic acceptability (e.g., cost-benefit), techno-

logical feasibility, and potential interactions among dif-

ferent factors.

Low-entropy management for GHG emissions empha-

sizes both the management itself and its goal, i.e., the

management should be characterized as low entropy (e.g.,

high order, clear information, controllability, and low

uncertainty), and the goal of management is to decrease

and minimize entropy of GHG emissions. It can be

understood from four points: (1) highly generalized infor-

mation should be abstracted to guide the emissions

reduction. During the process of information generaliza-

tion, negative entropy embodied in the scientific research is

introduced to decrease the entropy of the management

system; (2) the information embodied in data of GHG

emissions should be abstracted from multiple layers

1st layer  2nd layer  3rd layer 
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Q: What are the main 
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Q: Which sectors are key 
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Fig. 8 Spectrum of GHG

emissions in Germany 2005

divided by gas type. Unit: 109

CO2 equivalent kg (HFCs

hydrofluorocarbons, PFCs

perfluorocarbons, IP industrial

processes, SOPU solvents and

other product use, LULUCF

land use, land-use change and

forestry)
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1st layer  2nd layer  3rd layer 

Q: How much are the 

overall emissions of 

GHGs? 

Q: Which sectors are the 

main emitters? 

Q: What are the main 

GHGs in these sectors? 
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N2O (0.4, 4%) 

SOPU (2, 0.2%) CO2(1.6, 77%) 
N2O (0.5, 23%) 

Fig. 9 Spectrum of GHG

emissions in Germany 2005

divided by sector. Unit: 109 CO2

equivalent kg (IP industrial

processes, SOPU solvents and

other product use, LULUCF

land use, land-use change and

forestry, HFCs

hydrofluorocarbons, PFCs

perfluorocarbons)
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because systems with hierarchical structure are proven

ordered and low entropy; (3) related measures should be

implemented to reduce GHG emissions and decrease the

embodied entropy according to the multilayer analysis

results where the bigger contributors to GHG emissions

need more investment in both management and research;

and (4) measures of emissions reduction with less uncer-

tainty (information is symmetric and definite), more con-

trollability (measure is controllable and helpful to make the

system in order), and high practicability (effect is benefi-

cial and predictable) are of more priority than that with

more uncertainty, less controllability and lower

practicability.

The first and second points have been implemented by

the spectrum analysis conducted in this paper. The third

point still needs more investment and verification where

the thermodynamic hypothesis and calculations are neces-

sary. And the last one can be considered in the actual

management. For instance, although tax on carbon emis-

sions is regarded as an economically efficient policy for

reducing GHG emissions, it is not the first short-term

choice since it needs much input of negative entropy from

international consensus which is impossible to be decided

and controlled by a single country. On the contrary,

establishing strict standards for carbon emissions and

supporting research on carbon emission reduction are more

effective at the current stage due to its controllability and

practicability. Of course, more details need to be consid-

ered during the actual practice, e.g., economic cost, tech-

nological feasibility, and psychological acceptability.

5 Conclusions

Abstracting information from the accounting results of

GHG emissions is helpful for the public and policy makers,

because it can obtain a clear contour of the overall situation

of GHG emissions and then facilitate the decision-making

process. The concept of spectrum analysis was introduced

and defined in this paper to efficiently summarizing and

abstracting important information directly from the

accounting results in a unified way. Under its guidance, a

multilayer analysis framework for GHG emissions repre-

sented by a pyramid was established, and thus, the com-

positional structure of GHG emissions was dissected layer

by layer. Finally, the highly generalized structure of GHG

emissions was acquired and clearly represented by an

ordered spectrum. The spectrum can help confirm the pri-

orities for reducing emissions in the future, which is not

only beneficial to government decision making, but also

instructive for scientific researchers and technological

developers.

The GHG emissions in Germany during 1990–2012

were taken as a case study, which revealed that CO2

accounted for the biggest proportion of the total GHG

emissions among all GHG gases, while the energy sector

was established as the biggest contributor to the total GHG

emissions of all sectors. It is suggested that the government

could dictate policies for the reduction in CO2 emissions by

establishing strict standards of CO2 emissions, especially

for the energy sector, confirming quantitative targets for

CO2 emissions reduction, and supporting further scientific
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research and technological development on CO2 emissions

reduction with particular focus on the energy sector.

As a baseline, the spectrum analysis of GHG emissions

proposed in this paper can be further developed in the

future from different aspects. First, it is hopeful to establish

a low-entropy management framework for GHG emissions,

with the goal of obtaining beneficial outcome (e.g., entropy

decrease in GHG emissions and management itself) by

effective measures (e.g., those with efficiency and practi-

cability). Second, real-time spectrum analysis of GHG

emissions is also helpful to simplify the accounting of

GHG emission, which requires the progress in automatic

monitoring technology. Moreover, dynamic modeling and

mechanism analysis will also be useful to quantitatively

show the changes in GHG emissions with the implemen-

tation of certain regulations or the alteration of certain

variables.
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